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Abstract The ageing of bitumen has received great
attention both from a chemical and rheological
perspective due to its direct impact on asphalt
performance. However, open questions with respect
to the convergence of the synchronous ageing changes
in rheology and chemistry of bitumen still exist. This
paper addresses these alterations of chemistry and
rheology and attempts to establish a link via fitting
rheological equations fed by fundamental chemical
information. To that end, three binders of different
type were used in four different laboratory ageing
states. A number of spectroscopic techniques and
rheological testing were employed to derive corre-
sponding chemical and rheological parameters. In
parallel, various statistical methods (Bivariate analy-
sis, Wilcoxon test, Factor analysis) assisted in iden-
tifying relationships among the chemo-rheological
parameters and simplifying the number of variables.
The results of this study demonstrate that chemistry
and rheology are following similar changes when
considering laboratory ageing following the fast-rate
phase of a dual oxidation scheme and short-term lab
ageing. Finally, this work manages to establish a
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linking framework for a number of newly-introduced
rheological parameters. All in all, the results of this
study might be particularly interesting for future
interventions in the chemical composition of bitumen,
considering its effect on performance.

Keywords Bitumen - DSR - EPR - '"H-NMR - TOF-
SIMS - FTIR - Ageing - Factor analysis - Regression

1 Introduction

Bitumen is undoubtedly one of the main materials for
pavement construction, as it works as the basic binding
medium in asphalt. Recently released data report that
85% of the annual bitumen world production (87
million tons) is used for road paving [1]. Following the
fast-evolving technological and environmental trends,
the alarming need for designing more sustainable and
durable structures, including roads, has led towards an
attitude to prolong the lifetime of materials and
improve their composition in order to resist the
majority of the possible deteriorative mechanisms.
As such, bitumen has also generated much interest in
the scientific community in an effort to understand
better its performance from different physicochemical
and mechanical perspectives [2, 3].

Unfortunately, there are obstacles to reach a
complete understanding of bitumen’s composition
and long-term performance. For example, a variety of
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processes take place during the production and service
life of asphalt, with oxidative ageing being the most
crucial as it negatively affects the pavement perfor-
mance when it is not moderated [4—7]. In parallel, a
plethora of additives and rejuvenating agents have
been introduced with the potential to improve the
bitumen’s performance or to compensate for certain
irreversible chemical alterations [8, 9]. All the above
make the unboxing of this complex blend of organic
molecules, a difficult task for researchers worldwide
as bitumen additionally varies in origin, distillation
process and application [10]. It is certainly fair to
consider that no matter which the additive or bitumen
type is, oxidative ageing, as well as moisture and
ultraviolet radiation, are certainly affecting the final
performance [11, 12]. Herein, to simplify the coupled
effects, the main focus will be given to the reaction—
diffusion of oxygen in bitumen, widely known as
ageing.

Previous research has stressed the importance of
bitumen’s chemistry for its performance [13—15] and
the necessity to bridge the different scales, from
molecular to nano-, micro- and further to meso-and
macroscale [16-18]. It remains an open question
whether the fundamental chemistry and rheology in
bitumen are affected at a similar level by ageing.
Although theories put forward by Petersen and his
colleagues [13, 19] for a dual rate-determining oxida-
tion scheme, have been to some extent confirmed
experimentally by utilising advanced spectroscopy
and liquid chromatography [20-22], yet the evolving
trends of certain chemical products in comparison
with performance-related parameters need to be
revealed. Many studies have focused on the associa-
tion between simply derived ageing indices via
Fourier-Transform Infrared (FTIR) spectroscopy
which represent the oxygenated functional groups,
i.e. carbonyls, and parameters essential for workabil-
ity, such as viscosity [5, 23]. Similar efforts have been
undertaken to link other cumulative FTIR ageing
indices, i.e. sulfoxides and carbonyls, with more
sophisticated rheological indices derived with a
Dynamic Shear Rheometer (DSR), accounting for a
single frequency or the whole range of frequencies in
the area under a master curve [24, 25]. In parallel,
other works have utilised the same techniques for
differentiating the effects of different long-term pro-
tocols in corresponding ageing parameters [26].

Caution should be taken when the previously
proposed chemical factors are employed since pair-
wise interactions with other oxygenated products may
take place. Thus, a linear regression between a simple
index of chemistry and rheology may not be realistic
or suitable to predict the complete framework of
ageing changes, especially in newly introduced dis-
tress-related parameters. In addition, empirical param-
eters i.e. penetration and softening point, have been
shown to be inadequate ageing surrogates when it
comes to the effect of crude source or additive
presence, thus are no longer considered to be the best
performance indicators [27]. Instead, advanced rheo-
logical parameters have been introduced in the last
decades, which not only are associated with basic
bitumen’s concepts, such as ductility and relaxation
but also with distress phenomena and concepts of
durability, rutting and thermal-cracking [3, 8, 27-30].

