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A B S T R A C T   

In the present study, the effects of adding fibers and Reclaimed Asphalt Pavement (RAP) on the low temperature 
performances of open graded asphalt mixtures for surface layer and dense asphalt mixtures for surface, binder, 
and base layers were investigated. Two different kinds of fibers were used: a combination of aramid and poly-
olefins fibers were utilized for preparing fiber reinforced porous asphalt mixtures, while polyacrylonitrile fibers 
were employed for producing conventional dense asphalt mixtures for surface, binder, and base layers. Reference 
mixtures were made with virgin materials as a benchmark to study the effects of the fibers’ addition. Moreover, 
asphalt mixtures for surface layers composed of 30% RAP and mixtures for binder layers containing 50% RAP 
were produced to study the combined effects of fibers and RAP on the low temperature’s performance. Thermal 
Stress Restrained Specimen, Uniaxial Tension Stress, and Semi-Circular Bending tests were used to evaluate the 
response against thermal distresses. The addition of the fibers showed no significant effects on the low tem-
perature strength, while a remarkable improvement in the failure temperature and crack propagation resistance 
properties was found. The use of fibers has also shown to be beneficial in combination with mixtures designed 
with RAP and higher binder content suggesting a dedicated study on mix design for future research.   

1. Introduction 

Transport infrastructure plays a vital role in a country’s economic 
growth by allowing the mobilization of citizens and goods and thus 
providing access to jobs, health, education, and leisure and facilitating 
trade between regions, countries, and continents. However, the 
continuous increase in heavy traffic and the extreme events associated 
with climate change can rapidly deteriorate the road infrastructure, 
drastically reducing its service life (Li et al., 2011; Office et al., 2021). 
Scientists and engineers are constantly looking for novel materials and 
technologies to increase the asphalt mixtures’ durability and resilience 
(Wang et al., 2018; Slebi-Acevedo et al., 2020a; Wang et al., 2021). 
Among the different technologies, several research works have demon-
strated that the addition of different types of fibers to asphalt mixtures 
can result in better performance properties in both Asphalt Concrete 
(AC) and Porous Asphalt (PA) (Abtahi et al., 2010; Gupta et al., 2019; 

Slebi-Acevedo et al., 2019). In addition, the use of fibers has shown 
potentially environmental benefits due to the dry process of adding fi-
bers at ambient temperature. Hence, using fibers in substitution for 
polymers could help save a significant amount of greenhouse gas (GHG) 
emissions and energy during the production of asphalt mixtures 
(Achilleos et al., 2011). 

2. Research background 

For fiber-reinforced asphalt mixtures (FRAM) prepared with fresh 
materials, Kaloush et al. (2010) evaluated the mechanical properties of 
AC mixtures reinforced with a blend of polyolefin-aramid fibers. The 
authors reported a remarkably positive effect of the mixture’s rutting 
resistance and an increment of 25–50% in the tensile strengths and 
50–75% in fracture energies. Similarly, Xu et al. (2010) found that AC 
mixtures reinforced with polyester and polyacrylonitrile present higher 
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values of rutting resistance, fatigue life, and indirect tensile strength 
(ITS). In another research work, Mahrez et al. (2005) studied the impact 
of adding glass fiber to stone matrix asphalt (SMA), reporting the po-
tential of the fibers to enhance rutting and cracking resistance. Although 
to a much lower extent, the fiber reinforcement of PA mixtures has also 
been investigated. In this sense, Slebi-Acevedo et al. (2020b) studied the 
impact of adding two different types of fibers to PA mixtures (a blend of 
polyolefin-aramid and polyacrylonitrile). According to the authors, the 
addition of fibers increased the ductility of the PA mixture, improving 
the overall toughness of the material. Punith and Veeraragavan (2011) 
also evaluated the effect of adding fibers to PA mixes. In this case, waste 
polyethylene (PE) fibers were incorporated into open graded friction 
course (OGFC) mixtures. Results indicated that the addition of PE fibers 
improved the tensile strength and the resistance to moisture sensitivity 
and fatigue damage. Some researchers also worked on the influence of 
fiber in asphalt mixture containing RAP. It was found that different types 
of fiber can ultimately lead to an increment in moisture, fatigue, and 
rutting resistance performance in asphalt mixtures containing high 
content of RAP (Fakhri and Hosseini, 2017; Wu et al., 2020; Ziari et al., 
2020, 2021). In Europe, up to 50% RAP can be recognized as high RAP 

Fig. 1. Research approach.  

Table 1 
Binders’ conventional properties.  

Binder types Penetration 
[dmm] 

Softening point temperature 
[◦C] 

50/70 from Germany 58 48.2 
40/100–65 from 

Germany 64 75.0 

35/50 from Germany 35 56.6 
RAP binder from 

Germany 
19 65.0 

50/70 from Spain 57 51.6 
45/80–65 from Spain 55 74.1 
RAP binder from Spain 6 71.9  

Table 2 
Asphalt mixture types.  

Mixture Binder 
type 

Aggregate 
type 

Binder 
content 
[%] 

Fiber 
content 
[%] 

Void 
content 
[%] 

S-AC Ref. 50/70 

Ophite coarse 
aggregates+

limestone 
fines and filler 

4.3 0 5.1 
S-AC- 

FRAM 
4.3 

50/70 4.3 0.15 6.2 

S-AC- 
FRAM 
4.6 

50/70 4.6 0.15 5.6 

S-AC Ref. 
+ RAP 
(S) 

50/70 +
RAP 

3.5 + 1.5 
RAP 

0 4.9 

S-AC- 
FRAM 
4.6 +
RAP(S) 

50/70 +
RAP 

3.5 + 1.5 
RAP 

0.15 4.0 

S-PA-PmB 45/ 
80–65 

4.5 0 21.4 

S-PA- 
FRAM 50/70 5 0.05 20.4 

B-Ref. 50/70 

Gabbro+

limestone 
filler 

4.4 0 5.8 

B-PmB 40/ 
100–65 

4.4 0 5.5 

B-FRAM 50/70 4.4 0.15 5.0 
B-Ref +

RAP(G) 
50/70 +
RAP 

2.3 + 2.1 
RAP 

0 5.5 

B-PmB +
RAP(G) 

40/ 
100–65 
+ RAP 

2.3 + 2.1 
RAP 

0 5.2 

B-FRAM 
+ RAP 
(G) 

50/70 +
RAP 

2.3 + 2.1 
RAP 0.15 4.3 

T-Ref. 50/70 Gabbro+

limestone 
filler 

4 0 6.5 

T-FRAM 35/50 4 0.15 6.3  
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content (EAPA, 2022; Hugener et al., 2022). Hence, it was validated that 
the use of fiber could reinforce the performance properties of AC and PA 
mixtures, with and without RAP, at intermediate and high temperatures. 

