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ABSTRACT ARTICLE HISTORY

In this present study, the effects of polyacrylonitrile fibres and high content Received 30 March 2022
(50%) of Reclaimed Asphalt Pavement (RAP) on the mechanical proper- Accepted 21 August 2022
ties of asphalt mixtures in binder and base layers were studied. This is the KEYWORDS

first time that the effect of high RAP content on the mechanical proper- Fibers reinforced asphalt
ties of fibre reinforced asphalt mixtures (FRAM) was evaluated, while the  iture: polyacrylonitrile
low temperature performance was not usually conducted in previous stud-  fibres; RAP; mechanical
ies. Results indicated that the addition of polyacrylonitrile fibres worsens properties; 252P1D

the moisture susceptibility resistance, but improves the rutting, stiffness

properties, fatigue performances, and cumulative fatigue damage of the

mixtures with and without RAP. No significant effects on the low tem-

perature cracking resistance were found when fibre was used, while a

remarkable improvement in the crack propagation resistance properties

was observed. Therefore, the use of polyacrylonitrile fibres improves in gen-

eral the mechanical responses of the mixture, especially in the stiffness

response.

1. Introduction

Asphalt mixture is the one of the most widely used paving materials for road pavements (Liu et al.,
2020; EAPA, 2022). It is continuously exposed to traffic loads and different environmental conditions
which affect the short and long-term performance of the pavement. In past decades, continuously
increased traffic volume and the environmental climate change demands, induced the enhanced
durability and performance properties requirements for asphalt pavements (Office et al., 2021).
Different technologies were conducted to overcome these issues such as the addition of different
types of fibres to improve the overall and/or specific mechanical properties (Button & Hunter, 1984;
Motlagh & Mirzaei, 2016; Slebi-Acevedo et al., 2021). Varies types of fibres, such as cellulose (Landi
et al., 2020), aramid (Ho et al., 2016), steel (Garcia et al., 2015; Leiva-Padilla et al., 2019; Nguyen et al.,
2017), polyolefin (Smirnova et al., 2019), polypropylene (Kim et al., 2018; Klinsky et al., 2018), glass
(Eskandarsefat et al., 2019), lignin and asbestos (Chen et al., 2009) among others, were attempted in
the laboratory and in the field to reinforce the asphalt mixture. Results indicated that in general, the
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fibre addition improves the resistance to fatigue cracking and rutting, and it works as a crack barrier to
prevent the cracking propagation, while the effects on low temperature performance are seen quite
controversially. The results showed that fibres could improve low-temperature fracture performance,
however, such improvement highly rely on the fibre types, and for some fibres, such as lignin fibres,
the improved effects are not stable (Wu et al., 2018).

In the early-stage work of the FIBRA project, the effect of different fibre's types on Asphalt Concrete
(AC) and Porous Asphalt (PA) were evaluated through a multi-criteria design analysis method (Slebi-
Acevedo et al,, 2019, 2021; Bueno & Poulikakos, 2020). Results indicated that polyacrylonitrile (PAN)
fibres lead to better overall chemo-mechanical properties for AC mixtures. Several researchers (Chen &
Xu, 2010; Slebi-Acevedo et al.,, 2019; Wang et al., 2018; Weise & Zeissler, 2016; Xu et al., 2010) conducted
on PAN fibres showed their reinforcement effects and the great networking function, leading to better
rutting and fatigue resistance, while for the low temperature properties, the results were limited and
discussed controversially (Tasdemir & Agar, 2007; Wu et al., 2018; Zhong et al., 2011). Besides the con-
ventional mechanical properties, the effect of climate and traffic loading on the long-term pavement's
mechanical performance was also studied in this project. In the authors’ previous work (Walther & Wis-
tuba, 2012; Wistuba & Walther, 2013), a mechanistic pavement design method was developed based
on the linear-elastic multi-layer theory. The cumulative damage parameter was used to evaluate the
long-term performance of asphalt mixtures based on German climate and performance requirements.
More information are explained in chapters 2.2.5 and 3.5.

Nowadays, the use of RAP is a common environmentally, economically, and resource-efficient prac-
tice (Aurangzeb et al.,, 2014; Office et al., 2021). Generally, across Europe, the allowable amount of RAP
that can be used in asphalt binder layers is around 30%, since the performance of asphalt mixtures
changed dramatically for higher content of RAP. A plenty of studies were conducted to investigate
the effects of high percentage of RAP on the performances of asphalt mixtures, especially on cracking
resistance. Several researchers (Zhang et al., 2019; Zhou et al., 2019 and Montanez et al., 2020) showed
that the addition of a high amount of RAP could shorten the fatigue life of asphalt mixtures, increasing
the cumulative rate of fatigue damage. The use of RAP also worsens the low-temperature property
of asphalt mixtures, making the mixtures more prone to thermal cracking (Zaumanis & Mallick, 2015;
Riccardi et al.,, 2017b; Asib et al., 2019; Pedraza et al., 2021). Other results from laboratory and field
evaluations showed that with an increasing of RAP content, the stiffness of asphalt mixtures increased,
while fracture energy decreased (Van Winkle et al., 2017). Moreover, the addition of high amount of
RAP could also have negative impacts on the short- and long-term aging behaviours (Majidifard et al.,
2019), and on the self-healing property. Hence, the effect of the high content of RAP on the mechanical
properties of FRAM was considered in this project, which is the first time in an experimental study.

To compensate for the negative effects of RAP, rejuvenators and/or softer asphalt binders are com-
monly added to the asphalt mixture to recover the rheological properties of the aged binder contained
in RAP. Various types of non-renewable fossil-based rejuvenators show the capability to recover both
short- and long-term performance properties of aged binder (up to 100%) (Hugener et al., 2022; Zau-
manis et al., 2014). However, the use of alternative sustainable materials, such as fibres, may bring
additional environmental benefits. Using fibres in substitution of polymers could help saving high
amount of greenhouse gas (GHG) emission, energy consumption during the production and construc-
tion of asphalt mixtures, and save the non- renewable fossil-based products. This can be attributed to
the relatively low mixing temperature. In fact, the fibres can be added at ambient temperature directly
to the mix by using the dry process technology. Furthermore, the longer service life of FRAM could ulti-
mately lead to an extra CO, emissions reduction during the operation period (Stempihar et al., 2012).
Additionally, results showed that incorporating fibres with RAP could effectively improve the tensile
strength, rutting resistance, and moisture susceptibility of asphalt mixtures, in addition to enhancing
the resistance to crack initiation and propagation (Fakhri & Hosseini, 2017; Park et al., 2020; Ziari et al.,
2020). However, each type of fibre presents its own disadvantages, for example, cellulose fibres mainly
have the function of absorbing and stabilising asphalt binders rather than enhancing the strength of
asphalt mixtures (Li et al., 2020). Polymer fibres exhibit inferior durability and dispersibility in asphalt
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Table 1. Binders’ conventional properties.