It appears that in order to examine the correspon-
dence of the intensity of the ageing products and the
simultaneous evolution of advanced rheological
indices, extensive fundamental information of chem-
istry is needed besides the oxygenated FTIR func-
tional groups. Of particular complexity is to
incorporate parameters such as the organic radicals
which have been shown to play a crucial role in the
continuation of ageing, in a potential ageing predictive
scheme [13, 22]. Furthermore, the formation or
consumption of intermediate and final chemical prod-
ucts need to be taken into account in possible linking
equations of bitumen’s rheological performance. One
able to implement in a scheme all these factors will
have at least a fair overview of the bitumen’s
chemistry so that controlled conclusions can be drawn
for the corresponding changes of rheology.

Different lab simulation protocols have been also
proposed during the years for the ageing of bitumen
with the most common ones, being the Rolling Thin
Film Oven (RTFO) [31] and the Pressure Ageing
Vessel (PAV) [32]. It is still a matter of debate if these
standardised protocols simulate in a similar manner
the ageing in-situ, not only in terms of performance
but also in terms of chemistry, as other factors i.e.
humidity, ultraviolet light, reactive oxygen species
may affect differently the reaction routes [33]. Previ-
ous works have shown that incorporating such factors
can approximate better the ageing in the field both
from a chemical and rheological perspective [34].
Other alternatives of oxidation in thin bitumen films
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under constant conditions at different time intervals
offer the advantage of kinetic studies and have been
proven appropriate to track the time evolution of
ageing chemistry and the transition point of the rate-
determining phases [21, 35]. For this transition point
in kinetics, it is still uncertain whether also chemistry
would converge if similar rheological performance
with standardised protocols can be obtained.

Hence, the aim of the current work is twofold. On
one hand, this study addresses the open question of
whether chemistry and rheology follow the same
laboratory ageing trends independent of the conditions
of the laboratory ageing protocol which is used and, on
the other hand, aims to provide a statistical linking
framework for advanced rheological parameters using
fundamental chemistry of bitumen as input. To that
end three different bituminous binders differing in
crude source, distillation and penetration grade were
examined to compare their changes in rheology and
chemistry. Four different laboratory ageing states
(original state, two standardised and one time interval
of kinetics) are also utilised with the primary goal to
reveal possible simulation-related differences in bitu-
men’s chemistry and rheology. Next, fundamental
information derived from advanced spectroscopy such
as Electron Paramagnetic Resonance (EPR), Time of
Flight-Secondary Ion Mass Spectrometry (TOF-
SIMS), Proton Nuclear Magnetic Resonance ('H-
NMR) and FTIR is used as input in a statistical
framework. The Wilcoxon exact test and the Pearson’s
r of a bivariate analysis are used as metrics for the
equivalence of the properties between standardised
ageing and the reaction-rate transition point in kinet-
ics. The study is additionally designed with the
optimum goal to account for the DSR extracted
rheological parameters of R, ATc, Glover-Rowe,
crossover values and viscosity, analysed in detail in
the following section. Employing multivariate statis-
tics by means of sample correlation matrix and factor
analysis, the number of original chemical and rheo-
logical variables is reduced and further implemented
into fitting equations of rheology as a training dataset,
using a so-called factor analysis regression. This work
finally stresses the goodness of existing fit between the
latent variables of chemistry and the advanced
parameters of rheology.

2 Materials and methods
2.1 Materials

Three bituminous binders were used in this study and
their basic properties are shown in Table 1. The
binders were selected to differ in terms of origin,
distillation process, wax presence and penetration.
The reader is referred to previous works for the
complete details of each binder [21, 22]. In brief,
bitumen A and B are from the same crude whereas
bitumen C is a waxy, visbroken binder from a different
crude source.

2.2 Laboratory ageing protocols

Laboratory ageing was performed according to the
standard protocols for short- and long-term ageing, EN
12607-1 and EN14769 respectively [31, 32]. Previous
kinetic studies with these binders [21, 35], used a
modified thin film oven test (M-TFOT) of 1 mm film
thickness at 50 °C. The suggested protocol is a
modified version of the standardised EN 12607-2 but
it uses different extended time intervals and a consid-
erably lower temperature. In the initial investigation,
the binders were aged with this modified protocol up to
56 days at different time intervals; oxidation kinetics
were studied and revealed that the completion of the
fast-rate oxidation phase and the initiation of the slow-
rate oxidation phase for all the three binders was found
to be at 8 days. This time interval was additionally
used to evaluate the chemical and rheological level of
this transition point between the two rate-determining
phases with standard lab protocols. For reference
purposes, the chemo-rheological properties of the
fresh binders were also used for all the following
analyses and testing. In all the subsequent sections the
binder designation is followed by the laboratory
ageing simulation used whereas all the parameter
values are the average of two replicates for the
rheological and three replicates for the chemical
values. An overview of the research approach fol-
lowed for this study is illustrated in Fig. 1.
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Table 1 Properties of the
fresh bituminous binders

Property Bitumen Test method
A B C

Penetration 25 °C (0.1 mm) 16 189 190 EN1426

Softening point (°C) 61.1 37.5 39.2 EN1427

Melting enthalpy (J/g) 0.0 0.0 9.6 [36]

3 binders

4 ageing states:
Fresh, RTFO, PAV, M-TFOT

Chemical analyses:

