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ARTICLE INFO ABSTRACT
Keywords: In the last decade, warm mix asphalt (WMA) technologies have undergone a strong development
Warm mix asphalt (WMA) in the pavement sector. In fact, the reduction of the production and compaction temperatures up

Field trial

Long-term performance

Fatigue

Viscoelastic continuum damage (VECD)

to 40 °C with respect to the conventional hot mix asphalt (HMA) mixtures has many environ-
mental beneficial effects. However, the long-term field performance of WMA mixtures is still an
open issue, especially when they contain reclaimed asphalt pavement (RAP) and polymer
modified bitumen (PMB). In this regard, the objective of this investigation was to monitor the
performance of a full-scale field trial constructed along an Italian motorway. The field trial
included a section constructed with WMA mixtures (produced with a WMA chemical additive)
and a reference section constructed with HMA mixtures. The WMA and HMA mixtures had the
same composition (i.e., amount of RAP and PMB) and differed only for the temperatures adopted
during the production of the mixtures and construction of the sections. Cored samples were taken
from the binder and base courses at different times during the in-service life of the field trial
(timespan of six years) and subjected to conventional testing as well as viscoelastic continuum
damage (VECD) characterization. The HMA mixtures were generally stiffer than the WMA mix-
tures, likely due to a more marked RAP oxidation during the production and construction phases
and a higher in-service ageing rate. On the contrary, the WMA mixtures always exhibited higher
fatigue resistance and better homogeneity than the HMA mixtures. Based on these findings, better
long-term performance is expected for the WMA section.

1. Introduction

With the increasingly stringent environmental limitations, all industries are reconsidering their production methods in order to
minimize impacts. Within the framework of transportation infrastructures, the conventional hot mix asphalt (HMA) is produced and
laid down at high temperatures (140-180 °C), which imply non-negligible emissions and energy consumption [1,2]. For these reasons,
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in the last decade, warm mix asphalt (WMA) technology has undergone a strong development [3]. WMA are mixtures produced and
compacted at lower temperature (i.e., 100-140 °C) [2], through three main methodologies: foaming processes, organic additives and
chemical additives [1,2,4,5]. It has been demonstrated that the use of chemical additives, which are usually a combination of sur-
factants, polymers, emulsification agents and aggregate coating promotors, guarantees better performance in terms of workability and
moisture susceptibility, ensuring also less binder ageing [2,4,6-9]. The reduction of temperature has many beneficial effects, such as
reduced emissions and energy savings (environmental and economic benefits), increased haul distance and extended paving season
(technical benefits), improved working conditions (benefits for the human health) [10-14].

However, it is well-known that low temperature production results in less oxidative hardening of the binder, which could lead to a
greater rutting potential [4,5]. Since in Europe styrene-butadiene-styrene (SBS) polymer modified bitumen (PMB) is widely used to
increase the rutting and fatigue resistance of asphalt mixtures [15-17], some researchers investigated the effect of chemical additives
on SBS modified WMA mixtures. Many studies showed the effectiveness and compatibility between these materials, which overall
provide improved performance for WMA mixtures, despite the fact that SBS bitumen usually requires high production and compaction
temperatures to gain proper workability [18-20]. Chemical additives have no noticeable influence on the rheological properties of SBS
bitumen and Fourier transform infrared spectroscopy analysis showed broadly unaltered chemical composition for the binders [21].
Moreover, in the case of chemical additives, the workability is ensured by better interactions between bitumen and aggregates rather
than by lower bitumen viscosity [6,18]. The rutting resistance and the elastic response at high temperature are enhanced due to a
reduced temperature susceptibility [21,22]. In addition, the chemical additives positively affect the short-term ageing, resulting in a
potential increase in fatigue resistance of the pavement [23]. The good pavement performance is demonstrated also by in-situ in-
vestigations [24,25]. However, there are limited data on the long-term performance, which remains still an open issue, especially in
the case of warm recycled mixtures produced with SBS polymer modified bitumen.