Penetration [dmm] Softening point [°C]

Binder types [EN 1426, 2015] [EN 1427, 2015] PG [AASHTO M320, 2021]

50/70 58.0 482 70-22

PmB 40/100-65 64.2 750 76-28

35/50 350 56.6 82-16

RAP binder 186 65.0 82-22
Table 2. Asphalt mixture types.

Binder Binder Fibre Void

Mixture type content [%6] content [%] content [—]
B-Ref. 50/70 44 0 58
B-PmB 40/100-65 44 0 55
B-FRAM 50/70 44 015 5.0
B-Ref+ RAP 50/70 + RAP 44 0 5.5
B-PmB + RAP 40/70-65 + RAP 44 0 52
B-FRAM + RAP 50/70 + RAP 44 0.15 43
T-Ref. 50/70 4 0 6.5
T-FRAM 35/50 4 015 6.3

mixtures (Slebi-Acevedo et al., 2019), glass fibre shows poor adhesion with asphalt binder due to its
smooth texture (Mukhammadiyeva et al., 2016).

In this study, the effects of adding PAN fibres on the overall mechanical performances of different
asphalt mixtures containing high RAP contents were experimentally studied and modeled. More-
over, the cumulative fatigue damage was also calculated and compared based on a German-based
mechanistic pavement design method.

2. Materials and testing
2.1. Materials

Two conventional binders: a 50/70 and a 35/50 Pen Grade (EN 12591, 2015) and a polymer modified
binder 40/100-65 (EN 14023, 2010) were used to produce a set of eight mixtures for binder (B) and base
(T) layers. These binders were chosen according to the German specification (TL Asphalt-StB 07/13,
2013), which indicate the use of 50/70 and 40/100-65 for the binder layer mixtures subjected to normal
or heavy traffic and the use of 35/50 and 50/70 for the base layer mixtures subjected to heavy traffic.
The characteristics of the binders, including also the extracted binder (EN 12697-3, 2013) from the RAP
source are summarised in Table 1.

Five asphalt mixtures (Table 2) were prepared with fresh materials only: three of them for binder
layers (B) and two of them for base layers (T). Considering the asphalt mixtures for binder layers, two of
them were produced without incorporating fibres. The reference mixture (B-Ref) was produced using
a plain 50/70 binder, while for the other one a 40/100-65 Polymer modified binder was used, and it is
identified as B-PmB. The third one was a Fibre Reinforced Asphalt Mixture (B-FRAM) composed of 50/70
and 0.15% of PAN fibre of total weight of the asphalt mixture. Regarding the asphalt mixtures for base
layers, the reference mixture (T-Ref) was produced with a 50/70 plain binder, while for the FRAM mix-
ture (T-FRAM) a 35/50 plain binder was used together with 0.15% of PAN fibres. Other three mixtures
for binder layers were prepared replacing 50% of the total weight by recycled materials originating
from RAP. These mixtures were identified as B-Ref + RAP, B-PmB + RAP and B-FRAM + RAP.

All mixtures summarised in Table 2 have the following common characteristics:

e Same gradation curve as reported in Figure 1(a,b), typically used for the German (TL Asphalt-5tB
07/13, 2013) binder and base layers, respectively;
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Figure 1. Standard grading curve (TL Asphalt-StB 07/13, 2013) used for asphalt mixtures for (a) binder layer and (b) base layer.

e Gabbro virgin aggregates and a single source of RAP material originating from a ten years’ binder
layer;

e 4.4% total binder content for the binder layer mixtures and 4% for the base layer mixtures by weight
of the dry mix. The optimum binder content was chosen using the Marshall method (Roberts et al.,
1991).

e Target air voids content: 5% for the binder layer mixtures and 6% for the base layer mixtures;
Fibre content of 0.15% of the total weight of the asphalt mixture, added following the dry process,
as suggested by the producer of the FRAM mixtures.

The physical and geometrical properties of the RAP source were also investigated. In particular, the
black and white curves reported in Figure 2 were determined in accordance with EN 12697-2 (2013)
and EN 13108-8 (2020). Then, the binder content of the RAP aggregates was determined on five sam-
ples with the rotatory evaporator (EN 12697-3, 2013) and resulted equal to 4.93%. The specific gravity
was determined in accordance with EN 12697-5 (2019) and resulted 2.925 g/cm?.
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Figure 2. Black and White curves of the RAP source.

Figure 3. lllustration of PAN fibres.

PAN fibres (Figure 3) are synthetic, semi crystalline organic and thermoplastic fibres, its properties
are summarised in Table 3. More information on thermal and chemical properties of these fibres, and
of the microstructure of PAN incorporation within the mixtures can be accessed in FIBRA project’s
previous outcome (Bueno & Poulikakos, 2020).

From the slab of the mixtures compacted with the roller sector compactor (Wistuba, 2016), differ-
ent samples were cut for carrying out the different tests. The detailed sizes are explained in the next
chapter.

2.2. Mixture testing

To evaluate the mechanical properties of all the mixtures, different testing methods, described in the
following, were carried out. The research approach adopted is summarised in Figure 4.

2.2.1. Water sensitivity test

A set of eight specimens (D = 100 mm, h = 60 mm) for each mixture was cored from slabs and was
divided into two equally sized subsets and conditioned. One subset was maintained dry in a climate
chamber at 22°C while the other subset was saturated and stored in water at elevated temperature
(40°C) for 68-72 h. After conditioning, the indirect tensile strength of each of the two subsets was
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Table 3. Characteristics of the PAN fibres.

