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Abstract.  8 

Promising results have been found in the literature through use of synthetic fibers in hot mix asphalt. 9 
However, few research works have focused on studying the effect of these fibers at asphalt mortar 10 
scale. In this research, the reinforcing effect of polyolefin-aramid (POA) fibers and polyacrylonitrile 11 
(PAN) fibers is investigated in asphalt mortars through indirect tensile testing. Fiber-Reinforced 12 
Asphalt Mortar (FRAM) specimens were prepared with different fiber contents (0.1wt%, 0.2wt% and 13 
0.3 wt% ) and tested at three temperatures (15°C, 0°C, -15°C). Indirect tensile strength, fracture 14 
energy, post-cracking energy and toughness were the parameters obtained and analyzed from the 15 
test in order to understand the behavior of the different FRAM designs. Moreover, the failure types 16 
obtained were also analyzed. According to the experimental results, a significant improvement of 17 
strength at low temperature (-15°C) was observed when adding 0.3% of POA or PAN fibers. 18 
Furthermore, the fracture energy properties were enhanced due to the addition of fibers.  19 

Graphical abstract.  20 

 21 

Highlights.  22 

• Fracture parameters of fiber-reinforced asphalt mortars were investigated. 23 
• A blend of polyolefin-aramid fibers and polyacrylonitrile fibers were employed as 24 

reinforcement additives.  25 
• At low temperature (-15°C) the behavior of the FRAM appears to be elastic-brittle.  26 
• Significant improvement was observed with both types of fibers at low temperature (-15°C). 27 
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1. Introduction 29 

 1.1 Background of fibers in asphaltic materials 30 
In asphalt pavements, bituminous materials are constantly exposed to different environmental 31 
conditions such as rainfall, freezing and sunny days which directly affect the long-term performance 32 
of the mixture[1]. Moreover, due to the repetitive passage of traffic loads, cracking by fatigue and 33 
rutting are among the most common types of failures observed in hot mix asphalt [2]. Previous 34 
studies have demonstrated that the addition of special types of fibers to bituminous mixtures can 35 
improve some of their mechanical properties leading to a better overall performance [3]. Asphalt 36 
concrete (AC) is one of the most common types of mixture where the use of fibers has become more 37 
frequent. Different types of fibers have been employed to reinforce hot mix asphalt mixtures 38 
including basalt, nylon, cellulose, steel, aramid, polyester or polypropylene among others [4–8]. In 39 
general, it has been shown that fibers influence the cracking process, providing ductility to the 40 
mixture and increasing the toughness [9]. Similarly, fibers can work as a crack barrier that helps to 41 
prevent the formation and propagation of cracks [10]. Furthermore, fibers can change the 42 
viscoelasticity of bituminous materials [11]. In fact, some experimental results have shown that 43 
fibers can improve the rheological properties of asphalt binder over a wide range of loading 44 
frequencies and temperatures [12]. Additionally, the fiber addition to the asphalt binder increases 45 
the softening point and viscosity and decreases the penetration point leading to an improvement in 46 
rutting resistance [12]. Based on scanning electron microscope results, it was found that fibers can 47 
be arranged in a three-dimensional network structure in the asphalt matrix which contributes by 48 
forming a thick film of mastic preventing the binder drainage [13].  Fibers also contribute positively 49 
to the sustainable development of flexible pavements. While the use of polymers generally requires 50 
increasing the temperature in the  hot mix asphalt production process [14], fibers can be added 51 
directly to the mix by dry method at ambient temperature so additional energy requirements are 52 
not necessary. The healing capability of metallic fibers and the incorporation of recycled waste fibers 53 
in hot mix asphalt are also attractive strategies to mitigate the negative impact on the environment 54 
and the production and maintenance costs of pavement infrastructures [15–17].   55 