*H-NMR, TOF-SIMS, FTIR, EPR

Rheological tests:
DSR frequency sweeps and cup and bob

Properties

|¢

Proton regions, lon fragments,
Functional groups, Free radicals

AT, G-R, G, w,, T, R, viscosity

Statistics

|¢

Bivariate analysis, Wilcoxon exact test,

Sample correlation matrix, Factor Analysis,
Factor analysis regression

Objectives

Chemistry vs Rheology of different ageing protocols
Fig. 1 Flowchart of research approach
2.3 Chemical analyses
2.3.1 Fourier transform infrared (FTIR)

A Thermo Scientific Nicolet iIS10 Attenuated Total
Reflectance (ATR)-FTIR spectrometer was used in
this study for the calculation of indices related to the
processes of oxidation and aromatisation in bitumen.
The FTIR spectrometer is employed with a diamond
ATR crystal, where bituminous samples were placed
as a workable droplet which was allowed to cool down
for 5 min for the standardised simulations and as a
cold film for the M-TFOT. Spectra were obtained in
the 400-4000 cm™! wavenumber range, 4 cm™!

Linking equations of rheology based on chemistry

resolution, with 32 scans, prior to background record-
ing per sample. Processing of the spectra was
performed based on a one-step normalization which
corresponds to the ratio of the area under investigation
over a sum of constant areas [21, 37]. The carbonyl
(COD), sulfoxide (SOI), and aromaticity (ARI) indices
were eventually utilised for all the ageing states.

2.3.2 Electron paramagnetic resonance (EPR)

A Bruker Elexsys E680 (X/W) Continuous-wave
(CW) EPR spectrometer at X-band was employed
for the evaluation of the number of spins of carbon-
based organic radicals (CBOR) and vanadyl centres
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(VO*"). The spectrometer operated at the X-band
(9.75 GHz) using an ER 4102ST TE102 mode
resonator at a microwave power of 0.5 mW, centre
magnetic field at 341 mT and sweep width of 20 mT.
The samples were measured after each ageing state at
room temperature, inside propylene Eppendorf tubes
for which further processing of the spectra was
performed in order to obtain the number of spins by
comparing their double integral with standard
solutions.

2.3.3 Proton nuclear magnetic resonance (IH-NMR)

The determination of the proton regions was per-
formed with a high-resolution liquid-state Bruker
Avance III HD 400 MHz smart probe spectrometer.
After each ageing state, recording of 32 scans for each
spectrum was performed, using a dissolution of the
bituminous samples in deuterated tetrachloroethane
inside ASTM Type 1 Class B NMR tubes. For the
processing, normalisation of the area of the specific
type of protons in the range of the chemical shift over
the total area was conducted [38], and the chemical
distribution of methyl (MetP), methylene (MtIP), o-
alkyl (AIkP), olefinic (OleP) and aromatic (AroP)
protons was utilised in the following.

2.3.4 Time-of-flight secondary ion mass spectrometry
(TOF-SIMS)

The normalised intensity of a variety of oxygenated
ion fragments was captured at the surface of the
bituminous films by a TOF-SIMS IV spectrometer
(ION-TOF GmbH). The preparation protocol utilises
silicon substrates where bituminous films of 1 mm
were formed and maintained later in the temperature
range between —50 and —80 °C inside the ion source
of the spectrometer. The surface is then bombarded
with 25 keV Bi3 + primary ions by the liquid metal
ion gun, while the emitted secondary ions are captured
by the TOF analyser, resulting in the mass spectra.
Three major assignments of molecular structures can
be identified for all the ageing states: (OH),, SOj-
containing ion fragments and polycyclic aromatic
hydrocarbons (PAH). Representative positive and
negative ions from each category (OH™, C,OH,
C4OH_), (CHSO_, C2H3SO_), and (C9H7+, C10H8+,
Ci5Ho™) respectively were further employed for the
contribution of the chemical products.

2.3.5 Limitations

Despite the robustness of the chemical analyses care
should be taken when comparing the indices and
products between them. More specifically, variations
in the extent of compounds of the same chemical
family may exist taking into consideration the depth of
surface information, the effect of solvent and possible
precipitation of the heavy fractions, the analysis
temperature and the extent of volatiles based on the
chosen ageing simulation. To additionally provide the
potential reader with an idea of the repeatability of the
conducted measurements, since average values are
used in the following, the coefficient of variation was
ranging between 0-30% for the chemical analyses
whereas the obtained rheological parameters were
within 0-10%.

2.4 Rheological tests
2.4.1 Frequency sweeps

Two DSR devices, an Anton Paar MCR 101 and an
MCR 500 were used for the rheological assessment of
the bituminous binders. The former was used for the
low-temperature range, — 30 to + 10 °C, with a plate-
plate geometry of 4 mm diameter, whereas the latter
was used for higher temperatures ranging between 0 to
4 40 °C and + 30 to + 70 °C with 8 and 25 mm
diameter of plates respectively. Strain levels of 0.02,
0.05 and 1% with increasing diameter were found
adequate to perform strain-controlled frequency
sweeps within the linear viscoelastic region (LVER).
Therefore, frequency sweeps from 0.1 to 10 Hz were
conducted according to EN14770 in sandwiched
samples of 1.75, 2.00 and 1.00 mm thickness by
increasing diameter.