Another advantage of the production at lower temperature is the possibility to incorporate high percentages of reclaimed asphalt
pavement (RAP). This could lead to environmental and technical benefits, such as the reduced demand for non-renewable resources,
virgin aggregates and production energy, and improved rutting performance [2,4,26,27]. One of the major challenges is to produce
100% RAP asphalt mixtures, which can be obtained only by using WMA additives and rejuvenators, capable to adjust the properties of
the aged RAP binder [27]. Moreover, the workability issues of mixtures containing RAP are counterbalanced by the WMA additives,
which reduce the viscosity of the binder and/or the friction at the binder-aggregate interface [6], ensuring comparable or better
workability with respect to mixtures with only virgin aggregate [26,28]. However, the long-term effectiveness of these products and
their interaction with the asphalt binder during in-service life are very uncertain, and, as a consequence, road agencies allow relatively
low percentages of RAP in the mixtures. In addition, due to the intrinsic heterogeneity of RAP [29], researchers did not find consensus
on fatigue response [26]. In fact, the fatigue resistance of recycled WMA depends on several factors, such as the type of WMA tech-
nology, the mixing method, the performance grade of the binder, the type and amount of additive/rejuvenator, as well as the source
and amount of RAP [28,30]. The combination and the equilibrium between these variables must be studied case by case in order to
make specific recommendations [31]. No firm conclusion was obtained about the use of organic additives [32,33], foaming process
[34] and chemical additives [30,34]. For example, in [30] recycled WMA produced with chemical additive showed a lower fatigue
resistance than the same WMA mixture produced with rejuvenator. In [34], the fatigue resistance of WMA produced with chemical
additive was higher at short-term but had a faster decrease with ageing as compared to the control HMA mixture. In addition, it should
be underlined that in all the abovementioned studies [30,32-34], a neat bitumen was employed, whereas the fatigue resistance
evaluation of WMA with modified bitumen is very limited, to date.

In order to assess the fatigue performance of asphalt mixtures, the viscoelastic continuum damage (VECD) theory can be adopted
successfully. Differently from most fatigue laws, the VECD model is based on the so-called damage characteristic curve and an energy-
based failure criterion, which are both independent of temperature, applied stress/strain, loading frequency and mode of loading [35,
36]. In literature, there are few studies on WMA containing RAP based on the VECD model, and all experiments were carried out only
on laboratory specimens [37-39]. In [38], WMAs produced with 35% of RAP using an organic additive, a chemical additive and
foaming technique showed lower stiffness and ageing than the reference HMA but the fatigue resistance was penalized, except for the
mixture with the chemical additive. According to [37] and [39], a longer fatigue life was proved for WMA with 40+-50% RAP using
rejuvenators or through the foaming process. None of these studies considered a SBS polymer modified bitumen.

Given this background, this paper presents the evolution over six years of the stiffness and fatigue properties of a WMA recycled
pavement in comparison with a hot recycled pavement, both produced with SBS polymer modified bitumen and constructed along an
Italian motorway. This study can improve the current knowledge of WMA scenario, towards a more conscious use of WMA produced
with chemical additives and containing SBS modified bitumen and RAP. Moreover, the experimental outcomes provide valuable data
on the long-term performance of a pavement constructed with such materials and subjected to actual motorway heavy traffic. The
laboratory investigation of cored samples included indirect tensile tests and the VECD characterization, which has never been applied
to cored samples of WMA including PMB and RAP to date.

Table 1

Aggregate gradation of the investigated mixtures.
Sieve (mm) 315 20 16 10 6.3 2 0.5 0.25 0.063
Passing (%) Binder course 100 97.3 90.4 68.8 45.8 29.4 14.8 12.1 6.7

Base course 100 96.9 91.7 68.2 44.8 28.0 13.5 11.4 6.4
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2. Materials and field trial description

Four dense-graded asphalt mixtures were investigated in this study, namely a HMA and a WMA for binder courses, and a HMA and a
WMA for base courses. Table 1 reports the aggregate gradation of the investigated mixtures as determined by bitumen extraction [40].
The nominal maximum aggregate size (NMAS) was equal to 16 mm.