However, concerning the resistance to low-temperature cracking and 
fracture properties of FRAM, no consistent results could be achieved 

regardless of the use of RAP. For unaged AC and PA mixtures, Park et al. 
(2015) evaluated the impact of steel fibers on AC mixtures by per-
forming indirect tensile strength (ITS) at −20 ◦C. Significant enhance-
ment in thermal cracking resistance was found with an improvement of 
62.5% in ITS and up to 370% in fracture energy. Similarly, Morea and 

Fig. 2. Grading curve used for: (a) porous asphalt mixtures; (b) asphalt concrete for surface layer; (c) binder layer, and (d) base layer.  

Fig. 3. Black and white curves of the RAP: (a) Spanish source; (b) German source.  
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Zerbino (2018) used the notched beam bending test to analyze the effect 
of glass fibers in AC mixtures. An improved thermal fracture property 
was found compared to the reference mixture. For AC mixtures con-
taining RAP up tp 50% (Wu et al., 2020), higher fracture energy was 
observed in the basalt fiber prepared FRAM with different RAP contents 
than the reference mixture by using semi-circular bending (SCB) test. 
Muftah et al. (2017) and Bayomy et al. (2016) studied the effect of 

aramid and polyethylene fibers on AC mixture containing 47% RAP in 
Idaho State, USA. The low temperature properties were evaluated by 
Indirect tensile tests (IDT) at −20 ◦C and − 10 ◦C. No significant dif-
ferences with even slightly worse properties were observed in the FRAM 
compared to the reference mixtures at the fiber content given by the 
supplier. Different fiber contents were suggested to be used to find the 
optimal mix design. 

In conclusion, many studies have been conducted on the mechanical 
and performance properties of FRAM with and without RAP. An overall 
improvement could be achieved at high and intermediate temperatures. 
However, the low temperature behavior of FRAM composed with high 
RAP contents appears to be still not fully understood, particularly in the 
case of asphalt materials prepared with aramid and polyolefin fibers 
with different mix designs. 

Table 3 
Characteristics of the aramid and polyolefin fibers.  

Characterization AP fibers PAN fibers 

Description or parameters 

Form 
Monofilament (A)/ 
Serrated (P) 

staple fibers 

Appearance Yellow (A)/Yellow (A) bright straw yellow gold 
Density [g/cm3] 1.44 (A)/0.91 (P) 1.18 
Humidity [%] – <2 or 18 
Tensile strength 

[MPa] >2758(A) />483 (P)  

Tenacity [MPa] – >708 
Elastic modulus 

[MPa] 
– 16,500 

Elongation at 
break [%] 

– <13 

Tg
a in air [◦C] – 100 

Tm in air [◦C] – 330 

Chemical 
resistance 

Acid/Alkali inert (A) / 
Acid/Alkali inert (P) 

all chemicals except 
Dimethylacetamide (DMAC); 
Dimethyl sulfoxide (DMSO); 
Dimethylformamide (DMF); ZnCl2; 
Sodium thiocyanate (NaSCN) 

Other resistance – Ultraviolet (UV), rot and weathering  

a Tg: glass transition temperature. 

Fig. 4. Illustration of tensile strength reserve calculation.  

Fig. 5. Illustration of tensile strength reserve calculation.  
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Fig. 6. Thermal stress versus temperature for a) surface layers’ mixtures; b) 
binder layers’ mixtures; and c) base layers’ mixtures. 
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3. Objectives and research approaches 

In the present study, low temperature performances of fiber rein-
forced asphalt mixtures (FRAM) for surface, binder, and base layers 
were studied by using different testing methods: Thermal Stress 
Restrained Specimen Test (TSRST) (EN 12697-46, 2012), Uniaxial 
Tension Stress Test (UTST) (EN 12697-46, 2012), and Semi-Circular 
Bending test (SCB) (EN 12697-44, 2019). The results were compared 
to reference mixtures composed of fresh materials to estimate the effects 
of the addition of the fibers and to polymer-modified mixtures to 
determine if FRAMs can provide similar performance. In addition, since 
the use of Reclaimed Asphalt Pavement (RAP) is nowadays a common 
environmental friendly practice (Aurangzeb et al., 2014; Büchler et al., 
2018), the potential effects of fibers on the low temperature perfor-
mances of asphalt mixtures with high RAP content (30% by total weight 
for the surface layer mixture, and 50% for the binder layer mixture) 
were investigated. The research approach is summarized in Fig. 1. 

4. Materials and testing 

4.1. Material 

Five different binders: two different sources of 50/70 (one from 
Germany and the other one from Spain), a 35/50 Pen Grade (EN 12591, 
2015), and polymer modified binders 40/100–65 and 45/80–65 (EN 
14023, 2010) were used to produce a set of fifteen mixtures for surface 
(S), binder (B) and base (T) layers. The characteristics of the binders, 
including the extracted binders (EN 12697-3, 2013) from the Spanish 
and German RAP sources, are summarized in Table 1. 

Ten asphalt mixtures (Table 2) were prepared with fresh materials 
only: five of them for the surface layers (S), three for binder layers (B), 
and two for base layers (T). 

For the surface layers, two different types of mixtures were produced 
in Spain according to the Spanish specifications (Ministerio de Fomento, 
2010): Asphalt Concrete (AC) and Porous Asphalt (PA). The binder (B) 
and base layers’ (T) mixtures (produced in Germany) were fabricated 
following the German specifications (TL Asphalt-StB 07/13, 2013) for 
the mix design. 

All the acronyms used for the different mixtures and their composi-
tion (binders’, aggregates’ and fibers’ types; binders’, fibers’, and voids’ 
contents are all summarized in Table 2. Different optimal fibers were 
selected in the authors’ previous studies for PA and AC mixtures, 
respectively (Kim et al., 2020; Slebi-Acevedo et al., 2021). All the fiber 
contents are suggested by the producers. 

In addition, four mixtures for surface layers were prepared by 
replacing 30% of the total weight with RAP obtained in Spain (RAP(S)) 

from a fifteen year old surface course of a local road. Three mixtures for 
the binder layer were produced with 50% recycled materials originating 
from a RAP source in Germany (RAP(G)) from a ten-year-old binder 
course. These mixtures were identified as S-AC Ref. + RAP(S), S-AC- 
FRAM 4.6 + RAP(S), B-Ref + RAP(G), B-PmB + RAP(G), and B- 
FRAM+RAP(G). 

