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A B S T R A C T   

The growing attention of public opinion towards the environment has prompted, in the last decades, to 昀椀nd eco- 
sustainable and economic alternatives to the traditional productions of hot-mix asphalt (HMA). Under these 
auspices, the use of warm mix asphalt (WMA) technology applied to mixtures containing reclaimed asphalt (RA) 
has grown, also due to the well-proven advantages in terms of plant odor emissions and improved working 
conditions. In addition, it is now known that the mechanical performance of WMAs is completely comparable, 
even superior in some cases, to that of HMAs. However, to date, there is no comparison in terms of long-term 
performance of bitumens used in full-scale pavements laid with the two different technologies. Therefore, the 
aim of this research is to evaluate the oxidative and rheological state of four bitumens recovered from different 
layers of a full-scale pavement prepared with WMA and HMA technologies and set up a methodology tool set for 
investigating the physicochemical properties of bitumens. An in-depth laboratory investigation, carried out 
through physicochemical and rheological tests, has shown that the bitumens used in WMA mixtures are char-
acterized by less oxidation than HMA ones (which are characterized by longer relaxation and glass transition 
times) and the Styrene-Butadiene-Styrene (SBS) polymers inside them are less degraded and still contribute 
positively to the rheological response even after 昀椀ve years in service, demonstrating the ability of the chemical 
additive to act as possible “sacri昀椀cial agent”, safeguarding the rheological characteristics of polymer modi昀椀ed 
bitumens (PMBs).   

1. Introduction 

In recent decades, research efforts in the road material sector have 
been made by scholars and industry to develop eco-friendly and eco-
nomic alternatives to the traditional and consolidated production of 
asphalt concretes. In this regard, an eco-sustainable and potentially 
cheaper alternative to hot mix asphalt (HMA) can be represented by 
warm mix asphalt (WMA) [1,2], which is produced at lower tempera-
tures with respect to HMA. WMA technology can reduce pollution and 
odours emissions at the asphalt plant during mixture production by also 
improving working conditions during the paving [2,3,4], as well as 
energy costs due to heating of aggregates and mixture. Furthermore, to 
reduce the use of raw materials, extensive experimental investigations 
have been made to increase the use of reclaimed asphalt (RA) within 
asphalt concretes [5,6], also trying to employ WMA technology [4,7]. 
Moreover, to increase the performance of asphalt mixtures at high and 
low temperature [8,9] and the service-life of heavy-duty pavements and 

to reduce the maintenance costs related to the restoration of the main 
distresses (rutting, fatigue, and thermal cracking), the use of polymer- 
modi昀椀ed bitumen (PMB) in the asphalt concrete production is now 
indispensable. Thus, the use of PMBs combined with RA and WMA 
technology allows for advantages from a performance, environmental 
and economic point of view [10,11,12]. In addition, the extreme use of 
RA allows the production of High Modulus Asphalt Concrete (HMAC) 
which can simultaneously guarantee high stiffness (provided by the 
aged bitumen present in the RA) and satisfactory fatigue resistance [13]. 
The scienti昀椀c community is already comparing the mechanical perfor-
mance of hot and warm mix asphalts containing PMB and RA [14,15], 
also with full-scale 昀椀eld trials [16,17]. However, a lack of information 
regards the aging characteristics of bitumens included in HMAs and 
WMAs after a signi昀椀cative in-service period. In fact, the bitumen 
included in asphalt concrete mixtures undergoes a double oxidation 
effect: 昀椀rst during the mixture production, and then during the in- 
service life. 
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The heating during the mixture production causes a bitumen 
oxidation that has repercussions on its physicochemical characteristics, 
such as the increase of polar products that impacts on the rheology of the 
material (increase in viscosity and stiffness) [18] and is strictly depen-
dent on heating temperatures: higher temperatures cause more oxida-
tion. The greater the oxidation of the bitumen, the greater its brittleness 
and its propensity to crack. Consequently, a bitumen that has undergone 
lower heating will be less oxidized and will allow the pavement to better 
resist cracking [19,20]. In this regard, the use of WMA technology can 
have bene昀椀cial effects not only on the environment but also on the 
performance of the binder [20,21,22]. Several laboratory studies, con-
ducted on bitumens at different aging levels, have con昀椀rmed that the 
lower production and mixing temperatures experienced with WMA 
technology cause lower bitumen oxidation levels compared to what 
observed for HMA [23,24,25]. This result is clearly due to the different 
temperatures to which the bitumens have been subjected and con昀椀rms 
that the thermal history of the bitumen is fundamental to understand 
and predict its in-service performance [26,27]. 

The second oxidation effect is caused by the in-service life on real 
pavements as the bitumen is exposed to the aggression of atmospheric 
agents. Contrary to the study of bitumen oxidation during mixture 
production with WMA and HMA technology, which has been extensively 
investigated, the analysis of in-service oxidation is still almost unknown. 
Therefore, this paper aims to deepen the oxidation of polymer-modi昀椀ed 
bitumens, in service on a full-scale 昀椀eld trial for a relative long time (昀椀ve 
years), and how their rheological and physicochemical characteristics 
can affect the performance of mixtures containing RA. 

From a physicochemical point of view, the tools to address these 
issues are already available to the scienti昀椀c community that deals with 
road materials and come from research 昀椀elds. Speci昀椀cally, recently, the 
use of various technologies such as Nuclear Magnetic Resonance (NMR), 
Differential Scanning Calorimetry (DSC), optical microscopy, Atomic Force 
Microscopy (AFM) and Confocal Laser Scanning Microscopy (CLSM) has 
taken hold in the experimental investigations concerning asphalt mix-
tures and bitumens and the interest of researchers has grown in them 
[28,29,30,31,32]. In detail, NMR has been used in many studies to 
investigate the relaxation time of asphalt mixtures, bitumen, and its 
components (asphaltenes and maltenes) and to correlate their oxidative 
level and performance characteristics with this time [33,34,35]. For the 
same purpose, various researchers have employed DSC to evaluate the 
oxidation of asphaltenes, also correlating their melting point to obser-
vations made using optical microscopy [36,37,38,39]. On the other 
hand, techniques such as AFM and CLSM, have recently been adopted to 
investigate the microstructure and the oxidative state of bitumens, as 
well as the shape, size and dispersion of polymers 
[40,41,42,43,44,45,46]. Therefore, this set of investigation techniques 
can help researchers to evaluate differences between bitumens from a 
physicochemical point of view and compare results with the advanced 
rheological tests to 昀椀ll the gap of information on the performance pro-
vided by bitumens in service on full-scale pavements for a relative long 
term. 

