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Bitumen age-hardening increases the risk of pavement cracking. A good understanding of this phenomenon is crucial for designing long-lasting pavements. In this context, the French national project "Modeling of Aging and Damage for Pavement Lifetime Assessment (MoveDVDC)" aims to characterize the residual mechanical properties of bituminous bases and their evolution over time to properly estimate the pavement remaining lifetime. As an initial part of this project, this paper presents an up-to-date literature review of neat bitumen aging. It focuses on investigating the evolution of properties observed in current accelerated laboratory procedures against those measured in field-aged samples. In addition, a wide set of indexes often used to estimate the aging level and end-of-life criteria of bitumen are analyzed and discussed.

Introduction

Despite being the principal binding agent in road construction, bitumen is highly prone to age-hardening-a combination of several mechanisms that increase the pavement cracking potential. During asphalt mix production and compaction, elevated rate of oxidation and lighter components evaporation occurs due to high-temperatures exposition [START_REF] Hunter | The Shell Bitumen handbook[END_REF]. From then on, progressive oxidation, steric hardening, and oil exudation take place throughout pavements' service life, under the combined effect of climate condition and traffic loading. One of the main mechanisms of aging [START_REF] Hunter | The Shell Bitumen handbook[END_REF][START_REF] Petersen | A Review of the Fundamentals of Asphalt Oxidation: Chemical, Physicochemical, Physical Property, and Durability Relationships[END_REF], oxidation increases the concentration of polar functional groups resulting in intermolecular agglomeration (micelles) that increases the cracking susceptibility [START_REF] Petersen | A Review of the Fundamentals of Asphalt Oxidation: Chemical, Physicochemical, Physical Property, and Durability Relationships[END_REF]. Understanding bitumen aging is crucial for tailoring long-lasting asphalt mixes and, consequently, optimizing the use of such scarce resources. Hence, this paper aims to presents an indepth review of the relevant literature of neat bitumen aging.

Accelerated Laboratory Aging Protocols

Of several laboratory protocols [START_REF] Airey | State of the Art Report on Ageing Test Methods for Bituminous Pavement Materials[END_REF] proposed to reproduce field aging effects, most consist of high-temperature extended exposure as it accelerates the rate of bituminous oxidation, which is desirable [START_REF] Petersen | A Review of the Fundamentals of Asphalt Oxidation: Chemical, Physicochemical, Physical Property, and Durability Relationships[END_REF][START_REF] Elwardany | Phenomenological Modeling and Laboratory Simulation of Long-Term Aging of Asphalt Mixtures[END_REF]. However, the use of excessively high temperature may diverge the aging effect in laboratory samples from that of the field [START_REF] Petersen | A Review of the Fundamentals of Asphalt Oxidation: Chemical, Physicochemical, Physical Property, and Durability Relationships[END_REF]. At binder level, usual procedures are based on relatively thin-film samples exposed to high temperatures to simulate the short-and long-term aging effects, such as Rolling Thin-Film Oven Test (RTFOT) and Pressure Aging Vessel (PAV), respectively. The Universal Simple Aging Test (USAT) is a 300μm film test proposed as an optimized alternative to the RTFOT and PAV procedures [START_REF] Kim | Asphalt Pavements[END_REF]. Although it is a static thinfilm test, which could yield inhomogeneous oxidation in the sample, the extremely thin film is comparable to the thickness of bitumen film on aggregates, in which oxidation can be considered as kinetics-controlled, i.e., absence of oxidation gradient [START_REF] Elwardany | Phenomenological Modeling and Laboratory Simulation of Long-Term Aging of Asphalt Mixtures[END_REF].