Kim et al. [18] evaluated the effect of asphalt concrete reinforced with nylon fibers. Different 56 
parameters such as Marshall stability, indirect tensile strength, moisture susceptibility, dynamic 57 
stability and flexural strength were calculated. The authors concluded that the addition of 1.0% 58 
nylon fibers provided suitable reinforcing efficiencies with an exception in dynamic stability. In 59 
another study, Morea and Zerbino [9] explored the possible improvements of adding glass macro-60 
fibers to an asphalt concrete mixture. A number of fiber-reinforced asphalt concrete mixtures were 61 
produced applying different quantities of fibers without optimizing the binder content. It was 62 
concluded that the rutting behavior of the fiber-reinforced mixtures was improved in comparison 63 
to the reference mixture. In addition, an improvement regarding fracture behavior at intermediate 64 
and low temperatures was reported. Similar effects were found by Mahrez et al. [19] who evaluated 65 
the use of glass fiber in stone matrix asphalt (SMA) mixtures. It was shown that fiber addition had 66 
the potential to enhance the cracking resistance as well as the permanent deformation. In another 67 
study, García et al. [20] evaluated the influence of wool steel fibers on the volumetric and 68 
mechanical properties of a dense asphalt mixture. They reported that the steel fibers sustained 69 
damage during mixing and compaction processes and were broken into pieces. Furthermore, 70 
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clusters of fibers were found after the mixing process, which negatively affected the final mechanical 71 
performance of the experimental mixtures. Alternatively, Park et al. [21] studied the reinforcing 72 
effect of adding steel fibers in asphalt concrete at low temperature. In this work, indirect tensile 73 
strength, fracture energy and post cracking energy were considered the main parameters to assess 74 
the toughness and cracking resistance of fiber-reinforced asphalt concrete. It was concluded that 75 
fibers significantly enhanced the cracking resistance at low temperature with an improvement of 76 
over 62.5% in indirect tensile strength and up to 370% in fracture energy. Concerning the use of 77 
fibers in porous asphalt mixtures, cellulose fibers are commonly used as stabilizer agent to avoid 78 
binder drainage [22]. Experimental results showed that fibers reduce the drain down more than 79 
other additives such as polymers [22]. Márcia et al.[23] assessed the overall performance of a PA 80 
mixture with the inclusion of cellulose fibers. Based on the results, the authors concluded that the 81 
binder drainage decreases as the cellulose fiber increases [24]. Additionally, fiber addition helped 82 
to increase the binder content inside the mix and consequently coated the aggregates better 83 
producing an increment in the durability of the mix. Similar results were concluded by Valeri et al. 84 
[25] who substituted cellulose fibers by aseptic recycled Tetra Brick containers as an 85 
environmentally friendly alternative. In this sense, promising new possibilities have been provided 86 
for asphalt mixtures. In the current work, a combination of polyolefins-aramid (POA) fibers and 87 
polyacrylonitrile (PAN) fibers have been studied. Next, the state-of-the-art of these two types of 88 
fibers as additives for asphalt mixtures is detailed.  89 