Binder course mixtures contained 25% by aggregate weight of unfractioned 0/14 mm RAP and 4.8% by aggregate weight (4.5% by
mixture weight) of total bitumen content (virgin bitumen plus bitumen from RAP). Base course mixtures contained 30% of the same
unfractioned 0/14 mm RAP and 4.2% by aggregate weight (4.0% by mixture weight) of total bitumen content. For all the mixtures, the
virgin and RAP bitumen were SBS polymer modified with 3.8% polymer content by bitumen weight. The amount of bitumen contained
in the RAP, evaluated by bitumen extraction [40], was equal to 5.0% by aggregate weight. Table 2 reports the properties of the virgin
SBS polymer modified bitumen before and after short-term ageing simulated with the Rolling Thin Film Oven Test (RTFOT).

The WMA mixtures were produced with a chemical additive (C1) mainly composed of ammine substances which act as adhesion
enhancers and surfactants due to their polarized extremities [12,46]. The chemical additive C1 is characterized by a pour point of
about — 8 °C and a flash point higher than 140 °C. At 25 °C, it is a viscous liquid with a density of about 1.0 g/cm®. The dosage of C1
was equal to 0.50% and 0.55% by virgin bitumen weight for the binder course and the base course, respectively. These dosages were
designed in accordance with the recommendations of producer and based on the actual “working” bitumen content (i.e., the sum of
virgin bitumen and re-activated RAP bitumen), in order to consider the different amount of RAP in the binder and base courses [46,47].

The production and compaction temperatures were 130 °C and 120 °C for the WMA mixtures, and 170 °C and 160 °C for the HMA
mixtures.

These materials were used to construct a full-scale field trial in April 2016 along the A1 motorway (South carriageway) in central
Italy. All the details about the production of these mixtures and the construction of the field trial can be found in [12]. The construction
activities consisted in the milling and re-construction of the asphalt courses of the slow lane. The field trial includes two consecutive
200-m sections, one constructed with the HMA mixtures and the other one with the WMA mixtures. The pavement structure is as
follows:

e Wearing course, made of an open-graded mixture, with nominal thickness of 4 cm (not investigated in this study due to its limited
thickness);

e Binder course with nominal thickness of 10 cm;

e Base course with nominal thickness of 15 cm;

e Cold recycled subbase course with nominal thickness of 25 cm.

Traffic analyses indicate that the full-scale field trial is subjected to 8.5 million equivalent single axle loads (ESALs) per year
(calculated considering a 120 kN reference axle with twin wheels).

3. Testing program and methods
3.1. Testing program

Fig. 1 shows the history of testing program carried out on the field trial. Cored samples of the asphalt courses were extracted from
the field trial in April 2016 (after one week from the construction and before the re-opening to traffic), in November 2019 and in
January 2022 at different positions in the middle of the lane. In 2016 and 2019, 100 mm diameter cores were extracted from each
section. Then, each core was cut to obtain two 50 mm height specimens from the binder and base courses, respectively. Indirect tensile
stiffness modulus (ITSM) tests and indirect tensile fatigue tests (ITFT) were carried out on specimens from the binder course in 2016
and on specimens from both the binder and base courses in 2019. In 2022, 200 mm diameter cores were extracted from each section,
afterwards “small” specimens (diameter of 38 mm and height of 110 mm) were horizontally cored from both the binder and base
courses [48]. VECD characterization was carried out on the latter specimens cored in 2022, performing dynamic modulus tests in
compression load configuration and cyclic fatigue tests in direct tension configuration on different series of small specimens.

Table 2
Properties of the virgin SBS polymer modified bitumen.
Measured value Reference Standard

Needle penetration at 25 °C 54 dmm EN 1426[41]
Softening point (R&B method) 71°C EN 1427[42]
Elastic recovery at 25 °C; 25 cm/min 89% EN 13398[43]
Viscosity at 135 °C 1.24 Pas ASTM D4402[44]
Change in mass after RTFOT 0.05% EN 12607-1[45]
Needle penetration at 25 °C after RTFOT 27 dmm EN 1426[41]
Softening point (R&B method) after RTFOT 77 °C EN 1427[42]
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Fig. 1. History of the testing program on cored samples taken from the field trial.

3.2. Indirect tensile testing

The ITSM tests (EN 12697-26 Annex C [49]) were carried out at 20 °C by means of a servo-pneumatic machine. A repeated pulse
load, with rise-time of 124 ms and pulse repetition period of 3 s (corresponding to a frequency of 2 Hz), was applied to achieve a target
horizontal deformation of 5 um. The ITSM (Eq. (1)) was calculated as the average ITSM value on two perpendicular diameters of the
specimen.