This study aims at verifying the physicochemical and rheological 
characteristics of four polymer-modi昀椀ed bitumens recovered from 
different asphalt concrete mixtures, in service for at least 昀椀ve years on a 
full-scale trial section. These mixtures were produced with HMA and 
WMA technology and contained different percentages of RA. The 
objective of this research is to investigate the long-term bene昀椀ts of WMA 
technology on real pavements and to provide other researchers with a 
methodology tool set for investigating the physicochemical character-
istics of bitumens containing additives employed in different asphalt 
concrete production technologies. 

2. Experimental program 

2.1. Materials 

In this research, four different styrene–butadiene–styrene (SBS) 
polymer-modi昀椀ed bitumens were studied. These bitumens were recov-
ered from cores extracted [47], EN 12697–27:2017 – Section 4.7] from a 
full-scale trial section paved in April 2016 along the A1 Italian 
motorway (south carriageway) subject to 8.5 million equivalent single 
axle loads (ESALs) per year (considering a 120 kN reference axle with 
twin wheels) [48] and to an average annual temperature equal to about 
15 ◦C during the period 2016–2020. This full-scale pavement involved 
the re-construction of three pavement layers (base, binder and wearing) 
in four different sections (each 200 m long). The thicknesses of the re- 
constructed layers are shown in the cross section of the pavement 
shown in Fig. 1 [17]. In detail, the section characterized by the laying of 
three HMA mixtures (dense-graded DG asphalt concrete for base course, 
DG asphalt concrete for binder course and open-graded OG asphalt 
concrete for porous wearing course) mixed at 170 ◦C, was selected as 
reference. The other three sections were constructed with the same 
layers by using WMAs mixed at 130 ◦C, with a reduction of 40 ◦C with 
respect to HMA, thanks to the chemical additive used, which is based on 

Fig. 1. Typical cross section and nominal thickness for each layer.  
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amine surfactant that is well known for its warm mix properties. Infor-
mation about the chemical nature of this surfactant was not provided 
since the investigation can be considered “blind study” (no information 
was provided to the test operators in terms of chemical additive used, 
physical and chemical characteristics of the virgin bitumen used during 
the pavement construction, origin of the extracted bitumen in terms of 
HMA or WMA cores) whose goal was to validate the methodology tool 
set. All the bituminous mixtures contain a certain percentage of 
reclaimed asphalt (RA), as shown in Table 1 [17]. 

In November 2021, 昀椀ve years after the construction, two cores were 
extracted from the reference HMA section and two cores from one of the 
three WMA sections. Each core extracted was characterized by a diam-
eter of 150 mm and a thickness of about 290-high, which includes 
wearing, binder and base course, made of asphalt concrete. In each of 
them, the binder course was sliced at the interface with the porous 
wearing course and with the base course and the constituent bitumens 
were recovered [49,50], for a total of four SBS-polymer modi昀椀ed bi-
tumens (two from HMA and two from WMA). Table 1 summarizes the 
mixture characteristics and the identi昀椀cation codes of the recovered 
bitumens. 

Before starting the laboratory study, the four recovered bitumens 
were subjected to thermogravimetric analysis (TGA), performed with a 
Hitachi Nexta ST200 instrument, to check the presence, and eventually 
the percentage, of residual solvent within them. The TGA tests were 
performed on specimens of approximately 3 mg and the outcomes ob-
tained for the OGH bitumen are shown, as an example, in Fig. 2, 
considering that all bitumens provided comparable results. Analyses 
were performed from 30 ◦C to 850 ◦C at a temperature scan rate of 2 ◦C/ 
min. The TGA tests showed that the percentage of residual solvent is 
about 2.5 %, making the bitumen specimens suitable for the tests 
without any further treatment. 

2.2 Research plan. 
The present research work concerned an in-depth study on the 

physicochemical and rheological characteristics of the four SBS-polymer 
modi昀椀ed bitumens recovered from the full-scale trial section, to eval-
uate their performance, comparing WMA and HMA technologies. 

In this sense, the research program aims at evaluating the oxidative 
state of bitumens and their time and temperature dependence by 
investigating physicochemical characteristics in terms of relaxation time 
T2 (through Nuclear Magnetic Resonance NMR) and rheological prop-
erties in terms of frequency sweep tests (through Dynamic Shear 
Rheometer DSR). Moreover, Atomic Force Microscopy (AFM) and 
Confocal Laser Scanning Microscopy (CLSM) in 昀氀uorescence mode were 
employed for the observation of the physical structure of the bitumens 
and for the investigation of the presence of SBS-polymers and their 
dispersion into the bitumens. 

Finally, to investigate the physical characteristics and the oxidative 
state of the asphaltenes included into the bitumens, the specimens were 
de-asphaltenized according to the Modi昀椀ed Conventional Method, that 
involves using the chloroform and n-pentane solvents. More details are 
available in the reference [51]. This allowed the observation of the 
asphaltene melting points through the optical microscope and the 
evaluation of their glass transition temperature Tg through the Differ-
ential Scanning Calorimetry (DSC). 

Finally, the experimental program presented in this research in terms 
of methods of carrying out physicochemical and rheological tests as well 
as analysis of the results, can be applied as a valid investigation tool to 

perform in-depth research on the characteristics of bitumens containing 
RA and additives, even on in-service real pavements. 

3. Methods 

3.1. Nuclear magnetic Resonance 

The Nuclear Magnetic Resonance, or NMR, is a non-destructive and 
non-invasive technique for analysing the structure of molecules at the 
atomic level. The equipment consists of a magnet that generates a 
magnetic 昀椀eld, a radio frequency transmitter, and a receiver. The 
specimen is placed in a “probe” which is inserted into the magnetic 昀椀eld 
generated by the magnet, allowing the specimen nuclei to be aligned 
with this static magnetic 昀椀eld. Subsequently, the specimen was excited 
with a secondary oscillating magnetic 昀椀eld which causes the magneti-
zation to rotate 90◦ in the horizontal xy-plane. The process by which the 
magnetization in the xy-plane decays to the equilibrium value of zero is 
called transverse relaxation or spin–spin relaxation and the corre-
sponding time is named relaxation time T2. 

