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Abstract The experimental study described in the
paper explored the synergistic effects of Reclaimed
Asphalt Pavements (RAP) and a polymeric com-
pound derived from recycled plastics on fatigue prop-
erties of dense-graded asphalt mixtures. The inves-
tigated mixtures were prepared in the laboratory by
combining 50% of RAP with different dosages of the
polymeric compound. A control mixture containing
a highly SBS-modified binder was also prepared and
tested for comparison purposes. The fatigue proper-
ties of mixtures were evaluated by means of flexural
test in the four-point bending configuration under
oscillatory loading. The tests were conducted in both
controlled-stress and controlled-strain loading modes
to understand the response of materials under dif-
ferent critical loading conditions in actual pavement
structure. The experimental results indicated that the
use of high percentages of RAP combined with the
use of recycled plastics resulted in good fatigue per-
formance of the mixture. The experimental data also
indicated that recycled plastics at higher dosage used
in this study yielded fatigue performance comparable
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or even slightly higher to that obtained with the use of
control SBS-modified binder.

Keywords Reclaimed asphalt pavement - Rrecycled
plastics - SBS-modified binder - Fatigue

1 Introduction

Road paving industry is developing ambitious goals
to significantly reduce the greenhouse gas emissions
associated to asphalt mix production. In this context,
the increased use of recycled materials in asphalt
mixtures represents a valued industry-driven oppor-
tunity for the reduction of carbon footprint of road
pavements [1]. Recycling contributes to minimize the
impacts of raw material manufacturing; in addition, it
allows to preserve natural resources and to decrease
waste disposal in landfills. Among various recycled
materials used in the production of asphalt mixtures,
waste plastics and reclaimed asphalt pavement (RAP)
hold a prominent role [2—6].

The disposal of plastic waste poses a global envi-
ronmental challenge due to its non-biodegradable
nature, causing it to persist in terrestrial and marine
ecosystems for decades [7, 8]. Only a marginal pro-
portion of plastic waste is successfully recycled,
while the majority is managed through other means.
Despite significant efforts in recent years [9], only
9% of plastic waste is currently recycled, while 22%
is illegally dumped into the environment, 50% ends
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up in landfills, and 19% is incinerated [10]. Regarding
the latter two components, road pavement engineers
are exploring the potential of incorporating plastic
waste in asphalt mixtures, both to give these materials
a “second life” and to provide a sustainable alterna-
tive to traditional disposal methods [11-13].

Different investigations have reported an overall
improvement in mechanical performances—such as
stiffness, fatigue life, permanent deformation, and
moisture damage resistance—when waste plastics
are added into asphalt mixtures [14—16]. The extent
of these improvements is highly dependent on the
type and properties of the plastic used. Furthermore,
the inclusion of plastics can partially replace bitu-
men, reducing its required content and contributing to
more sustainable pavement solutions [8].

Plastics can be incorporated into asphalt pavement
through different processes, which are generally dis-
tinguished depending on their melting point [17].

In the wet process, plastics are blended with
asphalt binders at high temperatures to produce modi-
fied binders, that are subsequently mixed with hot
aggregates. Plastics with low melting points are suit-
able for this process [18, 19]. In the dry process,
recycled plastics are added directly into the mixture
as either aggregate replacement or mixture modifiers.
Aggregate replacement entails using plastics charac-
terized by high melting points with consequent sub-
stitution of one or more natural stone fractions. When
using plastics with melting point below the mixture
production temperature, they partially melt upon
mixing resulting in modified mixture with plastic-
coated aggregates [20, 21]. The addition of low melt-
ing point plastics into the mixtures is also referred to
hybrid process by some authors [17].

The wet approach is currently the most employed
process in the road sector. However, several draw-
backs exist. Phase separation between plastic and
binder can occur when modified binder is stored and
left to rest, with negative effects on the performance
and durability of the overall asphalt mixture [21]. Fur-
thermore, the wet method requires more machinery
and equipment to shred the plastics into powders and
mix them with hot asphalt binder, thus resulting in an
expensive, energy- and time-consuming process, with
consequent high production costs and increased envi-
ronmental impact [17, 22, 23]. Conversely, the dry
(and hybrid) process seems simple and energy-saving
by adding the shredded plastics powders directly into

mixing batch [24]. Moreover, several studies have
highlighted the potential benefits in terms of stiffness
modulus, rutting resistance, indirect tensile strength,
and moisture damage of mixtures when plastics are
added via dry or hybrid process compared to the wet
one [8, 25-27].