1.2 Polyolefin-Aramid (POA) fibers  90 
Aramid fibers present remarkable properties for consideration as asphalt mixture additives. For 91 
example, their high strength-to-weight ratio is approximately five times higher than steel [26]. Due 92 
to these properties, aramid fibers have been widely used in many applications such as composites, 93 
ballistics, aerospace, protective clothing, ropes and cables [26]. In addition, due to their good 94 
thermal performance, these fibers have been used in fire protection products and for high-95 
temperature dust removal applications [27]. Furthermore, polypropylene and polyethylene, 96 
thermoplastic polyolefins widely used in the production of plastics [28], could be an interesting 97 
material for asphalt modification. As fibers, these types of polymers present high tensile strength 98 
values, good abrasion resistance, low specific gravity, hydrophobic properties and the potential to 99 
be thermally bonded [29]. Due to their different properties, in recent years, scientists and engineers 100 
have been attracted to incorporating them into hot mix asphalt [30]. For example, Klinsky et al. [6] 101 
investigated the benefits of adding polypropylene-aramid fiber in a modified asphalt mixture 102 
commonly used in Brazil. They concluded that the use of compound fibers helps to reinforce the hot 103 
mix asphalt from different perspectives. It is claimed that aramid improves the mixture because it 104 
provides a three-dimensional reinforcement while polypropylene contributes to dispersing the 105 
fibers better and to improving the adhesion of the mix. Following a similar approach, Mirabdolazimi 106 
and Shafabakhsh [31] investigated the rutting resistance of hot mix asphalt modified with polyolefin-107 
aramid fibers. The results indicated that adding fibers reduced the permanent deformation. 108 
Similarly, the authors reported that an interlocking effect between aggregates and compound fibers 109 
enables deformation to be reduced. Noorvand et al. [32] studied the effect and distribution of 110 
aramid fibers in an AC mixture. Microscopy imaging was used to analyze fiber distribution and 111 
rutting. Fatigue tests were employed to evaluate the mechanical performance. The authors stated 112 
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that more dispersed and distributed fibers positively affect the overall performance of the mix. It 113 
was shown that fibers were oriented, so reinforcing cracks. Another study carried out by Kaloush et 114 
al. [33] addressed the evaluation of the mechanical properties of AC mixtures reinforced with 115 
polyolefin-aramid fibers. Different experimental tests were performed such as triaxial shear 116 
strength, dynamic modulus, crack propagation and indirect tensile strength tests. The results 117 
indicated that the fiber-reinforced asphalt mixture had better performance under shear 118 
deformation and permanent deformation when compared to a reference mixture without fibers. 119 
Moreover, the fiber addition led to an increment of 25-50% in the tensile strengths and 50-75% for 120 
fracture energies. In a more recent study,  Aliha et al. [34] analyzed the crack growth resistance of 121 
warm mix asphalt (WMA) reinforced with polyolefin-aramid fibers and jute fibers through the semi-122 
circular bending test. Different fracture mode tests were carried out showing that synthetic fibers 123 
improve the fracture toughness in comparison with WMA mixtures reinforced with natural fibers. 124 
Recently, Apostolidis et al. [35], analyzed the effects of adding polyolefin-aramid fibers of different 125 
lengths to asphalt mortar. Different modes of pull-out tests and direct tension tests were carried 126 
out to explore the interactions between the fiber-mortar matrixes. Under monotonic tension, there 127 
was no significant effect at low temperature on the tensile strength of fiber-reinforced asphalt 128 
mortar compared with those without fiber addition. On the other hand, results from the cyclic-129 
loading tension testing showed that 0.1%wt long fibers had a similar influence on the mortars as a 130 
dosage of 0.5% of short fibers. The authors suggest that polyolefin fibers help to increase the 131 
interfacial bonding generated between the fiber and the mortar.  132 

1.3 Polyacrylonitrile (PAN) fibers 133 
Polyacrylonitrile fibers, also known in the literature as PAN fibers, are nowadays the most popular 134 
chemical precursor of high-quality carbon-fiber [36] due to their higher carbon yield as well as their 135 
great tensile and compressive strength [37]. This fiber, produced by the additional polymerization 136 
of acrylonitrile (the main component), has been extensively used in the textile sector in the 137 
production of warm and bulky fabrics and mainly as an alternative to wool [38]. Polyacrylonitrile 138 
staple fibers, because of their high tensile strength, thermal and chemical resistance, have been 139 
considered interesting for reinforcing concrete and bituminous materials. Sheng-Jun [39] studied 140 
the toughness of concrete specimens reinforced with PAN fibers. The author reported an increment 141 
in toughness by adding PAN fibers. According to the results, the incorporation of 1.0 vol.% PAN fibers 142 
is suitable for increasing the fracture energy properties of concrete specimens. In other research, 143 
Cao et al. [40] carried out an experimental investigation on cemented tailing backfills reinforced 144 
with polyacrylonitrile fibers. Uniaxial compression strength (UCS) tests were performed on the 145 
specimens and the results indicated that the addition of fibers slightly increases the UCS value. 146 
Concerning bituminous materials, Xu et al. [41] analyzed the reinforcing effects of four different 147 
types of fibers (asbestos, lignin, polyester and polyacrylonitrile) in AC mixtures under different 148 
environmental conditions (temperature and water effects). It was shown that AC mixtures 149 
reinforced with synthetic fibers (polyester and polyacrylonitrile) provided higher values of rutting 150 
resistance, fatigue life and ITS. It was claimed that polymer fibers have a greater networking 151 
function, while mineral and organic fibers are more recommended as stabilizing additives. Similar 152 
conclusions were found by Chen and Xu [42] who analyzed the mechanisms for reinforcing and 153 
stabilizing asphalt binder by adding fibers. Focused on other mixture types (SMA, stone mastic 154 
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asphalt), Weise and Zeissler [43] also evaluated the impact of adding PAN fibers concluding that 155 
they contribute to minimizing plastic strain values and hence enhancing the rutting resistance.  156 