Processing of the DSR raw data was performed
with the rheological software RHEA (version 2.0.2) in
order to construct master curves based on the Chris-
tensen—Andersen (CA) model [39]. Various advanced
rheological parameters related to ageing and specifi-
cally to non-load related cracking of bitumen can be
extracted by this master curve. Recent studies have
shown the evolution of these meaningful rheological
parameters with ageing as well as the relationships
between them [27, 40-42]. Hence, a selection among
these rheological indicators is considered of para-
mount importance to evaluate the performance of a
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bitumen, independent of the ageing state. An overview
of the rheological values used in this work alongside
their definition is provided in Table 2.

2.4.2 Cup and bob test

An MCR 102 from Anton Paar was selected to be used
from the available DSR devices due to the relatively
high torque (200 mNm) of this device compared to the
previously mentioned DSRs. The fixture of cup and
bob was used for the viscosity measurements in a
range of shear rates 1-100 s~ ' according to EN13302.
As expected all the binders behave as Newtonian
fluids in all the ageing states and in the whole range of
tested temperatures 110—180 °C. The determination of
viscosity is an important factor in the asphalt process
as it has a direct effect on mixing with the rest asphalt
components and eventually on the mixture’s worka-
bility and a satisfactory asphalt compaction.

Table 2 Advanced rheological parameters

Especially the threshold viscosity value of 3 Pa s at
135 °C has been used to ensure the pumpability of the
examined bitumen as well as a guideline to determine
mixing and compaction temperatures in the field [46].
The viscosity of bitumen has been reported to increase
with ageing therefore to incorporate the effect of
chemistry on this parameter is considered important.
The dynamic viscosity value at 135 °C (135 oc) was
used further in the statistical analysis.

2.5 Statistical methods
2.5.1 Pearson’s r and sample correlation matrix

In multivariate data analysis, the association or
relationship between the different variables is key.
There are different measures to express the linear
relationship between two variables. Unlike the sample
covariance, the Pearson’s product-moment correlation

Rheological Formula Definition Plate Evolution Indication

value geometry with

ageing

Crossover Respective values derived by a The modulus, frequency and 8 and l Elastic/viscous
modulus master curve where a phase angle  temperature at the point where 25 mm transition,
(Go) is & = 45° the loss modulus G’ coincides hardness

Crossover with the storage modulus G’/ [29, 43]
frequency
()

Crossover i Rutting and
temperature cracking [44]
(To)

Shape R = logGy — logG. where Gy is Difference between the moduli of 4, 8 and 1 Width of
parameter the glassy modulus and G, is the  glassy behaviour and crossover 25 mm relaxation
(R) crossover modulus point spectrum,

fatigue
cracking
[29, 39]
Glover-Rowe 5 _ p_ G‘-(_a;sé)2 where G* and § A parameter based on the complex 8 mm i Durability,
(G-R) the com 1”" h dul d modulus and phase angle under a non-load
plex shear modulus an . .
phase angle at 15 °C, 0.005 rad/s specific frequency. mn . relatefl
correspondence with ductility at cracking
the same temperature and specific [28, 45]
elongation rate
AT, AT.=T. — Tcm where T, and Difference of two lower continuous 4 and l Ageing-
T, the temperatures where the grading temperatures related to 8 mm induced

DSR values of G(60) = 143 MPa
and m(60) = 0.275 respectively

creep stiffness and relaxation

cracking [45]
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coefficient (r) is scale-invariant. That is, its value does
not depend on the units or dimensions used. Therefore,
the relationships between the different chemical and
different rheological parameters between the ageing
states were first inspected by the Pearson’s r, using the
statistical software JMP Pro 16. From a mathematical
point of view, Pearson’s rj; between two variables X;
and X; is defined according to Eq. 1.
Sij

Vi

where s;; is the sample covariance between X; and X;. If
0 < < r; < 1 then apositive linear relationship holds
between the two variables, while r; ~ 0 indicates no
linear relationship. On the other extrema, for values
— 1 < r; < < 0 the variables correlate linearly with
a negative relationship. To judge additionally if the
assumed correlation is strong or weak the p value is
employed in sample statistics. It shows, in simple
words, the probability that a difference has been
generated by a random chance. A significance level is
usually set (< 0.05) indicating the percentage of risk
to reject a certain hypothesis, known as the null
hypothesis. For p values greater than the significance
level, they report that the null hypothesis is most likely
to occur. For Pearson’s r and the accompanying
correlation between the variables X; and X; the
p < 0.05 witnesses that the null hypothesis (r = 0) in
this case is not true, therefore gives evidence for a
certain relationship. In the second phase of the
analysis, the chemical and rheological variables were
used to construct sample correlation matrices contain-
ing as elements the Pearson’s r between the different
variables.

(1)

rip = Tji =

2.5.2 Non-parametric wilcoxon rank sum exact test

Non-parametric statistical hypothesis tests are com-
monly used for small samples, typically with a number
of observations n < 15, and especially when assump-
tions about the underlying data distribution cannot be
done. The Wilcoxon exact test is used to test the null
hypothesis for each pair of the two levels of a variable
X. It is the non-parametric version of the equivalent
parametric two-sample t-test. Also in this case the p
value is the key factor for rejecting or not the null
hypothesis. Using a significance level of 0.05 for a
two-tailed test the null hypothesis is rejected when
p < 0.05 which can be interpreted as the fact that the

medians of the two populations differ significantly,
otherwise for p > 0.05 the null hypothesis cannot be
rejected and therefore provide evidence that the
medians tend to be equal. The Wilcoxon exact test
was used in this work to examine together with the
Pearson’s r the two pairs (RTFO and M-TFOT) of each
rheological and chemical index.

