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HIGHLIGHTS

e An approach to producing engineered pelletized fibres from waste E-CBs is proposed.
o SMA with pelletized fibre showed higher tensile strength and rutting resistance than the mix using cellulose fibre.
o Adding PLA plastic to SMA with cellulose fibre improved tensile strength, stiffness modulus and rutting resistance.

ARTICLE INFO ABSTRACT

Keywords: The disposal of discarded E-cigarette butts (E-CBs) presents significant environmental challenges due to their
WaSt? Cigafette butts detrimental impacts on ecosystems. To find an environmentally sustainable method for managing this waste, the
Pellenlzed. fibres potential for recycling E-CBs in asphalt pavements was investigated in this study. By focusing on the two primary
ISJI\L&p astie components of E-CBs, namely cellulose fibre and polylactic acid (PLA), this research introduced a novel approach

for recycling E-CBs in stone mastic asphalt (SMA) as a fibre additive in engineered pellet form. The prepared fibre
pellets were directly added to aggregates to produce the SMA mixture. The resulting mixtures underwent a
comprehensive evaluation through a series of standardized laboratory tests, including assessments of volumetric
properties, indirect tensile strength (ITS), stiffness modulus, moisture susceptibility, and rutting resistance. The
results were compared with SMA mixtures containing conventional cellulose fibres. Additionally, to examine the
potential influence of PLA, a third mixture was prepared, incorporating both cellulose fibre and PLA. The findings
indicate that the SMA using pelletized fibre can satisfy the technical specifications regarding the tests performed
in this study, showing higher ITS and rutting resistance compared to the reference mixture. Moreover, the
incorporation of PLA plastic reduced air void content and improved tensile strength, stiffness, and rutting
resistance. This study highlights the potential for recycling E-CBs in asphalt mixtures, offering technical support
for further development of sustainable recycling methods for this waste.

Sustainable bituminous mixtures

1. Introduction external environments (like climate, traffic loading) result in different
kinds of distress, thereby reducing the service life of asphalt pavements

Asphalt, as a composite material widely used in road construction, is (Long et al., 2022a). To address this issue, modifiers or additives like
favoured for its durability, easy operation and cost-effectiveness (Cong polymers, rubber, and fibre have been introduced into asphalt mixtures
et al., 2019; Long et al., 2022c). However, the multiple factors from the to bring mechanical reinforcement and prolonged service life (Guo et al.,
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2023a; Li et al., 2021; Makoundou et al., 2023). One of the most
commonly used polymers, styrene butadiene styrene (SBS), can be used
to modify bitumen and increase the fatigue and cracking resistance of the
final polymer modified bitumen (PmB) (Xing et al., 2023; Yildirim,
2007). Adding crumb rubber modifier (CRM) from waste tires into
bitumen was also proven to extend the service life of pavements,
simultaneously solving the issue of the disposal of waste tires (Li et al.,
2021). It is worth noting that the mechanical response of asphalt mix-
tures is highly related to the adhesion between bitumen and aggregate
(Hamedi and Tahami 2018; Long et al., 2022b; Meng et al., 2023). One of
the effective methods is to add fibres to increase the adhesion ability.
Different types of fibres have also been intensively used in asphalt mix-
tures to decrease the binder drain-down effects and bring mechanical
reinforcements (improve the rutting resistance, water stability, tensile
strength, cracking resistance, etc.) (Guo et al., 2023a).

For better industrial use and convenient engineering application,
different processing methods were introduced when incorporating these
modifiers or additives into asphalt mixtures. One of the processing
methods developed recently is to produce a pelletized material using raw
modifiers or additives. For instance, the use of polymerized pellets and
asphalt rubber pellets has been investigated and developed by re-
searchers and pavement engineers to avoid the concern of the low stor-
age stability (Devulapalli et al., 2022; Sahebzamani et al., 2018, 2022; Yu
et al., 2018). These modifier pellets that can be directly added into the
asphalt mixtures can not only help to solve the storage stability issue of
modified bitumen, but also bring benefits of convenient storage and
operation, reducing the energy consumption.

Apart from the abovementioned modifier pellets, various types of
pelletized fibre products are also used in the pavement industry. Earlier
research has shown that the pelletized fibre consisting of 66% cellulose
fibre and 33% bitumen can be used as a stabilizing additive in SMA,
effectively preventing binder drainage from asphalt mixtures (Woodside
et al., 1998). This pelletized fibre has been proven to increase stiffness
and improve resistance to both particle loss and permanent deformation.
Further studies have explored the similar types of pelletized fibres, which
are blends of cellulose fibre coated with bitumen (Afonso et al., 2017;
Arshad et al., 2016; Devulapalli et al., 2020; Heydari et al., 2023). These
fibre pellets were used as a stabilizing additive to prevent the drain-down
issue or selected as a control to explore other alternative fibres. The
recommended content for these pelletized cellulose fibres is about 0.3%
of the total mixture weight, similar to traditional cellulose fibres.
Furthermore, these pellets facilitate quick and uniform dispersion within
the asphalt mixtures and offer practical advantages in terms of produc-
tion, storage, transportation, and ease of application due to their granular
form. Obaidi et al. (2019) proposed a method of mixing one type of pellet
containing bitumen, steel wool and a protective shell with cold aggre-
gates through electromagnetic induction on-site for pavement pothole
repair. Positive results were obtained with this method, showing higher
performance and durability than the repairing method of using cold mix
asphalt and equivalent performance to the road recently repaved. Some
recycled plastic fibres, like nylon-based and polyester-based plastic, were
processed into a pellet form and added into bituminous binders as a
modifier (Soliman et al., 2023). Rheological tests indicated that adding
these plastic pellets to bitumen improved its elastic response and resis-
tance to rutting.