Characterization Description or parameters
Form Staple fibres
Appearance Bright straw yellow gold
Nominal diameter (xtm) 10

Nominal length (mm) 4

Density (g{cmg) 1.18

Humidity [%] <2or18

Tenacity (MPa) = 708

Elastic modulus (MPa) 16,500

Elongation at break (%6) <13

Glass transition temperature Tg* in air [*C] 100

Melting temperature Tm* in air [°C] 330

Chemical resistance

All chemicals except Dimethylacetamide
(DMAC); Dimethyl sulfoxide (DMSOQ);
Dimethylformamide (DMF); ZnCl;; Sodium

thiocyanate (NaSCN)

Other resistance

Ultraviolet (UV), rot and weathering

Binder layer mixtures

1 . _J [ Base Ia_\'er_tn_ixtures ‘ Materials
o B-Ref* oB-Ref+RAP* | | [
*B-PmB*  «B-PmB+RAP | | eT-Ref «T-FRAM ! -
*B-FRAM* B-FRAM+RAP{ | i freporation
i H i ' i ~7| | Experimental
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,[, = @ A = ,!, si Work
T T || Stiffness | | Fatigue |1 ¢ i
] . 1 by ! L
E \“'?ﬂ‘ﬂ: i Rl.lﬂlﬂg i | _respomse | | resistance | ilcmpcor:turci Results
i sensitivity |, resistance | | 1 2 |
] il i | resistance
I | N R 4 B and
] 1 asnkhr S|
ITS s " Mex "-"-""J{""' Tro
PRD | Mechanistic Pavement | P YF Data Analyses
e kD | Design (parameter D) | P G Kic
‘ Evaluation of Results and Discussion | ‘ ‘ Conclusions

RAP*: 50% Recycled Asphalt Pavement HWT*: Hamburg Wheel Tracking test
IDT*: Indirect Tensile Test ITS*: Indirect Tensile Strength test

TCT*: Tension-Compression Test

Ref*: Reference PmB*: Polymer modified Binder FRAM®*: Fiber Reinforced Asphalt Mixture

TSRST*: Thermal Stress Restrained Specimen Test SCB*: Semi-Circular Bend Test

o ITS: indirect tensile strength
(e ITSR: indirect tensile strength ratio

® E*: complex modulus of stiffness
test

~fed: phase angle of stiffness test

e, fi: constant

3 the Newtonian viscosity

®k, h: exponents such that O<k<h=]

T characteristic time

(e WTS: deformation rate in air
between 5000 and 10000 cycles

t PRD; relative rut depth (PRD) after
1M eyveles

s RD: rut depth (RD) afier 10000
eyeles

o £, horizontal elastic initial strain

8 Nogaer: Tumbers of eveles when the
energy ratio (ER) reaches its peak

o D cumulative fatigue damage

o Tg: failure temperature of TSRST
test

to e failure stress of TSRST test

® Fygy- Critical nominal stress of SCB
test

® G fracture energy of SCB test

o Ky fracture toughness of SCB test

Figure 4. Research approach.

determined in accordance with EN 12697-23 (2017) at the specified test temperature of 22°C (Equation
1). Theratio of the indirect tensile strength of the water-conditioned subset compared to that of the dry
subset was determined in accordance with Equation 2 and expressed in percentage (%) (EN 12697-12,
2018). The parameter of ITSR was applied to evaluate the effect of fibres.

2F
TS = —
wDh
ITSw
ITSR =100 - ——
ITSy

(1

(2

Where ITS is the indirect tensile strength (MPa); F is the force (N); D and h are the diameter and the
height in mm, respectively; ITSR is the indirect tensile strength ratio, in percentage (%); ITSy is the
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average indirect tensile strength of the wet group, and ITS4is the average indirect tensile strength of
the dry group.

2.2.2. Rutting resistance test

Hamburg Wheel Tracking (HWT) tests (EN 12697-22, 2020) were conducted to evaluate the rutting
resistance. Compacted slabs (two replicators) with dimensions of 500 mm x 180 mm x 100 mm ata con-
stant temperature of 60°C were used in this study. After a zero measurement the relative rut depth (RD),
e. g, the absolute rut depth as a percentage of the specimen height (PRD), was determined at different
time intervals together with a deformation rate WTS of between 5000 and 10000 cycles.

2.2.3. Stiffness test

Direct tension-compression tests in accordance with EN 12697-26 (2012) Annex D were performed on
three replicates for each mixture type. According to the specification, a sinusoidal load was introduced
into a cylindrical sample (50 mmx 160 mm) glued on two steel plates screwed to the loading rig. The
stiffness tests were carried out at six different temperatures (—20, —10, 0, 10, 20 and 30°C) and six
frequencies (0.1, 0.3, 1, 3, 5 and 10 Hz). In order to assure to be in the LVE range, a stress amplitude of
0.10 MPa was applied for temperatures from —20°C to 10°C, and 0.05 MPa was applied for 20 and 30°C.
These stress amplitudes were chosen after conducting amplitude sweep tests at the lowest tempera-
ture and highest frequency, and at the highest temperature and lowest frequency, similar to what it's
usually performed on the binder level (Riccardi, 2017).

The outputs are the stiffness modulus, E*, and the phase angle, §, versus frequency and tempera-
ture. The 252P1D model was used to fit the data (Di Benedetto et al., 2004; Olard & Di Benedetto, 2003;
Possebon et al., 2021; Riccardi et al., 2017a and 2021; Nguyen et al., 2022). At reference temperature
(10°Ciin this study), the 252P1D model expression for complex modulus is given by:

Em—ED

E*(iwt) = Ep +
1+ a(iwr}_k + (iwr)_h + (iwﬂr}_1

(3)

where i is the complex number defined by i? = —1; @ is the angular frequency such that o = 2xfr
and fr is the reduced frequency; k and h are exponents such that 0 < k < h < 1; @ is a constant; Eg is
Young's modulus when w—0; Ex; is the Young’s modulus when w—00; 1 is the Newtonian viscosity
such that n = (Ex-Eg)BT: B is a constant; T is the characteristic time, that governs the temperature
dependency of the model and it represents the time needed for the system to relax. The characteristic
time is function of temperature and based on the Time-Temperature Superposition Principle (TTSP)
can be expressed as in Equation 4:

(T) = ar(T) - ©o(Ts) 4

where ag is the shift factor at temperature T; o9 = ©(Ty) is the characteristic time determined at the
reference temperature Ty. The shift factor at a specific temperature T, a;(T) can be obtained using
Equation 5 (Williams et al., 1955).

c1(T —To)
loga = (5)
gar(M) ¢+ (T —To)
Therefore, seven constants (Eqg, Ex, @, k h, B and t) are needed to entirely determine the linear
viscoelastic behaviour of a specific asphalt mixture at a given temperature.