At asphalt mix level, procedures can be classified according to the sample state (loose or compacted), accelerator factor (forced-draft oven, modified pressure, etc.), and aging factor (oxygen, enriched gas, actinic light, etc.). Compacted specimen aging can produce suitable samples for performance tests, whereas loose mix aging, such as [START_REF] De La Roche | Development of a laboratory bituminous mixtures ageing protocol[END_REF], yields more homogeneous aging with a high oxidation rate [START_REF] Elwardany | Phenomenological Modeling and Laboratory Simulation of Long-Term Aging of Asphalt Mixtures[END_REF]. In the literature, some drawbacks are often stated: aging compacted samples is timeconsuming [START_REF] Steiner | Towards an optimised lab procedure for long-term oxidative ageing of asphalt mix specimen[END_REF], generates oxidation gradient, and can change the void content and geometry of the sample [START_REF] Elwardany | Phenomenological Modeling and Laboratory Simulation of Long-Term Aging of Asphalt Mixtures[END_REF]; difficulty in ensuring sufficient adhesion and cohesion when compacting loose aged mix [START_REF] Elwardany | Phenomenological Modeling and Laboratory Simulation of Long-Term Aging of Asphalt Mixtures[END_REF][START_REF] Steiner | Towards an optimised lab procedure for long-term oxidative ageing of asphalt mix specimen[END_REF]; and elevated conditioning temperature (above 100°C) may alter aging mechanisms [START_REF] Petersen | A Review of the Fundamentals of Asphalt Oxidation: Chemical, Physicochemical, Physical Property, and Durability Relationships[END_REF][START_REF] Elwardany | Phenomenological Modeling and Laboratory Simulation of Long-Term Aging of Asphalt Mixtures[END_REF][START_REF] Steiner | Towards an optimised lab procedure for long-term oxidative ageing of asphalt mix specimen[END_REF]. An interesting approach to aging compacted samples, the Viennese Aging Procedure (VAPro) [START_REF] Steiner | Towards an optimised lab procedure for long-term oxidative ageing of asphalt mix specimen[END_REF] uses a triaxial cell with compressed air enriched with ozone and nitric oxides (highly oxidative gases present in the atmosphere) at 45°C-75°C, usually reached on surface layers in summer.
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Aging Indexes and Relationship with Field-Aging

Chemical Indexes

Fourier Transform Infrared (FTIR) Spectroscopy is widely used to track the oxygen uptake through two main functional groups: carbonyl (C=O), as it has a well-known linear relationship with the log viscosity over time [START_REF] Petersen | A Review of the Fundamentals of Asphalt Oxidation: Chemical, Physicochemical, Physical Property, and Durability Relationships[END_REF][START_REF] Petersen | Asphalt Oxidation Mechanisms and the Role of Oxidation Products on Age Hardening Revisited[END_REF]; and sulfoxide (S=O), which concentration in the past was considered unreliable due to its thermal decomposition at higher temperatures. However, especially in high sulfur content bitumen, sulfoxide reactions are the principal factor that leads to increased viscosity [START_REF] Petersen | Asphalt Oxidation Mechanisms and the Role of Oxidation Products on Age Hardening Revisited[END_REF]. The first stage of oxidation is marked by a rapid formation of both described indexes, where the growth rate of S=O is higher than that of C=O; then, S=O appears to stabilize while C=O amount increases at a constant rate [START_REF] Petersen | A Review of the Fundamentals of Asphalt Oxidation: Chemical, Physicochemical, Physical Property, and Durability Relationships[END_REF]. Despite being a handy and effective tool to track the oxygen uptake, the lack of standardization results in divergence of procedures as well as of calculation methods between laboratories [START_REF] Partl | Testing and Characterization of Sustainable Innovative Bituminous Mat. and Systems: State-of-the[END_REF][START_REF] Dony | MURE National Project: FTIR spectroscopy study to assess ageing of asphalt mixtures[END_REF].

Bitumen can be separated into four generic chemical groups-according to increasing polarity-known as SARA (Saturate, Aromatics, Resins, and Asphaltene) fraction. While nonpolar saturates content remains practically unchanged, the components of the other fractions tend to shift from aromatic through resins to asphaltene with aging [START_REF] Petersen | A Review of the Fundamentals of Asphalt Oxidation: Chemical, Physicochemical, Physical Property, and Durability Relationships[END_REF][START_REF] Guern | Physico-chemical analysis of 5 hard bitumens: Identification of chem. species and molec. organiz. before and after artif[END_REF]. The colloidal instability index (Ic) is the ratio between the sum of as-phaltene and saturate contents and the sum of aromatic and resin contents. The increase in Ic value over time represents a bitumen more prone to cracking. Bitumen extracted from cracked surface layers of European roads indicate as end-of-life criterion the limit value of 0.6 [12]. However, the bitumens studied were softer than those currently used, so this limit value should be adjusted based on bitumen consistence.