Fax(v +0.273)

ITSM =
t- dmax

(€Y

where F,y is the peak load value, v is the Poisson’s ratio (assumed equal to 0.35), t is the average specimen thickness, and dpqy is the
amplitude of the horizontal deformation. Ten replicates were performed for each mixture.

Some of the specimens subjected to ITSM tests were then subjected to ITFT (EN 12697-24 Annex E [50]). The tests were carried out
at 20 °C by means of the same servo-pneumatic machine, that applied a repeated haversine load with 0.1 s loading time and 0.4 s rest
time. Initial horizontal strains between 100 and 200 pe allowed to obtain a fatigue life between 10% and 10° cycles. The physical failure
of the specimen was selected as failure criterion. The initial horizontal strain ¢, was related to the number of cycles at failure Ny by a
linear regression, derived from the Wohler’s model, in a bi-logarithmic plane (Eq. (2)).

logNy = a — b -logeyp 2)

where a and b are material parameters, and ¢, was measured at the 100th load cycle. For comparison purposes, the strain corre-
sponding to 10° loading cycles (e¢) was also calculated [50]. Six replicates were performed for each mixture.

3.3. VECD characterization

The VECD characterization included dynamic modulus tests in compression mode and cyclic fatigue tests in direct tension
configuration, both carried out on small specimens by means of the Asphalt Mixture Performance Tester (AMPT).

The norm of the dynamic modulus |E *|and the phase angle § were determined at 4 °C, 20 °C and 40 °C, as prescribed by the
reference standard (AASHTO TP 132 [51]). The selected frequencies for each temperature were 0.1 Hz, 0.5 Hz, 1 Hz, 5 Hz, 10 Hz and
20 Hz. The amplitude of the sinusoidal axial compression load was adjusted to maintain an average strain level between 50 and 75 pe.
The 2S2P1D model (Eq. (3)), that expresses the linear viscoelastic behavior of a mixture through the combination of two springs, two
parabolic element and one dashpot, was used to fit the experimental data of the storage modulus values, whose calculation is necessary
for the analysis of the fatigue test results. A nonlinear optimization scheme was used to optimize simultaneously the storage modulus
(E1 =|E *|-cos 6) mastercurve and the time-temperature shift factors (Eq. (4)) [53].

Eio —Ep
F 4 (iwr) ™ + (iwpr)”

El(in) :E1_0+ 1 (3)

1 + 8(iwz)”

where E; ., and E; o are the storage modulus values for frequency @ — o0 and @ — 0, respectively, representing the springs (2S); k and h
are parameters related to the parabolic elements (2P); § is a proportional constant between the parabolic elements; /3 is correlated with
the Newtonian viscosity of the dashpot (1D) [52].

loglar) =a, -T* 4+ ay - T + a; 4

where a;, az and a3 are fitting coefficients, and T is the testing temperature (4 °C, 20 °C and 40 °C). Three replicates were performed
for each mixture.

Uniaxial cyclic fatigue tests on small specimens were carried out in control actuator displacement mode of loading at the frequency
of 10 Hz (AASHTO TP 133 [53]). Before running the fatigue test, a dynamic modulus fingerprint test allowed to assess the
specimen-to-specimen variability and to calibrate the strain level for the fatigue test. The testing temperature is based on the properties
of the binder, and it is calculated as the average of the binder PG temperatures minus 3 °C, that must not exceed 21 °C [53]. Since the
expected PG of the binder in the recycled mixtures was PG 76-16, the testing temperature was 21 °C. The test data were analyzed
applying the simplified-viscoelastic continuum damage (S-VECD) theory [54]. The relationship between the integrity of the material
(pseudo stiffness, C) and the amount of damage S (which is known as damage characteristic curve) is expressed by a power function
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law (Eq. (5)) and describes an intrinsic property of the material independent of the test conditions [35].

C=1-Cy -85 5)

where C;; and Cj are the fitting coefficients. At least three replicates with overlapping C vs. S curves were considered for each
mixture.

