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Bitumen aging has long been recognized as one of the primary factors that affect pavement's durability. The amount of rheology-based indexes proposed to track the evolution of bitumen aging level underlines their potential for this purpose.

Among these phase angle is a powerful tool since it is highly sensitive to changes that occur in bitumen. Hence, this work aims to estimate the aging level of 23 neat bitumens based solely on the evaluation of their phase angle master curve through the application of two multivariate statistical approaches: Principal Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA). PCA score plot displays correctly the studied bitumens according to their aging level, going from left to right, where a marked inflection point is detected along the path taken by the studied bitumen when they age. The groups of bitumens located on each side of this inflection point coincide with the two major clusters obtained through HCA. All the bitumens classified as being in the imminent or cracking zone through the well-known Glover Rowe (G-R) cracking indicator integrate the HCA cluster after the inflection point. The originality of this study lies in the possibility of indicating the aging state and also cracking susceptibility of bitumen based exclusively on the assessment of the phase angle master curve.

HIGHLIGHTS

 Using solely phase angle master curves, PCA score plot projects bitumens according to their aging level, where a marked inflection point is detected.

 The bitumens projected at each side of the inflection point coincide with the two major clusters obtained through HCA.

 All the bitumens classified as being in the imminent or cracking zone according to the G-R method belong to the HCA cluster after the inflection point.

 The inflection point observed on the PCA score plot appears to be a transition from which the studied bitumens are more susceptible to cracking.

-Introduction

By causing asphalt materials to stiffen and embrittle, bitumen aging has long been recognized as one of the primary factors behind several pavement distresses. The irreversible changes triggered by this phenomenon increase the cracking potential that can culminate in premature deterioration and, consequently, shorten considerably asphalt pavements' service life.

Having reliable indexes to track bitumen aging, as well as end-of-life criteria, is crucial for tailoring longer-lasting asphalt pavements, thereby boosting the costeffectiveness of both road construction and maintenances, in addition to optimizing the use of such scarce raw materials. For this purpose, the relentless pursuit of sound indexes-such as empirical [START_REF] Lu | Ageing of bituminous binders-laboratory tests and field data[END_REF], chemical [START_REF] Le Guern | Physicochemical analysis of five hard bitumens: Identification of chemical species and molecular organization before and after artificial aging[END_REF][START_REF] Petersen | A Review of the Fundamentals of Asphalt Oxidation: Chemical, Physicochemical, Physical Property, and Durability Relationships[END_REF], and rheological [START_REF] Rowe | Cracking of asphalt pavements and the development of specifications with rheological measurements[END_REF][START_REF] Themeli | A new method to quantify and evaluate ageing state of asphalt from viscoelastic measurement[END_REF]-has been intense over the last decades. Unlike empirical tests, which only measure bitumen's properties within a limited and narrow domain, rheological tests can encompass a wide range of temperatures and frequencies, where bitumen exhibit behaviors that can vary from viscous liquid to elastic solid [START_REF] Ramond | & Laboratoire central des ponts et chaussées[END_REF].

When the Time-Temperature Superposition Principle (TTSP) is observed, master curves can be constructed from data extracted directly from the tests. This is of great importance since the limitations of laboratory tests can be overcome, thus allowing an analysis of the extrapolated curves of the modulus (|G*| or |E*|) and phase angle (δ) to a broader range of conditions that are closer to those under which the asphalt material will undergo during its service life.

Varying from 0° (pure elastic material) to 90° (pure viscous material), the phase angle is the time, or phase, lag between the applied stress when a bituminous material is subjected to a given sinusoidal load and the strain response or vice versa. The phase angle is more sensitive to bitumen chemical structure than modulus [START_REF] Airey | Rheological Performance of Aged Polymer Modified Bitumens[END_REF], which allows it to be widely used either to estimate [START_REF] Themeli | Molecular weight distribution of asphaltic paving binders from phase-angle measurements[END_REF][START_REF] Zanzotto | Molecular weight distribution of regular asphalts from dynamic material functions[END_REF] or detect variations [START_REF] Airey | Use of Black Diagrams to Identify Inconsistencies in Rheological Data[END_REF][START_REF] Lesueur | The colloidal structure of bitumen: Consequences on the rheology and on the mechanisms of bitumen modification[END_REF] in bitumen chemical properties.

Phase angle measurements tend to be simpler as well as more reliable than that of the modulus. Unlike the latter, the measurement of the phase angle does not need to take the compliances of different rheometer spindles into account. Moreover, in cases where the conversion between |G*| and |E*| is done, the value chosen for the Poisson's ratio does not affect the phase angle measurements either. Despite being a powerful tool, the trends and classifications determined from the phase angle to track the aging evolution are sometimes difficult to interpret. In this case, statistical analysis can provide valuable insights.