1.4 Main objective of this research.  157 
While numerous studies have been reported in the literature with respect to hot mix asphalt, few 158 
research works have focused on studying the reinforcement effect of fibers on the asphalt mortar, 159 
which is an essential part of porous asphalt mixtures. Moreover, asphalt mortar is very sensitive to 160 
changes in temperature. Therefore, the main objective of this research is to evaluate the impact of 161 
polyacrylonitrile (PAN) and polyolefin-aramid (POA) fibers on fracture energy properties at asphalt 162 
mortar scale. More specifically, this study seeks to understand better the toughness and the 163 
cracking resistance of asphalt mortar modified with two types of fibers with different contents at 164 
intermediate and low temperatures.   165 

 2. Materials and methods 166 
 2.1 Materials  167 
The asphalt mortar gradation is displayed in Figure 1. The filler and fine aggregate employed in this 168 
study was limestone. A conventional 50/70 penetration grade bituminous binder was used. The 169 
physical properties of the bituminous binder and fine aggregates are listed in Table 1. The binder 170 
content used in the mortar mix was adjusted to 9.3% by weight of mortar because of the increase 171 
in the surface area of the fine aggregates in the mortar. It is worth mentioning that asphalt mortar 172 
only contains filler and fine aggregates with maximum particle size of 2 mm. These particles have 173 
greater surface area than coarse aggregates and hence it is necessary to increase the binder content 174 
in the mix to ensure the same aggregate binder film thickness [44,45].  175 

 176 

Figure 1. Gradation curve of the asphalt mortar employed in the research. 177 
 178 
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Table 1. Characteristics of 50/70 penetration grade binder and fine aggregate. 179 
Characteristic  Standard Value  
50/70 penetration grade      

Specific weight (g/cm3) EN 15326 1.035 
Penetration at 25 °C EN 1426 57 
Softening point (°C) EN 1427 51.6 
Fraass brittle point (ºC) EN 12593 -13 
Fine aggregate     

Specific Weight (g/cm3) EN 1097 - 6 2.724 
Sand Equivalent EN 933 - 8 78 

 180 
Two types of fibers were studied in this research. The first type comprises a blend of polyolefin-181 
aramid fibers (POA). The proportion of the set is 86% of polyolefin fibers and 14% of aramid fibers. 182 
The second fiber used was polyacrylonitrile fiber (PAN). Table 2 and Table 3 show the physical 183 
properties of both fibers according to the provider. Moreover, the density of the POA blend, 184 
determined according to the European standard UNE-EN 1097-6, was 0.947 g/cm3. Details of the 185 
synthetic fibers can be observed in Figure 2.  186 
 187 

Table 2. Characteristics and physical properties of POA fibers. 188 
Fiber Aramid Polyolefin 
Form Monofilament Serrated 
Color Yellow Yellow 
Density (g/cm3) 1.44 0.91 
Length (mm) 19 19 
Tensile Strength (MPa) 2758 483 
Decomposition temperature (°C) 157 > 450 
Acid/Alkali Resistance Inert Inert 