In this work, the spin–spin relaxation time T2 was measured through 
an NMR designed at the University of Calabria, operating at a proton 
frequency of 15 MHz. T2 measurements required a small amount of 
bitumen that is heated up to 120 ◦C and then subjected to the excitation 
generated with a classic Carr-Purcell pulse sequence [52] (width of π/2 
pulse equal to 5.9 μs; width of π pulse equal to 11.8 μs; τ delay time equal 
to 0.06 ms). The relaxation time T2 is a characteristic time of the signal 
decay and can be obtained, when the Carr-Purcell envelope has a mono- 
exponential decay, by 昀椀tting the experimental echo points with the 
following equation: 
A = A0e

−2πτ

T2 (1)  

where A is the amplitude of the nth echo in the echo train and A0 is a 
constant depending on the sample magnetization, 昀椀lling factor and 
other experimental parameters. The shorter the relaxation time T2, the 
more the bitumen sample is oxidized. Consequently, the T2 value can be 
considered as a 昀椀ngerprint of the structure of the specimen in terms of 
rigidity of the system. 

NMR tests were performed to compare the relaxation time T2 at the 
temperature of 120 ◦C of different bitumens and correlate the results to 
their stiffness and oxidation level. In fact, the relaxation time T2 can be 
related to the softness of a given bituminous material: the relaxation 
process of very rigid materials is more evident and corresponds to 
shorter relaxation times. Since the oxidation of bitumen causes an in-
crease in its stiffness (and so in its brittleness), it is possible to state that 
the binders characterized by lower T2 values are more oxidized, viscous, 
and brittle [30]. 

3.2. Differential Scanning Calorimetry 

Differential Scanning Calorimetry, or DSC, is a thermal analysis 
technique employed to measure the temperature and the heat 昀氀ow 
associated with the thermal transition of a material in comparison to an 
inert reference material. In this research, a SETERAM micro-DSC 131, 
which employs an Indium specimen as inert material, was used to 
investigate the calorimetric behaviour of asphaltene specimens, ob-
tained after the de-asphaltenisation of the studied bitumens. 

Table 1 
Main characteristics of the mixtures of the investigated bitumens.  

Layer Mixture %RA %Total bitumen (by agg. weight) %SBS Production technology Bitumen code 
Porous Wearing Course Open-graded 15 5.25 3.80 HMA OGH 

WMA OGW 
Binder Course Dense-graded 30 4.50 3.80 HMA DGH 

WMA DGW  
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Before each test, the instrument must be calibrated through the exact 
value related to the enthalpy of the inert reference. After that, about 30 
mg of asphaltene specimen was weighed in a crucible which was sub-
sequently sealed and subjected to a preliminary thermal treatment 
(speeded up through nitrogen 昀氀ow), performed to ensure identical 
thermal history for all specimens:  

▪ Isotherm phase at 25 ◦C for 20 min  
▪ Heating phase from 25 ◦C to 250 ◦C at 20 ◦C/min  
▪ Cooling phase from 250 ◦C to 25 ◦C at 20 ◦C/min 

The maximum heating temperature was selected because the 
asphaltenes do not show any thermal degradation phenomena up to 
250 ◦C, as observed with thermogravimetric analysis (TGA) measure-
ments [53]. The cooling scan rate of 20 ◦C/min was chosen to maximize 
the probability of freezing the asphaltene specimens in their amorphous 
state. In fact, we observed that 20 ◦C/min allows to enhance and to 
amplify the DSC signal and better to determine Tg value. 

After that, a second heating ramp was applied to the specimens:  

▪ Isotherm at 25 ◦C for 20 min  
▪ Heating from 25 ◦C to 250 ◦C at 20 ◦C/min 

by measuring the heat 昀氀ow as a function of the temperature. The 
obtained calorimetric curve allows the determination of the glass tran-
sition temperature (Tg) that can be easily used to compare different 
calorimetric behaviour of the investigated bitumens. The higher the Tg 
values, the higher the oxidation. The oxidation main reactions are 
dehydrogenation, condensation, and polymerization of unsaturated 
species, the predominant trend being the formation of more complex 
material of higher molecular weight and increased polarity and conse-
quently the asphaltenes form aggregated clusters with more compact 
structure [37]. 

3.3. Optical microscopy 

The melting behaviour of the asphaltene specimens was examined 
using a Leica Digital Microscope Light Polarized (DMLP), equipped with 
a Leica DFC280 camera and a CalCTec hot plate. 

The asphaltene specimen was inserted in a double-side microscope 
glass (sandwich model) and a temperature ramp was applied with a 

starting temperature of 150 ◦C and a heating rate of 5 ◦C/min. This 
speci昀椀c temperature ramp was selected because it has been shown that it 
helps to observe the melting point of reactive materials, such as 
asphaltene [54]. Every 5 ◦C, the specimen was left at the nth temperature 
for at least 2 min to ensure uniform and homogeneous heating of the 
whole specimen, and then several pictures were taken in different areas 
of the specimen. The optical microscope observation ends when the 
edges of the asphaltenes are completely rounded and free from rough-
ness which means that the melting point is reached. The higher the 
melting point of the asphaltenes, the more the bitumen is oxidized. 

The optical microscope is a very simple and cheap tool to use for a 
quick and effective characterization of asphaltenes. 

3.4. Confocal laser Scanning microscopy 

Confocal Laser Scanning Microscopy (CLSM) in 昀氀uorescence was 
employed to investigate bitumens microstructure and SBS-polymer 
dispersion. 

A small scoop of solid bitumen was smear on a hot glass slide, sub-
sequently covered by another glass slip. To get a bitumen specimen so 
thin that light can pass through it, the cover slip was gently moved in a 
circular motion to continuously smear the bitumen, after that all the 
samples were kept at 25 ◦C for 15 min before to be analysed. The 
specimens on microscope slides were observed under Leica inverted TCS 
SP8 confocal scanning laser microscope equipped with 20 × and 40 ×
objective lenses. Argon laser excitation wavelength at 488 nm and an 
emission window of 509 nm were used. Images of the bitumen structure 
were acquired, allowing the structural comparison among different 
samples. 