From a statistical perspective, the aging phenomenon can be considered as a latent, or hidden variable, i.e., it cannot be directly measured. Rather, latent variables are inferred by models from observed, or measured data. Among the different approaches that can be used to infer latent variables, multivariate statistical methods, e.g., Principal Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA), consist of detecting hidden pattern structures from the observation of several output variables.

These multivariate statistical methods are widely employed in several science fields [START_REF] Abdi | Principal component analysis[END_REF][START_REF] Granato | Use of principal component analysis (PCA) and hierarchical cluster analysis (HCA) for multivariate association between bioactive compounds and functional properties in foods: A critical perspective[END_REF][START_REF] Jolliffe | Principal component analysis: a review and recent developments[END_REF][START_REF] Wold | Principal Component Analysis[END_REF]. In bitumen-related works, [START_REF] Margaritis | Identification of ageing state clusters of reclaimed asphalt binders using principal component analysis (PCA) and hierarchical cluster analysis (HCA) based on chemo-rheological parameters[END_REF] presents clusters, determined from PCA and HCA using chemo-rheological properties, wherein bitumens can be classified according to their aging state. Through the application of the PCA on spectra originating from Fourier Transform Infrared Spectroscopy (FTIR), [START_REF] Wang | Application of attenuated total reflectance Fourier transform infrared (ATR-FTIR) and principal component analysis (PCA) for quick identifying of the bitumen produced by different manufacturers[END_REF] and [START_REF] Ren | Identification of asphalt fingerprints based on ATR-FTIR spectroscopy and principal component-linear discriminant analysis[END_REF] were able to distinguish bitumens based on their manufacturers and oil sources (both affecting directly the bitumen behavior), respectively. PCA of FTIR spectral data also allowed the classification of bitumens regarding their refineries and aging levels, as shown in [START_REF] Weigel | Differentiation of bitumen according to the refinery and ageing state based on FTIR spectroscopy and multivariate analysis methods[END_REF]. In [START_REF] Such | Caractéristiques des liants bitumineux et performances des enrobés: recherche de corrélations[END_REF], an interlaboratory study evaluates the correlation between the properties of bitumen and those related to asphalt mixture performance through the PCA method.

Therefore, given the precious information that can be extracted from phase angle and master curve assessment, the objective of this work is to apply multivariate statistical methods (PCA and HCA) using solely the phase angle master curves of 23 neat bitumens to estimate their aging level. It is worth mentioning that this study is based on a relatively small sample size, so the results presented here should be interpreted as initial conclusions. For this, the analyses of different penetration grade bitumens at distinct aging levels were divided into two parts:  The evolution of the phase angle master curves with aging.

 The application of PCA and HCA methods using solely the phase angle master curve as input data.

-Material

A neat 35/50 pen grade bitumen, widely employed in pavement construction in France, was subjected to standard laboratory procedures for bitumen aging: Rolling Thin-Film Oven Test (RTFOT) and Pressure Aging Vessel (PAV). This latter, which reproduces the effect of long-term in-service aging of bitumen that occurs in the field, was carried out on the RTFOT-aged bitumen for 20 and 40 hours, named hereafter 1PAV and 2PAV, respectively. In this study, therefore, the laboratory-aged bitumen was analyzed in the following aging level: Fresh, RTFOT, 1PAV, and 2PAV.

To enrich the analysis proposed in this work, 19 supplementary rheological data sets were extracted from the technical literature, which comprises neat bitumens of distinct penetration grades that were subjected to different types of laboratory aging procedures, as summarized in Table 1.

The nomenclature chosen to refer to the bitumens hereafter consist of 3 parts.

First, to differentiate the bitumen sets from each other, their names start with the first letter, either of the bitumen's name, the one characterized by this paper's author, or of the authors from whom the rheological parameter values were taken. The second part indicates the type of aging conditioning that the bitumens underwent. The last part, which is in parentheses, indicates the bitumen penetration value, as this is a widely used indicator to monitor the evolution of bitumen consistency. 1. Summary of all bitumens used in this study]

Author

-Methods

-Rheological analysis

-Laboratory test

Metravib® device was employed to characterize the four aging levels of the Azalt bitumen at seven frequencies, ranging from 1 to 80 Hz, at nine temperatures, varying from -15 to 60°C, in displacement (strain) control mode. The complex modulus test was conducted in tension-compression mode (E*) at low temperatures, from -15 to 20°C, and annular shear mode (G*) from 20 to 60°C. The conversion from |G*| to |E*| is made considering a Poisson's ratio of 0.5.