2.2.4. Fatigue resistance tests

To assess fatigue resistance of the mixtures, Indirect Tensile tests (IDT) (EN 12697-24, 2018) were carried
out at a constant temperature of 20°C. Cylindrical specimens with dimensions of 100 x 40 mm? were
cut from the slabs and were subjected to a continuous sinusoidal load in stress controlled mode at
a frequency of 10 Hz. According to the standards, five loading amplitudes were used. The smallest
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loading amplitude was chosen in that way that the specimen fails after 10° cycles and the largest
amplitude so that the specimen withstands at least 10° cycles. For each mixture, 15 specimens were
tested (three samples for each of the five strain levels). The chosen fatigue failure criterion was based
on the numbers of load cycles, Njmacro, Wwhen the energy ratio (ER) (Figure 5) reaches its peak.

The ER is given by the product of the number of cycles and stiffness modulus (Equation 6):

ER(N) = [E(N)IN (6)

Where E(N) is the stiffness modulus at the particular cycle N. The Wéhler line (Equation 7) (Saal & Pell,
1960) was used to express the material's fatigue law:

Nmacro = G - Eg;z (7)

Where &, is the horizontal elastic initial strain; C; and C; are fitting constants.

2.2.5. Mechanistic pavement design
The mechanistic pavement design was used in the present study to evaluate the fatigue evolution of
the mixtures on site. This is based on an iterative design approach. The distress model is composed of
individual sub-models displaying climate and traffic input data, distress analysis, and design decisions.
The typical climate and traffic data in Germany were used in this study. For the distress model, the
stiffness measured under 10 Hz at all six different temperatures, —20, —10, —0, 10, 20, and 30°C, were
used as input data together with the fatigue parameters Nyjacro and corresponding ¢ (EN 12697-24,
2018).

Analysis of fatigue evolution requires a cumulative damage hypothesis. This is realised by linear
summation of cyclic ratios applying Miner's law (Miner, 1945; Monismith, 2004). The cumulative fatigue
damage D due to load repetitions reads for a design period of 30 years can be expressed in:

n
nj
D= — =<1 8

Where, n; is the number of actual traffic load application at strain/stress level i, and N; is the number of
allowable traffic load application to failure at strain/stress level i. Equation 8 allows predicting fatigue
life in terms of the number of permissible load applications (due to traffic and thermal load cycles).
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The mechanical analysis is based on a response model to calculate critical traffic-induced and/or
temperature-induced stress. For this purpose, the pavement structure is represented by individual
layers. In this study, a standardised asphalt pavement structure according to German regulations (AL
Sp-Asphalt 09, 2009; RStO 12, 2012) is used exhibiting a thickness of 34 cm asphalt in total where
4.cm correspond to the surface layer (SMA), 8 cm to the binder layer and 22 cm to the base course.
The binder and base layer, mixtures listed in Table 2 were used in this study. More detailed design
approaches can be found in the authors’ previous work (Wistuba & Walther, 2013).

2.2.6. Thermal cracking resistance and thermal fracture tests

2.2.6.1. Thermal stress restrained specimen test (TSRST). TSRST were performed in accordance
with EN 12697-46 (2012) on prismatic asphalt beams with dimensions of 50 x 50 x 160 mm?®. During
the test, the specimen was held at a constant length, while its temperature was decreased from a start-
ing temperature of + 20°C, with a constant cooling rate of AT = —10K/h. A close-loop control system
kept the specimen at constant length. Due to the prohibited thermal shrinkage, the specimen was
subjected to an increasing (cryogenic) tensile stress. The test ended at a minimum test temperature of
T = —40°C or at failure, when the cryogenic stress reached the tensile strength of the asphalt sample.
The TSRST results consisted in determining the failure stress o r and the failure temperature Tg.

2.2.6.2. Semi circular bending test (SCB). SCB fracture tests were performed based on EN 12697-
44 (2019). Considering the climate conditions in Germany, a single test temperature of —18°C was
selected in this study, at least two replications were performed for each mixture. More detailed infor-
mation about the sample configuration and testing method can be found in the authors’ previous
studies (Cannone Falchetto et al., 2018). The critical nominal stress o max, and two main fracture
parameters, fracture energy, Gr, and fracture toughness Kj were calculated by using the following
equations:

Gr = Wi /Aig = [ Pdu/h ®
Kic = omax - Y1 9

a ay2 a3 a\4 a\s
Y, = —4.9965 + 155.58 (F)_799'94(F) +2141.9(F) —2700.1 (?) +1398.6(F) (10)

Where Wr is the work of fracture; A is the ligament area, given by A;g = (r-a) x t; Y; is the nor-
malised stress intensity factor (dimensionless); o max equals to Pmax/(2 x r x t); a is the notch length; r
is the radius or the height of the sample and t is the sample thickness.

As shown in Equation 9, o may is the nominal stress recorded at the peak load, while K is the stress
intensity factor at peak load, which represents the highest value of stress intensity factor that the mate-
rial can bear before macro cracking occurs (when reached the peak load). Hence, both o gy and Kjc
can be used to quantitatively evaluate asphalt mixtures’ cracking resistance capability; in other words,
these two parameters indicate the extreme thermal load that mixtures could endure. The value of G
is the area under the load vs. load line displacement (LLD) curve by the ligament area (the product
of the ligament length and the thickness of the specimen) of the SCB specimen prior to testing (EN
12697-44, 2019). Considering the curve shape, the value of Gf highly relies on the mixture’s behaviour
after peak load. A brittle material with a higher peak load and a sharp decreased curve may lead to
a lower Gf, while softer material with a lower peak load and a gentle decreased line will ultimately
result in a higher Gr. Such behaviour is mainly influenced by the interface between aggregates and
binders (mastic). In a viscoelastic material such as asphalt mixture, the fracture energy increases with
crack growth. Such increase is independent of crack length and growth speed, it only depends on the
work needed for crack propagation. Therefore, a higher value of o max and K¢ indicate a high strength
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Figure 6. Indirect Tensile Strength results.

required to open the crack which means better resistance to thermal cracking before macro crack-
ing occurs. In the meanwhile, a higher value of G indicates higher energy required for the crack to
propagate which means a better resistance to crack propagation after macro-cracking.