In terms of fatigue, there is less consensus among
researchers about the effect of recycled plastic com-
pounds on mix performance. Several experimental
works reported an improvement in fatigue properties
of mixtures when plastics are incorporated via dry
or hybrid approach [7, 8, 24, 28]; on the opposite,
other studies highlighted better fatigue performances
of asphalt mixtures modified via wet process [22,
29]. Some researchers finally found neither improve-
ments nor deteriorations [30, 31] caused by addition
of plastics using one or another method. These dif-
ferent outcomes can be associated to different origins
and characteristics of plastics used in various studies,
indicating that the type of plastic is a critical factor in
affecting the performance characteristics of the final
asphalt mixture.

RAP has been used for decades as recycled mate-
rial in pavement construction. Typically, the incor-
poration of RAP in new hot mix asphalt is limited
to 25-30% [19] even though the current trend is to
increase RAP content even further [32, 33]. The main
reason for limiting the amount of RAP in asphalt mix-
tures is related to the presence of aged binder. In fact,
while RAP binder can increase the stiffness modulus
and improve rutting resistance of mixture, it may neg-
atively affect its fatigue performance [34-39]. Some
studies suggest that fatigue life of mixtures can be
improved when RAP content remains within a spe-
cific range [40, 41].

The combined use of recycled plastics and RAP
may benefit from the synergistic effects provided
by both components, representing a valuable even
though challenging sustainable solution for the con-
struction of asphalt pavements.

The fatigue properties of asphalt mixtures incor-
porating both RAP and recycled polymers has not
been extensively studied, with few studies available in
the literature and not completely agreeing with each
other. Leng et al. [42] analysed the fatigue resistance
of binder samples containing virgin bitumen, RAP
bitumen at various dosages, and waste polyethyl-
ene terephthalate (PET) derived additives, obtained
through an aminolysis process. The experimental
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investigation conducted through dynamic shear
rheometer tests, highlighted that the combination of
PET-modified binder and RAP at all investigated dos-
ages consistently outperformed virgin binder fatigue
resistance. However, increasing RAP bitumen content
above 15% led to a decline in fatigue characteristics
compared to lower dosages. Vijayan et al. [43] inves-
tigated asphalt mixtures, with and without a recycled
plastic modifier, at a 50% recycling rate for two recy-
cling cycles using a comprehensive volumetric and
mechanical performance evaluation. The analysis of
fatigue life indicated that the asphalt mixture modi-
fied with recycled plastic had superior fatigue resist-
ance compared to the conventional mixture. Addition-
ally, all the recycled mixtures with a 50% recycling
rate also showed significant improvement in fatigue
life. Saadeh et al. [44] employed an asphalt binder
modified with low-density polyethylene, reactive
elastomeric terpolymers and polyphosphoric acid, to
prepare mixtures containing only raw aggregates and
mixtures with 20% RAP. Based on the IDEAL crack-
ing tests, they found that when using raw aggregate,
the resistance to fatigue cracking was nearly the same
regardless of using a polymer-modified binder or con-
ventional binder. However, when RAP aggregate was
used with a polymer-modified binder, there was a sig-
nificant reduction in fatigue life.

The research work presented in this paper aimed
to evaluate the fatigue properties of asphalt mixtures
containing 50% RAP and different dosages of a poly-
meric compound derived from recycled plastic waste.
A control asphalt mixture containing a standard SBS-
modified binder was also evaluated for comparison
purposes.

Fatigue properties of mixtures were investigated
by means of flexural tests conducted in four-point
bending (4 PB) configuration. Both controlled-stress
and controlled-strain loading modes were adopted in
laboratory testing, to simulate different critical load-
ing conditions in pavement structure. The choice of
using different loading modes was also dictated by
the need of highlighting material-related effects asso-
ciated to the type of modifier and the presence of
RAP. In fact, strain-controlled fatigue tests can bet-
ter reflect the effect of polymer compounds while
stress-controlled tests are more reflecting the overall
material stiffness [45, 46]. Moreover, different load-
ing modes may differently emphasize the impact of
RAP on fatigue resistance of mixtures, even though

no clear consensus has been reached among research-
ers [37, 40, 41]. For both stress- and strain-controlled
fatigue tests, different failure criteria were considered
in the analysis and interpretation of test data.

2 Materials and testing
2.1 Materials

The asphalt mixtures investigated in this study were
produced in the laboratory by combining different
base materials including virgin aggregates, RAP, two
asphalt binders, a polymeric compound derived from
plastic waste, and a bio-based rejuvenating agent.