DR (Eq. (6)) is the parameter representing the failure criterion [36]. It is the average reduction in pseudo stiffness up to failure and is
a measure of the material toughness. The number of cycles to failure Ny is defined as the cycle in which the product given by
peak-to-peak stress and cycle number reaches a maximum value after a stable increase during cyclic loading [53].

_ [ (1= C)aN _ cum(1-©)

N, N, ©

The stiffness, damage characteristics and toughness are taken into account by the synthetic index Sqy, (Eq. (7)), which expresses the
fatigue resistance of the asphalt mixture [53]. S, refers to a temperature which is determined as the average climatic PG temperature
of the pavement location, minus 3 °C [53]. Since the field trial is in a PG 58-10 climatic zone [55], Sgp, reference temperature was
equal to 21 °C.

1 =
a_ am . (LR)(IZ
S _ 1000(2 1) . T(Sapp) Cn (7)

app 2
‘E ‘ LVE,Sapp

where « is the damage growth rate; ar(sqy) is the time-temperature shift factor between the Sgp, temperature and the reference
temperature considered for the dynamic modulus mastercurve; and |E* ﬁLVE‘Sapp is the reference modulus calculated at the Sy, reference

temperature and at the reduced frequency of 62.8-ar(sqpp)- Sqpp values are usually between 0 and 50, specifically higher values indicate
better fatigue resistance [56,57].

4. Results and analysis
4.1. Binder course mixtures

4.1.1. Indirect tensile properties

Fig. 2 presents the evolution of the stiffness modulus values during the six years of the pavement in-service life for both mixture
types (HMA and WMA). The average air void content (A.V.) of the tested specimens is also indicated. For the 2016 and 2019 data, the
stiffness moduli refer to the average measured ITSM values, and the standard deviation is reported as well. For comparison purposes,
for the 2022 data, the stiffness moduli refer to the dynamic modulus values calculated through the 252P1D model (see Section 4.1.2) at
the same testing conditions as for the ITSM tests (temperature of 20 °C, frequency of 2 Hz). Since these values come from a model fitted
to already averaged experimental values, no standard deviation is available.

As can be observed, cores extracted in 2016 were characterized by similar volumetric properties and similar stiffness moduli. These
data demonstrate that the WMA additive ensures a compactability comparable to HMA despite the reduced production and
compaction temperatures (i.e., 40 °C lower), and does not negatively affect the stiffness properties [46], which are strictly related to
the volumetric ones. Comparing the cores extracted in 2019 to those extracted in 2016, HMA showed significantly higher stiffness
modulus in 2019, whereas WMA showed broadly unchanged results. The higher stiffness of HMA can be ascribable to a higher
in-service ageing rate. The higher data dispersion of HMA in both 2016 and 2019 can be likely due to the presence of highly oxidized
RAP not homogenously distributed within the mixture at the specimen scale. The high oxidation of RAP can be caused by the typical
HMA production and compaction temperatures [38,46]. As for the 2022 data, it must be kept in mind that such stiffness values were

12000

W HMA [E WMA

8461

10000 -

8295

8000 ~ 6146

6000 -

4000 -

Stiffness modulus (MPa)

2000 -

2016 2022

Fig. 2. Binder course mixtures: stiffness modulus values in 2016, 2019 and 2022 (error bars represent the standard deviation).
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Fig. 3. Binder course mixtures: fatigue curves in 2016 and 2019.

Table 3
Binder course mixtures: fitting parameters of the fatigue curves.
a b R2? €6
2016 HMA 12.675 4.138 0.965 41
WMA 14.344 4.836 0.724 53
2019 HMA 13.741 4.670 0.954 45
WMA 15.203 5.115 0.927 63

measured in compression mode, which usually leads to higher stiffness values than those obtained in indirect tensile mode (2019 data).
For WMA a higher stiffness was observed in 2022 as compared to 2019, whereas this was not observed for HMA. The high data
variability found for HMA in 2019 can justify this finding. Moreover, the stiffness results of 2022 confirmed the trend of 2019, denoting
a higher stiffness for the HMA mixture with respect to the WMA mixture, despite their comparable volumetric properties.