The recycling of waste materials in asphalt pavements has received
great attention from researchers and engineers in the road industry due
to the added value in both economic and environmental aspects. Similar
to various plastic waste, cigarette butts (CBs) are among the most dis-
carded waste items globally. Improper disposal methods of CBs, such as
landfilling and incineration (Ghasemi et al., 2022), pose severe risks to
the environment and ecosystems (Green et al., 2022). To address these
issues, recycling CBs in various industries has been proposed and
developed as a better waste management strategy. Research has shown
that CBs can be recycled in several fields, including construction (e.g.,
bricks and asphalt pavement), energy, environmental management,
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medical, and chemical industries (Conradi and Sanchez-Moyano, 2022).
In particular, the cellulose acetate fibre component of CBs has proven
valuable in asphalt mixtures. Various processing methods have been
explored for recycling CBs in asphalt materials. One approach involves
encapsulating CBs in bitumen and paraffin wax, as demonstrated by
Mohajerani et al. (2017) and Rahman and Mohajerani (2020). These
encapsulated CBs are then incorporated into dense-graded asphalt and
stone mastic asphalt (SMA) mixtures to replace a portion of the coarse
aggregates. Another processing method is using a mechanical shredder to
produce CBs particles or powders. Ground CBs after the shredding were
incorporated in bitumen as a fibre modifier, showing improved effects on
physical and rheological properties (Rahman et al., 2020).

Given the severe health issues brought by the traditional smoking
with combustion involved, some tobacco harm reduction (THR) products
have been proposed to decrease consumers' exposure to hazardous and
potentially hazardous compounds (Caponnetto et al., 2013; Sussman
et al., 2023). One THR product called heated tobacco products (HTPs)
generates aerosols electronically by heating specially treated tobacco
sticks using electronic nicotine delivery systems. The usage of HTPs has
become increasingly widespread globally (Sussman et al., 2023). Espe-
cially, Europe is a potentially promising market for HTPs considering its
vast population (about 450 million) and high percentage of tobacco users
(23%) (European Commission, 2020). In Italy, the prevalence of HTP use
is notably high among current e-cigarette users and smokers (Liu et al.,
2019). However, similar to the traditional CBs, the inappropriate
disposal of discarded HTP sticks (referred to here as electronic cigarette
butts, namely E-CBs) can be detrimental to the environment (Smith et al.,
2016). This is due to the components of E-CBs, which include heated or
unheated tobacco, polymers, filters, cellulose acetate fibres, plastic,
ashes, and surrounding papers. In response to these concerns, researchers
have explored recycling E-CBs in asphalt pavements as a sustainable
disposal solution. Previous studies (Guo et al., 2023b; Tataranni and
Sangiorgi, 2021) investigated the use of shredded new and waste E-CBs
in SMA, confirming the possibility of being a stabilizing additive to the
traditional cellulose fibre. While either encapsulation or shredding can
be considered an effective processing technique for adding CBs to asphalt
mixtures, alternative methods are being developed to optimize E-CB
recycling. Given the common use of pelletized fibres in pavement con-
struction and the demonstrated effectiveness of E-CBs as a substitute for
cellulose fibre in SMA, it is worthwhile to investigate the potential of
producing pelletized fibres from waste E-CBs.

Aiming to find an environmental alternative for the disposal of E-CBs,
this research focused on the recycling of E-CBs in asphalt mixtures.
Specifically, E-CBs were processed into pelletized fibres and then incor-
porated into SMA, offering an innovative solution to the recycling of
discarded E-CBs. To evaluate the stone mastic asphalt (SMA) mixtures
with this pelletized fibre, volumetric properties, tensile strength, stiff-
ness, water susceptibility and rutting performance were characterized via
standard laboratory tests. The SMA with commercially used cellulose
fibre was selected as a reference. Additionally, the effect of the plastic
from E-CBs has been examined. Fig. 1 summarizes the experimental plan
of this research. The results are expected to provide a sustainable disposal
method for E-CBs while potentially improving the durability and per-
formance of asphalt mixtures.

2. Experimental program
2.1. Materials

Polymer modified bitumen (PmB) is frequently utilized in the pro-
duction of SMA mixtures to provide high mechanical performance and
durability under heavy traffic loads. The PmB selected in this study was
the bitumen modified by SBS polymers. The basic properties of PmB are
listed in Table 1. Three different size grades of porphyry aggregates (0—4,
4-8 and 8-12 mm) were used to ensure a gap-graded structure required
for SMA mixtures. To obtain the desired mastic properties, limestone
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Fig. 1. Flowchart of the experimental plan.
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Table 1
Basic properties of the PmB.
Property Value Standard
Penetration (dmm, @ 25 °C) 45-80 EN 1426
Softening point (°C) >70 EN 1427
Dynamic viscosity (Pa's, @ 160 °C) <0.8 EN 13702-1
Elastic recovery (%, @ 25 °C) >80 EN 13398
Storage stability-softening point (°C) <5 EN 13399

filler was added into the mixtures to increase the adhesion between
binders and aggregates. The fibres adopted for the experimental SMAs
were the pelletized fibre produced from waste E-CBs, which will be
described in detail in the following section. The commercial cellulose
fibre, which is usually used for stabilizing and preventing drain-down of
bitumen, was selected for comparison with the use of fibre pellets in
SMAs.

2.2. Fibre pellets produced from waste E-CBs

Before incorporating E-CBs as pelletized fibre into SMA, it is neces-
sary to identify the composition of E-CBs and provide a detailed
description of the manufacturing processes of the fibre pellets.

2.2.1. Waste E-CBs

Fig. 2 shows the collected waste E-CBs. In Fig. 3, a single E-CB unit
was disassembled to analyse the composition of E-CB prior to the
manufacturing of pelletized fibre.

E-CBs and traditional cigarette filters both contain the same cellulose
acetate fibre. Besides, the ashes and the surrounding papers (tipping
paper and plug wrap paper) are included in the E-CBs. In contrast to
cigarette filters that need to be ignited, E-CBs include a plastic compo-
nent sandwiched between the two sections of cellulose fibre. This plastic
was identified using Fourier-transform infrared spectroscopy (FTIR), and
the results are shown in Fig. 4.
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Fig. 2. Waste electronic cigarette butts (E-CBs).

It can be found that the strong characteristic peaks were at 1748 cm ™!