 189 
Table 3. Characteristics and physical properties of PAN fibers. 190 

Fiber  Polyacrylonitrile  
Form  Staple fibers 
Color  Bright straw yellow gold  
Density (g/cm3) 1.18 
Length (mm)   4 
Toughness (MPa) > 708  
Elastic modulus (MPa) 16500 
Elongation at break (%) < 13 
Diameter (mm) 0.0127 

 191 
 192 
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 193 

Figure 2. Set of polyolefin-aramid (POA) fibers (a); Polyacrylonitrile (PAN) fibers (b). 194 

2.2 Sample preparation 195 
The mixing procedure is described as follows: first, mineral filler and fine aggregates were heated in 196 
an oven at 175°C for six hours prior to the addition of the fibers followed by a mixing process of one 197 
minute. Next, the pre-heated bituminous binder was added to the fiber-fine aggregate mix at 155°C 198 
and mixed for five minutes guaranteeing a good homogeneity of the mixture. In order to optimize 199 
the asphalt mortar mixes, compactability tests (EN 12697-10) were carried out for both types of 200 
fibers at three different fiber contents (0.1%, 0.2%, and 0.3%) by weight of mortar to determine the 201 
air void content in the mix as a function of the number of cycles. Cylindrical specimens with a 202 
diameter of 100 mm and a height of 61 mm approximately were compacted at 150°C using a 203 
gyratory compactor machine. The test was performed applying a load of 600 kPa, the angle of 204 
rotation was 0.82° and the speed of movement was 30 rpm. Figure 3 shows the effect of the number 205 
of cycles on the air void content. Three replicates were performed for each mortar design and the 206 
average value was plotted (see Figure 3). It can be observed that adding fibers leads to a slight 207 
increase in the air void content of the mortar. A higher air void content could influence the 208 
mechanical behavior of the mixture. Therefore, to minimize this effect, a target air void content of 209 
2.5% was chosen for all the asphalt mortar designs. Likewise, since this research emphasizes the 210 
reinforcing effects of the fibers in the mortar, the binder content was also kept constant 211 
 212 

 213 

Figure 3. Compactability test performed in non-reinforced and reinforced asphalt mortar specimens. (a) POA fibers. 214 
(b) PAN fibers. 215 
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2.3 Experimental design 216 
In the present study, the experimental testing program comprises 21 groups of asphalt mortar mixes 217 
considering the reference mortar with no fiber addition and hence 63 total specimens were 218 
prepared with different types of fibers with different contents and tested at different temperatures. 219 
Table 4 shows the mortar designs with their respective input parameters.  220 

Table 4. Asphalt mortar designs used in this research.  221 
Asphalt mortar design Testing temperature (°C) Fiber content (%) Type of fiber  Replicates 
1 15 - - 3 
2 15 0.1 POA 3 
3 15 0.2 POA 3 
4 15 0.3 POA 3 
5 15 0.1 PAN 3 
6 15 0.2 PAN 3 
7 15 0.3 PAN 3 
8 0 - - 3 
9 0 0.1 POA 3 
10 0 0.2 POA 3 
11 0 0.3 POA 3 
12 0 0.1 PAN 3 
13 0 0.2 PAN 3 
14 0 0.3 PAN 3 
15 -15 - - 3 
16 -15 0.1 POA 3 
17 -15 0.2 POA 3 
18 -15 0.3 POA 3 
19 -15 0.1 PAN 3 
20 -15 0.2 PAN 3 
21 -15 0.3 PAN 3 