3.5. Atomic Force microscopy 

The surface structure of the bitumens investigated was studied with 
an Atomic Force Microscopy (AFM), using a Bruker Nanoscape VIII 
microscope set to tapping mode. In this mode, the oscillations of a 
cantilever (with an elastic constant of 5 N/m) were regulated close to its 
resonance frequency of 150 kHz [55]. Since the cantilever oscillates up 
and down, the tip is intermittently in contact with the bitumen surface. 
This interaction between the specimen surface and the cantilever tip 
brings about the vibration of the cantilever. The morphological features 
of the bitumen determine the magnitude of the vibrations, which is 

Fig. 2. Result of thermogravimetric analysis on OGH specimen.  
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in昀氀uenced by the phase angle shift of the cantilever tip when it vibrates. 
For the measurements, a small quantity of each bitumen was placed 

on a speci昀椀c support for the observation with AFM, then heated up to 
100 ◦C for 10 min after it was cooled at 10 ◦C/min. This procedure al-
lows the bitumen to create a smooth surface with comparable structure. 
Images of surface topography and SBS-polymer dispersion were ac-
quired simultaneously. 

3.6. Frequency sweep tests 

Frequency sweep tests, according to EN 14770 [56], were carried out 
to analyse the time and temperature dependence of the investigated 
bitumens and their rheological behaviour. Tests were conducted in a 
temperature range between 4 and 88 ◦C, with a step of 6 ◦C, applying at 
each temperature a testing frequency range from 0.159 to 15.9 Hz (from 
0.1 to 100 rad/s, respectively). A plate-plate con昀椀guration was adopted, 
employing a plate of 8 mm and a gap equal to 2 mm for relatively low 
temperatures (from 4 to 34 ◦C), and a plate with a diameter of 25 mm 
and gap equal to 1 mm for relatively high temperatures (from 34 to 
88 ◦C). For each testing temperature and frequency, a constant strain 
amplitude of 0.1 % was maintained. At least two repetitions were carried 
out for each bitumen sample investigated. 

4. Results and discussion 

4.1. NMR relaxometry measurements 

In this study, the relaxation time T2 was obtained from the expo-
nential decay represented by the envelope of the recorded signals. Fig. 3 
shows the experimental data and the signal envelopes of the bitumens 
recovered from the binder courses DG (Fig. 3a) and from the porous 
wearing courses OG (Fig. 3b). Table 2 summarizes the calculated values 
(according to Eq. (1)) of the relaxation time T2 for each bitumen 
investigated. 

Fig. 3 and Table 2 show that the bitumen recovered from the warm 
binder course, DGW, has a much higher T2 value than the DGH, 
demonstrating its lower oxidation and, therefore, lower brittleness. In 
this sense, the contribution of the chemical additive in delaying the 
oxidation of the material during the production, transport and paving 
phases seems to be still evident after 昀椀ve years in service. 

In terms of bitumens recovered from porous wearing course, OGH 
has a slightly lower T2 and thus slightly higher oxidation than OGW, 
although they have comparable relaxation times. This means that the 
action of water, de-icing salts, and UV radiation acting on the pavement 
surface during 昀椀ve years in-service mitigate the initial bene昀椀ts coming 
from a lower production temperature. This is also con昀椀rmed by the 

shorter T2 relaxation times (higher oxidation) of the OG bitumens with 
respect to the DG ones, which are not subjected to the external agents. 

4.2. Differential Scanning Calorimetry 

The calorimetric analysis was conducted to investigate the behaviour 
of the asphaltene fraction isolated from the maltenic one. The calori-
metric analysis allowed to obtain the asphaltene glass transition tem-
perature (Tg), represented by the presence of an in昀氀ection point in the 
heat 昀氀ow-temperature curve. This parameter can be correlated to the 
aging state of the bitumens: the higher the Tg values, the higher the 
oxidation [37,57,58,59]. 

The calorimetric behaviour of the asphaltenes of bitumens DGH and 
DGW is shown in Fig. 4a and that of OGH and OGW in Fig. 4b. 

All the materials are characterized by the presence of two glass 
transition temperatures (Fig. 4): the lower temperature can be related to 
the virgin bitumen added to the mixtures (Tg1), whereas the higher 
temperature can be related to the bitumen coming from the RA (Tg2). 

Table 2 shows that the glass transition temperature Tg1 (associated 
with the virgin bitumen behaviour) of the DGH asphaltenes is signi昀椀-
cantly higher than that of the DGW asphaltenes, con昀椀rming the positive 
contribution of WMA technology in maintaining over time a lower 
oxidation level than HMA, according to NMR results obtained for bi-
tumens. Regarding the porous wearing courses, OGH and OGW 
asphaltenes provided a comparable glass transition temperature Tg1 
(Table 2), demonstrating the severity of external agents (water, de-icing 
salts, and UV radiations) which can mitigate the bene昀椀ts of WMA 
technology in the pavement surface layers. This is also con昀椀rmed by the 
higher Tg1 value of OG asphaltenes with respect to DG asphaltenes, 
according to NMR results. 

Higher glass transition temperatures for OG asphaltenes than DG 
ones are also observed for Tg2, associated with the bitumen present in 
the RA. However, in this second case, the differences between OG and 
DG asphaltenes are less pronounced since it is plausible that the bitumen 
contained in the RA has reached an oxidation level such as it is less 
affected by the action of external agents. 

Fig. 3. Experimental data and decay envelopes versus time: a) DGH and DGW, b) OGH and OGW.  

Table 2 
Relaxation time T2 of bitumens investigated and glass transition temperatures 
Tg, of their asphaltenes.  

Layer Bitumen T2 Tg1 Tg2 
[ms] [◦C] [◦C] 

Binder course DGH  1.87  155.4  244.9 
DGW  2.73  123.4  228.2 

Porous wearing course OGH  0.54  193.5  284.6 
OGW  0.62  198.3  270.0  
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4.3. Optical microscopy 

To evaluate the melting point of the asphaltenes, images of the 
asphaltene specimens were captured with a camera during a tempera-
ture increase of 5 ◦C/min. In Fig. 5a (images on the left) it is possible to 
observe, for all the studied materials, micro-sized agglomerates of 
asphaltenes at the starting temperature of 150 ◦C, whereas, in Fig. 5b 
(images on the right), these agglomerates melt in a temperature range 
between 200 and 210 ◦C. 

Fig. 5 and Table 3 show that OGH asphaltenes melt around 210 ◦C 
and OGW asphaltenes melt around 205 ◦C, allowing to observe that the 
two different production technologies (HMA and WMA) provide com-
parable asphaltene oxidation in the bitumens employed in porous 
wearing courses after 5 years in-service. Since higher melting points 
correspond to higher oxidation levels, it can be stated that OGW and 
OGH have similar aging, con昀椀rming the NMR and DSC test results. 