(-C=0-), 1180 and 1080 cm™! (~C-0-). The absorption peaks at 2995
and 2944 cm ™! represent the C-H stretching of ~CHs. By comparison, the
FTIR spectrum of this plastic well matches that of polylactic acid (PLA)
reported in previous studies (Singla et al., 2012; Zhang et al., 2022). PLA
is a bioplastic made from renewable biomass such as corn and sugarcane.
Its high modulus and strength, along with the superior transparency and
biodegradability, make PLA useful in various applications, especially in
the packaging industry (Chieng et al., 2013). PLA can also work as a
modifier in bitumen, contributing to lower penetration and higher soft-
ening points (Jailani et al., 2021). The weight ratios of cellulose fibre,
PLA and other components in one CB unit are listed in Table 2.

2.2.2. Fabrication of fibre pellets using waste E-CBs

The fabrication of pelletized fibre from the waste E-CBs is presented
in Fig. 5.

Specifically, the following four procedures were included in prepar-
ing fibre pellets from waste E-CBs in this research.
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Fig. 4. FTIR spectra of the plastic from E-CBs.
Table 2

Weight ratios of cellulose fibre and PLA in a CB unit.

Cellulose fibre PLA Other components (papers, ashes)

Weight ratio (%) 13 34 53

(1) Shredding: the collected E-CBs were shredded using a mechanical
shredder equipped with a 5 mm sieve, as shown in Fig. 5(f). The E-
CBs were shredded at least three times to produce fine particles, as
seen in Fig. 5(b).

Fabrication of the tube mould: the tube mould was manufactured
using a stereolithography (SLA) 3D printer (Formlabs). High temp
resin, with a heat deflection temperature (HDT) of 238 °C,
was chosen for its high thermal stability. The printed mould,
shown in Fig. 5(c), measures 150 mm in length with an inner
diameter of 8 mm.

Packaging and heating: the shredded E-CBs were placed into the
tube mould and then heated in the oven at 170 °C for 15 min. The
PLA (with a melting point of around 170 °C) from the E-CBs melts,
helping to bind the fine particles together. This process facilitates
the formation of a cylindrical granulate shape within the tube
mould. The baking paper was placed between the tube's inner
surface and the shredded particle to prevent sticking.

(2

—

©))
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(4) Cooling and cutting: after heating, the tube mould was removed,
resulting in long fibre sticks encased in baking paper, as shown in
Fig. 5(d). Once these sticks cooled to room temperature, they were
cut into pellets measuring 8-10 mm in length. Fig. 5(e) shows the
fibre pellets produced, which were used in the subsequent pro-
duction of asphalt mixtures.

The technical properties of the fibre pellets are listed in Table 3.

Compared to the technical properties specified for the standard fibre,
the oil absorption and apparent density of the fibre pellets produced from
E-CBs are different. In fact, due to the presence of PLA, the manufactured
experimental pellets are more similar to the pelletized engineered com-
pounds containing polymers that are available on the market. For
instance, one fibre pellet called Viatop® plus FEP, which contains 20%
cellulose fibre and 80% elastomer, has been used in relevant research
(T6Th and Soos, 2015). This pellet has a similar density value (0.28
g/em®) to the fibre pellet used in this study.

2.3. Mix design and asphalt mixture preparation

As one of the gap-graded mixtures, SMA contains a high ratio of
coarse aggregates and a rich bitumen filler mastic, along with a sta-
bilizing additive to prevent drain-down. According to previous
research, the optimal bitumen content of 6% on the weight of aggre-
gates was selected (Guo et al., 2023b; Tataranni and Sangiorgi, 2021).
Following the local specification, Capitolato Speciale d’Appalto, in
Bologna, Italy the grading curve of the SMA mixtures is shown in
Fig. 6. The content of pelletized fibre was 0.4%, following the earlier
study where shredded E-CBs were used in SMA (Guo et al., 2023b,
2024). The content of cellulose fibre was set at 0.3%. To assess the
potential impact of the PLA in E-CBs and to explore its possible role in
modifying the bitumen, a third SMA mix containing only cellulose fibre
and PLA was prepared. The content of PLA added in the third mix was
equivalent to the amount of PLA in the experimental pelletized fibres.
Given that the weight ratio of PLA in one E-CB unit is 34%, the PLA
content added in the third mix was calculated to be 0.136% on the
weight of aggregates.

Before starting the mixing process, both the virgin aggregates and
PmB were heated in an oven to reach the desired mixing temperature of
180 °C. After the heating, the aggregates were mixed with the prepared
fibre pellets or cellulose fibre. For the third SMA mix, the PLA from the E-
CBs were shredded into particles and then added into the aggregates
along with the cellulose fibre. Table 4 lists the three SMA mixes evaluated
in this research along with their constituents.
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Fig. 5. Fabrication procedures of fibre pellets. (a) Waste E-CBs. (b) Shredded E-CBs. (c) Tube mould. (d) Longer fibre sticks packaged with baking paper. (e) Fibre
pellets. (f) Mechanical shredder.

2.4. Testii rogram
Table 3 e progr

Technical properties of the fibre pellets. To prepare the cylindrical specimens for the three SMA mixes, the

Properties Fibre pellets Standard fibre gyratory compactor method specified in EN 12697-31 was adopted. For
0il absorption (g) 3.94 <2 the volumetric characterization, 180 gyrations were applied, while 100
Moisture (%) 1.50 <10 gyrations were selected for samples required for mechanical testing,
Fixed residue at 500 °C (%) 8.25 <25 including indirect tensile strength, stiffness modulus, moisture suscepti-
Apparent density (g/cm”) 0.26 0.4-0.7

bility and rutting resistance.