Fig. 3 presents the fatigue curves obtained from the specimens extracted in 2016 and 2019, whose average A.V. is indicated as well,
whereas Table 3 reports the fitting parameters and the g values. In both 2016 and 2019, the linear regressions were characterized by
similar slope, as demonstrated by the b values in Table 3 (see Eq. (2)). This outcome means that the two mixtures (HMA and WMA) had
comparable sensitivity to the strain level, which did not change significantly during the first years of in-service life. However, the
comparison of the curves (Fig. 3) shows the enhanced fatigue response of WMA, as also confirmed by the higher ¢ values in both 2016
and 2019 (Table 3). This indicates a better resistance to cyclic loads for WMA, which can be ascribable to its lower stiffness with respect
to HMA (Fig. 2), especially in 2019. Conversely, the higher stiffness of HMA, combined with its heterogeneity caused by the highly
oxidized RAP, led to a more brittle behavior.

4.1.2. VECD properties

Fig. 4 (a) and (b) show the storage modulus and phase angle mastercurves at 21.1 °C, respectively, for the mixtures tested in 2022.
Fig. 4 (a) also reports the average A.V. of the tested specimens, which had similar volumetric properties for the two mixtures. It is
possible to notice that HMA exhibited higher stiffness, confirming that the higher RAP oxidation and faster in-service ageing affected
its stiffness properties in a wide range of frequencies. Moreover, the higher phase angle values of WMA (Fig. 4 (b)) highlighted a more
viscous and less elastic behavior with respect to HMA. Fig. 4 (c) reports the shift factors and the equations of the related linear re-
gressions. The similar slope values (i.e., 0.132 and 0.123 for HMA and WMA, respectively) indicate that the mixtures were charac-
terized by the same thermal susceptibility, which did not depend on the different production process but can be mainly related to the
bituminous components (virgin bitumen and bitumen from RAP), which are the same for both mixtures. This outcome confirms that
chemical additives usually do not significantly affect the rheological properties of the binder itself [4,21].

Fig. 5 (a) presents the fitting of the damage characteristic curves, obtained from three overlapping experimental curves, along with
the values of fitting coefficients. The A.V. of the specimens investigated in the fatigue tests, reported in the same figure, was similar to
that of the specimens investigated in dynamic modulus tests (Fig. 4 (a)). The shape of the C versus S curves for the two mixtures was
comparable, indicating that the evolution of the damage in the materials was broadly the same. This outcome is consistent with the
comparable sensitivity to the strain level, denoted by the similar slope of the fatigue curves in 2016 and 2019 (Fig. 3). Nevertheless, the
curve of WMA was characterized by lower pseudo stiffness value C and higher amount of damage S at failure with respect to HMA,
indicating a higher tolerance to damage and a postponed failure. These findings agree with the higher &g values for WMA extrapolated
from the fatigue curves in 2016 and 2019 (Table 3). Fig. 5 (b) presents the DX failure envelopes. The DX values are the slopes of the
linear relationships reported in the figure. WMA showed a slightly higher D value (0.736), which indicates a higher toughness, i.e.,
better ability to absorb energy before failure. Fig. 5 (c) shows the Sy, values, together with the average A.V. of all tested specimens
(dynamic modulus and cyclic fatigue tests). The Sgp, ranking reflects the previous observations on the C versus S curves and Df values,
highlighting that a better fatigue performance can be expected from WMA.
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Fig. 4. Binder course mixtures: (a) storage modulus mastercurves (2S2P1D model) and (b) phase angle mastercurves at 21.1 °C, (c) shift factors.
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Fig. 5. Binder course mixtures: (a) fitting of the damage characteristic curves, (b) DR failure criterion and (c) Sapp Values.
4.2. Base course mixtures