-Master curve construction

For a small number of loading cycles, if the amplitudes of the strain or stress applied during rheological tests are small enough (thus maintaining the integrity of the bitumen sample throughout the test), bitumen's behavior can be assumed as linear viscoelastic (LVE) [START_REF] Di Benedetto | Mechanical Testing of bituminous Mixtures[END_REF]. Previous studies have shown that within the abovementioned domain, polymers [START_REF] Ferry | Viscoelastic Properties of Polymers[END_REF] and also bituminous materials [START_REF] Chailleux | A mathematical-based master-curve construction method applied to complex modulus of bituminous materials[END_REF][START_REF] Ramond | & Laboratoire central des ponts et chaussées[END_REF] can display a thermorheologically simple behavior, that is, the complex moduli and phase angles measured tend to generate a unique curve, regardless of the temperature and frequency employed during the test. In this case, "Time-Temperature Superposition Principle" (TTSP) can be applied.

This equivalency allows the construction of a unique master curve for a given reference temperature using data extracted directly from rheological tests, thereby Of the several methods employed to determine the shift factors (aT), of which some discussed in [START_REF] Yusoff | A Comparative Study of the Influence of Shift Factor Equations on Master Curve Construction[END_REF], the mathematical-based master curve construction method [START_REF] Chailleux | A mathematical-based master-curve construction method applied to complex modulus of bituminous materials[END_REF] [START_REF] Williams | The Temperature Dependence of Relaxation Mechanisms in Amorphous Polymers and Other Glass-forming Liquids[END_REF] can be used for determining master curves at different temperatures.

Assuming that a given material reacts in accordance to the Boltzmann superposition principle and causality principle, the Kramers-Kronig relations, which consists of integral transform relationships between the real and imaginary parts of a complex function, can be applied for complex modulus. The application of the Kramers-Kronig relations to the measurements of the shear complex modulus by [START_REF] Booij | Generalization of Kramers-Kronig transforms and some approximations of relations between viscoelastic quantities[END_REF] led to the following approximation (Equation 1):

𝜑(𝜔) ≈ 𝜋 2 𝑑𝑙𝑜𝑔(|𝐺 * (𝜔)|) 𝑑𝑙𝑜𝑔(𝜔)
where φ is the phase angle, G* is the shear complex modulus, and ω is the frequency in radian per second. Considering two close frequencies at a given temperature, Equation 1can be written as follows:

𝜑 𝑎𝑣𝑔 (𝜔 𝑖 , 𝜔 𝑗 ) * 2 𝜋 = 𝑙𝑜𝑔(|𝐺 * (𝑇, 𝜔 𝑗 )|) -𝑙𝑜𝑔(|𝐺 * (𝑇, 𝜔 𝑖 )|) 𝑙𝑜𝑔(𝜔 𝑗 ) -𝑙𝑜𝑔(𝜔 𝑖 )
where φavg(ωi, ωj) is the mean of the phase angle determined at ωi and ωj for temperature T. Based on the core of this master curve construction method, the relationship presented in Equation 2 is only valid when the TTSP is verified. Then the shift factor can be determined when Equation 2 is represented for two close temperatures subjected to a given frequency ω, as presented in Equation 3:

(1)

(2)

(3)

𝜑 𝑎𝑣𝑔 ((𝑇 1 , 𝑇 2 ), 𝜔) * 2 𝜋 = 𝑙𝑜𝑔(|𝐺 * (𝑇 1 , 𝜔)|) -𝑙𝑜𝑔(|𝐺 * (𝑇 2 , 𝜔)|) log (𝑎 (𝑇 1 ,𝑇 2 ) )
where φavg((T1, T2), ω) is the mean of the phase angle at T1 and T2 for frequency ω. By isolating log(a(Tj,Tj+1)) in Equation 3, the shift factor between isotherms can be determined. Therefore, the shift factor of a given temperature (Tj) is established by a cumulative sum of log(a(Tj,Tj+1)) of all adjacent isotherms between the given temperature T and the reference temperature (Tref), as it is presented in Equation 4:

log (𝑎 (𝑇 𝑖 ,𝑇 𝑟𝑒𝑓 ) ) = ∑ 𝑙𝑜𝑔(|𝐺 * (𝑇 𝑗 , 𝜔)|) -𝑙𝑜𝑔(|𝐺 * (𝑇 𝑗+1 , 𝜔)|) 𝜑 𝑎𝑣𝑔 ((𝑇 𝑗 , 𝑇 𝑗+1 ), 𝜔) 𝑗=𝑟𝑒𝑓 𝑗=𝑖
The master curves of all the bitumens assessed in this paper, whether those tested or extracted from the literature, were constructed considering the reference temperature (Tref) equals to 0°C.