2.5.3 Multivariate factor analysis

Exploratory factor analysis is a common method for
re-expressing multivariate data. The main assumption
in this analysis is that the observed variance in the
multivariate data is attributable to a relatively small
number of common factors, the so-called latent
factors. Prior to this analysis some conditions should
be met and scrutinized, such as the existence of one or
more groups of variables that are highly correlated as
witnessed by a correlation matrix. In general, the
mathematical framework of this analysis is based on
the idea that for p variables X = (X, X5, ..., X,)
certain correlations exist and depend on m <p
common factors F = (F;, F,, ... F,,) as well as on
the corresponding p error terms U. Each of the p
variables is linearly dependent to the m factors in the
common factor analysis which in matrix notation can
be written in Eq. 2.

X=LF+U (2)

where L is the loading matrix containing the factor
loadings /;; which vary between — I and + 7 and can
be interpreted as correlations between the original
variables and the factors. Of particular interest is that
the squared factor loading lijz is the percentage of
variance in variable X; explained by the factor F;
while the sum of the different squared factor loadings
for a variable X; is known as communality. In other
words, communality shows the proportion of the
variation in X; accounted by all the common factors.
Additionally, in factor analysis, the given m number of
factors is, initially, based on the researcher’s choice
and later is verified by the cumulative percentage of
the total variance explained by the selected number of
factors. As a rule of thumb, the number of factors is
chosen in such a way that can explain more than 70%
of the total variation and has also a meaningful
interpretation [27]. Simplifying the interpretation of
the factors is also necessary as obtained by the
factoring method i.e. principal axis, because the
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obtained factors are not unique. One possible simpli-
fication method is by rotating the factors i.e. by the
Varimax rotation method, which is used in the
statistical software JMP Pro 16.

2.5.4 Factor analysis regression

Frequently the factor analysis is not an end step but
rather an intermediate step to further data analysis.
One useful application of the factors is to use them as
independent variables in multiple linear regression,
which is called factor analysis regression. The goal is
to model the linear relationship between the indepen-
dent factors derived from chemistry and a response
variable, in this case, a rheological value. Hence, the
location of each of the original chemical variables in
the reduced factor space is needed, which is alterna-
tively called the factor scores for the latent factors.
JMP Pro 16 allows exporting the factor scores which
are used as independent variables in a factor analysis
regression described in Eq. 3.

Yi=bo+bi-Fn+by Fp+- by Finte (3)

where Y; is the dependent rheological variable i, F; is
the independent chemical factor score j for the
prediction of the dependent variable i, b, is the
y-intercept (constant term), bj are the slope coeffi-
cients for each independent chemical factor score j and
¢ is the residual (error term). Some assumptions such
as the linearity, the independence of observations, the
normality of the residuals and the homoscedasticity
should also hold here for a factor analysis regression.
Finally, a statistical metric to explain the degree of
variation of the outcome based on the variation of the
independent variables is the coefficient of determina-
tion (R?) with values close to 1 indicating a small
prediction error.

3 Results and discussion
3.1 Effect of ageing protocol

The rheological behaviour of all the binders is
depicted by means of master curves in Fig. 2. A
master curve is a useful illustration providing an
overview of the effect of the different ageing states on
a broader frequency/temperature domain. Consistent
with previous works this study affirms that ageing

increases the complex modulus and decreases the
phase angle of bitumen. This is particularly observable
in the low-frequency/high-temperature domain of the
master curves and the differences because of ageing
become more apparent for bitumen C in a wider
frequency range. Besides this, binder A, as expected
based on its bitumen grade presents higher values of
the complex modulus in a wider low-temperature/
high-frequency domain compared to binders B and C.
In general, it is believed that ageing at low temper-
atures, like the one used in M-TFOT, affects to a
greater level the low-temperature properties compared
to ageing performed at higher temperatures, like in
RTFO. Moreover, high-temperature ageing changes
mainly the shape parameters of a master curve.
Counterbalancing these changes due to different
ageing temperatures can be possibly achieved with
an appropriate selection of the ageing duration.

Of particular importance is the convergence of the
M-TFOT and RTFO master curves for all the binders.
It has been shown that the transition point between the
two rate-determining oxidation phases under the
specific conditions of M-TFOT occurs around 8 days.
The findings here support an association between this
ageing state (8 days M-TFOT) and the standardised
laboratory simulation for short-term ageing, while the
binders exhibited their most extreme values after PAV
ageing. The comparability of the two ageing states is
further investigated using statistical analysis.