4.2.1. Indirect tensile properties

Fig. 6 presents the stiffness modulus values obtained from the specimens cored in 2019 and 2022 for both types of mixture (HMA
and WMA). The average A.V. is indicated in the figure as well. The average ITSM values and the related standard deviations are re-
ported for the 2019 specimens, whereas the dynamic modulus values derived from the 25S2P1D model at the same testing conditions as
for the ITSM tests are reported for the 2022 specimens (as already explained in Section 4.1.1). First, it is worth pointing out that WMA
reached an average A.V. about 1% lower than HMA. This can be likely due to the chemical additive used for the WMA production,
which ensured a proper compactability of the mixture. In 2019, cored samples of both mixtures showed similar stiffness despite the
different volumetric properties. This can be attributed to the stronger RAP oxidation during the production and construction phases
and the faster in-service ageing rate undergone by the HMA mixture as compared to the WMA mixture. As for the comparison between
2019 and 2022 results, recall that the stiffness moduli were obtained in compression mode in 2022 versus indirect tensile mode in
2019. As already mentioned in Section 4.1.1, the compression mode should imply higher stiffness values. A higher stiffness was
observed for WMA in 2022 as compared to 2019, whereas HMA showed a stiffness decrease of about 18% in the same period. This
decrease can be ascribable to a certain extent to the different A.V. observed for HMA in 2019 and 2022, even though the inhomogeneity
of the HMA mixture is considered as the main cause. As anticipated in Section 3.1, the samples were obviously cored in different
positions of the trial section. In this regard, the properties of the HMA section seem to change more from point to point, as denoted by
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Fig. 6. Base course mixtures: stiffness modulus values in 2019 and 2022 (error bars represent the standard deviation).

the higher standard deviation (Fig. 6), although the production and construction phases were strictly controlled. These results support
that WMA is a more homogenous material with comparable performance along the pavement.

Fig. 7 presents the fatigue curves obtained from the specimens cored in 2019, whose average A.V. is also indicated, whereas Table 4
reports the fitting parameters and the eg values. The linear regression of HMA was characterized by a lower slope, which means a lower
sensitivity to the applied deformation level. On the other hand, WMA exhibited a significantly higher e¢ value (i.e., 60 pe vs. 28 pe),
which suggests a longer fatigue life for small deformations (such as those to which a thick pavement is typically subjected). Moreover,
in 2019, WMAs of binder and base courses were characterized by similar A.V. (Fig. 3, Fig. 7) and similar fatigue behavior, as expressed
by a and b values of Eq. (2) and gg value (Table 3, Table 4). In this regard, the chemical additive allowed to reach similar properties for
the binder and base courses, even though the base mixture was characterized by higher RAP content and lower virgin bitumen content
with respect to the binder mixture (in the light of a comparable aggregate gradation, see Section 2). On the contrary, for the HMAs, the
volumetric properties and mechanical behavior of the binder and base courses were different. In this case, the compactability of the
base course was penalized by the higher RAP content and the lower virgin bitumen content as well as the greater layer thickness with
respect to the binder course.

4.2.2. VECD properties

Fig. 8 (a) presents the storage modulus mastercurves at 21.1 °C and the average A.V. of the specimens tested in 2022. WMA showed
higher stiffness with respect to HMA, mainly due to the lower A.V. of the WMA mixture. Fig. 8 (b) presents the phase angle mas-
tercurves at 21.1 °C. It can be observed that the phase angle values are broadly the same for the two mixtures. Fig. 8 (c) reports the shift
factors and the equations of the related linear regressions. The shift factor values and regression curves basically overlapped and were
also similar to those obtained for the binder course (Fig. 4 (c)). This confirms that the thermal susceptibility is mainly affected by the
bitumen properties, which do not change even in the presence of the additive.

Fig. 9 (a) presents the fit of the damage characteristic curves, obtained from at least three overlapping experimental curves, along
with the average A.V. of the specimens tested and the values of the fitting coefficients. First, it should be noted that the different in-situ
A.V. of the mixtures (i.e., about 2.5% difference) significantly influenced their fatigue behavior, as discussed in detail below. The
higher position of the WMA curve was consistent with the stiffness properties and A.V., confirming that the curve of softer mixtures
tends to stay below that of stiffer mixtures [58].