As far as the bitumens of the binder courses are concerned, the 
melting point of DGH asphaltenes is around 210 ◦C and that of DGW 
asphaltenes is around 200 ◦C (Fig. 5 and Table 3). This con昀椀rms, also in 
this case, NMR and DSC results which showed a lower aging of DGW 
with respect to DGH. The differences observed between the two pro-
duction technologies (HMA and WMA) con昀椀rm that lower mixing and 
paving temperatures have bene昀椀cial effects on the bitumens, even after 
昀椀ve years in service. 

Finally, Table 3 shows that asphaltenes recovered from mixtures 
used in porous wearing courses are characterized by a slightly higher 
oxidation level than those related to the binder courses, according to 
NMR and DSC results. 

4.4. Confocal laser Scanning microscopy 

Confocal laser scanning microscopy (CLSM), operating in 昀氀uores-
cence, was used to investigate the physical microstructure of bitumen 
and the dispersion of SBS-polymers within it. In this regard, Fig. 6 shows 
the 2D images captured with CLSM, related to the four bitumens 
investigated. 

Observing the microscope images in Fig. 6a and 6c it is easy to see 
that the DGH and OGH bitumens, respectively, are characterized by a 
continuous phase of asphaltenes and maltenes, in which it is dif昀椀cult to 
distinguish the presence of SBS-polymer that seems to be homoge-
neously dispersed. This can be due to the oxidation of the material which 
causes a degradation of the bitumens as well as the polymers. 

On the other hand, the presence of a heterogeneous dispersion of 
SBS-polymers within the continuous phase of asphaltenes and maltenes 
is clearly visible in OGW (Fig. 6d) and even more in DGW (Fig. 6b) 
bitumen. This non-homogeneous dispersion inside the bitumen could be 
due to a lower oxidation, and thus degradation, suffered by the polymers 

thanks to the presence of the warm chemical additive which could have 
acted as possible “sacri昀椀cial agent”. The presence of polymers is more 
evident in the DGW bitumen (lower polymer dispersion) because the 
OGW bitumen suffered a higher oxidation and thus polymer degradation 
due to the direct contact with the external atmospheric agents. 

In this regard, it is important to remember that the virgin SBS- 
polymer modi昀椀ed bitumens used for the production of all four mix-
tures (DGH, DGW, OGH, OGW) was the same, as the trial section was 
built in four consecutive days and the mixtures were supplied by the 
same asphalt plant. 

The obtained results allow to observe that the lower production and 
mixing temperatures of the warm mix asphalts preserved not only the 
structure of the bitumen from aging, but also the degradation of the 
polymers, guaranteeing their functionality into the bitumen. 

4.5. Atomic Force microscopy 

Atomic force microscopy (AFM) was employed to investigate the 
physical characteristics of the bitumen, making it possible to evaluate 
the asphaltene conditions and the dispersion of the SBS-polymers into 
the bitumen. Fig. 7 shows the images acquired for all the recovered bi-
tumens during the experimental study. 

The dark areas observed in both DGW and OGW bitumens (Fig. 7b 
and 7d, respectively) can be attributed to the presence, into the bitu-
minous matrix, of polymers, which are clearly visible and non- 
homogeneously distributed. On the other hand, the images acquired 
for the DGH and OGH bitumens (Fig. 7a and 7c, respectively) show the 
absence of these dark areas, allowing to af昀椀rm that the polymers are 
homogeneously dispersed. These results are in perfect agreement with 
the CLSM observations, con昀椀rming that the reduction of the tempera-
tures during the mixture production and mixing, preserve the structure 
of the bitumen from aging, also avoiding the degradation of the 
polymers. 

4.6. Frequency sweep tests 

Frequency sweep tests permitted the evaluation of the complex 
modulus (G*) and phase angle (δ) for each bitumen under investigation. 
The master curves at the reference temperature of 34 ◦C are shown in 
Fig. 8 for all the testing conditions. The shift factors were determined 
through the closed form shifting (CFS) algorithm [60] (able to eliminate 
subjective uncertainties related to the manual shifting of the experi-
mental data) and compared with those obtained by applying the 
Williams-Landel-Ferry law [61]. The master curves were constructed by 
applying the Christensen–Anderson–Marasteanu (CAM) model [62,63] 
to the shifted data. 

By comparing the master curves of the individual layers (Fig. 8a and 

Fig. 4. Differential calorimetric analysis on the asphaltenes of bitumens for a) binder courses; b) porous wearing courses.  

S. D’Angelo et al.                                                                                                                                                                                                                               



Construction and Building Materials 409 (2023) 133951

7

Fig. 5. Images captured under the optical microscope: a) start of heating and b) start of the melting phase.  
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8b) for different production technologies, it is possible to highlight that 
the bitumens from HMAs have lower G* values than WMAs, at any 
frequency but especially at high and intermediate temperatures. This 

seems to be in apparent contrast with what previously observed with the 
chemical investigation, which showed higher oxidation for HMA bi-
tumens. However, it should be noted that CLSM and AFM results clearly 
explain this behaviour. Indeed, since the investigated bitumens are 
modi昀椀ed with SBS polymers, it is necessary to consider not only the 
oxidation but also the presence of polymers into the bituminous matrix. 
CLSM and AFM results showed that higher oxidation (in DGH and OGH 
bitumens) also results in degradation of the polymers which do not give 
further contribution to the bitumen stiffness. On the contrary, the 
presence of the chemical additive seems to guarantee a lower oxidation 
(in DGW and OGW bitumens) and thus lower degradation of the poly-
mers which are still able to confer higher stiffness to the warm bitumens 

Table 3 
Melting points of the asphaltenes of the bitumens investigated.  

Layer Specimen Melting point 
[-] [-] [◦C] 
Binder Course DGH 210 

DGW 200 
Porous wearing Course OGH 210 

OGW 205  

Fig. 6. CLSM 昀氀uorescence images: a) DGH, b) DGW, c) OGH and d) OGW specimens.  
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with respect to hot ones. 
Analogous observations can be made when porous wearing courses 

(OGH and OGW) are compared with the corresponding binder courses 

(DGH and DGW), as shown in Fig. 8c and 8d. Indeed, the greater 
oxidation shown by OG bitumens (due to the external agents) also 
caused a greater degradation of the polymers (Fig. 6c and 6d) for which 
the polymers are no longer able to contribute to the bitumen stiffness. 
For this reason, a higher RA content coupled with a residual function-
ality of the polymers, cause higher stiffness of the DG bitumens with 
respect to the corresponding OG ones. 