The mixtures have the same gradation curve as reported in Fig. 2a, b, 
c, and d, typically used for surface, binder, and base layers, respectively. 

The physical and geometrical properties of the RAP source were also 
investigated. In particular, the black and white curves reported in Fig. 3 
were determined following EN 12697-2 (2013) and EN 13108-1 (2016). 
The aggregate gradation of RAP after water washing over a 0.063 mm 
sieve to remove the finest particles can be defined as the “black curve”, 
while the aggregate gradation obtained after binder recovery was 
determined as the “white curve” of RAP (EN 933-1, 2012). Then, the 
binder content of the RAP aggregates was determined on five samples 
with the rotatory evaporator (EN 12697-3, 2013) and resulted in 4.93% 
for the German RAP source and 5.10% for the Spanish RAP source. 
German and Spanish RAP sources’ specific gravity (EN 12697-5, 2019) 
was 2.925 g/cm3 and 2.522 g/cm3, respectively. 

The properties of the fibers used in the present work are summarized 
in Table 3. The nominal length and diameter of the PAN fiber were 4 mm 
and 10 μm, respectively. In the case of AP fibers, the length of the aramid 
and polyolefin fibers is the same, 19 mm. More information on the 
thermal and chemical properties of these fibers (both type AP and PAN) 
and of the microstructure of fibers incorporation within the mixtures can 
be found in Bueno and Poulikakos (2020). 

4.2. Testing 

To better understand the low temperature performances of the 
mixtures containing fibers and of those containing both fibers and RAP, 
different testing protocols were used: Thermal Stress Restrained Spec-
imen (TSRST) (EN 12697-46, 2012), Uniaxial Tension Stress (UTST) (EN 
12697-46, 2012) and Semi-Circular Bending (SCB) tests (EN 12697-44, 
2019). 

4.2.1. Thermal stress restrained specimen test (TSRST) 
TSRST was performed in accordance with EN 12697-46 (2012) on 

prismatic asphalt specimens with dimensions of 50 × 50 × 160 mm3. 
The sample is held at a constant length during the test while its tem-
perature decreases from a starting temperature of +20 ◦C, with a cooling 
rate ΔT = −10 K/h. Due to the prevented thermal shrinkage, the spec-
imen is 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 include the evolution of the cryogenic (thermal) 
tensile stress over the temperature σcry(T), the failure stress σF, and the 
failure temperature TF. The failure stress is equivalent to the strength of 
the specimen at the failure temperature. 

4.2.2. Uniaxial tension stress (UTST) 
To assess the strength properties of the asphalt mixtures at low 

temperatures, UTST was performed in accordance with EN 12697-46 
(2012) on prismatic samples with dimensions of 50 × 50 × 160 mm3. 
During the test, the specimen is pulled at a constant strain rate of 
0.625%/min, corresponding to a tension rate of 1 mm/min, at a constant 
temperature until failure. Four temperatures (−25 ◦C, −10 ◦C, 5 ◦C, 
20 ◦C) were investigated, and three samples for each temperature were 
tested. 

The results of the UTST consist of the maximum stress (tensile 
strength) βt(T), and the corresponding tensile failure strain εfailure (T) at 
the testing temperature T. Moreover, based on both results of TSRST and 
UTST, the tension strength reserve Δβt(T) for each asphalt mixture was 
derived using Eq. (1): 

Table 4 
TSRST results.  

Mixtures Failure temperature TF 

[◦C] 
SD Failure stress σF 

[MPa] 
SD 

S-AC Ref. −26.2 0.59 3.723 0.15 
S-AC-FRAM 4.3 −24.2 0.72 2.300 0.03 
S-AC-FRAM 4.6 −28.2 0.43 3.474 0.06 
S-AC Ref. + RAP(S) −23.7 0.81 3.915 0.19 
S-AC-FRAM 4.6 +

RAP(S) 
−25.1 0.65 3.817 0.26 

S-PA-PmB −33.8 0.42 1.690 0.06 
S-PA-FRAM −24.2 0.54 1.114 0.06 
B-Ref −19.1 0.73 2.833 0.26 
B-PmB −29.5 0.82 4.638 0.23 
B-FRAM −21.4 0.83 2.848 0.17 
B-Ref + RAP −16.9 0.37 3.785 0.09 
B-PmB + RAP −23.0 0.82 4.591 0.17 
B-FRAM + RAP −16.2 0.70 3.039 0.21 
T-Ref −22.5 0.67 2.845 0.18 
T-FRAM −17.5 0.53 2.120 0.23 

SD: Standard deviation. 
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Δβt(T) = βt(T) − σcry(T) (1) 

The maximum value of this reserve is an important parameter helpful 
in understanding the low-temperature properties of asphalt mixtures in 
terms of thermal stresses and traffic loads. It is the reserve that is 
available for accommodating additional superimposed stresses. 

Based on the results of the TSRST and UTST tests, it is possible to 

calculate the tensile strength reserve using Eq. (1). An example of tensile 
strength reserve analysis is presented in Fig. 4, which shows the cryo-
genic stress (TSRST) results and the tensile strength (UTST) versus 
temperature with the curve that is the final result of tensile strength 
reserve calculations. (See Fig. 5.) 
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Fig. 7. TSRST results and the standard deviation for a) failure temperature TF; and b) failure stress σF.  

Table 5 
Categories for maximum failure temperature TSRSTmax (EN 13108-1, 2016).  

Maximum failure 
temperature [◦C] 

Category 
TSRSTmax 

Maximum failure 
temperature [◦C] 

Category 
TSRSTmax 

−15.0 TSRSTmax-15.0 −25.0 TSRSTmax-25.0 

−17.5 TSRSTmax-17.5 −27.5 TSRSTmax-27.5 

−20.0 TSRSTmax-20.0 −30.0 TSRSTmax-30.0 

−22.5 TSRSTmax-22.5    

Table 6 
Cold region classification system for surface, binder, and base layer’s mixture 
based on the failure temperature TF according to RStO 01 (2012).  