-Rheological Model

The analogical LVE Huet-Such model [START_REF] Such | Analyse du comportement visqueux de bitumes[END_REF] was used to fit rheological raw data. Consisting of the association in series of one spring, two parabolic creep elements, and one dashpot, the complex modulus (|E*| or |G*|) is given by Equation 5:

𝐸 * (𝑖𝜔𝜏) = 𝐸 ∞ 1 + 𝛿(𝑖𝜔𝜏) -𝑘 + (𝑖𝜔𝜏) -ℎ + (𝑖𝜔𝛽𝜏) -1
where i is the imaginary unit, ω is the frequency in radian per second, Eꝏ is the glassy modulus, δ is the dimensionless calibration constant, k and h are the ratio Eimag./Ereal when ω tends to 0 and ꝏ respectively, β represents the Newtonian viscosity, and τ is the characteristic time. Through this model, only six parameters, such as Eꝏ, δ, k, h, β, and τ, are required to fully describe the LVE behavior of bitumen (modulus and phase (4)

(5) angle). These parameters can be determined by fitting the LVE model on experimental data through mathematical optimization approaches.

As this study focuses on the use of the phase angle master curve, it is worth mentioning the approximated analytical equation to determine it based on the Huet-Such model (Equation 5) considering the Booij and Thoone approximation (Equation 1) proposed by [START_REF] Krolkral | Quantification of asphalt binder ageing from apparent molecular weight distributions using a new approximated analytical approach of the phase angle[END_REF] and presented in Equation 6:

𝜑(𝜔) ≈ 𝜋 2 . [ 𝑘. 𝛿(𝜔𝜏) -𝑘 + ℎ(𝜔𝜏) -ℎ + (𝛽𝜔𝜏) -1 1 + 𝛿(𝜔𝜏) -𝑘 + (𝜔𝜏) -ℎ + (𝛽𝜔𝜏) -1 ]
From Equation 6it can be observed that the phase angle (φ) is independent of the glassy modulus (Eꝏ). This further certifies the phase angle as a sound index for rheology-based analyses as the Eꝏ parameter can sometimes be skewed depending on the rheometer employed, as was detected in [START_REF] Mangiafico | Linear viscoelastic properties and fatigue of bituminous mixtures produced with Reclaimed Asphalt Pavement and corresponding binder blends[END_REF].

-End-of-life criteria

The Glover-Rowe (G-R) parameter [START_REF] Rowe | Prepared discussion for the AAPT paper by Anderson et al.: Evaluation of the relationship between asphalt binder properties and non-load related cracking[END_REF] has been widely employed to assess the cracking performance of bituminous materials. Rearranging the equation proposed as a surrogate for tensile strain at failure by [START_REF] Glover | Development of a New Method for Assessing Asphalt Binder Durability with Field Validation[END_REF], which is based on the correlation between ductility and cracking failure found in the literature [START_REF] Kandhal | Low-Temperature Ductility in Relation to Pavement Performance[END_REF], the Glover-Rowe (G-R) parameter is expressed by Equation 7:

𝐺 -𝑅 = 𝐺 * (𝑐𝑜𝑠𝛿) 2 𝑠𝑖𝑛𝛿
where G* and δ are the modulus and phase angle, respectively, measured at 15 °C and 0.005 rad/s. This approach has two threshold values that can indicate the susceptibility (6)

to non-load associated cracking of bitumen: damage onset at 180 kPa and significant cracking at 450 kPa (updated to 600 kPa by [START_REF] Rowe | ΔTc -Some thoughts on the historical development[END_REF]).

-Statistical approaches: Principal Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA)

Classified as multivariate statistical methods, PCA and HCA are widely applied as unsupervised classification, i.e., a method whereby hidden pattern structures within a data set are brought to light based solely on the numerical information, without any preexisting training labels and with minimal user supervision (Brunton & Kutz, 2017).

One of the most popular and likely oldest multivariate techniques [START_REF] Abdi | Principal component analysis[END_REF], PCA aims to reduce the dimensionality of a data set with minimal loss of information and thereby increase interpretability. In this study, the data set is represented by an IxJ matrix X composed of I individuals (bitumens) described by J parameters (phase angle corresponding to chosen reduced frequencies). For this, new variables uncorrelated (orthogonal) to each other, called principal components (PC), created from the linear combination of the originals are computed. The first PC (PC1) corresponds to the direction of maximum variance within the multidimensional spacei.e., that explains the most variation of the original data set. PC2, which is orthogonal to PC1, accounts for the largest variation that has not been considered by PC1. Subsequent

PCs are determined likewise.

Usually, the first step of PCA is data preprocessing. Among the several discussed in [START_REF] Dunn | Process Improvement Using Data[END_REF], mean-centering and scaling are the most employed. The first consists of subtracting the mean value from each column to remove biased terms, while the second allows the comparison between variables of different units by dividing each column by its standard deviation. In this case, after the autoscaling (preprocessing that consists of centralization and normalization) each column will have a mean of zero and variance of 1 (one).