Both curves showed similar pseudo stiffness C at failure, indicating a comparable tolerance to damage, whereas WMA curve
reached higher S value at failure, indicating a lower rate of fatigue resistance loss during the in-service life. This outcome reflects the
higher ¢ value observed for WMA from the 2019 fatigue curves (Table 4), suggesting a longer fatigue life for WMA. Fig. 9 (b) presents
the failure envelopes, whose slope corresponds to DX. A higher D value was observed for the HMA mixture, denoting its greater ability
to absorb energy before failure, which is strictly related to its lower stiffness (Fig. 8 (a)) mostly due to the higher A.V. Fig. 9 (c) shows
the Sy, values and the average A.V. of all tested specimens (dynamic modulus and cyclic fatigue tests). In this case, the Sq,, ranking did
not confirm the DF ranking, because the Sqpp value depends also on the stiffness properties and the damage characteristics (Eq. (7)). The
higher S, value obtained for WMA can be explained by considering that the WMA mixture has better damage properties (Fig. 9 (a))
and its higher stiffness (Fig. 8 (a)), linked to the A.V., ensures a better distribution of the strains/stresses within the pavement.
Analogously to the binder course, a better fatigue performance can be thus expected from WMA even for the base course. In addition,
analogously to what observed for the fatigue curves of WMAs obtained in 2019, the damage characteristic curves of WMAs obtained in
2022 for binder and base courses were characterized by a similar shape (as denoted by comparable C;; and C;2 values) and similar C
and S values at failure (around 0.1 and 380000, respectively) (Fig. 5, Fig. 9). This finding corroborates the beneficial effect of the WMA
additive on the volumetric properties of the mixture, despite the higher RAP content and the lower bitumen content of the base course
with respect to the binder course.
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Table 4
Base course mixtures: fitting parameters of the fatigue curves.
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Fig. 8. Base course mixtures: (a) storage modulus mastercurves (252P1D model) and (b) phase angle mastercurves at 21.1 °C, (c) shift factors.
5. Conclusions

The objective of this investigation was to monitor the performance of a full-scale field trial constructed along an Italian motorway,
which included a section constructed with WMA mixtures (produced with a WMA chemical additive) and a reference section con-
structed with conventional HMA mixtures. The WMA and HMA mixtures had the same composition (i.e., amount of RAP and PMB) and
differed only for the adopted production and compaction temperatures (40 °C lower for WMA). The characterization was carried out
by means of laboratory testing performed on cored samples taken from the binder and base courses of the field trial pavement. In 2016
(year of construction) and 2019, conventional indirect tensile tests were carried out, whereas in 2022 the VECD characterization was
considered.

Immediately after the construction (2016), WMA showed comparable stiffness properties and improved fatigue resistance with
respect to HMA. However, during the in-service life, the stiffness of HMA increased much more than WMA stiffness and it was
characterized by a high dispersion of the results. These findings are likely due to a stronger RAP oxidation during the production and
construction phases (caused by the high temperatures adopted for HMA) and a higher in-service ageing rate experienced by the HMA
section. These factors negatively affected the fatigue performance, leading to a more brittle behavior and a reduced toughness, as
demonstrated by lower g¢ (2019) and Sg, values (2022).

On the contrary, WMA showed more homogenous properties along the trial section in both binder and base courses. Regarding the
fatigue properties, WMA was characterized by a greater tolerance to damage and a slower rate of fatigue resistance loss during the in-
service life as compared to HMA. Moreover, for both binder and base courses, the similar shift factor values obtained for HMA and
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WMA showed that the chemical additive did not alter the thermal susceptibility of the mixture, confirming that the latter depends
strictly on the bituminous components (virgin bitumen and bitumen from RAP).

Moreover, it is worth pointing out that the VECD results confirmed the trend of the conventional indirect tensile tests, giving at the
same time additional information about the intrinsic properties of the materials and demonstrating the reliability of the VECD model
even for WMA mixtures. Further advantages of the VECD characterization are less time-consuming laboratory tests and less cores to be
extracted from the pavement, thanks to the small specimen geometry.

These findings, gathered during a relatively wide timespan of pavement in-service life, suggest that the WMA section has better
long-term performance with respect to the reference HMA section, demonstrating the compatibility between the PMB and the chemical
additive throughout in-service ageing as well. Considering also the significant environmental and economic benefits ensured by WMA
technologies, warm recycled mixtures produced with WMA chemical additives and PMB represent a reliable and environmentally
friendly solution to obtain durable pavements. The existing field trial will be continuously monitored over time, providing further data
regarding the evolution of the behavior of these mixtures in the field.
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