Cold region 
classification 

Surface and binder layers’ 
mixture 

Base layer mixture 

I TF ≤ −15 ◦C TF ≤ −10 ◦C 
II TF ≤ −20 ◦C TF ≤ −15 ◦C 
III TF ≤ −25 ◦C TF ≤ −20 ◦C  
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4.2.3. Semi-circular bending test (SCB) 
Semi-Circular Bending tests were used to evaluate the fracture 

properties of the mixture at low temperatures. The adopted procedure 
relies on methods proposed in previous studies (Zegeye, 2012; Cannone 
Falchetto et al., 2017a; Cannone Falchetto et al., 2018; AASHTO T394, 
2021). The testing geometry consists of a semi-circular sample having a 
diameter of 150 mm and a thickness of 30 mm, and a 15 mm deep notch 
is fabricated at the bottom central flat part of the specimen. Loading is 
controlled and adjusted by a closed-loop system through Load Line 
Displacement (LLD) and Crack Mouth Opening Displacement (CMOD) 
sensors. Two testing temperatures were considered for the experimen-
tation on all materials: −18 ◦C and − 24 ◦C; each testing condition was 
replicated three times. For the loading protocol, an initial load of 1 kN 
was reached in the first ten seconds, then, the loading mode was 
changed to CMOD control. Optimal loading rates were selected for 
different testing temperatures based on the authors’ previous studies 
(Cannone Falchetto et al., 2018; Al-Qudsi et al., 2020). 

Based on EN 12697-44 (2019), the critical nominal stress σmax, and 
two main fracture parameters, fracture energy, GF, and fracture tough-
ness can be calculated by using the following equations: 

GF = WF

/

Alig =

∫

Pdu
/

Alig (2)  

KIc = σmax⋅YI (3)  

YI = − 4.9965 + 155.58
(a

r

)
− 799.94

(a
r

)2
+ 2141.9

(a
r

)3
− 2709.1

(a
r

)4

+ 1398.6
(a

r

)5

(4) 

Moreover, two additional fracture parameters: Illinois Flexibility 
Index, FI (Yan et al., 2020), and Cracking Resistance Index, CRI (Mog-
haddam et al., 2014), were calculated to better understand the fracture 
responsed of SCB samples: 

FI = GF/|m| × A = GF/|m| × 0.01 (5)  

CRI = GF/Pmax (6)  

where WF is the work of fracture; Alig is the ligament area, given by Alig =

(r-a) × t; the division of WF and Alig is the fracture energy GF; YI is the 
normalized stress intensity factor (dimensionless); σmax equals to Pmax/ 
(2⋅r⋅t), where Pmax is the peak load; a is the notch length; r is the radius 
or the height of the sample and t is the sample thickness; m is the ab-
solute slope of the inflection point on the load-displacement curve after 
the post peak curve (Fig. 3); A is a scaling constant taken to be 0.01 for 
laboratory compacted samples. 

As shown in Eq. (3), σmax is the nominal stress obtained at the peak 
load. KIc is the stress intensity factor at the critical load (peak load), 
representing the highest value of stress intensity factor that the material 
can bear without fracture; it quantifies the ability of the materials to 
resist cracking. Commonly macro-cracking occurs when the material 
reaches the peak load. Hence, both σmax and KIc can quantitatively 
reflect the asphalt mixtures’ cracking resistance. The calculation of GF 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 mix-
ture’s behavior after load peak. A brittle material with a sharp 
decreasing curve may lead to a lower GF, while more plastic-like mate-
rials exhibit a wider post-peak, ultimately resulting in a higher GF. In a 
viscoelastic material such as asphalt mixture, the fracture energy in-
creases with crack growth. Such increase does not rely on crack length or 
growth rate; it only depends on the work needed for crack propagation. 
Hence, a higher value of GF means higher energy required to fracture the 
sample and indicates better fracture resistance. The parameters σmax and 
KIc are used to evaluate the resistance cracking properties before a 
macro-crack occurs, while GF is used to assess the resistance to crack 
propagation after macro-cracking (Cannone Falchetto et al., 2018; 
AASHTO T394, 2021). 

Table 7 
Classification of the mixtures (RStO 01, 2012; EN 13108-1, 2016) .  

Mixtures EN 13108-1 (2016) RStO 01 (2012) 

S-AC Ref. TSRSTmax−25.0 III 
S-AC-FRAM 4.3 TSRSTmax-22.5 II 
S-AC-FRAM 4.6 TSRSTmax-27.5 III 
S-AC Ref. + RAP(S) TSRSTmax-22.5 II 
S-AC-FRAM 4.6 + RAP(S) TSRSTmax-25.0 III 
S-PA-PmB TSRSTmax-30.0 III 
S-PA-FRAM TSRSTmax-22.5 II 
B-Ref TSRSTmax-17.5 I 
B-PmB TSRSTmax-27.5 III 
B-FRAM TSRSTmax-20.0 II 
B-Ref + RAP TSRSTmax-15.0 I 
B-PmB + RAP TSRSTmax-22.5 II 
B-FRAM + RAP TSRSTmax-15.0 I 
T-Ref TSRSTmax-22.5 III 
T-FRAM TSRSTmax-17.5 II  

Table 8 
UTST results.  

Mixtures Tensile strenght, βt [MPa] Tensile failure strain, εfailure [MPa] 

-25 ◦C −10 ◦C 5 ◦C 20 ◦C −25 ◦C −10 ◦C 5 ◦C 20 ◦C 

B-Ref. mean value 2.191 2.263 2.823 0.532 0.364 0.174 0.879 4.590 
st.deviation 0.257 0.122 0.075 0.003 0.031 0.020 0.018 0.531 

B-PmB mean value 4.980 4.772 2.096 0.484 0.103 0.617 3.308 8.114 
st.deviation 0.127 0.199 0.061 0.022 0.007 0.004 0.169 0.389 

B-FRAM 
mean value 2.768 2.391 1.873 0.525 0.267 0.244 0.760 3.234 
st.deviation 0.148 0.225 0.138 0.041 0.013 0.030 0.096 0.151 

B-Ref + RAP 
mean value 3.288 4.370 4.620 1.494 0.042 0.223 0.106 2.468 
st.deviation 0.022 0.105 0.011 0.117 0.002 0.010 0.020 0.142 

B-PmB + RAP mean value 4.430 4.711 4.209 1.155 0.108 0.276 0.936 2.794 
st.deviation 0.327 0.275 0.032 0.100 0.005 0.008 0.050 0.031 

B-FRAM + RAP 
mean value 2.500 3.291 3.229 1.094 0.031 0.201 0.088 2.398 
st.deviation 0.350 0.122 0.004 0.028 0.001 0.020 0.002 0.131 