For this study, only data mean-centering was performed. Data scaling has not been carried out as phase angle is already a normalized value, which ranges from 0 to 90° regardless of the bitumen consistency, and the columns (parameters) used for the PCA consist only of phase angle values, so they are all in the same unit.

In addition to the PCA, many researchers have used clustering methods as a complement, such as HCA and k-means, to better underline the main features of a given data set [START_REF] Granato | Use of principal component analysis (PCA) and hierarchical cluster analysis (HCA) for multivariate association between bioactive compounds and functional properties in foods: A critical perspective[END_REF]. The combination of both techniques can sometimes be referred to as Hierarchical Clustering on Principal Components (HCPC) [START_REF] Kassambara | Practical Guide To Principal Component Methods in R (Multivariate Analysis Book II)[END_REF][START_REF] Lê | FactoMineR: An R Package for Multivariate Analysis[END_REF]. It can also be beneficial when working with multiple continuous variables since PCA can serve as a denoising step. This, therefore, allows for more stable clustering [START_REF] Kassambara | Practical Guide To Principal Component Methods in R (Multivariate Analysis Book II)[END_REF].

In this study, the clustering method employed was the HCA that groups individuals according to the similarities (distances) between them. This technique can be subdivided into agglomerative (bottom-up) and divisive (top-down) approaches. The first one will be used in this work, where all the individuals are initially considered as clusters and they merge together according to their similarities until there is only one cluster at the end.

There are two important parameters to be defined in HCA: distance metrics between the individuals as this is the parameter that quantifies the similarity between them; and the linkage criterion, which determines how this distance will be computed.

The HCA output is usually a dendrogram, whose order of formation of clusters indicates the level of similarities between the individuals, where those merged at lower levels (shorter distances) are more similar than those grouped at higher levels (greater distances). In this work, the Euclidean distance and Ward's linkage criterion were employed. Further information regarding cluster analysis can be found in (Kassambara, 2017a).

In this study, the analyses with both multivariate statistical methods (PCA and HCA) were performed using the FactoMineR package, developed by [START_REF] Lê | FactoMineR: An R Package for Multivariate Analysis[END_REF].

-Results

-Rheological measurements (Phase angle master curve)

For all the four aging states of the bitumen A (fresh, RTFOT, 1PAV, and 2PAV), Equation 4was used to build the master curves at Tref = 0°C from the isotherms measured during rheological tests and Equation 5to fully describe the LVE behavior of bitumen. In Figure 2, it can be observed that the Huet-Such rheological model fits satisfactorily (R 2 above 0.98 for all bitumen studied) the experimental data, thus allowing the use of this model in the proposed analysis.

[Figure 2. Evolution of the master curves of complex modulus (dashed line) and phase angle (solid line) of the Azalt 35/50 bitumen]

Figure 2 shows the well-known classic trend of the rheological properties with aging. The growth in modulus that occurs mainly in conditions where bitumen previously displayed a more viscous behavior-when subjected to high temperatures and/or low frequencies-reflects in an overall reduction of its phase angle, indicating an increasingly elastic and less viscous material. From a graphical point of view, it is worth noting that phase angle master curves are farther apart from each other when compared to those of the modulus, thus highlighting the difference between each aging state.

Phase angle master curves of the four bitumens K with different penetration grades from the same refinery in France at distinct aging levels are depicted in Figure 3.

It can be observed that the greater the consistency (lower penetration value), the lower the phase angle of the bitumens. Figure 3 shows that the phase angle master curve of an aged soft bitumen can correspond to that of a fresh harder bitumen.

[Figure 3. Evolution of the phase angle master curves of the four bitumens K of different penetration grades at different aging levels]

Figure 4 illustrates the evolution of the modeled master curves of the phase angle of three 35/50 pen grade bitumens (A, K3, and T), where the bitumens A and K3

were laboratory-aged using RTFOT and PAV procedures while the bitumen T was extracted from loose asphalt mixes aged in laboratory through a method developed by [START_REF] Roche | Development of a laboratory bituminous mixtures ageing protocol[END_REF]. As they are bitumens from other studies, differences can be detected in the phase angle master curves, even though these have almost similar penetration values (consistency). Several factors, such as the crude oil origin and the refinement processes employed, have a strong impact on bitumen properties, as seen in [START_REF] Oyekunle | Certain Relationships between Chemical Composition and Properties of Petroleum Asphalts from Different Origin[END_REF][START_REF] Weigel | Differentiation of bitumen according to the refinery and ageing state based on FTIR spectroscopy and multivariate analysis methods[END_REF].