To examine the initial observation of the rheolog-
ical convergence of M-TFOT and RTFO as well as the
corresponding evolution of the chemical parameters,
bivariate analysis was used. This analysis will allow
concluding if binders that differ in terms of type follow
the same evolution for their rheological and chemical
changes irrespective of the ageing simulation. The two
ageing states are treated as a dependent and indepen-
dent variable with two sets of values (domains),
namely chemical and rheological, including all three
binders. The chemical parameters include all the
parameters investigated and explained in Sect. 2.3,
whereas the rheological parameters extracted from the
master curves (Sect. 2.4.) are used as another domain.
Differentiation between the binders from a chemical
perspective can be mainly seen in their intensity as
depicted in Fig. 3 [top], something which is particu-
larly pronounced for the CBOR and ARI of bitumen C.
Moreover, since the values differ in terms of magni-
tude, two bivariate plots are performed for each
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Fig. 2 CA master curves for all the binders and ageing states

domain to exclude the effect of magnitude errors.
Figure 3 shows these bivariate plots per domain as
well as the bivariate fits that are performed. This
analysis can be helpful in testing simple convergence
between the two states. As can be seen, the parameters
of the two states seem to fit well in a linear relationship
between them. It can also be seen that with regard to
the radical formation of binder C, the convergence of
the two ageing states is lower than for the other two
binders. The reason for this observation may be found
in the different wax crystallinity of this binder between
the two states, which might affect the radical
formation.

To further clarify the relationship between
M-TFOT and RTFO the statistics of the bivariate
analysis are provided in Table 3. The number of
observations is based on the average values for each
chemical or rheological parameter, thus, it is much
higher in reality. The parameter estimation for

coefficient b of the bivariate fits presents values close
to the unit which means that they correlate in a fashion
y = x with the intercept a interpreted here as the error
between the values for each state. This holds both for
the rheological and the chemical parameters, as well as
for low and high magnitude values. In addition, the
Pearson’s r shows a strong positive correlation of this
relationship with values close to 1. The significance of
this positive correlation between the two states for
both sets of parameters is further justified by the p
values, which are much lower than the threshold level
of 0.05. The coefficient of determination (R2 ~ 1) for
the suggested fits is adequate to support the fitting
choice and establish a reliable relationship between
the two states. That is, not only the initial observation
of the convergence of the master curves is valid but
also the bivariate analysis for the rheological values
confirms this claim. In parallel, the chemical param-
eters for the same ageing states show a significant level
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Table 3 Summary of bivariate statistics between M-TFOT and RTFO
Parameters  Fit Magnitude of Parameter estimates ~ Pearson’s  Significance (p  R> Observations
parameters r value) N
Intercept a b
Chemical RTFO = a + b-M- Low 3.43E—6 1.009 0.933 < 0.0001 0979 33
TFOT High — 538E+17 1.079 0.932 0.0068 0.868 6
Rheological RTFO =a + b-M- Low — 0.227 0912 0.997 < 0.0001 0.994 13
TFOT High 87,610 1.037 0.999 < 0.0001 0997 5

of convergence which implies that chemistry can
follow the rheological ageing trends in bitumen for
different ageing simulations and vice versa.

To further ensure that each parameter in the
previous domains for all the binders is at least
comparable in terms of distribution of values between
the two ageing states, the Wilcoxon Rank Sum exact
test was performed. The selection of this test is
explained by the small number of observations for
each numerical parameter. Table 4 shows that the p
values for all the parameters suggest in favour of the
null hypothesis (p > 0.05), therefore pointing to
similar centres of location between the two levels of
the grouping variable of ageing state, in this case,

M-TFOT and RTFO. The lowest p values which can
be interpreted here as having the highest probability to
show different distribution between the two states
were found for the (OH), and SO,-containing ion
fragments as well as the SOI. This test strengthens the
existence of convergence between the two ageing
states not only for their domains but also for the
individual parameters.

Together the two statistical approaches show that
similar levels of rheological and chemical parameters
can be succeeded between the transition point (8 days)
of the oxidation kinetics with M-TFOT and routine lab
simulation of short-term ageing. It is fair enough to
consider that although the ageing protocol differs i.e.
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Table 4 Output of Wilcoxon tests for each parameter of M-TFOT and RTFO

Statistical method Grouping variable with 2 levels ~ Parameter Analysis of numerical parameter P value

Wilcoxon Rank Sum exact test ~RTFO & M-TFOT Chemical SOl 0.4
COI 1.0

ARI 1.0

CBOR 0.7

vo** 1.0

OH- 04

C,0H™ 0.1

C,OH" 0.1

CHSO™ 04

C,H;S0™ 04

CoH; ™" 0.7

CioHg* 0.7

C3Ho™ 1.0

Rheological G, 1.0

T. 0.7

[ 1.0

R 1.0

AT, 0.7

G-R 1.0

RTFO incorporates airflow and rotation in contrary to
M-TFOT, once the same ageing level has been
reached in terms of rheological performance, the
chemistry of bitumen can follow the same trend and
vice-versa. Another point, worth to be highlighted
here, is the fact that although the temperature differ-
ence in the two protocols differs significantly when
examining more meaningful derived rheological
parameters, it seems that the change in duration can
well compensate for the temperature difference. In the
following statistical analysis, to avoid overloading the
analysis with similar values which converge to similar
ageing severity both for rheology and chemistry, only
the values of RTFO are utilised.

3.2 Link between chemistry and rheology

It remains to be seen if the fundamental information
can be used to estimate certain rheological values and
their change with ageing. Three ageing states (fresh,
RTFO and PAV) for all different binder types were
chosen within the framework of multivariate statistics
in this study. Preliminary investigation of

relationships is a requirement so that one is able to
apply more sophisticated exploratory analysis i.e.
factor analysis.