T-Ref. 
mean value 2.698 3.189 2.924 0.536 0.075 0.144 1.092 4.215 
st.deviation 0.077 0.231 0.093 0.032 0.021 0.015 0.012 0.343 

T-FRAM 
mean value 2.073 2.607 2.507 0.698 0.093 0.163 0.141 1.423 
st.deviation 0.124 0.124 0.038 0.009 0.002 0.021 0.006 0.111  
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5. Results and analyses 

5.1. Thermal stress restrained specimen test (TSRST) results 

Fig. 6 shows the thermal stress evolution over the temperature σcry(T) 
for the different groups of mixtures. The mean values of three replicates 
for each mixture are reported. It can be noticed that the curves corre-
sponding to the FRAM mixtures are always lower (except for the Porous 
Aspahlt mixture where a plain binder in a higher amount was used and 
for the base layer mixture where a hard binder is used) than the refer-
ence ones. A noticeable increase in the thermal stress starts for all the 
FRAM mixtures at lower temperatures compared to the ones of the 
reference mixtures. This trend indicates that FRAM mixtures have a 
favorable behavior in terms of thermal stress increase over the consid-
ered temperature range. It might be hypothesized that this effect is 
associated with the interaction of binder and fibers and the impact of 
fibers on the overall mix design. In addition, as shown in Fig. 6a, a 
limited increase of 0.3% binder content in the mix design of the S-AC- 
FRAM mixture (from S-AC-FRAM-4.3 to S-AC-FRAM-4.6) led to a 
remarkable improvement of the low temperature performances of the 
material containing fibers. The S-AC-FRAM 4.6 can reach higher thermal 
stresses and much lower failure temperature than the S-AC-FRAM 4.3, 
and similar σF with the reference mixture but favorably lower failure 
temperature. From Fig. 6, it is clear also to see the effects of the RAP on 
the low temperature performances. In fact, all the thermal stress curves 

of the mixtures containing RAP are shifted upward compared to mix-
tures containing only fresh materials. This trend can be due to the aged 
binder of the RAP that affects the performances of all mixtures, exhib-
iting reduced relaxation and, therefore, more prone to thermal cracking. 

Table 4 summarizes all the TSRST results reporting the average 
fracture temperatures (TF) values and the failure stresses (σF) between 
three replicates for each mixture. The calculated standard deviation 
suggests good repeatability of the testing results (Fig. 7). In the case of 
TSRST, the best performance is associated with the lowest value of 
failure temperature and the highest value of failure stress. 

The mixtures containing fibers do not exhibit low temperature per-
formance comparable to that of the polymer modified materials while 
showing similar properties to the corresponding reference mixtures. It 
should be remarked that an increase of only 0.3% in binder content in 
the surface mixture (S-AC-FRAM) leads to a significant improvement in 
the behavior at low temperature. In fact, in the S-AC-FRAM-4.6, the 
failure temperature decreased by 4 ◦C, and the failure stress increased 
almost by 1.2 MPa compared to S-AC-FRAM-4.3. This enhanced per-
formance might result from a combination of effects and material con-
tributions. The increase in asphalt binder content can favorably improve 
fibers’ coating, creating a more cohesive matrix in the mastic phase. In 
addition, this could be beneficial in promoting a more homogeneous 
distribution of the fibers in the mixture, with a more effective network 
reinforcement while minimizing the possibility of uncoated aggregate 
spots. 
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Fig. 8. UTST results and the standard deviation for a) tensile strength at −25 ◦C; b) tensile strength at −10 ◦C; c) tensile strength at 5 ◦C; d) tensile strength at 20 ◦C; 
e) tensile failure strain at −25 ◦C; e) tensile failure strain at −10 ◦C; g) tensile failure strain at 5 ◦C; and h) tensile failure strain at 20 ◦C. 
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A lower penetration grade binder (35/50 instead of 50/70) was used 
for the base layer mixture T-FRAM, which negatively affects the low 
temperature performance. Regarding the mixtures containing RAP, the 
failure temperatures are higher than for the corresponding mixtures 
without recycled material due to the negative stiffening effect of the 
aged RAP binder incorporated in the mixtures at low temperature. In 
contrast, the failure stresses are overall higher than the corresponding 
mixtures without RAP. Moreover, based on the category defined in EN 
13108–1 (Table 5) and on the cold region classification in Germany 
(RStO 01, 2012) (Table 6), the corresponding classification for all the 
mixtures is reported in Table 7. 

As shown in Table 7, the S-PA-FRAM and the B-FRAM with and 
without RAP present invariably a lower (worse) class in comparison to 
the corresponding PmB mixures. For the binder layer’s mixture, the B- 
FRAM presents a higher (better) class than the reference mixture. 
Considering the surface layer’s mixture, as stated before, the addition of 
only 0.3% binder content on the S-AC-FRAM allows the mixture to reach 
the highest class with the best low temperature performances. Regarding 
the base layer’s mixtures, the T-FRAM shows a lower class than the 
reference one. Therefore, based on TSRST results, FRAM exhibits 
moderately better low temperature performances than the reference 
mixture. However, they are still overperformed by the PmB mixtures. 

5.2. Uniaxial tension stress test (UTST) results 

The strength properties of the binder and base layers’ mixtures were 
tested with the UTST. Unfortunately, for the surface layers’ mixtures, 

not enough samples were produced to obtain reliable results. For each 
mixture and each temperature, three samples were tested. Table 8 re-
ports the results in terms of tensile strength βt (T), and the corresponding 
tensile failure strain εfailure (T) at the testing temperature T. The same 
measurements are visualized in the bar charts in Fig. 8. The tensile 
strengths and failure strains of the FRAM mixtures are very similar to 
those of the reference ones and much lower than the PmB mixtures for 
all investigated temperatures. Therefore, the fibers seem to have no 
remarkable effect on the strength properties. Moreover, with the addi-
tion of RAP, the tensile strength increases, while the failure strain de-
creases for all the mixtures comparing the results at a constant 
temperature (only some exceptions for the tensile strength can be 
detected at the lowest temperature − 25 ◦C) and this trend is more 
visible as the temperature increases. 