 222 

2.3.1 Mechanical performance 223 
Indirect tensile test (ITT) is considered a practical and efficient test for measuring fracture 224 
parameters and for cracking resistance evaluation. Its advantages include the type of specimens 225 
used and the simple instrumentation [46]. Additionally, no further specimen preparation such as 226 
cutting, gluing, drilling or notching processes are required to conduct the test [47]. In this sense, 227 
since no artificial crack is induced, the failure in the specimen occurs in a region where the tensile 228 
stress is relatively uniform. In all cases, the localized failure occurred in the middle part of the 229 
specimens.  Indirect tensile tests were performed following the European standard EN 12697 – 23 230 
for hot mix asphalt. To condition them, the specimens were removed from the molds and kept at 231 
ambient temperature for 24 hours. Then, the specimens were conditioned for eight hours at test 232 
temperature in a conditioning chamber. The ITT was carried out in a material testing system (MTS) 233 
with a maximum load capacity of 100 kN. All the specimens were tested until failure keeping a 234 
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constant rate displacement of 50 mm/min during the test. The loading data as well as the vertical 235 
displacement were recorded by a data acquisition system.  236 

From the recorded data, the indirect tensile strength (ITS) in MPa was calculated using Equation 1, 237 
as shown below. 238 

𝐼𝐼𝐼𝐼𝐼𝐼 =  
2 ∙ 𝐹𝐹

𝜋𝜋 ∙ 𝑡𝑡 ∙ 𝐷𝐷𝑠𝑠
 

( 1 ) 

 
 239 

Where F is the maximum force (N), t is the thickness of the specimen (mm) and 𝐷𝐷𝑠𝑠 corresponds to 240 
the diameter of the specimen (mm). Moreover, the stress-strain curve during the entire failure 241 
process was recorded and fracture parameters derived from the ITT were determined as defined in 242 
Figure 4. As suggested by Park et al. [48], Fracture energy (FE) can be quantified as the area under 243 
the stress-strain curve up to the strain where the maximum strength is reached (εp). Post-cracking 244 
energy (PE) corresponds to the area under the stress-strain curve from εp to 2εp. Finally, the sum of 245 
these two parameters is equal to the toughness of the asphalt mortar mix. The ITT results are the 246 
average of the three replicates of each asphalt mortar mix.  247 

2.3.2 Statistical analysis. 248 
In order to support the discussion of the results, statistical analysis was carried out to determine the 249 
statistical significance of the results for the mortar mixes. The normality of data was initially checked 250 
through the Anderson-Darling test as well as the homogeneity of variance using Levene’s test. In 251 
those cases where data are normally distributed and with homogeneity of variance sample-t 252 
parametric test was performed. Otherwise, Mann Whitney U non-parametric test was applied. The 253 
statistical analysis was carried out with a confidence interval of 95%. In this sense, the significance 254 
level is measured based on the p-values obtained from the statistical tests. In consequence, p-values 255 
lower than 0.05 mean that the hypothesis tested is significant.   256 
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 257 

Figure 4. Fracture parameters obtained from the ITT. Indirect tensile strength (ITS), Fracture Energy (FE), Post-cracking 258 
Energy (PE). 259 

3. Test results and analysis. 260 
Figure 5 shows the average stress-strain curves of the fiber-reinforced asphalt mortar (FRAM) 261 
compared to the reference asphalt mortar without fibers at 15°C. From the graphs, it can be 262 
observed that asphalt mortar at this temperature starts by showing an elastic component followed 263 
by a plastic component until the peak load is reached. Although bituminous materials have a viscous 264 
component, the high loading rate contributes to minimizing the potential of creep of the mortar 265 
and, therefore, behaves like an elastic-plastic material.  266 
 267 

 268 

Figure 5. Average stress-strain curves of FRAM at 15°C. (a) FRAM with POA fibers. (b) FRAM with PAN fibers. 269 
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The mean results of the ITS and fracture parameters obtained for FRAM at 15°C are displayed in 270 
Figure 6. The error bars indicate the standard deviation from the mean. The ITS value is a good 271 
indicator of the mortar mixture cohesion strength. Likewise, ITS and FE can be considered suitable 272 
measures of cracking resistance prior to the development of major cracks [21]. Based on the results, 273 
the addition of fibers could improve the ITS to some extent. A slight improvement of 3.10% can be 274 
observed adding 0.2%wt of POA fibers when compared to a non-reinforced mortar mix. Concerning 275 
PAN fibers, adding 0.1% and 0.3%wt increased the ITS by 5.43% and 4.65%, respectively. In order to 276 
see the statistical differences with respect to the reference mortar, two sample t-tests were 277 
performed since all data are normally distributed and have homogeneity of variance. The statistical 278 
significances of FRAM in relation to the reference are shown in Table 5 in terms of p-value. It can be 279 
concluded that these improvements were not significant.  280 