2.4.1. Air voids content test

100 . For the air voids content (Va) analysis, three specimens with a
—=— Grading distribution h & diameter of 100 mm were prepared for each mixture. According to the
- — Gradation limits f EN 12697-8, the AV contents at three compaction gyrations (namely 10,
80 100 and 180) were analysed and compaction curves were plotted to
2 evaluate the workability of the mixtures.
g 601 2.4.2. Indirect tensile strength (ITS) test
‘é The ITS of the compacted cylindrical specimens, each with a diameter
2 404 of 100 mm, was determined according to EN 12697-23. Three specimens
2 were tested for each SMA mixture and conditioned at 25 °C for atleast 4 h
£ before testing. To perform the test, a diametrical load was applied to the
20 specimen positioned between the loading strips, with a constant defor-
mation rate of 50 + 2 mm/min. The reported peak load can be used to
calculate the ITS value (kPa) with Eq. (1).
010*2 107 10° 10! 102 ITS =28 1000 @
nDH
Sieve size (mm)
where P is the recorded peak load (N), D is the diameter (mm) and H is
Fig. 6. SMA grading curve. the height (mm) of the tested specimen.
2.4.3. Indirect tensile stiffness modulus (ITSM) test
Table 4

Unlike the ITS test, which is used to characterize the static me-

Details of the experimental SMA mixtures.
P chanical property of the mixtures, the ITSM test evaluates the dynamic-

Number Name Mixture components mechanical behaviour. According to EN 12697-26 (Annex C), the
1 SMAPF PmB, experimental pelletized fibre stiffness modulus of each mixture is calculated as the average ITSM
2 SMACF PmB, cellulose fibre

value from at least three replicates. Testing temperatures used in this

3 SMACEP PmB, cellulose fibre, PLA study were 10 °C, 20 °C, and 30 °C. Before testing, the specimens are
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placed in the conditioning chamber at the testing temperature for a
minimum of 4 h.

2.4.4. Indirect tensile strength ratio (ITSR) test

EN 12697-12 specifies the use of the ITSR test to assess the water
susceptibility of the asphalt mixture. The ITSR value is calculated as the
ratio of ITSye and ITSqry. The ITSgry is the ITS value of the specimen
subjected to dry conditioning, as described before. To obtain the ITSyet,
the specimens were conditioned in a water bath at 40 °C for 72 h. Then,
following the testing procedures specified in the ITS test, the specimen
was subjected to a compression load with a speed of 50 + 2 mm/min
until it failed. The final ITSR result for each sample was determined by
averaging the results from three specimens.

2.4.5. Hamburg wheel-track (HWT) test

The rutting resistance of the asphalt mixture was evaluated using the
HWT test. According to AASHTO T 324-11, two cylindrical compacted
specimens with a diameter of 150 mm were produced for each SMA
mixture. During the test, the specimens were placed in a water bath
maintained at 50 °C and subjected to a steel wheel passing at a rate of 52
+ 2 passes per minute. The load on the wheel applied to specimens is 705
+ 4.5 N. The rut depth was recorded after each pass during the test. The
HWT test continued until either 20,000 passes were completed or the
defined rut depth threshold of 20 mm was reached.

3. Results and discussion
3.1. Air voids content

The volumetric properties of the three SMA mixtures are listed in
Table 5, including the voids in mineral aggregate (VMA), voids filled
with asphalt (VFA) and air voids content. According to the air voids re-
sults, The SMAPF and SMACFP had lower air void contents compared to
the reference mixture containing cellulose fibre. This difference is likely
due to the presence of PLA in the two mixtures. During the mixture
production, the melted PLA plastic may have improved adhesion prop-
erties, leading to better compactability. Both the SMAPF and SMACFP
showed similar air void results at the same number of compaction gy-
rations. This indicates that the pelletized fibre can achieve the same ef-
fect as the cellulose fibre in terms of improving the workability. After 100
gyrations, all three mixtures had an air void content close to 4%, which
meets the technical specification for SMA mixtures requiring an air void
content below 5%.

Furthermore, the compaction curves (percentage of the maximum
density vs. the number of gyrations) depicted in Fig. 7 reveal critical in-
sights into the compaction behaviour of the three mixtures. The three
mixtures demonstrated an ideal compaction behaviour, with their curves
rising quickly to a high percentage of density and then gradually flattening
out. Notably, the similar compaction curves of SMAPF and SMACFP
indicate that the pelletized fibres positively contribute to the densification
process, whereas the reference mixture containing only cellulose fibre
exhibits the lowest density, aligning with its higher air void content.

Table 5
Average air voids contents of SMA mixtures.
Volumetric properties Gyrations ~ SMAPF SMACF SMACFP
(%)
VMA 10 21.0 (£0.2)  24.0 (£0.5)  21.1 (+0.6)
100 14.1 (£0.5)  16.1 (+0.2)  13.9 (£0.0)
180 13.0 (£0.6) 15.0 (£0.2) 12.9 (+0.1)
VFA 10 45.8 (£0.5)  44.0 (+1.3) 45.7 (£1.7)
100 74.3 (£3.2) 724 (£0.9)  75.5(+0.1)
180 81.5 (+4.4) 78.7 (£1.5) 82.0 (+£0.9)
Air voids contents 10 11.4 (£0.0)  13.4(£0.6) 11.4(+0.7)
100 3.6 (£0.1) 4.4 (£0.2) 3.4 (£0.0)
180 2.4 (£0.0) 3.2(£0.3) 2.3 (£0.1)
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Fig. 7. Gyratory compaction curves.

3.2. Indirect tensile strength

The average ITS values and displacements for the three mixtures
tested at 25 °C are shown in Table 6. To better compare the performance
of these mixtures, their average results obtained from ITS tests are dis-
played in Fig. 8.