In addition, the data collected in terms of complex modulus (G*) and 
phase angle (δ) at a frequency of 1.59 Hz and at temperatures between 
16 and 34 ◦C, allowed the calculation of the Glover-Rower parameter 
(GRP) [64] as follows: 

GRP =

G
*
cos

2
δ

senδ
(2)  

The GRP allows the evaluation of the elastic component of a bitumen, 
which is associated with its brittle behaviour [65]. In fact, the higher the 
GRP, the greater the propensity of the bitumen to crack [65,66]. 

In this framework, the results of the GRP calculated on the four bi-
tumens investigated in this research are shown in Fig. 9. 

The results of Fig. 9a and 9b show that warm bitumens (OGW and 
DGW, respectively) are characterized by higher GRP values than their 
hot counterparts, at any temperature. 

This is in perfect agreement with what has been previously observed 
in the chemical investigation. In fact, in a modi昀椀ed bitumen the presence 
of the polymer contributes to the increase of G* and to the decrease of δ 

(that cause an increase in the GRP value). Since the polymers present in 
the warm bitumens are less degraded than their hot counterparts, this 
contributes “elastically” to the rheological behaviour of the bitumen, 
causing an increase of the GRP value. 

In Fig. 9c and 9d the GRP values are compared with the same pro-
duction technology, but for different pavement layers. From the results, 

Fig. 7. AFM images: a) DGH, b) DGW, c) OGH and d) OGW specimens. SBS- 
polymers are indicated by red arrows and circles. (For interpretation of the 
references to colour in this 昀椀gure legend, the reader is referred to the web 
version of this article.) 

Fig. 8. Comparisons between master curves elaborated from frequency sweep tests: a), OGH vs. OGW b) DGH vs. DGW extension, c) OGH vs. DGH and d) OGW 
vs. DGW. 
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it is evident that the DG samples have higher GRP values with respect to 
OG samples. This can be due to the degradation of the polymers (less in 
DG than in OG) but also to the presence of a greater percentage of binder 
coming from RA. 

5. Conclusions 

The goal of this research was to present a physicochemical investi-
gation approach which can distinguish the effect of additive on the 
oxidation process that involve the asphalt concrete. A scienti昀椀c guide to 
analyse the bitumen structure and understand the chemical modi昀椀ca-
tion induced by the additive commonly used in the 昀椀eld of road pave-
ment was provided. 

To this end, four different SBS-polymer modi昀椀ed bitumens recovered 
from porous wearing courses and from binder courses of a full-scale trial 
section, in service for at least 昀椀ve years and paved with the two different 
production technologies HMA (Tmixing = 170 ◦C, Tcompaction = 160 ◦C) 
and WMA (Tmixing = 130 ◦C, Tcompaction = 120 ◦C) also employing RA, 
have been investigated. The focus of this study was the evaluation of the 
long-term performance of WMA mixtures compared to the traditional 
HMAs, laid on real pavements. To this end, an extensive laboratory 
investigation, consisting of both physicochemical and rheological tests, 
was performed, including nuclear magnetic resonance (NMR), differ-
ential scanning calorimetry (DSC), confocal laser scanning microscopy 
(CLSM), atomic force microscopy (AFM) and frequency sweep tests. 

From the experimental results, the following conclusion can be 
drawn: 

(1) The analysis of the T2 relaxation time, obtained by NMR tests 
allows to conclude that the bitumens used in the WMA technology are, 
in general, less oxidized than the HMA ones. This result is more evident 
among the bitumens recovered from the binder courses (DGH with T2 =
1.87 ms and DGW with T2 = 2.73 ms) with respect to the bitumens from 
porous wearing courses where the difference is reduced (OGH with T2 =
0.54 ms and OGW with T2 = 0.62 ms). This is because the wearing 
course is affected, during its service life, by the action of external agents. 

(2) The results of CLSM and AFM allow to state that, in WMA bi-
tumens, the SBS polymers are less degraded, especially in specimens 
recovered from binder courses. This result could be attributable to the 
chemical additive used for the WMA technology, which acts as a 
“sacri昀椀cial agent” against oxidation. In detail, the lower production and 
mixing temperatures of the WMAs preserved not only the bitumen from 
aging, but also the degradation of the polymers, guaranteeing their 
functionality into the bitumen. 

(3) As regards the asphaltene behaviour, also the DSC and the optical 
microscope observations con昀椀rmed, in terms of glass transition tem-
perature Tg and melting temperature respectively, that the bitumens 
investigated are more oxidized in the case of HMA mixtures (DGH with 
Tg2 = 244.9 ◦C and OGH with Tg2 = 284.6 ◦C), compared to WMA 
mixtures (DGW with Tg2 = 228.2 ◦C and OGW with T g2 = 270.0 ◦C). 
These results are fully in line with the previous ones and further 
demonstrate the bene昀椀ts of WMA technology. 

(4) Regarding the frequency sweep tests, WMA bitumens are 
generally stiffer, especially at low and medium frequencies, than HMA 
ones. This conclusion may appear to be in contrast with those of the 

Fig. 9. Comparisons between GRP trends elaborated from frequency sweep tests: a), OGH vs. OGW b) DGH vs. DGW extension, c) OGH vs. DGH and d) OGW 
vs. DGW. 
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physicochemical tests; however, this result can be attributed to the 
positive presence of the less degraded polymers in the WMA bitumens 
with respect to degraded SBS into the HMA ones. These conclusions 
allow to con昀椀rm the advantages and potential of WMA technology also 
from a rheological point of view. 

(5) As regards the methodology tool set exposed in this research, it is 
possible to state that frequency sweep rheological tests, conducted with 
DSR, appear to be a necessary but not suf昀椀cient condition for the 
characterization of bitumen recovered from cores extracted in situ. 
Therefore, to investigate more in depth the physicochemical charac-
teristics of in service bitumens, it is necessary to implement the results of 
the rheological tests with the chemical ones, concerning the structure 
(NMR) and microscopy (CLSM and AFM) of the bitumens and the 
calorimetric analysis (DSC) of the respective asphaltenes. This set of 
tests allows to have complete information on the characteristics of an in 
service bitumen. 