3. Results and analysis
3.1. Water sensitivity results

Figure 6 presents the results concerning the ITS in both dry and wet conditions, including also the error
bars to show the variability (standard deviation) of the measurements. It can be seen that the PmB and
the mixtures containing RAP present higher variability of the measurements compared to the other
mixtures. Moreover, the asphalt mixtures prepared with fibres result in similar or higher values of ITS
in dry conditions compared to the polymer modified ones. In addition, it can be seen that the highest
ITS values in both dry and wet conditions were found for the mixture composed of RAP. An increase
between 27% and 48% for the dry condition, and 34% to 54% for the wet condition in comparison
with the mixtures composed without RAP.

Concerning the moisture resistance of the mixtures, ITSR results are displayed in Figure 7. All the
FRAM mixtures have shown lower moisture resistance compared to the reference and PmB mixtures.
This can be due to the fact that the fibres may absorb the moisture, which may lead to binder stripping,
causing failure at lower stress (Gupta et al,, 2021). This would be consistent with the hypothesis that this
type of fibre improves the mechanical performance of the mixture under dry conditions but requires
a greater amount of binder to work properly also in wet condition. However, all the values of the ITSR
were higher than 70% fulfilling the German specification for binder and base course.

3.2. Rutting tests results

Table 4 displays the results of the Hamburg wheel tracking tests (EN 12697-22, 2020). For each mixture,
the deformation rate (WTS) between 5000 and 10000 cycles, the rut depth (RD) after 10000 cycles and
the relative rut depth (PRD) after 10000 cycles were calculated.

According to these results, the mixtures containing fibres (B-FRAM, B-FRAM + RAP, T-FRAM)
depicted remarkable improvements in all the parameters (WTS, RD, PRD) in comparison to the refer-
ence mixtures (B-Ref, B-Ref + RAP, T-Ref) and slightly worse performance than B-PmB. However, both
mixtures B-FRAM and B-PmB present an excellent rutting resistance, largely respecting the standard
requirements for binder layer mixtures which for the highest traffic category,impose a maximum slope
of 0.070 mm/1000 cycles. Also with the incorporation of RAP, the fibres improve the permanent defor-
mation resistance. Hence, it can be concluded that in the high temperature range, the addition of
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Table 4. Rutting test results.

Mixtures WTS [mm/1000cycles] RD [mm] PRD [%]
B-Ref 0.030 232 36
B-PmB 0.016 1.42 3.2
B-FRAM 0.021 2.05 33
B-Ref + RAP 0.016 1.88 3.2
B-PmB+ RAP 0.011 1.64 26
B-FRAM+ RAP 0.013 1.58 25
T-Ref 0.036 2.89 44
T-FRAM 0.009 1.70 25

the fibres in the mixtures has a positive effect, acting as a reinforcement and improving the rutting
resistance of the mixtures.

3.3. Stiffness tests results

Figure 8 reports the master curves of the complex modulus and of the phase angle for binder and
base layers’ mixtures at a reference temperature of 10°C fitted with the 252P1D model. For binder
layer (Figures 8(a,b)), the reference mixture, B-Ref, composed with the 50/70 binder presents the high-
est complex moduli compared to the B-PmB and B-FRAM mixtures. In more details, it was found that
the complex moduli of the B-FRAM mixture are always between the ones of the B-Ref and B-PmB mix-
tures. For the mixtures containing RAP, the stiffening effect of the aged binder present in RAP can
be seen, which increases significantly the stiffness values up to more than the double of the mix-
tures without RAP. Similar results in terms of the complex moduli were found for the RAP mixtures.
Looking at the phase angle, it can be seen that in the high frequencies/low temperature range, the
B-FRAM mixture gives similar values to the B-Ref and B-PmB; while at low frequencies/high temper-
ature, and at intermediate temperature, the phase angles of the B-FRAM are lower than the ones of
the B-PMB mixture, indicating a less viscous behaviour; while the B-Ref mixture presents the highest
phase angle and therefore a more viscous behaviour. For the mixtures containing RAP, the FRAM + RAP
mixture presents the lowest phase angle especially in the low frequencies/high temperatures range
in comparison with all the other mixtures indicating a more elastic behaviour in all the temperature
ranges.
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Figure 8. Master curves of the mixtures at a reference temperature of 10°C: (a) binder layer complex modulus |E*|; (b) binder layer
phase angle §; (c) base layer complex modulus |E*|; (d) base layer phase angle &.

It can be concluded that the mechanical behaviour of the B-FRAM mixture is similar to or even better
than the corresponding B-PmB mixtures in the LVE range. It is noting the mechanical property of FRAM
(fibre and plain binder) is similar to or even better than the polymer-modified mixture. Regarding the
addition of fibres in RAP mixtures, it seems to have a significant effect in the high-temperature range.
Because the phase angles of the B-FRAM + RAP are the lowest which indicates that the fibres make
the mixture less viscous.

As shown in Figure 8(c,d) for the base layers’ mixtures, very similar results in terms of complex mod-
uli and phase angles were obtained for T-Ref and T-FRAM. In more details, slightly lower complex
moduli and higher phase angle were found for the T-FRAM mixture in the high frequency/low-
temperature range, while higher complex moduli and lower phase angles were found in the low
frequency/high-temperature range, indicating better mechanical properties in comparison to the T-
Ref mixture. Therefore, it can be concluded that in the base layer mixture the addition of the fibres to
the plain binder 35/50 make the mixtures more elastic and less stiff at low temperature, while they act
as a reinforcement at high temperature making the mixtures stiffer and more viscous.