Differential Scanning Calorimetry (DSC) determines the glass transition temperature (Tg) and the amount of crystallizable fraction. The Tg value can be related to bitumen brittleness [START_REF] Kriz | Physical Aging in Semi-Crystalline Asphalt Binders[END_REF]. At temperatures above Tg, the crystallization that occurs may represent an undesirable cracking resistance performance After laboratory aging, the crystallizable fraction tends to increase [START_REF] Guern | Physico-chemical analysis of 5 hard bitumens: Identification of chem. species and molec. organiz. before and after artif[END_REF]. In [START_REF] Poulikakos | RILEM 252-CMB Symposium: Chemo-mechanical Characterization of Bituminous Materials[END_REF], bitumens with higher crystallizable fraction content display poorer low-temperature performance.

The Size Exclusion Chromatography (SEC) method classifies bitumens based upon their molecular size distribution. Laboratory [START_REF] Guern | Physico-chemical analysis of 5 hard bitumens: Identification of chem. species and molec. organiz. before and after artif[END_REF][START_REF]Short-term aging characterization of asphalt binders using gel permeation chromatography and selected Superpave binder tests[END_REF] aging leads to a remarkable increase in the large molecular size (LMS) region. The ratio between its value after and before aging [START_REF] Elwardany | Phenomenological Modeling and Laboratory Simulation of Long-Term Aging of Asphalt Mixtures[END_REF][START_REF]Short-term aging characterization of asphalt binders using gel permeation chromatography and selected Superpave binder tests[END_REF] is often used as an aging index. In high-speed condition, it is possible to highlight asphaltene agglomeration [START_REF] Guern | Physico-chemical analysis of 5 hard bitumens: Identification of chem. species and molec. organiz. before and after artif[END_REF]. Extracted bitumens from a test road in Montana (US) show that the most cracked sections displayed a higher LMS population [17]. Through this test, it is possible to track the aging level of asphalt mixes by dissolving it in tetrahydrofuran (THF) without bitumen extraction [START_REF] Elwardany | Phenomenological Modeling and Laboratory Simulation of Long-Term Aging of Asphalt Mixtures[END_REF].

Physical Indexes

Empirical Tests

Classical tests such as Penetration and Softening Point have been used for decades as indexes to track neat bitumen aging. The bitumen age-hardening leads to a decrease in penetration and an increase in softening point value over time. For the Zaca-Wigmore Test Road (US), a limit value of 30 was stated for penetration (originally 100-200) as a pavement end-of-life criterion, although lower values were found in extracted bitumen from other test roads with little or no cracks [17]. Further, values lower than 30 can be found in hard bitumen currently used for high-performance asphalt mixes.

Mechanical Intrinsic Test

Complex modulus (G* = G'+iG" = |G*|e iφ ) of bitumen is measured by loading frequency sweep tests at multiple temperatures. The aging level can be tracked through either directly from test output or parameters of linear viscoelastic models, such as the analogical Huet modified and the Christensen-Anderson-Marasteanu (CAM) model. The analogical Huet modified model is composed of 1 string, 2 parabolic elements, and 1 dashpot (all assembled in series). Laboratory aged bitumen [START_REF] Yusoff | Predictability of complex modulus using rheological Model[END_REF] and bitumen extracted from loose aged asphalt mixes [START_REF] Partl | Testing and Characterization of Sustainable Innovative Bituminous Mat. and Systems: State-of-the[END_REF][START_REF] Themeli | A new method to quantify and evaluate ageing state of asphalt from viscoelastic measurement[END_REF] display the following trends with aging: the glassy modulus (spring G∞) and parabolic element (k) that represents the slope of the Cole-Cole plot at low temperatures and/or high frequencies remain unchanged; the parabolic element (h) that describe the slope at high temperatures and/or low frequencies decreases in [START_REF] Partl | Testing and Characterization of Sustainable Innovative Bituminous Mat. and Systems: State-of-the[END_REF][START_REF] Themeli | A new method to quantify and evaluate ageing state of asphalt from viscoelastic measurement[END_REF], but remains unchanged in [START_REF] Yusoff | Predictability of complex modulus using rheological Model[END_REF]; the dashpot (β) that represents the viscosity at higher temperatures and/or lower frequencies consider-ably increases; the δ parameter, balance between the two parabolics elements at intermediate temperatures, tends to increase; and the τ parameter that represents the relaxation time at the reference temperature considerably increases.