In summary it is possible to conclude that 昀椀ve years after the paving 
of a full-scale trial section, the bitumens used in the WMA mixtures show 
lower levels of oxidation than the HMA ones and the SBS polymers in-
side them are less degraded and contributes positively to the rheological 
response. In this framework, future research activities may include using 
the presented methodology tool set to investigate the bitumens recov-
ered from the same full-scale trial section after a further 5 years for 
checking possible changes at a chemical and rheological level. In addi-
tion, the important results obtained from this experimental research 
encourage and support the combined use of WMA technology and RA as 
a valid alternative for future eco-friendly and high-performance appli-
cations on the Italian motorway network. 
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[3] Ó. Kristjánsdóttir, et al., Assessing potential for warm-mix asphalt technology 
adoption, Transp. Res. Rec. 2040 (1) (2007) 91–99, https://doi.org/10.3141/ 
2040-10. 

[4] G.C. Hurley, B.D. Prowell, Evaluation of potential processes for use in warm mix 
asphalt (With Discussion), J. Assoc. Asphalt Paving Technol. 75 (2006). 

[5] M.A. Farooq, M.S. Mir, “Use of reclaimed asphalt pavement (RAP) in warm mix 
asphalt (WMA) pavements: A review.” Innovative Infrastructure, Solutions 2 
(2017) 1–9, https://doi.org/10.1007/s41062-017-0058-7. 

[6] B. Yu, et al., Application of a high percentage of reclaimed asphalt pavement in an 
asphalt mixture: blending process and performance investigation, Road Materials 
and Pavement Design 18 (3) (2017) 753–765, https://doi.org/10.1080/ 
14680629.2016.1182941. 

[7] M. Solaimanian, et al., Development of Guidelines for Usage of High Percent RAP 
in Warm-Mix Asphalt Pavements No. FHWA-PA-2011-013-PSU (2011) 032. 

[8] G.D. Airey, Rheological evaluation of ethylene vinyl acetate polymer modi昀椀ed 
bitumens, Constr. Build. Mater. 16 (8) (2002) 473–487, https://doi.org/10.1016/ 
S0950-0618(02)00103-4. 

[9] G.D. Airey, Rheological properties of styrene butadiene styrene polymer modi昀椀ed 
road bitumens☆, Fuel 82 (14) (2003) 1709–1719, https://doi.org/10.1016/S0016- 
2361(03)00146-7. 

[10] F.RG. Padula, et al., Evaluation of fatigue performance of high RAP-WMA mixtures, 
Int. J. Pavement Res. Technol. 12 (2019) 430–434, https://doi.org/10.1007/ 
s42947-019-0051-y. 

[11] B.D. Prowell, G.C. Hurley, E. Crews, Field performance of warm-mix asphalt at 
national center for asphalt technology test track, Transp. Res. Rec. 1998 (1) (2007) 
96–102, https://doi.org/10.3141/1998-12. 

[12] M. Guo, et al., Effect of WMA-RAP technology on pavement performance of asphalt 
mixture: A state-of-the-art review, J. Clean. Prod. 266 (2020), 121704, https://doi. 
org/10.1016/j.jclepro.2020.121704. 

[13] R. Izaks, et al., Performance properties of high modulus asphalt concrete 
containing high reclaimed asphalt content and polymer modi昀椀ed binder, Int. J. 
Pavement Eng. 23 (7) (2022) 2255–2264, https://doi.org/10.1080/ 
10298436.2020.1850721. 

[14] Z. Hasan, et al., Long term performance of warm mix asphalt versus hot mix 
asphalt, J. Cent. South Univ. 20 (2013) 256–266, https://doi.org/10.1007/s11771- 
013-1483-1. 

[15] F. Xiao, B. Putman, S. Amirkhanian, Rheological characteristics investigation of 
high percentage RAP binders with WMA technology at various aging states, Constr. 
Build. Mater. 98 (2015) 315–324, https://doi.org/10.1016/j. 
conbuildmat.2015.08.114. 

[16] H. Alimohammadi, et al., Field and simulated rutting behavior of hot mix and 
warm mix asphalt overlays, Constr. Build. Mater. 265 (2020), 120366, https://doi. 
org/10.1016/j.conbuildmat.2020.120366. 

[17] Stimilli, A., et al. “In-plant production of warm recycled mixtures produced with 
SBS modi昀椀ed bitumen: a case study.” Transport Infrastructure and Systems. CRC 
Press, 2017. 143-152. 

[18] B. Hofko, et al., Effect of short-term aging temperature on bitumen properties, 
Road Materials and Pavement Design 18 (sup2) (2017) 108–117, https://doi.org/ 
10.1080/14680629.2017.1304268. 

[19] Glover, Charles J., et al. “Evaluation of binder aging and its in昀氀uence in aging of 
hot mix asphalt concrete: literature review and experimental design.” (2009). 

[20] S. Wu, et al., Field-aged asphalt binder performance evaluation for Evotherm warm 
mix asphalt: Comparisons with hot mix asphalt, Constr. Build. Mater. 156 (2017) 
574–583, https://doi.org/10.1016/j.conbuildmat.2017.09.016. 

[21] W. Wang, et al., Research on rheological properties of high-percentage arti昀椀cial 
RAP binder with WMA additives, Adv. Mater. Sci. Eng. 2020 (2020), https://doi. 
org/10.1155/2020/1238378. 

[22] F. Safaei, et al., Implications of warm-mix asphalt on long-term oxidative aging and 
fatigue performance of asphalt binders and mixtures, Road Materials and Pavement 
Design 15 (sup1) (2014) 45–61, https://doi.org/10.1080/14680629.2014.927050. 

[23] D. Ragni, et al., Effect of temperature and chemical additives on the short-term 
aging of polymer modi昀椀ed bitumen for WMA, Mater. Des. 160 (2018) 514–526, 
https://doi.org/10.1016/j.matdes.2018.09.042. 

[24] G. Ferrotti, et al., Comparison between bitumen aged in laboratory and recovered 
from HMA and WMA lab mixtures, Mater. Struct. 51 (2018) 1–13, https://doi.org/ 
10.1617/s11527-018-1270-4. 

[25] G. Dondi, et al., Evaluation of different short term aging procedures with neat, 
warm and modi昀椀ed binders, Constr. Build. Mater. 106 (2016) 282–289, https:// 
doi.org/10.1016/j.conbuildmat.2015.12.122. 

[26] H. Soenen, et al., In昀氀uence of thermal history on rheological properties of various 
bitumen, Rheol. Acta 45 (2006) 729–739, https://doi.org/10.1007/s00397-005- 
0032-8. 