For all the three 35/50 bitumens, the phase angle master curves decrease throughout each aging step. According to the trends observed in Figure 3, bitumen K1

appears to be a softer bitumen due to its more steep curve, then bitumen A, and finally, bitumen T that displays a flatter curve similar to that of a harder or more aged bitumen.

[Figure 4. Evolution of the phase angle master curves of the three 35/50 pen grade bitumen]

It is possible to observe in Figures 2,3, and 4 that the PAV laboratory aging reduces the phase angle considerably, which results in a greater distance between the curves before and after bitumens are subjected to this procedure that simulates longterm aging. Aiming to know the variation that occurs in phase angle master curves based on a reference temperature of 0°C with aging, the difference between the phase angle corresponding to the fresh and the most aged state of each bitumen studied over the entire reduced frequency range was determined and presented in Figure 5.

[Figure 5. Variation of the phase angle master curves of each bitumen studied]

From the curves plotted in Figure 5, it is possible to determine that the range of reduced frequency where a significant variation of phase angle master curves occurs goes from 10 -11 to 10 3 Hz. The largest phase angle variation found is for bitumen A, which is because it has undergone two 20-hour PAV aging cycles. It is also possible to note that for the four bitumens K, the harder the bitumen, the wider the reduced frequency range wherein a considerable reduction in the phase angle master curves can be seen.

-Principal Component Analysis (PCA)

To obtain a smooth enough curve, all the phase angle master curves presented and discussed above have been plotted with 341 reduced frequency points. In this way, these data sets are represented in a 23x341 matrix that will be used as input for the PCA. The rows represent each of the 23 studied bitumens while the columns are the phase angle value computed for each of the 341 reduced frequencies chosen. Since the phase angle master curve does not display sudden changes, like peaks in spectral data, this indicates that columns immediately adjacent to each other have practically similar phase angle values. Having more parameters (columns) than individuals (rows) is not appropriate in this case, although this occurs quite often when spectroscopic data are used. According to [START_REF] Dunn | Process Improvement Using Data[END_REF], a common strategy to tackle this issue is to select only a few columns, so that the number of columns is less than that of the rows.

Initially, PCA using all 341 points was employed, then smaller amounts of welldistributed points in the reduced frequency range presented in Figure 5 were tested.

Finally, it was observed that PCA with 8-well-distributed points produces an individual score plot practically similar to that obtained when all the 341 points were considered, differing only from the scores values displayed on both axes (new coordinate values) and the variation described by PC1 (Dim1), as depicted in Figure 6.

[Figure 6. Individuals score plot (PCA) with 341 (right) and 8 (left) points]

For practical purposes, the results of the statistical analyses presented in this paper are those obtained with 8 points that represent the phase angle values at the following reduced frequencies: 10 -11 , 10 -9 , 10 -7 , 10 -5 , 10 -3 , 10 -1 , 10 1 , and 10 3 Hz.

The PCA score plot, illustrated in Figure 7, shows that the horizontal axis Principal Component 1 (PC1) describes 94.7% of the total variation while the vertical axis PC2 describes 2.9%. Only these two PCs explain 97.6% of the global variation observed in the 8 reduced frequency points. It can be seen that the PC1 is the axis along which the bitumen aging level increases, from the right (fresh bitumens) to the left (aged bitumens). The increase in consistency, indicated by the penetration values reduction, is also observed in this sense. Although the vertical axis describes only 2.9% of the total variation, it is important to stress the presence of a marked inflection point, illustrated by the approximate paths of each analyzed bitumen drawn in Figure 7 when they cross the vertical axis.

[Figure 7. Individuals score plot (PCA) with the approximate paths of each bitumen illustrating the marked inflection point]

In Figure 7, it is important to notice that all the fresh 35/50 pen grade bitumens (A, T, and K3) as well as those that underwent short-term aging (A RT (29), T Mix (29), and K3 RT ( 27)), except the T 4h (21), are placed before the inflection point.

From this point forward, all the above-mentioned bitumens that were submitted to laboratory procedures that simulate the effect of long-term in-service aging are projected. For the other bitumens, it is observed that the softer bitumen K4 at all studied aging levels as well as fresh bitumens K1 and K2 are located to the right of the inflection point. On the left side of the PCA score plot, the RTFOT-and 1PAV-aged K1 and K2 bitumens are found.

Figure 8 presents the PCA biplot, which represents both the Individuals score plot (dots) and Loadings of variables (vectors). It is worth mentioning that the coordinates (scores) are correct only for individuals, but not for loadings. Despite the distortion of their magnitudes, the angular relationships as well as the proportions among the vectors have been preserved, which allows for a good interpretation of the graph. This is a recurring issue and further discussion can be found in [START_REF] Legendre | Numerical Ecology[END_REF]. The correct values for the loadings will be presented later.