The CAM model is based on analytical equations whose parameters have physical meanings. During aging [START_REF] Yusoff | Predictability of complex modulus using rheological Model[END_REF][START_REF] Anderson | Continuous Models for Characterizing Linear Viscoelastic Behavior of Asphalt Binders[END_REF], the crossover frequency (ωc), frequency at which the phase angle is 45º, reduces; the v value that represents the velocity at which the phase angle converges towards the two asymptotes decreases; the glassy modulus (G∞) remains unchanged; and the R-value, which represents the relaxation spectra of the bitumen, increases, indicating a flattening of the master curve.

The evolution of the crack resistance at low temperatures can be outlined by graphs, such as the ωc versus R-value [START_REF] Rowe | ΔTc -Some thoughts on the historical development[END_REF] and the crossover modulus (G*C) versus crossover temperature (Tδ=45°) [START_REF] Widyatmoko | Mapping crack susceptibility of bituminous materials with binder durability[END_REF]. The risk of thermal cracking of asphalt mix may be evaluated by temperatures corresponding to the phase angle of 27º (Tδ=27°) or 45º (Tδ=45°), both at [START_REF] Ramond | Le module complexe des liants bitumineux[END_REF]24]. In [24], for 35-50 pen bitumens extracted from cracked road sections in France, Tδ=27° =12°C and Tδ=45° =35°C. The Glover-Rowe (G-R) parameter has been largely used to assess the cracking potential of asphalt mixes. Based on previous studies, [START_REF] Rowe | The Influence of Binder Rheology on the Cracking of Asphalt Mixes in Airport and Highway Projects[END_REF] determined the following two criteria: Damage onset at 180kPa and significant cracking at 450kPa (updated to 600kPa by [START_REF] Rowe | ΔTc -Some thoughts on the historical development[END_REF]). The G-R showed good accuracy in predicting the cracking susceptibility of aged sections [START_REF] Rowe | The Influence of Binder Rheology on the Cracking of Asphalt Mixes in Airport and Highway Projects[END_REF].

Creep modulus can be measured by Bending Beam Rheometer (BBR) test for evaluating the bituminous material's capacity to resist low-temperature cracking. At 60s loading time, the Ts is the temperature at which the stiffness (S) is ≤300MPa and the Tm, related to relaxation properties, is the temperature at which the slope m of the log-stiffness versus log-time curve presents a value ≥0.3 [START_REF] Glover | Development of a New Method for Assessing Asphalt Binder Durability with Field Validation[END_REF]. The ΔTc parameter is the difference between Ts and Tm [START_REF] Daniel | Relationships of Laboratory Mixture Aging to Asphalt Mixture Performance[END_REF]. As bituminous material ages, the curve flattens, and ΔTc becomes increasingly negative [START_REF] Rowe | ΔTc -Some thoughts on the historical development[END_REF]. A limit value of ΔTc≤-2.5°C was proposed by [START_REF] Anderson | Evaluation of the Relationship between Asphalt Binder Properties and Non-Load Related Cracking[END_REF] to indicate a possible risk of cracking, while [START_REF] Rowe | ΔTc -Some thoughts on the historical development[END_REF] set ΔTc≤-5°C for more urgent remediation. The Christensen-Anderson (CA) model can be used as a surrogate of BBR [START_REF] Rowe | New methods for assessing rheology data such as ΔTc and G-R Parameter and their relationship to performance of REOB in asphalt binders and other materials[END_REF], whose advantage is to reduce the amount of bitumen required.