 281 

Figure 6. ITS and fracture parameter results at 15°C. (a) ITS values (b) Fracture parameters. 282 
 283 

Table 5. Statistical differences of ITS and fracture parameters at 15°C. 284 

 ITS (MPa)  
 Reference POA 0.1  POA 0.2  POA 0.3  PAN 0.1  PAN 0.2  PAN 0.3  

p - value  - 0.07 0.255 0.08 0.175 0.093 0.71 
Significance  - NO NO NO NO NO NO 

 FE (kPa)  

p - value  - 0.413 0.267 0.652 0.367 0.735 0.418 
Significance  - NO NO NO NO NO NO 

 PE (kPa)  

p - value  - 0.364 0.59 0.515 0.72 0.62 0.615 
Significance  - NO NO NO NO NO NO 

 Toughness (kPa)  

p - value  - 0.691 0.40 0.663 0.477 0.75 0.71 
Significance  - NO NO NO NO NO NO 

 285 

Regarding FE results, it can be observed that the amount of energy required for the initiation of 286 
cracking increases when fibers are added. Although it did not present statistical differences, the 287 
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behaviors of the FRAMs were different showing a tendency to increase the FE in all cases. This initial 288 
phase (Figure 5) comprises two different zones: the first one, which consists of an elastic zone and 289 
the second one, which is an inelastic zone where micro-cracks are generated until the maximum 290 
load capacity of the specimen. Fibers within the asphalt matrix helped to increase the cohesive 291 
bridges and to mitigate the formation of micro-cracks. On the other hand, PE that is associated with 292 
the amount of energy needed to resist crack propagation was found to be lower for the samples 293 
with fiber addition. This phenomenon could be due to the fact that in FRAM a major crack was 294 
developed after the peak strength, while in the reference mortar, minor cracks were developed, 295 
which then merged. Nevertheless, similarly to FE responses, statistical differences were not 296 
observed. 297 

A similar effect can be observed in Figure 7 where the different stress-strain curves at 0°C are shown. 298 
Again, it can be said that the behavior is equally elastic-plastic. In this sense, at both temperatures 299 
(15°C and 0°C), two main types of failure were observed in FRAM; a so-called punching failure due 300 
to the loading strips and tensile break lines that occur in the middle of the specimen. Figure 8 shows 301 
a typical type of failure observed at 15°C and 0°C. Although the fracture behavior of the mortar 302 
could be considered similar at both temperatures, there is an increment in the ITS results as well as 303 
fracture parameters at 0°C. As suggested by Son et al. [49], the behavior of bituminous materials is 304 
closely linked to changes in temperature. At low temperatures the mortar mixture becomes stiffer 305 
although it retains its ductile properties. The ITS values and fracture parameters obtained from the 306 
tests carried out at 0°C are shown in Figure 9. Based on the results, adding 0.3% of POA fibers and 307 
0.3% of PAN fibers led to an improvement of 2.07% and 4.83%, respectively. However, these were 308 
not significant with respect to the reference mortar mix, as shown in Table 6.  309 

310 
Figure 7. Average stress-strain curves for FRAM at 0°C. (a) FRAM with POA fibers. (b) FRAM with PAN fibers. 311 

 312 
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 313 

Figure 8. Failure types observed in FRAM. 314 
 315 

 316 

Figure 9. ITS and fracture parameter results at 0°C. (a) ITS values (b) Fracture parameters. 317 