Compared to the reference mixture (SMACF), the other two samples
exhibited higher ITS values. This increase in tensile strength may be
caused by the inclusion of PLA, either as a component of the pellets added
in SMAPF or as an additive incorporated in SMACFP. The melting of PLA
during the mixing process could enhance adhesion properties, contrib-
uting to the increased ITS values. While the application of PLA in hot mix
asphalt has not been extensively studied, previous research involving
other polymers, such as polyester resins (PR) and polyethylene (PE), has
shown similar enhancements in this performance (Ahmedzade and Yil-
maz, 2008; Awwad and Shbeeb, 2007). It was found that adding PR in
asphalt mixtures can improve the ITS value, while the addition of PE can
provide better adhesion between the bitumen and aggregates. Among the
mixtures containing PLA (SMAPF and SMACFP), a higher ITS value was
recorded for SMACFP. This difference could be attributed to the method of
PLA incorporation. Before adding the fibre pellets into the mixtures, PLA
was melted and used to bond shredded E-CB particles, including fibres,
ashes, and paper, during the production of the pellets. In contrast, for
SMACFP, PLA was added directly to the mixture. The direct addition likely
resulted in a more significant impact of the melted PLA on improving the
bond between the bitumen and aggregates. Furthermore, all mixtures met
the ITS threshold specified in the Italian technical specification, which
requires an ITS value above 0.90 MPa at 25 °C. The average displacement
results also reported the highest resistance to deformation for the SMACFP
sample. However, the ITS difference between SMAPF and the reference
mixture (SMACF) was minimal, suggesting that the fibre pellets produced
a cohesive effect comparable to that of traditional cellulose fibres. Overall,
these findings highlight the potential of using PLA to enhance the me-
chanical properties of SMA mixtures.

3.3. Stiffness modulus

Non-destructive ITSM tests were conducted to analyse the mechanical
response of mixtures under dynamic loading. The average ITSM results at

Table 6
Average ITS results of the experimental SMA mixtures.

SMA samples Average ITS (MPa) Average displacement (mm)
SMAPF 1.47 (+0.10) 2.61 (+£0.13)
SMACF 1.40 (+£0.06) 2.60 (£0.17)
SMACFP 1.63 (+£0.05) 2.52 (+0.06)
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10°C, 20 °C and 30 °C are presented in Fig. 9. Among the three mixtures,
SMACFP showed the highest stiffness at all temperatures, correlating
with its previously reported highest ITS value. The comparison between
SMACF and SMACFP indicates that adding PLA contributes to increased
stiffness, with this effect being more pronounced at 10 °C and 20 °C. In
contrast, the SMAPF mixture, which includes pelletized fibre containing
PLA, demonstrated a lower stiffness modulus compared to the cellulose
fibre reference mixture (SMACF), especially notable at 30 °C where the
reduction in stiffness was significant. This finding means that cellulose
fibre is more effective in enhancing stiffness than the fibre pellets. The
observed higher stiffness in mixtures can have implications for the
overall durability of the resulting asphalt mixtures. While increased
stiffness may enhance load-bearing capacity, it could reduce cracking
resistance under repetitive loading conditions. Therefore, it is recom-
mended that fatigue tests be conducted in future research to gain deeper
insights into the long-term performance of the experimental pelletized
fibre in SMA. Overall, the ITSM results for all mixtures at 20 °C exceed
the required limit of 3500 MPa, as described in the Italian technical
specification for SMA.

Based on the average ITSM data obtained at different temperatures,
the thermal susceptibility of the samples was analysed, following Eq. (2).

log(S) al + p 2

where S is the ITSM value obtained from the test and T is the testing
temperature. The two parameters, @ and f, represent the material prop-
erties, with a being used to assess thermal susceptibility. According to the
curves and equations displayed in Fig. 10, the highest @ was reported for
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e SMACFP log(S)=-0.03081x+4.26789
1.0E+3 : !
10 20 30

Temperature (C)

Fig. 10. Average ITSM results versus temperatures.

the SMA mixture with pelletized fibre, indicating that this mixture was
more thermo-sensitive than the others. This increased thermal sensitivity
could be related to the presence of other components in fibre pellets
produced from E-CBs. Similar findings were reported in previous
research, where the addition of shredded E-CBs in SMA led to higher
thermal sensitivity compared to traditional cellulose fibre (Guo et al.,
2023b). When comparing SMACF and SMACFP, no significant change in
thermal sensitivity was observed after the addition of PLA. This finding
suggests that the incorporation of PLA can enhance not only certain
mechanical properties but also does not substantially affect the thermal
behaviour of the mixture.

3.4. Water susceptibility

According to the collected data, the calculated ITSR results are shown
in Fig. 11. It can be seen that all mixtures showed excellent behaviour
against water damage, with an ITSR value of around 100%, indicating no
significant tensile strength loss after water immersion during the tests. It
should be noted that the SMA mixture using pelletized fibre showed a
higher ITS,,e¢ value compared to its dry condition result, resulting in an
ITSR value above 100%. The ITSR value higher than 100% was also re-
ported in previous research (Guo et al., 2023b). This could be attributed
to the use of PmB in the SMA mixtures, which provides exceptional
resistance to water damage. Additionally, the high conditioning tem-
perature of 40 °C for 72 h during the ITSR test may have facilitated
further oxidation of the bitumen, contributing to improved performance.
Based on the technical specification for SMA, an ITSR value higher than
75% is required and the three SMA mixtures exceed this limit. The ITSR
values for SMACF and SMACFP were similar, indicating that the amount
of added PLA did not have a significant impact on water damage
resistance.

3.5. Rutting resistance

As shown in Fig. 12, HWT curves were established according to the
collected data. The final rut depth results recorded after 20,000 passes
were below the failure threshold of 20 mm: 2.16 mm for SMAPF, 3.16
mm for SMACF, and 2.08 mm for SMACFP. This indicates that all mix-
tures showed strong resistance to rutting. SMAPF and SMACFP both
exhibited rut depths approximately half that of SMACF. Notably, to
achieve the final rut depth for the two mixtures containing PLA, only
about 2000 passes were necessary for SMACF, highlighting the effec-
tiveness of PLA in enhancing rutting resistance. The presence of PLA may
improve the mixture's ability to withstand deformation under repeated
loading, possibly due to better binding and adhesion properties provided
by the PLA component. SMACFP, with the lowest rut depth, exhibited the
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best rutting performance among the mixtures. This result is consistent
with its highest ITS and ITSM values recorded in previous tests, indi-
cating that the addition of PLA contributes not only to improved stiffness
but also to enhanced rutting resistance. Furthermore, the difference be-
tween SMAPF and SMACFP is minimal, indicating that both PLA-
containing mixtures perform similarly in terms of rutting resistance.
The absence of a stripping inflection point (SIP) in the HWT curves in-
dicates that all mixtures have excellent resistance to moisture damage.
This finding supports the ITSR results, confirming that all mixes exhibit
low water susceptibility and maintain their performance even in wet
conditions.