Virgin aggregates were of siliceous origin and
were collected from a local quarry located in north-
west Italy in three distinct size fractions (0/5, 8/16,
and 16/20). RAP was provided by the same local
quarry and sourced from two stockpiles named RAP
0/12 and RAP 0/20. RAP fractions were incorpo-
rated in asphalt mixtures using 30% by weight of
total aggregate of RAP 0/12 and 20% by weight of
total aggregates for RAP 0/20. Binder content of RAP
fractions was determined using the ignition method
[47], indicating a percentage of 4.15% and 5.45% by
weight of aggregates for RAP 0/12 and RAP 0/20,
respectively. The asphalt binders were an unmodified
50/70 paving-grade bitumen (Binder A) and a highly
SBS-modified 45/80-70 bitumen (Binder B). Binder
A was used in the production of mixtures containing
polymeric compound, while binder B was used in the
production of control SBS-modified mixture assumed
as reference. Both binders were preliminarily charac-
terized to determine their penetration grade, softening
point, and Performance Grade (PG). The results are
summarized in Table 1.

The polymeric compound was a commercially
available product, entirely composed of recycled
materials derived post-consumer and post-industrial
waste plastics. It was produced according to a special

Table 1 Characteristics of asphalt binders

Performance grade  Penetration at  Softening

25 °C (dmm) point (°C)
BinderA PG 64-22 70 48.1
Binder B PG 76-22 55 80.3




271 Page 4 of 14

Materials and Structures (2025) 58:271

Fig. 1 Polymeric com-
pound derived from plastic
waste and its main charac-
teristics

Table 2 Properties of the rejuvenator

Aspect Liquid
Colour
Density at 25 °C

Brown—purple
0.93+0.1 g/lem®

Viscosity at 25 °C 100+ 50 cP
Flash point >200 °C
Water content <2%

processing scheme, including washing, separation,
grinding, and pelletizing of waste plastics to obtain
granules with a diameter of 4-6 mm. Although the
compound is primarily composed of polyethylene
(PE) and polypropylene (PP), its exact formulation
remains unknown as it is a proprietary product. A
visual representation of the compound along with its
main characteristics are provided in Fig. 1. It is worth
noting that the softening point of the compound is
indicated between 160 °C and 180 °C. Since it does
not exceed the mixing temperature by 30 °C, as rec-
ommended for fully dry modification [48], the incor-
poration of the compound of recycled plastics into the
mixture is referred to hybrid approach in this paper.

The rejuvenator was a bio-based product, supplied
by the same manufacturer of the polymeric com-
pound. The main characteristics of the product are
given in Table 2. The rejuvenator was applied at a
single dosage of 0.3% by weight of the RAP, follow-
ing manufacturer’s recommendation. It was sprayed
directly onto the RAP just before mixing, to ensure
immediate interaction between the rejuvenator and
the aged bitumen thus maximizing the effectiveness
of the treatment [49].

The asphalt mixtures considered in this study were
characterised by a nominal maximum aggregate size
of 16 mm (AC16). The aggregates and RAP fractions
were properly combined to achieve a dense-graded
distribution curve that complies with gradation limits
set by Italian technical specification assumed as refer-
ence [50] (Fig. 2).

Aspect Granules
Colour Shades of grey
Apparent Density at 25 °C 0.4 - 0.6 g/cm?®
Softening point 160-180 °C
100
—{— Design curve
8 AC16 gradation
range
< 60
e
£
£ 40
~
20
0
0.01 0.1 1 10 100

Particle size (mm)

Fig. 2 Gradation limits and design curve of AC16 mixtures

Two test mixtures containing the polymeric com-
pound at two different dosages (MIX 1 and MIX
2) and a control mixture containing SBS-modified
binder (MIX REF) were produced in the laboratory.

Their job-mix formula and mixing procedure
were determined from the mix design conducted
in a previous research study described in [51]. The
optimized compositions of the mixtures are summa-
rized in Table 3.

It is worth noting that RAP contributed to 2.2%
of the total binder in the final blend and all blends
contained the same amount of virgin binder, equal
to 2%. It is also worth noting that the rejuvenator
and the polymeric compound were computed in the
total binder content, in accordance with the hypoth-
esis of considering them as binder extenders which
actively contributed to the binding of aggregate
structures.