[27] S.N. Nahar, et al., Temperature and thermal history dependence of the 
microstructure in bituminous materials, Eur. Polym. J. 49 (8) (2013) 1964–1974, 
https://doi.org/10.1016/j.eurpolymj.2013.03.027. 

[28] H. Soenen, et al., Laboratory investigation of bitumen based on round robin DSC 
and AFM tests, Mater. Struct. 47 (2014) 1205–1220, https://doi.org/10.1617/ 
s11527-013-0123-4. 

[29] G. Pipintakos, et al., Application of atomic force (AFM), environmental scanning 
electron (ESEM) and confocal laser scanning microscopy (CLSM) in bitumen: A 
review of the aging effect, Micron 147 (2021), 103083, https://doi.org/10.1016/j. 
micron.2021.103083. 

[30] Y. Hu, et al., State of the art: Multiscale evaluation of bitumen aging behaviour, 
Fuel 326 (2022), 125045, https://doi.org/10.1016/j.fuel.2022.125045. 

[31] Zhang, Mengya, et al. “Asphalt binder micro-characterization and testing 
approaches: A review.” Measurement 151 (2020): 107255. https://doi.org/ 
10.1016/j.measurement.2019.107255. 

[32] R. Tauste, et al., Understanding the bitumen aging phenomenon: A review, Constr. 
Build. Mater. 192 (2018) 593–609, https://doi.org/10.1016/j. 
conbuildmat.2018.10.169. 

[33] I. Menapace, et al., Aging evaluation of asphalt samples with low 昀椀eld nuclear 
magnetic resonance, Materials Characterization 128 (2017) 165–175, https://doi. 
org/10.1016/j.matchar.2017.01.029. 

[34] I. Menapace, et al., Application of Low Field Nuclear Magnetic Resonance to 
evaluate asphalt binder viscosity in recycled mixes, Construction and Building 
Materials 170 (2018) 725–736, https://doi.org/10.1016/j. 
conbuildmat.2018.03.114. 

[35] X. Lu, et al., Analysis of asphaltenes and maltenes before and after long-term aging 
of bitumen, Fuel 304 121426 (2021), https://doi.org/10.1016/j.fuel.2021.121426. 

[36] H. Soenen, et al., Differential Scanning Calorimetry Applied to Bitumen: Results of 
the RILEM NBM TG1 round Robin Test, Springer, Netherlands, 2013. 

[37] P. Caputo, C.O. Rossi, Differential scanning calorimetry as a new method to 
evaluate the effectiveness of rejuvenating agents in bitumens, Appl. Sci. 11 (14) 
(2021) 6528, https://doi.org/10.3390/app11146528. 

S. D’Angelo et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.jclepro.2011.11.053
https://doi.org/10.1016/j.jclepro.2015.10.077
https://doi.org/10.3141/2040-10
https://doi.org/10.3141/2040-10
http://refhub.elsevier.com/S0950-0618(23)03669-3/h0020
http://refhub.elsevier.com/S0950-0618(23)03669-3/h0020
https://doi.org/10.1007/s41062-017-0058-7
https://doi.org/10.1080/14680629.2016.1182941
https://doi.org/10.1080/14680629.2016.1182941
http://refhub.elsevier.com/S0950-0618(23)03669-3/h0035
http://refhub.elsevier.com/S0950-0618(23)03669-3/h0035
https://doi.org/10.1016/S0950-0618(02)00103-4
https://doi.org/10.1016/S0950-0618(02)00103-4
https://doi.org/10.1016/S0016-2361(03)00146-7
https://doi.org/10.1016/S0016-2361(03)00146-7
https://doi.org/10.1007/s42947-019-0051-y
https://doi.org/10.1007/s42947-019-0051-y
https://doi.org/10.3141/1998-12
https://doi.org/10.1016/j.jclepro.2020.121704
https://doi.org/10.1016/j.jclepro.2020.121704
https://doi.org/10.1080/10298436.2020.1850721
https://doi.org/10.1080/10298436.2020.1850721
https://doi.org/10.1007/s11771-013-1483-1
https://doi.org/10.1007/s11771-013-1483-1
https://doi.org/10.1016/j.conbuildmat.2015.08.114
https://doi.org/10.1016/j.conbuildmat.2015.08.114
https://doi.org/10.1016/j.conbuildmat.2020.120366
https://doi.org/10.1016/j.conbuildmat.2020.120366
https://doi.org/10.1080/14680629.2017.1304268
https://doi.org/10.1080/14680629.2017.1304268
https://doi.org/10.1016/j.conbuildmat.2017.09.016
https://doi.org/10.1155/2020/1238378
https://doi.org/10.1155/2020/1238378
https://doi.org/10.1080/14680629.2014.927050
https://doi.org/10.1016/j.matdes.2018.09.042
https://doi.org/10.1617/s11527-018-1270-4
https://doi.org/10.1617/s11527-018-1270-4
https://doi.org/10.1016/j.conbuildmat.2015.12.122
https://doi.org/10.1016/j.conbuildmat.2015.12.122
https://doi.org/10.1007/s00397-005-0032-8
https://doi.org/10.1007/s00397-005-0032-8
https://doi.org/10.1016/j.eurpolymj.2013.03.027
https://doi.org/10.1617/s11527-013-0123-4
https://doi.org/10.1617/s11527-013-0123-4
https://doi.org/10.1016/j.micron.2021.103083
https://doi.org/10.1016/j.micron.2021.103083
https://doi.org/10.1016/j.fuel.2022.125045
https://doi.org/10.1016/j.conbuildmat.2018.10.169
https://doi.org/10.1016/j.conbuildmat.2018.10.169
https://doi.org/10.1016/j.matchar.2017.01.029
https://doi.org/10.1016/j.matchar.2017.01.029
https://doi.org/10.1016/j.conbuildmat.2018.03.114
https://doi.org/10.1016/j.conbuildmat.2018.03.114
https://doi.org/10.1016/j.fuel.2021.121426
http://refhub.elsevier.com/S0950-0618(23)03669-3/h0180
http://refhub.elsevier.com/S0950-0618(23)03669-3/h0180
https://doi.org/10.3390/app11146528


Construction and Building Materials 409 (2023) 133951

12

[38] D. Kaya, et al., Aging effects on the composition and thermal properties of styrene- 
butadiene-styrene (SBS) modi昀椀ed bitumen, Construction and Building Materials 
235 (2020), 117450, https://doi.org/10.1016/j.conbuildmat.2019.117450. 
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