4. Conclusions

This study explored the production and use of engineered pelletized
fibres made from waste E-CBs in SMA mixtures. Three SMA mixtures
were tested: one with the experimental pelletized fibres containing PLA,
one with standard cellulose fibres as a reference, and one with cellulose
fibres and PLA plastic. Volumetric and mechanical tests were performed
to assess the performance of these mixtures. The main conclusions are
drawn below.

o The engineered pelletized fibres produced from waste E-CBs exhibits
distinct features from ordinary fibre and is similar to commercially
available pelletized compounds that incorporate polymers.

e All SMA mixtures had air void contents within the acceptable limits
(below 5%) after 100 gyrations. The two mixtures containing PLA
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(SMAPF and SMACFP) demonstrated improved compactability
compared to the reference mixture with only cellulose fibre.
The mechanical properties of the SMA containing 0.4% experimental
pelletized fibres (SMAPF) met the threshold limits set by technical
standards for ITS, ITSM, and ITSR. Although the ITSM value for
SMAPF was slightly lower than that of the reference mixture, SMAPF
exhibited a modest increase in tensile strength. Additionally, a ITSR
value above 100% and low rut depth (2.16 mm) were recorded for
SMAPF, suggesting superior resistance to water damage and rutting.
e The incorporation of PLA plastic into SMA with cellulose fibre
contributed to the mechanical reinforcement including tensile
strength, stiffness modulus and rutting resistance. Notably, the HWT
tests showed that the reference mixture with cellulose fibre reached
the final rut depth recorded for the two PLA-containing mixtures after
only about 2000 passes, demonstrating lower resistance to deforma-
tion under repeated loading.

Overall, based on the physical and mechanical evaluation, using
waste E-CBs as pelletized fibre in SMA mixtures can be considered an
effective method for recycling this waste material. Future research
should include fatigue testing to evaluate the long-term durability of the
experimental mixtures and investigate potential leaching effects from
using E-CBs in asphalt mixtures. Exploring the use of these pelletized
fibres in combination with warm mix asphalt technology or reclaimed
asphalt pavement (RAP) could further improve the sustainability of road
construction practices.

CRediT authorship contribution statement

Yunfei Guo: writing — original draft, validation, methodology,
investigation, formal analysis, data curation, conceptualization. Pier-
giorgio Tataranni: writing — review & editing, validation, supervision,
conceptualization. Giulia Tarsi: writing — review & editing, validation,
conceptualization. Filippo Balzano: validation, methodology, concep-
tualization. Jiasheng Dai: validation, conceptualization. Cesare San-
giorgi: writing — review & editing, validation, supervision, resources,
project administration, conceptualization.

Declaration of competing interest

The authors do not have any conflict of interest with other entities or
researchers.

Acknowledgments

The first author would like to gratefully acknowledge the funding
support from China Scholarship Council under the grant CSC No.
202106150028.

References

Afonso, M.L., Dinis-Almeida, M., Fael, C.S., 2017. Study of the porous asphalt
performance with cellulosic fibres. Construction and Building Materials 135,
104-111.

Ahmedzade, P., Yilmaz, M., 2008. Effect of polyester resin additive on the properties of
asphalt binders and mixtures. Construction and Building Materials 22 (4), 481-486.

Arshad, A.K., Mansor, S., Shafie, E., et al., 2016. Performance of stone mastic asphalt mix
using selected fibres. Jurnal Teknologi 78 (7-2), 99-103.

Awwad, M.T., Shbeeb, L., 2007. The use of polyethylene in hot asphalt mixtures.
American Journal of Applied Sciences 4 (6), 390-396.

Caponnetto, P., Keller, E., Bruno, C.M., et al., 2013. Handling relapse in smoking
cessation: strategies and recommendations. Internal and Emergency Medicine 8,
7-12.

Chieng, B.W., Ibrahim, N.A., Wan, Y., et al., 2013. Poly (lactic acid)/poly (ethylene
glycol) polymer nanocomposites: effects of graphene nanoplatelets. Polymers 6 (1),
93-104.

Cong, L., Yang, F., Guo, G., et al., 2019. The use of polyurethane for asphalt pavement
engineering applications: a state-of-the-art review. Construction and Building
Materials 225, 1012-1025.


http://refhub.elsevier.com/S2097-0498(24)00046-5/sref1
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref1
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref1
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref1
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref2
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref2
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref2
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref3
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref3
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref3
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref3
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref4
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref4
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref4
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref6
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref6
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref6
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref6
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref7
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref7
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref7
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref7
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref8
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref8
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref8
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref8

Y. Guo et al.

Conradi, M., Sanchez-Moyano, J.E., 2022. Toward a sustainable circular economy for
cigarette butts, the most common waste worldwide on the coast. Science of the Total
Environment 847, 157634.

Devulapalli, L., Kothandaraman, S., Sarang, G., 2020. Effect of rejuvenating agents on
stone matrix asphalt mixtures incorporating RAP. Construction and Building
Materials 254, 119298.

Devulapalli, L., Sarang, G., Kothandaraman, S., 2022. Characteristics of aggregate
gradation, drain down and stabilizing agents in stone matrix asphalt mixtures: a state
of art review. Journal of Traffic and Transportation Engineering (English Edition) 9
(2), 167-179.

European Commission, 2020. Attitudes of Europeans Towards Tobacco and Electronic
Cigarettes. European Commission, Brussels.

Ghasemi, A., Golbini Mofrad, M.M., Parseh, L., et al., 2022. Cigarette butts as a super
challenge in solid waste management: a review of current knowledge. Environmental
Science and Pollution Research 29 (34), 51269-51280.

Green, D.S., Tongue, A.D.W., Boots, B., 2022. The ecological impacts of discarded
cigarette butts. Trends in Ecology & Evolution 37 (2), 183-192.

Guo, Y., Tataranni, P., Sangiorgi, C., 2023a. The use of fibres in asphalt mixtures: a state
of the art review. Construction and Building Materials 390, 131754.