Mixing procedure entailed virgin aggregate to
be heated to a suitable temperature (280 °C) before
being introduced into the mixer with RAP [52]. This
last one was conditioned in an oven at 70 °C for a
maximum of 2 h, in order to minimise additional age-
ing. The thermal shock caused by the contact between
aggregates and RAP, allowed them to reach the tar-
get mixing temperature (170 °C) before adding the
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Table 3 Composition of mixtures considered in the investigation

Mix code RAP content* (%) Binder type Rejuvenator content by RAP (%) Polymeric com-  Virgin bitumen Total binder
pound content**  content** (%)  content**
(%) (%)

MIX 1 50 A 0.3 0.3 2.0 4.8

MIX 2 A 0.5 2.0 5.0

MIX REF B - 2.0 4.5

“by weight of RAP +aggregates, **by weight of total mixture

remaining components (virgin binder, filler, poly-
meric compound).

2.2 Testing

Mechanical characterization of asphalt mixtures
involved performing flexural tests in 4 PB configura-
tion for determination of their stiffness modulus and
fatigue resistance.

Stiffness modulus tests were conducted as fin-
gerprint tests under sinusoidal loading, following
a procedure coherent with EN 12697-26 Annex B
[53]. Measurements were carried out at temperature
of 20 °C and at frequencies of 0.1, 0.2, 0.5, 1, 2, 5,
10, 20 Hz. All samples were conditioned at the tar-
get temperature for a minimum of four hours prior to
testing to ensure consistency in results. To prevent
specimen damage, the strain amplitude was limited to
50 micro-strains. Measurements were run in 26 repli-
cates for each asphalt mixture.

Fatigue tests were carried out in both controlled-
stress and controlled-strain loading modes, following
a procedure coherent with EN 12697-24 [54].

All tests were conducted at 20 °C and 10 Hz,
applying different stress and strain amplitudes to
achieve a well-distributed dataset in a strain versus
number of cycles plot. Specifically, 13 tests were
performed for each asphalt mixture and loading
mode, resulting in 78 tests overall. Stress amplitudes
adopted in stress-controlled mode ranged in the inter-
vals 1130-2000 MPa for MIX1, 1100-2000 MPa
for MIX2, and 1200-2400 MPa for MIX REF.
Strain amplitudes adopted in strain-controlled mode
ranged in the intervals 145-320 pm/m for MIX 1,
164-250 um/m for MIX 2, and 150-320 pm/m for
MIX REF. These intervals allowed yielding num-
ber of cycles to failure (Vy) ranging from 10,000 to
3,000,000 cycles, with a few exceptions beyond this
range.

Stiffness modulus and fatigue tests entailed using
prismatic specimens measuring 50X50%x410 mm.
Specimens were obtained by means of sawing
and cutting operations from larger asphalt slabs of
500%x300x70 mm size, compacted using an elec-
tromechanical roller segment compactor with a
head radius of 535 mm. Four beams were obtained
from the core of each slab. The weight of material
employed to produce slabs was carefully adjusted to
achieve a target air void content of 4% +0.5%. Actual
air voids of specimens were determined before test-
ing by calculating the bulk density of each satu-
rated surface dry beam according to EN 12697-8
[55]. Figure 3 presents the average air void contents
along with the corresponding standard deviations
obtained from measurements. The results indicate
that the specimens of hybrid-modified asphalt mix-
tures exhibited slightly higher void content compared
to those of control mixture containing SBS-modified
binder. This can be attributed to the presence of the
plastic additive: due to its plastomeric nature, plas-
tic made the binder phase of the mixtures stiffer with
consequent creation of more voids in the compacted
specimens.

6.00

5.00

Air voids (%)
pow e
o [=J j=3
o (=] o

—
=1
S

0.00

MIX 1 MIX 2

MIX REF

Fig. 3 Mean values of air void content of compacted asphalt
mixtures

niem
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3 Fatigue life criteria

Fatigue analysis plays a key role in assessing the per-
formance of asphalt mixtures, as fatigue represents
one of the primary failure modes of road pavements
[56]. Fatigue life can be defined as the capability of
an asphalt mixture to withstand cyclic tensile loads
(repeated traffic) without developing significant
cracking [57]. Several factors influence the evaluation
of fatigue properties of asphalt mixtures in the labora-
tory, including specimen geometry and compaction,
testing type, loading mode, ageing, temperature, and
air voids content [58].