Physical and Chemical Coupling Approaches

Several attempts and approaches have been proposed to build relationships between the chemical properties and physical performance of the bitumen. The δ-Method was proposed by [START_REF] Themeli | A new method to quantify and evaluate ageing state of asphalt from viscoelastic measurement[END_REF] to estimate the Apparent Molecular Weight Distribution (AMWD). It is based on the relationship between applied frequency and molecular relaxation time. According to the δ-Method, aging results in shifting from the lower molecular weight fraction (intermicellar environment) to a high weight population (asphaltene agglomeration) [START_REF] Partl | Testing and Characterization of Sustainable Innovative Bituminous Mat. and Systems: State-of-the[END_REF][START_REF] Themeli | A new method to quantify and evaluate ageing state of asphalt from viscoelastic measurement[END_REF]. The crossover frequency corresponds to the AMWD median value and evolves towards higher weight populations, which is in accordance with the literature. The δ-Method appears promising to connect rheological properties with the colloidal structure of bitumen.

Due to the good correlation stated in the evolution of chemical indices of laboratory and field aged material, [START_REF] Qin | Field aging effect on chemistry and rheology of asphalt binders and rheological predictions for field aging[END_REF] proposed an approach to predict the evolution of the rheological properties that occur in field pavements. A satisfactory relation was showed between chemical, such as FTIR carbonyl+sulfoxide and the total pericondensed aromaticity (TPA) determined by SAR-AD fraction, and mechanical indexes, such as the crossover modulus (G*c) and the characteristic relaxation time (λ). These latter parameters can be used to determinate the R-value and the ωc for different aging stages of bitumen, therefore, making possible the building of master curves through the Christensen-Andersen (CA) model. This procedure shows a good correlation with the results of extracted bitumen from the field. Similar to the previous study, [START_REF] Partl | Testing and Characterization of Sustainable Innovative Bituminous Mat. and Systems: State-of-the[END_REF] stated that the linear relationship between the four Huet modified model parameters (h, δ, β, and log(τ)) and the carbonyl index makes possible to estimate the evolution of G* during aging. However, no validation was performed during this study.

An alternative approach was proposed by [START_REF] Elwardany | Determination of Binder Glass Transition and Crossover Temperatures Using Four-mm Plates on a Dynamic Shear Rheometer: Significance and Applications[END_REF] to determining ΔTc through the Viscoelastic Temperature (TVE), represented by the temperature at the glassyviscoelastic behavior transition, and the crossover temperature (viscoelastic-viscous behavior transition), both determined by the 4mm Dynamic Shear Rheometer test. TVE was identified as the temperature corresponding to the maximum loss modulus at low temperature and display a satisfying correlation with the modulated DSC glass transition temperature (Tg). For some bitumen the peak is unclear. Despite the good correlation, this approach still needs to be further validated.

Conclusion

The main goal of this paper was to present a relevant literature review of neat bitumen aging. Since age-hardening makes bituminous material more prone to cracking, several techniques that better reproduce the field aging effects through increasingly optimized laboratory procedures have been proposed, such as the USAT and the VAPro methods. Despite using different approaches, the discussed indexes display a general coherence of the evolution of the bituminous material's behavior. According to the incidence and positive evaluation in the literature, mechanical and some chemical indexes-especially FTIR-are the most recommended, due to their sensitivity to track the aging evolution. Some end-of-life criteria proposed in the literature, summarized in Table 1, are no longer suitable to assess currently used bitumens, especially the harder ones for high-performance asphalt mixes. Finally, different attempts at physical and chemical coupling proposed by recent studies may be potential tools towards a better understanding of the aging phenomenon, thus enabling the construction of longer-lasting pavements. Table 1. End-of-life criteria found in the literature with comments Aging Index Estimated End-of-life criterion 5
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