Fig. 9 presents the curves of the tensile strength, tensile failure strain, 
and the tensile strength reserve versus temperature for the binder and 
base layers’ mixtures with and without RAP. Figs. 8a) and b) show that 
the tensile strength values increased until they reached their peak values 
as the temperature decreased. For both sets of binder layers’ mixtures 
(with and without RAP) and the base layers’ mixture tested at a tem-
perature of +20 ◦C, the tensile strength was almost the same, presenting 
higher values for the mixtures containing RAP. At the temperature of 
+5 ◦C, the asphalt mixtures containing RAP and the 50/70 binder 
showed higher tensile strength values, while the FRAM mixtures always 
presented the lowest values; these measurements were very similar to 
the PmB data in the case of the binder layer’s mixture designed with 
fresh materials. Further lowering of the temperature caused a significant 
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Fig. 8. (continued). 
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increase in tensile strength of the PmB asphalt mixture compared to 
asphalt mixtures with neat binders and the FRAM mixtures. At −10 ◦C 
and − 20 ◦C, the FRAM mixtures presented higher tensile strength values 
than the reference mixtures but significantly lower than the PmB mix-
tures. According to the literature, low-temperature cracking occurs 
when thermal tensile stresses exceed the fracture strength of an asphalt 
pavement layer (Monismith et al., 1965; Jung and Vinson, 1993). The 
results presented in Figs. 9a) and b) show that PmB increased the tensile 
strength of the mixture and moved the peak value to a lower tempera-
ture. In the case of mixtures without RAP, the peak value changed from 
about 2.8 MPa at 3 ◦C, for the B-Ref mixture, to over 5 MPa at the 
temperature of −17 ◦C, for the PmB mixture. This enhanced low tem-
perature behavior might be attributed to the premium characteristics of 
the PmB binder allowing a wider range of relaxation capability together 
with a reduced brittleness and higher strength. The curve of the B-FRAM 
suggests that this material has still not reached the peak strength value 

at −25 ◦C. Therefore, the maximum tensile strength could be located at a 
lower temperature than the PmB mixture, but its value will be smaller 
than the PmB mixture and larger than the reference mixture with the 
neat 50/70. Such a peculiar trend could be the result of the fibers still 
bridging across the cracks delaying the formation of the final microcrack 
leading to complete failure while providing a limited strength incre-
ment. Considering the base layer mixtures, lowering the temperature, 
the T-FRAM shows lower tensile strength in comparison to the T-Ref. 
Taking into account that the T-FRAM is produced with a harder binder, it 
seems that the fibers at very low temperatures make the mixture softer 
and more elastic. The failure strain results over testing temperatures are 
plotted in Fig. 9c) and d). It was observed that the failure strain differ-
entiates the mixtures as the temperature increases in both layers, in 
particular at a temperature higher than −10 ◦C. For mixtures prepared 
with fresh materials, the FRAM mixture achieved lower failure strain. 
Based on the results of the TSRST and UTST tests, it is possible to 
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Fig. 9. Tensile strength versus temperature for a) binder layers’ mixtures with and without RAP; b) base layers’ mixture; Tensile failure strain versus temperature for 
c) binder layers’ mixtures with and without RAP; d) base layers’ mixture; Tensile strength reserve versus temperature for e) binder layers’ mixtures with and without 
RAP; f) base layers’ mixture. 
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calculate the tensile strength reserve as explained in Section 3.2.2. The 
strength reserve for all tested asphalt mixtures is visualized in Figs. 8e) 
and f) for the binder and base layers. The asphalt mixtures with a higher 
value of strength reserve have better resistance to low-temperature 
cracking. 

There are two indicators of this resistance. One is the maximum 
value of strength reserve, and the second is the temperature at the 
maximum value of strength reserve. Both are represented in the bar 
charts in Fig. 10. The lower the calculated values of temperature, the 
better the resistance to low-temperature cracking. 

The previous figures show that the B-PmB presents the best low 

temperature properties considering both indicators. The B-FRAM ex-
hibits the lowest maximum strength reserve and the lowest temperature 
at which the maximum strength reserve is achieved in comparison to the 
other mixtures, excluding the B-PmB. These characteristics indicate that 
the B-FRAM mixture can bear lower traffic levels but down to lower 
temperatures. It can be noted that the addition of RAP in all the mixtures 
increased the maximum strength reserve but increased significantly the 
temperature at which the maximum strength reserve is achieved. This 
behavior suggests that the RAP mixtures can bear higher traffic levels 
but at higher temperatures above 0 ◦C. For the base layers’ mixtures, it 
can be noted that the T-FRAM presents the worst low temperature 

Fig. 10. a) Maximum strength reserve results; and (b) the temperature at the maximum value of strength reserve for all the mixtures.  

Table 9 
SCB results at −18 ◦C.  

Mixtures σmax [MPa] SD GF [J/m2] SD KIC [MPa×m0.5] SD FI [J/m2 × 10−4] SD CRI [J/m2 × kN] SD 

S-AC Ref. 1.032 0.139 1.187 0.167 7.619 1.032 6.208 0.562 0.284 0.013 
S-AC-FRAM 4.3 0.898 0.013 0.896 0.156 6.647 0.090 6.465 0.351 0.219 0.023 
S-AC-FRAM 4.6 0.953 0.031 0.954 0.190 7.112 0.291 6.298 0.444 0.214 0.009 
S-AC Ref. + RAP(S) 0.800 0.023 0.835 0.008 6.056 0.521 3.638 0.421 0.223 0.026 
S-AC-FRAM 4.6 + RAP(S) 0.756 0.141 0.849 0.124 5.672 0.986 6.501 0.624 0.216 0.018 
S-PA-PmB 0.628 0.047 1.036 0.039 4.526 0.248 18.017 1.125 0.354 0.022 
S-PA-FRAM 0.479 0.019 0.627 0.124 3.516 0.202 13.884 1.321 0.294 0.022 
B-Ref 0.798 0.073 0.423 0.067 5.943 0.544 0.677 0.053 0.104 0.007 
B-PmB 0.929 0.033 0.871 0.196 6.787 0.202 7.149 0.652 0.215 0.018 
B-FRAM 0.628 0.069 0.514 0.214 4.733 0.520 4.157 0.465 0.157 0.017 
B-Ref + RAP 0.898 0.066 0.477 0.104 6.561 0.479 1.484 0.112 0.128 0.009 
B-PmB + RAP 0.970 0.031 0.557 0.023 7.242 0.213 1.225 0.135 0.143 0.008 
B-FRAM + RAP 0.831 0.119 0.585 0.015 6.169 0.978 5.207 0.465 0.177 0.011 
T-Ref 0.655 0.040 0.430 0.068 4.895 0.284 2.603 0.225 0.172 0.015 
T-FRAM 0.660 0.073 0.391 0.055 4.834 0.529 3.145 0.228 0.151 0.016  

Table 10 
SCB results at −24 ◦C.  