Figure 9 displays the Cole-Cole and black diagram fitted with the 252P1D model. The Cole-Cole
plot expresses the relationship between the real (E') and imaginary (E”) components of the complex
modulus (E*), while the black diagram expresses the relationship between the complex modulus (E*)
and the phase angle (). From these plots it can be seen that B-FRAM has the lowest maximum values
of E” and of the phase angle indicating a smaller viscous tendency with respect to B-Ref and B-PmB.
In particular, it can be observed that the B-Ref mixture reaches a maximal phase angle of 43° that is
8° higher than the one of B-FRAM mixture which reaches a maximal phase angle of 35° and 3° higher
than the one of B-PmB, which presents a maximal phase angle of 40°C. All the parameters of the model
together with the coefficients of the WLF equation are summarised in Table 5. The parameters of the
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Figure 9. Experimental data and 252P1D fitting displayed in (a) binder layer Cole-Cole plot; (b) binder layer black-diagram; (c) base
layer Cole-Cole plot; (d) base layer black-diagram.

252P1D model help to provide a better understanding of the effects of adding fibres in the mixture
with and without RAP. It's well known that the parameters k, h, @ and g are related to binder proper-
ties [38, 39, 48]. Comparing B-Ref and B-FRAM, it can be seen that the addition of fibres doesn’t change
these parameters significantly. This means that adding the fibres on the plain binder has no signifi-
cant effects on binder rheology. Regarding B-PmB, lower values of the parameter «, which governs
the height of the peak in the Cole-Cole plot, and of h, which governs the slope at high temperature,
were found compared to the other two mixtures. Also the characteristic time, 7o, was found to be
lower for B-FRAM and B-PmB compared to B-Ref. This indicates a shorter relaxation time for the mix-
tures containing fibres and polymers. Regarding the other parameters, Ey is the static modulus and
is associated with the aggregate skeleton and void content (Nguyen et al., 2015) and Exis the glassy
modulus. It was found that B-PmB presents the highest value of Ep, similar to the B-FRAM and as latest
the B-Ref, demonstrating the reinforcement effects of the fibres in the high temperature range. The
B-FRAM mixture presents the lowest value of Ex, showing the potential to have a less stiff material in
the low temperature range.

For the base layer mixtures, T-FRAM presents lower values of E” and of § with respect to the T-Ref
mixture, in accordance with the results of the binder layer mixture. All the parameters of the 252P1D

model are higher than the ones of T-Ref showing the reinforcing effect of the fibres which give also a
more elastic behaviour to the mixture.
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Table 5. 252P1D model parameters.

Mixtures EplkPa] Eo [kPa] o Tp k h B <} ) R?

B-Ref 1.18E4+05 2.61E+07 256 0.99 021 0.63 4499 1779 1318 0.99
B-PmB 1.81E4+05 2.40E+07 210 0.63 0.22 0.58 4499 521 394.2 0.99
B-FRAM 1.51E4+05 2.13E+07 250 0.86 021 0.62 4499 485 355.2 0.99
B-Ref+ RAP 7.52E4+05 2.53E+07 1.10 0.55 0.28 0.65 4999 547 456.9 0.99

B-PmB+ RAP 4.43E405 2.54E4-07 1.80 0.50 0.28 0.68 450.0 56.7 419.8 0.99
B-FRAM + RAP 1.05E4-06 2.73E4-07 1.80 0.78 0.26 0.56 450.0 420 358.1 0.99
T-Ref 3.10E+4-04 2.50E4-07 297 1.51 0.23 0.60 150.0 64.8 4335 0.99
T-FRAM 2.50E405 2.02E4-07 4.07 3.92 0.26 0.67 149.9 51.5 374. 0.99

Table 6. Stress levels applied for the IDT
tests to the different mixtures.

Mixtures op [MPa]

B-Ref 0.15,0.20, 0.25, 0.30,0.35
B-PmB 0.20, 0.25, 0.30, 0.35, 0.40
B-FRAM 0.10,0.15, 0.20, 0.25,0.35
B-Ref + RAP 0.30, 0.35, 0.40, 0.45, 0.50

B-PmB + RAP 0.30, 0.40, 0.50, 0.60, 0.70
B-FRAM + RAP 0.35, 0.40, 0.50, 0.60, 0.70
T-Ref 0.50, 0.60, 0.70, 0.80, 0.90
T-FRAM 0.40,0.50, 0.60, 0.70, 0.80

Focusing on the mixtures containing RAP, similar trends can be found in the Cole-Cole plot and
in the black diagram. In fact, the B-FRAM + RAP mixture presents the lowest values of E/7 and of § in
comparison with the other two mixtures containing RAP. In particular, it can be noticed that the B-
Ref + RAP mixture has a maximal phase angle of 40°, which is 14° higher than the maximal value for
B-FRAM + RAP. Regarding the parameters Eg and Ex,, the B-Ref + RAP presents the highest values com-
pared to the other two mixtures with RAP. This indicates a stiffer material both in the high and low
temperatures range, but with a more elastic behaviour. Looking at the fitting parameters, the mix-
tures containing RAP present lower values of « and higher values of k, h, and 7 than the mixtures
without RAP. This clearly shows the stiffening effects of the addition of the RAP in the mixture, which
significantly changes the rheological behaviour of the base binder composing the mixture.

3.4. Fatigue tests results

Figure 10 displays the results of the IDT tests for all the mixtures according to EN 12697-24 (2018). Five
different stress levels, summarised in Table 6, were used for each mixture. In Figure 10, the Wdhler
curves are reported together with the fatigue laws based on the energy ratio (ER) described in chapter
3.2.4 for the binder and base layers respectively.

As shown in the previous figures, very good repeatability was found for all the mixtures (AL Sp-
Asphalt 09, 2009), where for binder layers mixtures the R? should be greater than 0.90 and for base
layer mixture should be higher than 0.80. It can be noticed that the B-PmB mixture presents the best
fatigue performance in the strain range of the experiments, followed by B-FRAM and B-Ref.

B-FRAM has a lower slope of the fatigue line compared to B-PmB, indicating better fatigue perfor-
mance under higher strain levels. In particular, B-FRAM has best fatigue performance under strains
greater than 0.6%o, which is the value of the intersection between the two fatigue lines of B-FRAM and
B-PmB.