Guo, Y., Tataranni, P., Tarsi, G., et al., 2023b. Recycling shredded waste cigarette butts as
stabilising fibres in stone mastic asphalt concretes. International Journal of Pavement
Engineering 24 (1), 2229477.

Guo, Y., Tataranni, P., Tarsi, G., et al., 2024. Performance evaluation of stone mastic
asphalt reinforced with shredded waste e-cigarette butts. Case Studies in
Construction Materials, e03126.

Hamedi, G.H., Tahami, S.A., 2018. The effect of using anti-stripping additives on moisture
damage of hot mix asphalt. International Journal of Adhesion and Adhesives 81, 90-97.

Heydari, S., Hajimohammadi, A., Javadi, N.H.S., et al., 2023. Modified asphalt by coffee
cup fibres: an optimum mix design using response surface method. Construction and
Building Materials 401, 133005.

Jailani, N., Ibrahim, A.N.H., Rahim, A., et al., 2021. Chemical and physical properties of
poly (lactic) acid modified bitumen. Ain Shams Engineering Journal 12 (3),
2631-2642.

Li, D., Leng, Z., Zou, F., et al., 2021. Effects of rubber absorption on the aging resistance of
hot and warm asphalt rubber binders prepared with waste tire rubber. Journal of
Cleaner Production 303, 127082.

Liu, X., Lugo, A., Spizzichino, L., et al., 2019. Heat-not-burn tobacco products: concerns
from the Italian experience. Tobacco Control 28 (1), 113-114.

Long, Z., Guo, N., Tang, X., et al., 2022a. Microstructural evolution of asphalt induced by
chloride salt erosion. Construction and Building Materials 343, 128056.

Long, Z., Tang, X., Ding, Y., et al., 2022b. Influence of sea salt on the interfacial adhesion
of bitumen-aggregate systems by molecular dynamics simulation. Construction and
Building Materials 336, 127471.

Long, Z., You, L., Xu, F., et al., 2022c. Nanomechanical-atomistic insights on interface
interactions in asphalt mixtures with various chloride ion erosion statuses. Journal of
Colloid and Interface Science 628, 891-909.

Makoundou, C., Fathollahi, A., Kleiven, S., et al., 2023. Mechanical and leaching
characterisation of impact-absorbing rubberised asphalts for urban pavements.
Materials and Structures 56 (3), 55.

Meng, Y., Chen, J., Kong, W, et al., 2023. Review of emulsified asphalt modification
mechanisms and performance influencing factors. Journal of Road Engineering 3 (2),
141-155.

Mohajerani, A., Tanriverdi, Y., Nguyen, B.T., et al., 2017. Physico-mechanical properties
of asphalt concrete incorporated with encapsulated cigarette butts. Construction and
Building Materials 153, 69-80.

Obaidi, H., Gomez-Meijide, B., Garcia, A., 2019. On-site manufacture of hot mix asphalt
using pellets that can be melted by induction energy. Powder Technology 344,
58-67.

Rahman, M.T., Mohajerani, A., 2020. Use of bitumen encapsulated cigarette butts in stone
mastic asphalt. Construction and Building Materials 261, 120530.

Rahman, M.T., Mohajerani, A., Giustozzi, F., 2020. Possible recycling of cigarette butts as
fiber modifier in bitumen for asphalt concrete. Materials 13 (3), 734.

Sahebzamani, H., Alavi, M.Z., Farzaneh, O., 2018. Evaluating effectiveness of
polymerized pellets mix additives on improving asphalt mix properties. Construction
and Building Materials 187, 160-167.

Sahebzamani, H., Alavi, M.Z., Farzaneh, O., et al., 2022. Laboratory and field
investigation of the effect of polymerized pellets on the fatigue and low-temperature
performance of asphalt mixtures. Construction and Building Materials 323, 126527.

Singla, P., Mehta, R., Berek, D., et al., 2012. Microwave assisted synthesis of poly (lactic
acid) and its characterization using size exclusion chromatography. Journal of
Macromolecular Science, Part A 49 (11), 963-970.

Smith, M.R., Clark, B., Liidicke, F., et al., 2016. Evaluation of the Tobacco Heating System
2.2. Part 1: description of the system and the scientific assessment program.
Regulatory Toxicology and Pharmacology 81, S17-S26.

Soliman, H., Osei, P., Shalaby, A., 2023. Performance of bituminous binder modified with
recycled plastic pellets. Materials 16 (20), 6730.

Sussman, R.A., Sipala, F., Emma, R., et al., 2023. Aerosol emissions from heated tobacco
products: a review focusing on carbonyls, analytical methods, and experimental
quality. Toxics 11 (12), 947.

Tataranni, P., Sangiorgi, C., 2021. A preliminary laboratory evaluation on the use of
shredded cigarette filters as stabilizing fibers for stone mastic asphalts. Applied
Sciences 11 (12), 5674.

476

Journal of Road Engineering 4 (2024) 468-477

TG6Th, C., Soos, Z., 2015. The effect of VIATOP® plus FEP on the stiffness and low
temperature behaviour of hot mix asphalts. Epitoanyag-Journal of Silicate Based &
Composite Materials 67 (4), 126-131.

Woodside, A.R., Woodward, W.D.H., Akbulut, H., 1998. Stone mastic asphalt: assessing
the effect of cellulose fibre additives. Proceedings of the Institution of Civil
Engineers-municipal Engineer: Municipality 127 (3), 103-108.

Xing, C., Liu, L., Jiang, W., et al., 2023. Investigation of internal phases of linear SBS
modified bitumen at the nanoscale using AFM PF-QNM. Journal of Traffic and
Transportation Engineering (English Edition) 10 (3), 399-412.

Yildirim, Y., 2007. Polymer modified asphalt binders. Construction and Building
Materials 21 (1), 66-72.

Yu, J., Ren, Z., Yu, H., et al., 2018. Modification of asphalt rubber with nanoclay towards
enhanced storage stability. Materials 11, 2093.

Zhang, L., Tian, H., Chen, J., et al., 2022. Insight into roles of different types of additives
on mechanical and crystalline properties of polylactic acid. Journal of Applied
Polymer Science 139 (11), 51797.