Mixtures σmax [MPa] SD GF [J/m2] SD KIC [MPa×m0.5] SD FI [J/m2 × 10−4] SD CRI [J/m2 × kN] SD 

S-AC Ref. 1.119 0.053 1.261 0.007 8.223 1.003 1.030 0.091 0.252 0.022 
S-AC-FRAM 4.3 0.870 0.006 1.242 0.168 6.570 0.826 4.569 0.512 0.321 0.028 
S-AC-FRAM 4.6 0.972 0.008 1.186 0.051 7.028 0.006 5.093 0.523 0.269 0.019 
S-AC Ref. + RAP(S) 0.830 0.181 1.177 0.023 6.177 0.311 1.473 0.151 0.374 0.033 
S-AC-FRAM 4.6 + RAP(S) 0.760 0.021 1.144 0.185 5.729 0.129 6.415 0.703 0.330 0.025 
S-PA-PmB 0.523 0.012 0.862 0.006 4.036 0.156 24.652 1.925 0.323 0.028 
S-PA-FRAM 0.410 0.006 0.429 0.011 3.035 0.225 3.214 0.332 0.238 0.020 
B-Ref 0.932 0.088 0.912 0.011 6.938 0.152 6.979 0.562 0.287 0.019 
B-PmB 0.945 0.065 1.364 0.095 6.892 0.452 45.467 4.325 0.497 0.042 
B-FRAM 0.889 0.048 0.953 0.131 6.667 0.568 13.176 1.225 0.293 0.025 
B-Ref + RAP 0.992 0.124 0.930 0.071 7.339 0.970 0.927 0.086 0.256 0.021 
B-PmB + RAP 0.967 0.086 1.110 0.003 7.195 0.614 3.679 0.333 0.316 0.026 
B-FRAM + RAP 0.984 0.146 1.252 0.049 7.261 1.153 5.588 0.621 0.345 0.029 
T-Ref 0.773 0.117 0.972 0.039 5.801 0.910 2.314 0.192 0.305 0.024 
T-FRAM 0.615 0.077 1.242 0.127 4.494 0.593 4.593 0.452 0.429 0.035  
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characteristics considering both indicators; however, it should be taken 
into account that a harder binder is used to produce this mixture. 

5.3. Semi circular bending test (SCB) results 

Tables 9 and 10 summarize the results of the SCB tests in terms of 
nominal stress, σmax, fracture energy, GF, and fracture toughness, KIC, for 
all the mixtures under −18 ◦C and − 24 ◦C. Three replicates were tested 
for each condition, and the standard deviation (SD) was calculated for 
each parameter and condition. The related results together with SD are 
plotted in Fig. 11 for three different layers under −18 ◦C and − 24 ◦C, 
respectively. Good repeatability (most of the standard deviations are 
<10%) was observed for all the mixtures, in agreement with previous 
work (Li, 2005, 2006; Marasteanu et al., 2012; Cannone Falchetto et al., 
2017a; Wang et al., 2019). 

Concerning the surface layer materials, all the reference mixtures 
without fibers indicate a relatively higher σmax, GF and KIC compared to 
the fiber reinforced asphalt concrete (AC) and porous asphalt (PA) at 
both temperatures. The differences between these three parameters are 
more significant for the mixtures designed with fresh materials at 
−18 ◦C. In contrast, the differences are smaller when using recycled 
materials and at the lower testing temperature of −24 ◦C, when the 
material shifts from a quasi-brittle behavior toward increased brittleness 
(Cannone Falchetto et al., 2014; Cannone Falchetto et al., 2017b). It is 
worth noting that for AC mixtures prepared with fresh material, a 0.3% 

binder content increment (S-AC-FRAM 4.6) led to remarkably better 
thermal fracture resistance than the FRAM prepared with 4.3% binder 
(S-AC-FRAM 4.3). However, the values are still lower than the reference 
mixture (S-AC-Ref.). For FI and CRI, there are only limited differences 
among different AC mixtures at −18 ◦C, while FRAM exhibits better 
fracture properties at −18 ◦C, especially for mixtures containing RAP. 
However, for PA mixture, both FI and CRI indicate that the FRAM were 
unable to achieve the similar properties of reference materials under 
−18 ◦C and − 24 ◦C. Hence, for the surface layer (AC and PA), mixtures 
prepared without fiber could overall achieve better low temperature 
resistance performance before and after the macro cracking occurs. A 
modified mix design could potentially lead to remarkably better thermal 
fracture properties; this trend associated with a higher binder content 
(from 4.3% to 4.6%) was also observed in the TSRST results. 

For the binder layers’ materials at −18 ◦C, the PmB mixtures (B-PmB, 
B-PmB + RAP) showed the highest σmax, KIC, FI and CRI, followed by the 
materials produced with plain binders (B-Ref, B-Ref + RAP). In contrast, 
the fiber reinforced asphalt mixtures (B-FRAM, B-FRAM + RAP) pre-
sented the lowest values, which means that the FRAM mixtures obtained 
the worst cracking resistance before the macro cracking. A closer 
observation indicates an overall increment of σmax and KIC when RAP 
was added; such a result is more remarkable for B-FRAM + RAP. Con-
cerning fracture energy, GF, both reference mixtures (B-Ref, B-Ref +

RAP) showed the lowest value among all the six mixtures. On the other 
hand, B-PmB and B-FRAM + RAP present the highest GF. It has to be 
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Fig. 11. SCB results and the standard deviation for a) nominal stress σmax at −18 ◦C; b) nominal stress σmax at −24 ◦C; c) fracture energy GF at −18 ◦C; d) fracture 
energy GF at −24 ◦C; e) fracture toughness KIC at −18 ◦C; f) fracture toughness KIC at −24 ◦C; g) Flexibility Index FI at −18 ◦C; h) Flexibility Index FI at −24 ◦C; i) 
Cracking Resistance Index CRI at −18 ◦C; and j) Cracking Resistance Index CRI at −24 ◦C. 
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highlighted that the addition of RAP (B-PmB + RAP) decreased GF, while 
mixtures B-Ref + RAP and B-FRAM + RAP showed similar fracture en-
ergy. The differences of σmax, KIC, and GF among the mixtures containing 
RAP are smaller than for fresh materials; this trend is consistent with 
what was observed for the surface layer mixtures. In the case of T =

-24 ◦C, FRAM mixtures exhibited a comparable response to the corre-
sponding reference mixtures and showed to be superior to the PmB 
material before the macro cracking occurred. This behavior is supported 
by the overall post-peak curves and FI indicating overall less brittle 
characteristics most likely associated with a beneficial effect of 

incorporation of fibers. 
For the base layer mixtures, all three cracking parameters did not 

present substantial differences at −18 ◦C. On the contrary, slightly lower 
peak stress at macro cracking, together with remarkably better overall 
fracture resistance (larger GF compared to the reference mixture), was 
observed for FRAM at −24 ◦C. This behavior might be due to the 
addition of fibers to a mixture composed with a hard 35/50 binder that 
can lead to similar fracture resistance to the one of the reference mixture 
composed with a traditional 50/70 binder. 