Regarding the mixtures containing 50% of RAP, similar fatigue resistances for B-Ref + RAP and B-
FRAM + RAP were found. These fatigue lines are almost parallel to the Wéhler curve of B-PmB + RAP
which presents best fatigue resistance. Generally, it can be observed that the fatigue lines for the RAP
mixtures are very close to one another indicating comparable fatigue performances. Moreover, it can
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Figure 10. Fatigue results at 20°C: (a) binder layers mixtures with and without RAP; (b) base layers mixtures.

he highlighted that the addition of RAP improves the fatigue resistance at 20°C for the reference and
fibre reinforced asphalt mixtures, while significantly reduce the fatigue performances of the PmB mix-
ture. For the base layer mixtures, the fatigue line of the T-FRAM is significantly higher than the one of
T-Ref, indicating a better fatigue resistance for the mixture containing fibres.

In Table 7, the values of e, which is the strain value at 10° cycles, for all the mixtures are reported. A
higher value of g implies a higher resistance to fatigue failure. Comparing the values reported in Table
7, the polymer modified mixtures (B-PmB and B-PmB + RAP) always show the best fatigue performance,
followed by the fibre reinforced mixtures (B-FRAM and B-FRAM + RAP), while B-Ref and B-Ref -+ RAP
showed the worst fatigue performance. Looking at the parameters of the RAP mixtures, less differences
in the g¢ values can be found. For the base layers’ mixtures, ¢ for T-FRAM is more than the double of
T-Ref.

To further evaluate fatigue performances, in Figures 11(a,b), the initial stiffnesses obtained at the
same stress levels for the binder layers mixture without and with RAP are plotted in a bar chart. Figure
11(c) reports similar bar chart for the base layer mixtures. Error bar with standard deviation were also
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Table 7. Strain value at 10° cycles.

Mixtures  £4[%60] Mixtures £g[%o] Mixtures £¢[%0]
B-Ref 0.009 B-Ref+ RAP 0.020 T-Ref 0.007
B-PmB 0.046 B-PmB + RAP 0.031 T-FRAM 0.018

B-FRAM 0.011 B-FRAM + RAP 0.024
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Figure 11. Initial stiffness at the same stress levels: (a) binder layers’ mixtures without RAP; (b) binder layers’ mixtures containing
RAP; (c) base layers’ mixtures.

plotted in Figure 11. It was observed that mixtures prepared with plain binder (B-Ref, B-Ref + RAP, T-
Ref) have higher initial stiffness than the polymer modified ones, and in most cases, also of the fibre
reinforced ones (B-PmB, B-PmB + RAP, B-FRAM, B-FRAM + RAP, T-FRAM). In some cases, the differences
are about 50%. Therefore, the worst fatigue performance of the reference and FRAM mixtures could
be also attributed to the higher initial stiffness values observed.

Analyzing all fatigue results, it can be concluded that the addition of fibres could improve fatigue
resistance in comparison with the reference mixtures, but they are unable to reach the high quality
performance of polymer modified mixtures.

3.5. Mechanistic pavement design results

According to Equation 8, the Miner summations for a design period of 30 years were calculated and
shown in Table 8. Such results were determined by the strains at the bottom of the asphalt base course
and the present traffic load using material specific fatigue functions. According to design conventions,
the pavement structure considered does not comply with the design life, since the Miner sum results
were higher than the value of 1. However, the addition of fibres lead to a relatively lower Miner sum



ROAD MATERIALS AND PAVEMENT DESIGN @ 2149

Table 8. Miner sums of asphalt variants.

Variants T-Ref T-FRAM
SMA + B-Ref. 5.678 1.446
SMA + B-PmB 6.113 1.574
SMA + B-FRAM 5.754 1.473

SMA + B-Ref 4 RAP 5.391 1.361
SMA + B-PmB + RAP 5.507 1.396
SMA + B-FRAM + RAP 5.504 1.394

Table 9. TSRST results.

Mixtures Failure temperature Tg[°C] SD Failure stress o r[MPa] SD
B-Ref —19.1 1.39 3.052 0.26
B-PmB —295 1.39 4687 0.43
B-FRAM —214 0.83 2.655 0.17
B-Ref+ RAP —16.9 1.34 3.650 0.08
B-PmB + RAP —23.0 0.82 4371 0.27
B-FRAM + RAP —16.2 0.70 3.039 0.36
T-Ref —225 0.67 2777 0.18
T-FRAM —17.5 0.53 2.073 0.23

* SD: Standard deviation.

values indicating a longer service life compared to the reference and PmB mixtures. This is especially
true for base layer mixtures and mixtures containing high RAP content.

3.6. Thermal cracking tests and thermal fracture results

3.6.1. Thermal stress restrained specimen test (TSRST)

Table 9 summarises the TSRST results reporting the average values of the fracture temperatures (Tf)
and of the failure stresses (o) between three replicates for each mixture. The standard deviation is
reported to show the repeatability of the tests.

It can be seen that the mixtures containing fibres (B-FRAM, B-FRAM + RAP) are not able to reach
the performance at low temperature of the polymer modified mixtures (B-PmB, B-PmB + RAP), while
presenting similar thermal cracking resistance to the corresponding reference mixtures (B-Ref, B-
Ref+ RAP). In particular, comparing B-FRAM and B-FRAM + RAP with B-PmB and B-PmB + RAP a differ-
ence of about 8 and 7°Ciin the failure temperatures can be found, while T-FRAM and T-Ref differs about
5°C. For the base layer mixture, it should be also considered that for T-FRAM, alower penetration grade
binder (35/50 instead of 50/70) was used which negatively affects the low temperature performance.
Regarding the mixtures containing RAP it can be seen that the failure temperatures are much higher
than for the corresponding mixtures without RAP, due to the negative stiffening effect at low temper-
ature of the aged RAP binder incorporated in the mixtures. It can be concluded from the TSRST results
that the fibres seem to have no significant effects on low temperature performance of the mixtures
with and without RAP.

3.6.2. Semi circular bending test (SCB)
In Table 10, the results of the SCB tests are summarised in terms of nominal stress, o may, fracture
toughness, Kic, and fracture energy, G, for all the mixtures. Standard deviations are also listed for
each parameter and for each mixture. Good repeatability (most of the standard deviations are less
than 10%) was observed for all the mixtures, this is consistent with previous work (Nsengiyumva et al.,
2017).

It can be seen that for the binder layers’ materials, the polymer modified mixtures (B-PmB,
B-PmB + RAP) showed the highest o max and Kjc, while the fibre reinforced mixtures (B-FRAM, B-
FRAM + RAP) presented the lowest values. Moreover, it can be noted that the differences between
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Table 10. SCB results.