Hence, the parameters are first grouped in chemical
and rheological. Correlation matrices are formed and
shown in Tables 5 and 6. Typically a correlation
matrix is a symmetric matrix including as elements the
exact correlations, as realised by the Pearson’s r,
between two parameters. This is particularly useful to
decide on a specific threshold under which correla-
tions are important. For consistency, only one part of
the symmetric correlation matrices is given as well as
only the strong correlations (» >|0.71) are presented. It
is demonstrated numerically that several correlations
exist between the different chemical parameters, a fact
that suggests that multivariate exploratory factor
analysis can be performed for this category.

Possible explanations for the different chemical
correlations can be found based on the chemical
family that the compounds belong to or on their role in
the ageing process. To name some of them, the SOI
and CBOR have been used to distinguish the two rate-
determining changes and can explain well the
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Table 6 Correlation matrix

G. T. ®©c R AT, G-R Ni3s °c

of rheological parameters

G, 1.00

T, —0.74 1.00

(08 0.78 1.00

R —0.87 0.84 1.00

AT, 0.88 —0.78 —-0.90 1.00

G—R 1.00

Ni3s0C 0.95 1.00

transition point of a fast- followed by a slow-rate
oxidation phase. PAH of C,3Ho ", C;oHg" and CoH, "
seem to correlate well with ARI of the same chemical
family. The SO,-containing fragments show also a
strong correlation between them. Possible explana-
tions behind the positive or negative correlations of
specific protons with OHy-containing fragments may
be found in the change of molecular associations
which needs to be revealed in further studies. In
general, it is believed that the individual contribution
of each chemical change could have a significant
effect on rheological performance although the rela-
tive increase may not be the same between the ageing
states for rheology and chemistry.

Next, to minimise the number of independent
variables, i.e. chemical parameters, in order to imple-
ment them in a fitting scheme of dependent ones i.e.
rheological, possible relationships of the dependent
variables should also be identified. Previous scholars
have already reported a variety of relationships
between these rheological parameters. Taking into
account these well-documented relationships, the
correlation matrix provided in Table 6 and the
meaningful interpretation of the parameters explained
previously in Table 2, the governing and most
important rheological parameters were selected.
Therefore, the crossover value G, together with the
R, AT, and 135 °c are chosen that can capture the
viscoelastic response, the relaxation, ageing-induced
cracking and workability issues that occur due to
ageing.

Given that the conditions to perform a factor
analysis are supported by the correlation matrix of the
chemical parameters, these parameters are further
incorporated in the statistical software JMP Pro 16.
After investigating the number of factors that can
explain the total variance of the parameters, three
factors proved satisfactorily to explain the total

variance of the chemical parameters. The cumulative
percentage of the variance explained by the three
factors is 87.26% indicating that the three factors can
adequately explain the total variance according to a
threshold level of 70%. The rotated factor loading
matrix and the communality estimates are also con-
sidered crucial to better understand and interpret the
formulation of the factors which are able to reduce the
number of the original chemical parameters. Table 7
clearly indicates the borders of the three factors that
are highlighted for the parameters with a high factor
load. More specifically, the rotated factor loadings
(Varimax rotation method) in Table 7 support that
Factor 1 loads heavily on C;3Hy", COI, MetP,
C,oHs ", C,HO™, CoH, ™, VO**, C,OH™, ARI, AroP,
OleP and AIKP and can account for 43.84% of the total
variance. This factor explains primarily the formation
and consumption of the ageing products. C3Ho",
COI, MetP, C,oHg", C4HO™, CoH; ", VO**, C,OH
have a positive effect on this Factor 1 while the proton
regions have a negative effect. On the other hand
Factor 2 loads on SOI, MtIP, CBOR, OH™ which are
factors that have been shown to have an association
with the transition between the fast and slow-rate
phase of an oxidation scheme [21, 22]. This Factor
accounts for 24.79% of the total variance while Factor
3 explains 18.64% of the total variance. Factor 3 loads
heavily on the sulfoxide-related products of CHSO™
and C,H3SO™. Furthermore, the total proportion of the
variation per chemical variable by all the factors can
be understood by the communality of each variable.
The total communality estimates (Table 7) are
acceptable (> 0.7) for all the parameters accounted
for by the three factors. The lowest communality can
be found for the vanadyl species VO*', where a
possible explanation for this observation can be the
differences that have been observed for binders of
different crude sources for this value; a fact that the
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Table 7 Rotated factor
loading and final

Chemical Parameter

Rotated factor loading

Final communality estimates

communality of factor Factor 1 Factor 2 Factor 3

analysis for the chemical

parameters C3Ho™ 0.884 — 0.407 0.190 0.982
COlI 0.854 0.162 0.023 0.756
MetP 0.846 — 0.318 0.384 0.965
C,oH8" 0.843 — 0.512 0.096 0.981
C4HO™ 0.782 — 0478 0.349 0.961
CoH,* 0772 — 0.594 0.106  0.959
vo2+ 0.740 — 0.320 — 0.061 0.653
C,OH™ 0.709 — 0.367 0.546 0.936
SOI 0.041 0.901 —0.252 0.877
MtIP —0.120 0.883 —0.259 0.861
CBOR — 0.405 0.872 0.004 0.924
OH—- — 0.399 0.723 0.159 0.707
ARI - 0.761 0.331 — 0.302 0.779
AroP - 0.932 0.149 — 0.033 0.891
OleP - 0.750 — 0.019 — 0.511 0.684
AlkP — 0.788 — 0.186 — 0.647 0.926