To better understand the low temperature fracture behavior between 
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different mixtures, load vs. LLD curves were plotted for each material 
and visualized in Fig. 12. For fresh AC and PA mixture in the surface 
layer at −18 ◦C, all mixtures indicate very similar pre-peak slopes. S-AC- 
FRAM 4.3 and S-AC-FRAM 4.6 also achieved comparable or higher peak 
load compared to S-AC-Ref., while S-PA-FRAM attained a much lower 
peak load than the one without fiber (S-PA-PmB). However, this trend is 
not the case at −24 ◦C. A relatively gradual pre-peak slope is observed in 
S-AC-FRAM, and an overall lower peak load is achieved in all the FRAM 
mixtures compared to the reference ones. For AC mixtures prepared with 
RAP, a steep pre-peak slope and gentle decreased post-peak curves are 
observed in the FRAM (S-AC-FRAM 4.6 + RAP(S)) at both testing tem-
peratures. Considering the value of GF listed in Tables 9 and 10, the use 
of fiber and different mix designs have limited influence on the fracture 
properties of AC mixtures under two different testing temperatures, 
while the use of fiber in PA mixture is unable to achieve the properties of 
mixtures prepared with polymer modified binder. 

In the case of binder layers, B-PmB indicates the most gentle pre-peak 
and post-peak. Hence, even though the peak load of B-PmB is much 
lower than the other two mixtures at −24 ◦C, this does not affect B- 
FRAM to obtain the highest GF values, which means the best anti- 
fracture performance. For B-FRAM, its curve and GF values are both 
between B-PmB and B-Ref. Hence, the use of fiber could improve the 
fracture properties of mixtures prepared with a plain binder; however, it 
is unable to achieve the one produced with PmB. For mixtures prepared 

with RAP, only limited differences could be observed in the curves 
among these three materials. Therefore, the use of RAP vanished the 
differences caused by fiber and PmB binders. Further studies will be 
conducted to better understand the effects of RAP in FRAM at low 
temperatures. Considering the GF values and the shape of the curves, the 
use of fiber could lead to a relative plastic behavior; however, they are 
unable to achieve the performance as PmB mixture. The combined use of 
fiber and RAP ultimately results in the best anti-fracture performance 
among all the different mixtures. Such trends are valid for different 
temperatures. 

Very similar curves and GF values are found for the base layer at 
−18 ◦C. In the case of −24 ◦C, a much gentle pre-peak and post-peak 
slope and higher GF value are observed in T-FRAM compared to T- 
Ref. Hence, the use of fiber in the base layer could lead to better anti- 
fracture properties, especially at very low temperatures. In conclusion, 
the use of fiber could positively influence the fracture properties for 
binder and base layer mixtures; however, only limited benefits could be 
observed in case of the surface layer. 

6. Summary and conclusions 

The present study addressed the effects of fibers and Reclaimed 
Asphalt Pavement (RAP) on low temperature performance of four 
different asphalt mixture types. Dense mixtures for surface, binder, and 

Fig. 12. Comparison curves of load vs. LLD for a) surface layer at −18 ◦C; b) surface layer at −24 ◦C; c) binder layer at −18 ◦C; d) binder layer at −24 ◦C; e) base 
layer at −18 ◦C; f) base layer at −24 ◦C. 
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base layers were designed to incorporate polyacrylonitrile fibers, while 
aramid and polyolefins fibers were combined to prepare a porous 
mixture for surface layer. The experimentation consisted of three types 
of tests: Thermal Stress Restrained Specimen, Uniaxial Tension Stress, 
and Semi-Circular Bending. Based on the testing campaign and the 
analysis performed, the following conclusions can be drawn:  

• From the TSRST results, adding fibers improves the relaxation 
response of the mixtures compared to the reference ones. The FRAM 
mixtures presented similar or moderately better failure temperatures 
and failure stresses than the reference ones; however, they cannot 
provide the high performance of the studied PmB mixtures.  

• The addition of only 0.3% in binder content led to a remarkable 
improvement in the low temperature performances of the FRAM 
mixtures. This effect can be due to the better fibers’ coating, which 
generates a more cohesive matrix in the mastic phase and promotes a 
more homogeneous distribution of the fibers in the mixture, with a 
more effective network reinforcement, minimizing the possibility of 
uncoated aggregate spots.  

• Based on the UTST results, the fibers seem to have no remarkable 
effects on the tensile strength and tensile failure strain. However, 
looking at the tensile strength curves, the FRAM mixtures present a 
peak value of the tensile strength at a lower temperature than the 
reference and PmB mixtures, with a lower value than the PmB, but 
higher than the reference one. This trend can be explained as a result 
of the fibers bridging across the crack and delaying the formation of 
the final microcracks.  

• Combining the results of TSRST and UTST, it can be concluded that 
the B-FRAM exhibits the lowest maximum strength reserve and the 
lowest temperature at which the maximum strength reserve is ach-
ieved in comparison to the other mixtures, excluding the B-PmB. 
These characteristics indicate that the B-FRAM mixture can bear 
lower traffic levels but down to lower temperatures than conven-
tional mixtures.  

• The SCB facture parameters provide a more complex vision of the 
behavior of the materials investigated. Before the crack occurs, the 
PmB mixtures exhibit the best response; while fibers are not deliv-
ering such a level of performance, they contribute to a substantially 
higher peak load than mixtures prepared without fibers. Significant 
benefits in using fibers are obtained in terms of fracture energy and 
combination with RAP. 

It should be noted that, in this study only the optimal fiber content 
suggested by the producers was used. Follow-up research is recom-
mended to extend the study to a large variety of fibers and at different 
contents and develop a tailored mix design capable of better accounting 
for the impact of fibers on the mix design formula. Moreover, due to the 
limited experimental data set, no statistical analysis was performed in 
this work. A testing plan with more replicates will be planned in the 
follow-up study. 
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