Mixtures O max[MPa] sD Kic [IMPa* m03] sD Ge [/ m?] SD

B-Ref. 0.798 0.073 5.943 0.544 0.423 0.067
B-PmB 0.929 0.033 6.787 0.202 0.871 0.196
B-FRAM 0.628 0.069 4733 0.520 0.514 0.214
B-Ref+ RAP 0.898 0.066 6.561 0.479 0.477 0.104
B-PmB+ RAP 0.970 0.031 7.242 0.213 0.557 0.023
B-FRAM + RAP 0.831 0.119 6.169 0.978 0.585 0.015
T-Ref. 0.655 0.040 4.895 0.284 0.430 0.068
T-FRAM 0.660 0.073 4834 0.529 0.391 0.055

* SD: Standard deviation.

these parameters were larger for the mixtures composed with fresh materials, while the difference
vanished when RAP was used. In addition, an overall increment of o ;qx and Kjc was found when RAP
was added, this is especially true for B-FRAM + RAP. This indicates a better thermal loading resistance
before a macro crack occurs. In the case of fracture energy, Gr, both reference mixtures (B-Ref, B-
Ref + RAP) showed the lowest value among all the six mixtures, while B-PmB and B-FRAM + RAP present
the highest values. Hence, it has to be highlighted that for the polymer modified mixtures, the addi-
tion of RAP (B-PmB + RAP) decreased Gr, while similar values were found for the other two mixtures
(B-Ref + RAP, B-FRAM + RAP). The differences of Gr between mixtures containing RAP are smaller com-
pared to fresh materials. Moreover, the addition of fibres makes the mixture softer and more elastic
which is ultimately leading to a higher Gr. Therefore, it can be concluded that the use of fibres can
improve fracture energy in comparison to the reference mixture, but it is not able to achieve similar
properties to the polymer modified mixtures when fresh materials are used. Looking at the results
of RAP mixtures, it can be seen that the addition of RAP improved the thermal fracture properties of
reference and FRAM mixtures, but led to worse fracture performance for PmB mixture. For the base
layer mixtures (T-Ref and T-FRAM), no remarkable differences were found in all the three parameters
indicating that the addition of fibres to a mixture composed with a harder binder (35/50) can lead to
similar thermal fracture resistance to the one of the reference mixture composed with a traditional
50/70 binder.

It can be concluded that the addition of fibres can improve the low temperature fracture resistance
of the asphalt mixture compared to the reference mixture after the macro crack occurs, this is especially
true when RAP is added. In addition, FRAM mixtures containing RAP (B-FRAM + RAP) could also reach
similar properties of mixtures containing PmB binders (B-PmB + RAP). The use of fibres in base layer
could soften the hard binder that could ultimately reach similar thermal fracture resistance to the one
of 50/70 binder.

4. Summary and conclusions

In this present work, the effects of the addition of polyacronitrile (PAN) fibres on the mechanical prop-
erties at high, intermediate and low temperatures of asphalt mixtures for binder and base layers with
and without RAP were investigated. In particular, water sensitivity tests were performed to evaluate
the moisture resistance, tension-compression tests over a wide range of temperatures and frequen-
cies were carried out to measure the stiffness moduli and the phase angles in the linear viscoelastic
range (LVE). Hamburg Wheel Tracking (HWT) tests were conducted at high temperature to determine
the resistance to permanent deformation. Indirect Tensile Tests were performed at intermediate tem-
perature to evaluate fatigue resistance, while for evaluation of low temperature performance, Thermal
Stress Restrained Specimen (TSRST), and Semi-Circular Bending (SCB) tests were carried out. From the
experimental analysis and modelling the following conclusions can be drawn:

e The addition of the fibres significantly worsens the moisture resistance of the mixtures. Therefore,
Fibre Reinforced Asphalt Mixtures (FRAM) need more binder to work properly in both dry and wet
conditions.
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e For stiffness response, the addition of the fibres seems to make the mixtures softer and more elas-
tic at low temperature, lower complex moduli and phase angle were found in FRAM compared to
the reference ones. At high temperature, a higher Eg in FRAM mixtures indicate that fibre acts as a
reinforcement.

o The addition of fibres to fresh materials seems to have limited effect on binder rheology as shown
from the parameters k, h, @ and g of the 252P1D model, but it has remarkable effects on the
characteristic time 7, in fact, the mixture containing fibres present a shorter relaxation time.

e Similar trends in the Cole-Cole and black diagrams were found for the mixture with and with-
out RAP. Both FRAM mixtures present the lowest value of the loss moduli and phase angle in
comparison with the reference and PmB mixtures.

e Ahigh content of RAP makes the material more stiffer. According to the 252P1D model parameters,
the binders’ rheological behaviour changeed significantly. In fact, the parameters k and h increase,
while @ decreases significantly passing from the fresh mixtures to the RAP ones.

e FRAM mixtures achieved better permanent deformation and fatigue resistance to of the compared
to the reference mixtures. Slightly weaker anti rutting performance and remarkable reduction in
fatigue performance were observed compared to the PmB mixtures. According to the German
mechanistic pavement design, the use of fibre leads to better service life, this is especially true when
the fibre was used in the base layer.

o The addition of fibres seems to have only limited effect on low temperature cracking resistance
and fracture cracking resistance properties before the initial low temperature cracking occurs in
mixtures with and without RAP. However, remarkable improvements in the crack propagation
resistance properties were found in FRAM, especially in FRAM prepared with RAP.

The overall results of the present research efforts confirm that the addition of fibres can improve
fatigue and rutting resistance without compromising the thermal cracking resistance. This is true for
both binder and base layers’ mixtures with and without RAP. However, this is not sufficient to reach the
properties of high quality polymer modified mixtures. Therefore, FRAM mixtures are recommended
to be used in areas or regions characterised by mild and high temperatures, while for their use in
cold and humidity regions more studies are needed to safely use them. In particular, an optimum mix
design with higher content of binder for FRAM mixture is under investigation, since fibers should be
properly covered by the bitumen to ensure an adequate mixture behaviour in wet conditions; and
also an optimisation of the fibre dosage will be further evaluated to improve the overall mechanical
performances.
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