Pinned at the origin of PCs, the 8 vectors correspond to the aforementioned reduced frequencies and indicate how strongly each of these influences the PCs. In this case, the longer the projection of an arrow on a component, the greater its influence. It can be seen in Figure 8 that the arrows farther from the origin represent the reduced frequencies 10 -3 , 10 -5 , and 10 -7 Hz. The first and the third ones have a considerable impact on PC1 and also a non-negligible contribution to PC2. The second one, on the other hand, is practically overlapped on PC1, whereas there is almost no contribution to PC2.

[Figure 8. Biplot of individuals and original variables]

The arrows are all pointed to the right (toward high values of PC1), hinting that the more elevated the PC1 value, the higher the phase angle values at the reduced frequencies used, that is, representing a fresher (or softer) bitumen. The fact that the phase angle reduces with aging in all these variables (reduced frequencies) causes the bitumens to move toward the left side of the score plot graph when it is more aged or harder. Furthermore, the quadrants where each of the arrows is located serve as a ground for explaining the inflection point seen on the PCA score plot. In this sense, a higher reduction of the phase angle values that occur at higher frequencies (10 -5 , 10 -3 , 10 -1 , 10 1 , and 10 3 Hz), i.e., condition wherein bitumen displays a more elastic-like behavior, causes the bitumen to move toward the upper-left corner. Once the reduction at lower frequencies (10 -11 , 10 -9 , and 10 -7 Hz), which represent the more viscous-like behavior of bitumen, is superior to that observed in the more elastic-like reduced frequency range, a marked trend inversion is observed, from which bitumens will move toward the lower-left corner. Also in Figure 9, the PC1 and PC2 loadings are plotted. Complementing the initial interpretations from Figure 8, PC1 has its highest loadings at 10 -7 -10 -3 Hz.

Furthermore, when plotting the loadings that correspond to all the 8 reduced frequencies it is noted that it displays an approximately bell-shaped curve. As for PC2, low loadings were observed since it describes only 2.9% of the global variation. Nonetheless, what is interesting is that it exhibits negative and positive zones, where the transition occurs at approximately 10 -5 Hz. This transition of the PC2 loadings induces the inflection of the path taken by the studied bitumen on the Individuals score plot as they age.

[Figure 9. Scheme illustrating the phase angle reduction before and after the inflection point and the loadings of PC1 and PC2] Recalling that the abscissa axis (black line in Figure 10) represents the mean values of the phase angle at each reduced frequency (PC=0), it is evident in the first stages of aging the greater variation of the phase angle at 10 -3 -10 -5 Hz than that at 10 -5 -10 -7 Hz. However, an inversion of this tendency is observed from the abscissa line downward. This does not impact the way in which PC1 decreases with aging though.

On the other hand, this inversion has a clear impact on PC2, where an increase in the calculated value can be observed in the initial stages. As soon as the phase angle variation at 10 -5 -10 -7 Hz becomes greater than that at 10 -3 -10 -5 Hz, the PC2 value decreases again.

-Hierarchical Cluster Analysis (HCA)

When analyzing Figure 7, it is observed that the individuals that represent the studied bitumens (dots) are somehow well spread out over the PCA score plot, which makes it difficult to visualize possible clusters. In this sense, clustering techniques such as HCA can be applied to identify possible clusters depending on the similarities or distances between each pair of individuals.

For this analysis, the PCA outcome was employed. It is worth mentioning that the method chosen for measuring distances as well as the linkage criterion among groups have a strong influence on the clustering results. The Euclidean distance and Ward's linkage criterion were selected for the analyses. The dendrogram depicted in Figure 11 indicates the order of formation of clusters where the height represents the distance metric between clusters. In this sense, it can be visualized from the rightmost side the creation of the first groups to the junction of distant clusters on the left side.

One of the main issues here is determining the optimal number of clusters. It is a very subjective topic since there are no well-defined criteria for such purpose besides being heavily influenced by the clustering methods employed. An interesting discussion on this topic can be found in (Kassambara, 2017a). For this study, the creation of 2 clusters coincides with the individuals groups found on both side of the inflection point seen in Figure 7.

[Figure 11. Dendrogram of HCA and the three defined clusters]

-Comparison of the PCA and HCA analyses with the Glover-Rowe (G-R) parameter

Aiming to enrich the interpretation of the PCA and HCA results, the Glover-Rowe (G-R) parameter was used to analyze the susceptibility to non-load associated cracking of all studied bitumens, where its value and classification for each studied bitumen are presented in Table 2. Figure 12 presents the PCA score plot where all the studied bitumens are colored according to their G-R classification and are also surrounded by convex hull-shaped geometries that represent their HCA clusters.