Fatigue testing typically presents three distinct
phases as depicted in Fig. 4a [59, 60]. Phase I,
known as the adaptation phase, is characterised by
a rapid decline in stiffness modulus. While fatigue
damage begins to develop during this phase, its pro-
gression is largely governed by external factors such
as specimen heating and binder thixotropy, which
influence the initial response of the material. At this
stage, microcracks appear in the specimen. Phase 11,
known as the quasi-stationary phase, is character-
ised by the predominance of fatigue damage, with
the stiffness modulus decreasing in an almost linear
manner. While external effects remain present, they
become secondary in influence [61]. Moreover, their
impact varies depending on the type of test: in beam
tests, these effects are less pronounced due to the
non-uniform distribution of stress and strain within

Phase 1
Phase II
Phase III

V]
S

50% S

Stiffness, S

Nf,crack

Number of loading cycle, n

the specimen [56]. During this phase, micro-cracks
propagate within the material. Phase III, referred to
as the failure phase, is marked by a sharp decline
in the stiffness modulus. In controlled-tension tests,
this reduction ultimately leads to specimen failure.
At this stage, micro-cracks coalesce into macro-
cracks, which propagate and result in the physical
rupture of the specimen [62].

Different criteria can be identified in literature
to estimate fatigue life, broadly categorized into
empirical and energy-based criteria.

The most widely used empirical criterion is the
number of cycles N5y, corresponding to a 50%
reduction in the initial stiffness modulus S, [63].
According to EN 12697-24 D [54], i, is established
as the average stiffness modulus between cycles 98
and 102. Several studies [61, 64] have shown that
this criterion may underestimate fatigue life, espe-
cially in modified asphalt mixtures.

From an energetic perspective, asphalt materi-
als display a hysteresis loop in a stress—strain dia-
gram under cyclic loading. Due to the viscoelastic
nature of asphalt, the unloading path deviates from
the loading path, and the area enclosed by the loop
represents the dissipated energy. This energy dissi-
pation occurs in the form of heat and material deg-
radation, contributing to the overall fatigue damage
of the specimen [65].

The dissipated energy per cycle is computed
using the following equation:

Energy Ratio, ER

Nigr

Number of loading cycle, n

Fig. 4 a Evolution of stiffness as a function of number of loading cycle; b Evolution of energy ratio as a function of number of load-

ing cycle

niem
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2
W; = grsin (;) = Siinﬂ' sin (;) = é—n’ sin (;) (1
where W, represents the dissipated energy in the ith
cycle, o; and ¢; denote the stress and the strain lev-
els, respectively, E; indicates the stiffness modulus
and ¢; is the phase angle. In strain-controlled tests, W;
decreases progressively cycle by cycle [66]. Through-
out the loading history, the hysteresis loop undergoes
shape modifications. Several studies [67-69] attrib-
ute these changes to material damage, highlighting
the correlation between dissipated energy and fatigue
degradation.

Based on previous works of Van Dijk and Visser
[70, 71], Hopman et al. [72] proposed a fatigue fail-
ure criterion based on the number of cycles (N;ggr)
at which crack initiation is considered to occur. They
introduced the energy ratio (ER) as the ratio of the
product of the initial dissipated energy W, and the
current cycle number n to the dissipated energy at
that cycle W,

@

By substituting Eq. 1 in Eq. 2, removing the con-
stant terms, and considering that the variation in sin
@ is negligible compared to the change in the com-
plex modulus [73], ER can be expressed just in terms
of the number of cycles and the complex modulus, as
defined in Eq. 3 and Eq. 4 for stress-controlled and
strain-controlled tests, respectively:

ER =n-E 3)
n
ER=Z “

1

In stress-controlled tests, fatigue life can be defined
as the peak in the ER vs number of cycles curve, as
illustrated in Fig. 4b. Conversely in strain-controlled
tests, the ER vs number of cycles diagram displays
a monotonically increasing trend, with fatigue life
traditionally identified at the cycle where the curve
deviates from the initial linear progression [72]. How-
ever, such an approach remains arbitrary and relies
on engineering judgment [74]. To address this limita-
tion, Rowe and Bouldin [75] proposed extending the
ER criterion used in stress-controlled tests to strain-
controlled tests, providing a more consistent and

objective methodology for fatigue life determination
across different loading conditions.

In this study, both empirical N; 5, and energy-based
Neggr were determined from fatigue test data. In the
specific case of controlled-stress mode tests, the num-
ber of cycles Ng ., corresponding to the physical
rupture of specimen was also considered.

4 Experimental results

Figure 5 displays the values of stiffness modulus at
20 °C obtained from fingerprint testing carried out
on the asphalt mixtures investigated in the study. The
table below the graph reports the mean values at each
frequency, while the error bars represent the corre-
sponding standard deviations.