Yunfei Guo is a PhD student and research fellow in the
Department of Civil, Chemical, Environmental, and Materials
Engineering (DICAM) at the University of Bologna. His research
centres on the multi-scale characterization of bituminous ma-
terials and the advancement of sustainable pavement technol-
ogies. He is currently working on the development of
innovative recycled fibres to enhance the durability and sus-
tainability of asphalt mixtures. He has authored and co-
authored six papers in international academic journals.

Piergiorgio Tataranni is a post-doc research fellow (junior as-
sistant professor-fixed-term) in DICAM at the University of
Bologna. Since 2013 his activity in the roads section of the
department has been focused on themes related to pavement
materials and construction technologies for civil in-
frastructures. His research is mainly centred on the develop-
ment of innovative and sustainable materials and low impact
construction technologies. On these topics, he is the author of
several scientific publications, his PhD thesis and he partici-
pated in Europeans projects as early stage researcher (H2020,
REMINE, MSCA-RISE-2014) and scientific manager (SAFERUP!
H2020 MSCA ITN-2017).

Dr. Giulia Tarsi is a R&D engineer in a private construction
company of transport infrastructures, Pesaresi Giuseppe SpA.
She holds the MSc degree in civil engineering and completed
the PhD course in DICAM at the University of Bologna, on the
topic of chemical and rheo-mechanical characterizations of
extended bitumens and recycled asphalt mixtures with the final
aim of reducing the required amount of standard petroleum
bitumen in paving materials by using recycled materials and/or
by-products. The use of more sustainable materials and low
impact solutions are key topics in Dr. Tarsi's research. She is an
active member within national and international associations
such as SIIV and RILEM.

Filippo Balzano is currently a PhD student at the University of
Bologna, where he is serving as a researcher at the Department
of Civil, Chemical, Environmental and Materials Engineering.
He obtained both of his Bachelor's and Master's degree in Civil
Engineering at the Universita della Calabria (Italy), where he
specialized in road pavement construction and maintenance.
His field of expertise lies in the development of new technolo-
gies for the assessment and for validation of innovative com-
pounds, which aim to reduce the need of energy and virgin
materials in the transport engineering activities. The use of
recycled materials and low impact solutions are also of primary
importance in his research. He is the author and co-author of
papers for international academic journals.


http://refhub.elsevier.com/S2097-0498(24)00046-5/sref9
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref9
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref9
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref9
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref10
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref10
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref10
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref11
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref11
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref11
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref11
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref11
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref12
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref12
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref13
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref13
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref13
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref13
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref14
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref14
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref14
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref14
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref15
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref15
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref16
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref16
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref16
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref17
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref17
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref17
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref18
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref18
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref18
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref19
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref19
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref19
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref20
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref20
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref20
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref20
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref21
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref21
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref21
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref22
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref22
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref22
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref23
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref23
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref24
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref24
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref24
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref24
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref25
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref25
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref25
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref25
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref26
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref26
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref26
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref27
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref27
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref27
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref27
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref28
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref28
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref28
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref28
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref29
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref29
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref29
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref29
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref30
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref30
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref31
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref31
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref32
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref32
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref32
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref32
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref33
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref33
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref33
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref34
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref34
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref34
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref34
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref35
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref35
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref35
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref35
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref36
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref36
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref37
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref37
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref37
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref38
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref38
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref38
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref39
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref39
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref39
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref39
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref39
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref40
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref40
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref40
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref40
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref41
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref41
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref41
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref41
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref42
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref42
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref42
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref43
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref43
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref44
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref44
http://refhub.elsevier.com/S2097-0498(24)00046-5/sref44

Y. Guo et al.

Jiasheng Dai is a PhD candidate in Chang'an University and a
visiting PhD student in the University of Bologna, sponsored by
the China Scholarship Council (CSC). His research focuses on
phase change energy storage materials and high-performance
asphalt modification technology. He has published at least 20
papers on international and Chinese academic journals.

477

Journal of Road Engineering 4 (2024) 468-477

Cesare Sangiorgi is a full professor at the University of Bologna,
and he specializes in pavement engineering materials and sus-
tainable construction technologies, prioritizing recycled mate-
rials and low-impact solutions. He fosters student engagement
through collaborations with esteemed research institutes. Since
2001, he's partnered with the Nottingham Transportation En-
gineering Centre and expanded collaborations globally. Prof.
Sangiorgi led SAFERUP!, recruiting 15 early stage researchers
in a consortium of 30 for sustainable urban pavement projects.
Presently, he coordinates GreeNexUS, a HORIZON EUROPE
project promoting urban greening and infrastructure safety.
With numerous research agreements nationally and interna-
tionally, he actively contributes to professional associations like
SIIV, APSE, iSMARTi, and RILEM, and serves on journal boards
and conference committees, publishing extensively in pave-
ment engineering.



	Recycling of waste E-cigarette butts as engineered pelletized fibres for sustainable stone mastic asphalt
	1. Introduction
	2. Experimental program
	2.1. Materials
	2.2. Fibre pellets produced from waste E-CBs
	2.2.1. Waste E-CBs
	2.2.2. Fabrication of fibre pellets using waste E-CBs

	2.3. Mix design and asphalt mixture preparation
	2.4. Testing program
	2.4.1. Air voids content test
	2.4.2. Indirect tensile strength (ITS) test
	2.4.3. Indirect tensile stiffness modulus (ITSM) test
	2.4.4. Indirect tensile strength ratio (ITSR) test
	2.4.5. Hamburg wheel-track (HWT) test


	3. Results and discussion
	3.1. Air voids content
	3.2. Indirect tensile strength
	3.3. Stiffness modulus
	3.4. Water susceptibility
	3.5. Rutting resistance

	4. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