By rearranging the Glover-Rowe's parameters (Equation 7), it can be noted that it represents the division of the real part of the complex modulus (G*cosδ) by the viscous/elastic ratio (tanδ) at a single point that corresponds to a temperature of 15°C and a frequency of 0.005 rad/s. In addition to the growth in the modulus, the reduction of the phase angle, as seen in the discussions regarding Figures 2345, increase the storage modulus (numerator) and reduce the viscous/elastic ratio (denominator), which causes this value to increase as bitumen ages. To classify the bitumens according to their susceptibility to cracking, threshold values were determined based on [START_REF] Kandhal | Low-Temperature Ductility in Relation to Pavement Performance[END_REF] that had correlated bitumen durability with pavement cracking performance.

On the other hand, the analysis presented in this paper consists of the evaluation of the entire master curve of the phase angle in a range of reduced frequency where non-zero variances are observed. Through the analysis of well-distributed reduced frequency points, PCA individual score plot (Figure 7) projects the studied bitumens correctly according to their aging level, where a marked inflection point is detected. In the discussion regarding Figure 8-11, this inversion of the aging path arises when the decrease of the phase angle at lower frequencies, which represents a more viscous-like behavior of bitumen, is superior to that observed at higher frequencies (more elastic-like behavior).

As already shown through the HCA clusters, this inflection point-which was determined exclusively from the analysis of the evolution of the phase angle master curve of the studied bitumens-appears to correspond satisfactorily with the damage onset zone proposed by the Glover-Rowe's parameter.

The fact that the Glover-Rowe's parameter is a single-point method causes its value to increase continuously with aging, as there is no change observed in the trend of the modulus, which increases, and the phase angle, which decreases. This is why there is a need for limit values to classify bitumens. On the other hand, the analysis of the entire master curve of the phase angle, which takes into account its shape, indicates the presence of an inflection point that represents a possible transition that may arise in bitumen during aging. This allows to differentiate the initial stages, when bitumen gets harder, from more advanced ones, when the significant drop of phase angle in conditions where bitumen previously displayed a more viscous-type behavior, makes it more prone to cracking.

To conclude, the analysis and discussions presented in this paper can contribute to the "Point vs. Shape parameters" discussion raised in [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]. The application of powerful statistical tools, combined with a deep knowledge of the phenomenon and the material studied, allows obtaining new insights that can lead to a better understanding of how bitumen ages, which is crucial for tailoring long-lasting asphalt mixtures.

-Conclusion

Based on the results and analyses presented for the studied bitumens, the following conclusions can be drawn:

 Bitumen age-hardening results in a reduction of the phase angle, which flattens the phase angle master curve.

 From a graphical point of view, phase angle master curves are farther apart from each other when compared to those of the complex modulus, thus highlighting the difference between each aging stage.

 Using solely phase angle master curves, PCA score plot projects bitumens correctly according to their aging level, where a marked inflection point is detected.

  overcoming the limitation of laboratory tests by allowing extrapolations to more realworld situations. The construction of a smooth and continuous master curve of both modulus (|G*| or |E*|) and phase angle (δ) is done by determining a given reference temperature (Tref) from which all the measured isotherms are horizontally shifted. This shifting along the horizontal axis (reduced frequency) is determined by the shift factors (aT) associated with the temperature of each isotherm. The construction of a phase angle master curve is depicted in Figure 1. [Figure 1. Phase angle master curve of the A Fr (43) bitumen at 0°C]
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  developed at Université Gustave Eiffel (former French Institute of Science and Technology for Transport, Development, and Networks -IFSTTAR) was used. It is worth mentioning that this method constructs only master curves at measured reference temperatures. Complementary approaches, such as William Landel and Ferry (WLF)

From this analysis, it can be established that the PCA and HCA using the phase angle master curve of the neat bitumens employed in this work can create clusterswhich correspond satisfactorily with the classifications before and after the damage onset proposed by the G-R parameters. In the following paragraphs, the two methods will be discussed.

 The HCA method highlights the difference between the two clusters located on both side of the inflection point.

 All the bitumens classified as highly prone to cracking according to the G-R method belong to the HCA cluster after the inflection point.

 The inflection point appears to be a transition zone from which the studied bitumens are more susceptible to cracking.

Keeping in mind the limitations of this work, such as the relatively small sample size employed for the statistical analyses proposed, the perspectives of future works can be summarized as follow:

 Include more bitumen in the data set, such as field-aged bitumen, which can enrich future analyses.

 Correlate the findings from this study with chemical and other rheological properties, as well as with parameters that directly impact the bitumen behavior (crude oil origin, refinery processes, etc.)

Analyze the feasibility of the technique proposed in this work with modified bitumen.Acknowledgments
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