MIX 1 showed stiffness values approximately 11%
higher than MIX 2, whereas MIX REF exceeded
MIX 2 by up to 20%. The stiffness of MIX 1 and MIX
REF are very similar to each other at any frequency,
with a slight predominance of MIX REF. Due to
higher content of added plastics in MIX 2, this last
one was expected to exhibit higher moduli compared
to MIX 1. Such deviation from expected outcome can
be attributed to the higher air void content of MIX 2,
as reported in previous Fig. 3. The similarity in air
voids of MIX 1 and MIX REF, which is reflected on
the similarity of corresponding stiffness moduli, sug-
gested the prominent effect of air void of compacted
specimen on their stress—strain response under exter-
nal loading. Eskandarsefat et al. [45] emphasized the
critical role of stiffness modulus during fatigue test-
ing, since stiffer mixtures require higher forces to

15000
12500 1

10000

it
7500 & I e I k I
il B
5000
2500 |
0

01Hz 02Hz 05Hz 1Hz 2Hz 5Hz 10Hz 20Hz

BMIX 1 6882 7442 8084 8714 9482 10551 11343 12558
MIX 2 5993 6538 7178 7858 8672 9650 10369 11452
MIXREF 7130 7612 8145 8824 9640 10698 11477 12698

o

Stiffness modulus (MPa)

Fig. 5 Stiffness moduli at 20 °C of investigated asphalt mix-

tures
nilem
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10000000
—a— Controlled-stress

1000000 Controlled-strain

100000

Number of cycles (-)

10000

1000

50 500

o (um/m)

Fig. 6 Fatigue life versus initial strain for MIX1 under differ-
ent control loading modes

obtain the same initial strain level, and this may espe-
cially impact Phase I of material response.

Figure 6 displays the results of fatigue tests gath-
ered for MIX 1, plotted in terms of fatigue life N5
versus initial strain &, (measured at 100th cycle) in
the log—log scale. The two trend curves correspond-
ing to the two different controlled loading modes
are clearly distinguished from each other. The curve
obtained in controlled-strain mode is characterized by
a higher variability in test results and appears to be
shifted horizontally towards the right side of the dia-
gram, indicating an increase in fatigue life compared
to that determined by the controlled-stress mode for
any level of initial strain applied. The relative differ-
ence in fatigue life between the two controlled load-
ing modes is essentially the same regardless of the
criterion used.

The same outcome was observed for the other
two mixtures (MIX 2 and MIX REF). This outcome,
coherent with expectations, can be explained by
considering the evolution of stress—strain response
exhibited under cycling loading in the two different
modes. Referring to the example reported in Fig. 7,
which shows the normalised stiffness modulus as a
function of load repetitions obtained from two tests
with the same initial deformation levels imposed,
it can be observed that the change rule of modulus
under controlled-stress and under controlled-strain
was almost coincident up to a certain number of
cycles. Beyond this point, the behaviours began
to diverge. Under controlled-stress, the modulus
decreased more quickly until the complete rupture
of test specimen; in the case of controlled-strain
mode, the rate of change was lower, and this slowed

0.8

0.6

04
A Controlled-stress

02
Controlled-strain

Normalised stiffness modulus (-)

1 10 100 1000 10000 100000 1000000
Number of cycles (-)

Fig. 7 Evolution of normalized stiffness modulus as a func-
tion of loading cycles under different control loading modes
(MIX 2 in the example tested at initial strain of 200 pm/m)

down the degradation of the material. This phenom-
enon can be detected also in binder fatigue testing
and the threshold point corresponding to the diver-
gence between two controlled loading modes gener-
ally depends on test conditions [76].

Figure 8 compares the results obtained for the
different mixtures tested in the controlled-stress
mode. The three graphs, represented in the form
of Wohler’s diagrams, refer to the three different
fatigue life criteria considered.

By taking into account deviations of individual
test results, the trend lines only provide an estimate
of the behaviour of considered materials. Even
though the differences are not huge, some interest-
ing considerations can be made. The control mix-
ture containing the SBS-modified binder exhibited
slightly higher fatigue lives than the hybrid-modi-
fied mixtures. The fatigue behaviour of MIX 1 and
MIX 2 differed as a function of the applied strain:
at low levels of initial strain, the mixture with a
higher dosage of polymer compound demonstrated
slightly better fatigue resistance, whereas this trend
was reversed at higher levels of strain. A crossing
zone between the curves emerges between 140 and
150 um/m, depending on the failure criterion con-
sidered. MIX 2 manifested the steepest slope in
absolute value, indicating the greatest sensitivity to
cyclic loading. Slopes showed by MIX 1 and MIX
REF were very similar.