Bold indication is the CHSO™ 0.114 — 0.146 0.956 0.948

separation of the significant C,HSO™ 0.055 0167 0.941 0.917

factor loading -

multivariate statistics are not able to capture regression (not shown here) have been additionally

adequately. checked by inspecting the residual versus the pre-

Up to this point, it was possible to minimise the
number of chemical parameters for all the binders and
ageing states in three factors by means of factor
analysis. The factor scores of this analysis were
extracted and successively implemented in a factor
analysis regression, where the independent factors are
the factors scores for each ageing state of each bitumen
and the dependent factors are the rheological param-
eters that have been chosen from the correlation matrix
(Table 6). The coefficients of the factor analysis
regression are shown in Table 8 together with the
corresponding coefficient of determination. It should
be noted that basic assumptions for the factor analysis

dicted value plots.

The advantage of these linking equations is among
others that the number of independent variables is
relatively small and the goodness of fit is evidenced to
be high enough by the R? values for the G, R and ATc
rheological parameters. The viscosity fit is charac-
terised as weak. The linking framework seems to
differentiate the rheological properties derived in
different temperature ranges, where the higher testing
temperature results in a weaker fitting equation. It is
also possible that the incorporation of a variety of
factors in the binder’s resistance to flow may overload
the fitting equation since this rheological parameter is

Table 8 Factor regression analysis between chemical and rheological parameters

Rheological parameter ~ Factor analysis regression Parameter estimates R?
Intercepta b c d

G, y=a+ b-FS1 + ¢FS2 + d-FS3  15919,191  2,671,103.7 — 8,653,879  2,144,094.8  0.741

R 1.981 — 0.055 0.335 — 0.137 0.825

AT, — 1.763 1.738 — 3.021 1.391 0.914

M35 ¢ 1467.022 738.742 235.789 — 447.663 0.288
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rather simple compared to the more advanced param-
eters derived from the master curves and can be fitted
by fewer chemical parameters i.e. carbonyls. The
estimation of parameters also shows the strength of the
chemical parameters per binder and its effect on
rheology.

Finally, the actual and predicted (via the chemical
analysis) rheological parameters are plotted in Fig. 4.
The graphs highlight the convergence of the actual and
predicted values for the three of the four parameters.
Moreover, since correlations exist between the cross-
over values one is able to estimate the rest of the
rheological values. The fact that the ageing effect has
been taken into account in these values shows that
fundamental chemistry may be the foundation stone
that governs the bitumen performance. Looking back
to the fundamentals of bitumen chemistry and its
evolution with ageing, as well as the effect on the
latent factors and the factor analysis regression will
allow for the understanding of the chemical indices
that deserve special attention.
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4 Conclusions

This study addressed the effect of the laboratory
ageing simulation on chemistry and rheology for three
unmodified binders of different type and established a
linking framework for the rheological performance
based on fundamental chemistry parameters.

A variety of statistical methods were utilised such as
bivariate analysis, correlation matrices, the Wilcoxon
exact test, Factor analysis and regression for the
different variables. Advanced spectroscopic tech-
niques (FTIR, EPR, TOF-SIMS, '"H-NMR) and DSR
rheological testing were employed to determine all the
utilised variables. This work attempted to give answers
to questions concerning the convergence of bitumen
chemistry among different ageing simulations.

Exploration of two ageing simulations which
showed convergence between the resulting rheologi-
cal values, indicated that besides rheology, bitumen
chemistry can follow similar ageing trends among
different simulations. These observations allowed for
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Fig. 4 Statistically predicted and actual rheological values in bivariate plots
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the estimation of some meaningful rheological values
(G, AT, and R) by fundamental chemical indices. The
statistical framework supported that advanced rheo-
logical values can be fairly accurately estimated only
if a number of fundamental chemical parameters is
taken into account in these fitting equations, whereas
for more basic rheological properties, i.e. viscosity,
the number of chemical parameters needed for an
acceptable fit may be less.

Summarising, multivariate statistics have shown
their potential to understand the association of the
laboratory ageing changes in bitumen’s chemistry and
rheology and assisted in elucidating the role of
chemistry in the rheological performance of bitumen.
This work may provide useful information on the
specific chemical variables to focus on and control in
potential bituminous advancements. Moreover, taking
into account certain limits that exist for the rheological
parameters of bitumen i.e. onset of cracking, one could
also be able to impose certain limits for the chemical
parameters based on the linking framework of this
study. Based on these limits, chemical interventions
on bitumen can be performed in a more comprehen-
sive manner in the future when anti-oxidants or
rejuvenators are implemented. To generalise the
observations of this training dataset, in future work,
a wider number of binders including commonly
conventional ones of intermediate bitumen grade,
modified and field aged binders should be used as a
validation dataset.
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