Figure 9 compares the results obtained for the dif-
ferent mixtures tested in the controlled-strain mode.
In this case, only N;sq and Nggp criteria have been
considered in the analysis.
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Fig. 8 Number of cycles to failure versus g, in controlled-
stress mode: a Ny ., b Ny s, € Npgg

In general terms, data point trends allow to make a
clear distinction between MIX 2 and other two mix-
tures, while MIX1 and MIX REF showed a more sim-
ilar response when compared to each other.

More in detail, MIX 1 was characterised by the
least slope, indicating the lowest susceptibility to
fatigue degradation, while the highest slope value
was exhibited by MIX 2. Also in this case, a crosso-
ver zone between MIX 1 and MIX 2 is observed at
approximately 200-205 um/m, depending on the
failure criterion considered. Similarly, a crossover
between MIX 2 and MIX REF is observed at around
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Fig. 9 Number of cycles to failure versus initial strain in con-
trolled-strain mode: a N sp, b Ny gr

170 pm/m for Ngsy and 155 micro-strains for Nggp.
As a consequence of the observed trends, the ranking
order in of the material depends on the fatigue regions
that can be identified in the Wohler’s diagram. In the
low cycle fatigue domain, that corresponds to high
levels of stress imposed, MIX 1 behaved very simi-
larly to MIX REF showing numbers of cycles at fail-
ure higher than MIX 2. Usually, low cycle fatigue is
associated to localized plastic deformation around
pre-existing defects within the material or at the tips
of crack when it has already been initiated [77]. In the
higher cycle fatigue domain corresponding to lower
stresses, MIX 2 showed higher number of cycles to
failure than MIX 1 and similar values to MIX REEF,
with a tendency to outperform this last one for even
higher cycles. The cyclic loading in high cycle regime
typically induces small elastic strain, with crack ini-
tiation often occurring at microstructural defects [77].

This outcome can be explained by considering
that at high levels of initial strain, material stiffness-
related effects are preponderant as they contribute
to amplifying localized stress concentrations. In the
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present case, MIX 1 and MIX REF exhibited higher
stiffness which was reflected in lower stress con-
centrations, thus resulting in better performance in
the low cycle regime. Conversely, at low levels of
imposed strain the response was more affected by
the stiffness of the binder phase than by bulk vol-
ume effects. It can be argued that the higher dosage
of plastomeric compound in the MIX 2 reasonably
resulted in a stiffening of the binder mastic that was
reflected in increased fatigue life of the material. It is
worth noting that pavement design is generally set to
achieve low levels of strains at the bottom of bound
layers and to keep them within linear visco-elastic
region of the materials.

It can be also hypothesized that plastic compound
may form structural networks within the binder
matrix, and this may influence fatigue resistance of
mixture differently depending on loading mode. This
aspect deserves to be better investigated in future by
means of micro-structural analysis.

Figure 10 shows the fatigue life parameter N;pr
plotted as a function of N;s,. All data points follow a
common trend with a strong relationship between two
criteria. This indicates that no significant difference
exists between ranking orders of materials based on
one criterion or another.

The relationship between number of cycles at
failure N;so and initial level of tensile strain g, in
the log—log scale can be described by the following
equation:

log Niso =Ag + A, -logeg S)

where the parameters A and A, are the fitting coeffi-
cients determined from linear regression analysis. An
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Fig. 10 N; s, versus Nygg

additional analysis on residuals have been performed
to identify potential outliers. Residuals can be defined
as the difference between experimentally observed
values and those predicted by the model. Outliers
were detected and removed using the interquartile
range method to ensure data consistency [78]. Such
a statistical methodology identified four tests to be
removed from the investigated dataset. Since the
number of excluded tests is low, this supports the reli-
ability of the obtained data, which exhibits low dis-
persion relative to the identified fatigue lines.

Fatigue regression coefficients were used to deter-
mine g, which represents the strain value correspond-
ing to 1,000,000 cycles at failure. Such a parameter
is commonly used as performance indicator to rank
fatigue resistance of asphalt mixtures.

Table 4 summarizes the ¢4 values along with the
corresponding regression coefficients obtained from
the analysis. The goodness of the fit, expressed in
terms of R? parameter, is also reported.

The results first confirm that the various criteria
are essentially equivalent, as they led to very similar
values of g, for each mixture.

In the case of the controlled-stress tests, MIX REF
and MIX 2 showed very similar performance with a
slight prevalence of the first one. The gap is actually
very small, even compared to MIX 1: in fact, the rela-
tive difference between the hybrid mixture with the
lowest compound content and the reference mixture is
of order of 10%.

The mixtures MIX REF and MIX 2 showed a very
similar response also in controlled-strain tests, but
in this case MIX 2 slightly outperform the reference
one with g value well above 160 um/m. The gap with
MIX 1 is more pronounced than in controlled-stress
mode, with g value still around 140 pm/m.

Table 4 &, values and regression parameters for considered
asphalt mixtures

Loading mode Mix code N5

€6 Ay

Controlled—stress MIX 1 98 18.36 —6.18 0.98
MIX 2 107 2058 =721 0.94
MIX REF 110 19.86 -6.78 0.90
Controlled—strain MIX 1 140 17.64 -543 0.85
MIX 2 164 2692 -944 095
MIX REF 161 20.58 -6.61 0.86
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It is worth noting that g, levels above
120-130 um/m at 20 °C are usually taken as indica-
tive of good fatigue performance in the field for
standard dense graded asphalt mixtures [79, 80].
Despite the presence of a high amount of RAP, the
optimized composition of the mixtures allowed
yielding adequate fatigue lives for all of them.

A final observation can be made on R? coef-
ficient. R? values were found to be higher than 0.9
for tests conducted in stress-controlled mode, indi-
cating a high goodness of fit. In the case of strain-
controlled tests, R? values obtained for two mixtures
(MIX1 and MIX REF) were slightly lower. This
outcome reveals that strain-controlled mode was
characterized by greater variability of test data with
respect to stress-controlled mode.

5 Summary and conclusions

This experimental study compared the fatigue prop-
erties of different modified asphalt mixtures con-
taining 50% RAP. Two mixtures (MIX 1 and MIX
2) modified with recycled plastics and a reference
mixture (MIX REF) modified with SBS polymer
were investigated. Compositions of the mixtures, in
terms of aggregate and RAP fraction proportions,
rejuvenator dosage, polymer compound and binder
content, had been previously optimized based on a
laboratory mix design. Mixtures were subjected to
4 PB fatigue tests at 20 °C and 10 Hz. Tests were
carried out in controlled-stress and controlled-strain
modes in order to consider the response of materials
under different critical loading modes in pavement
structures. Before conducting fatigue tests, stiffness
modulus tests were also performed to characterise
the stress—strain response of prismatic beams under
cyclic loading.

The experimental results indicated that the use of
high percentages of RAP combined with the use of
recycled plastics resulted in adequate fatigue perfor-
mance of mixture. The experimental data also indi-
cated that recycled plastics used in this study yielded
fatigue performance comparable or even slightly
higher to that obtained with the use of SBS-modified
binder.

Specific conclusions from the study can be drawn
as follows:

e MIX 2 containing 0.5% polymer compound
showed lower stiffness than MIX 1 containing
0.3% and control MIX REF, at all frequencies
investigated,

e MIX 2 showed superior fatigue performance,
expressed in terms of &4, with respect to MIX 1.
The relative difference between & values were
about 6% in controlled-stress mode and 18% in
controlled-strain mode,

e MIX 2 and MIX REF prevailed over one another
depending on the loading mode. Specifically,
in controlled-stress mode MIX REF exhibited
slightly higher performance, while in controlled-
strain mode MIX 2 slightly outperformed the ref-
erence one,

e a very strong correlation between Ngs, and Nygg
failure criteria was found. As a consequence, their
use led to the same ranking order of the materials,

o fatigue tests conducted in strain-controlled mode
were characterized by a greater variability of data
with respect to tests conducted in stress-controlled
mode, as revealed by corresponding R’ values
obtained from regression analysis.

Overall, the outcome of the experimental work
highlights the great potential in terms of fatigue per-
formance of hybrid-modified asphalt mixtures con-
taining high amount of RAP and waste plastics. This
appears very promising in the perspective of full-
scale development of such technology, as the envi-
ronmental benefits deriving from the use of recycled
materials are not jeopardized by reduced service life
of the pavement.

However, further experimental work is needed
to support the conclusions of the study. This should
entail expanding the array of materials to include
plastics waste and RAP of different types and origins.
The effects of ageing and their implications on long-
term fatigue performance also deserve to be inves-
tigated in future work. Finally, the results obtained
from laboratory testing should be validated with field
testing data.
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