Concerning fracture parameters, an aspect to remark is that none of the types of fibers, regardless 318 
of their content, provide a significant positive impact on FE properties at this temperature. Another 319 
interesting point to highlight is that FRAM, which exhibited high values of ITS, showed low values of 320 
FE at this temperature. This fact could be related to a stiffness increase in the elastic zone as a 321 
consequence of the fiber. However, the strain at failure occurs faster for the FRAM compared to the 322 
reference material, reducing the amount of energy. On the other hand, adding 0.1% of PAN fibers 323 
slightly improved the FE, but displayed the lowest value in terms of ITS. Concerning PE, there is no 324 
clear trend between the results and the type and content of fibers. Nonetheless, in line with FE 325 
results, the highest value of PE was obtained adding 0.1% of PAN fibers.  326 
 327 

Table 6. Statistical differences of ITS and fracture parameters at 0°C. 328 
 ITS (MPa)  
 Reference POA 0.1  POA 0.2  POA 0.3  PAN 0.1  PAN 0.2  PAN 0.3  
p - value  - 0.22 0.043 0.616 0.136 0.623 0.168 
Significance  - NO YES NO NO NO NO 
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 FE (kPa)  

p - value  - 0.249 0.024 0.075 0.889 0.004 0.044 
Significance  - NO YES NO NO YES YES 
 PE (kPa)  

p - value  - 0.366 0.23 0.924 0.756 0.728 0.471 
Significance  - NO NO NO NO NO NO 
 Toughness (kPa)  

p - value  - 0.147 0.04 0.171 0.839 0.076 0.005 
Significance  - NO YES NO NO NO YES 

 329 

Toughness, which is the sum of FE and PE, serves as an indicator to describe the behavior of the 330 
material. Overall, the lower the toughness, the lower the ductility of the material [29]. FRAM with 331 
0.3% of PAN fibers showed the lowest value with respect to this property and yet obtained the 332 
highest value of ITS. Based on the above, it could be hypothesized that fibers within the mortar 333 
stiffen the matrix but reduce the total amount of energy that the mix can absorb.    334 

Finally, at -15°C the behavior of the mortar mixes was observed to be elastic-brittle, what means 335 
that when the tensile strength reaches its maximum value, the specimens break instantly, and the 336 
stress drops to zero after the first crack appears. Similar observation was also reported by Park et 337 
al. [48], who studied the fracture properties of AC mixtures at low temperatures (-20°C). Once the 338 
specimen has achieved the maximum strength, it is broken into two pieces in a brittle mode. In this 339 
case, the post-cracking energy is negligible and, therefore, FE and ITS are the only parameters that 340 
can be calculated. Figure 10 shows the average stress-strain curves obtained at the lowest 341 
temperature evaluated in this study. The failure type observed was a clear tensile break, where the 342 
specimens broke along the diametrical line and there was no observation of a punching failure closer 343 
to the loading strips as shown in Figure 11. Inside the mortar matrix, fibers could interlock with the 344 
fine aggregates acting like connections and cohesive bridges preventing the formation of micro-345 
cracks. Moreover, since the mortar becomes more rigid and behaves as a brittle solid at low 346 
temperature, tension mode is induced in the fibers more easily, contributing to bearing the tensile 347 
loads generated in the mortar. The ITS results and FE properties are shown in Figure 12. Concerning 348 
fiber reinforcement, at -15 °C, adding fibers to the mortar increases ITS values (see Figure 12a) in 349 
comparison to the samples without fibers (reference). Analyzing the influence of fiber content on 350 
the results, it can be observed that as the fiber content increases, the ITS values also increase. 351 
Concerning POA fibers, the biggest improvement was observed in the samples that incorporate 0.3% 352 
of POA fibers. This improvement is statistically significant in relation to the reference mortar (Table 353 
7). Moreover, improvements of 16.50% and 18.04% were obtained by adding 0.1% and 0.2% of POA 354 
fibers. However, these differences proved not to be statistically significant. With regard to PAN 355 
fibers, FRAM reinforced with 0.2% and 0.3% of PAN fibers exhibited an improvement of 32.73% and 356 
31.44%, respectively, with respect to the reference mortar. However, only the addition of 0.3% of 357 
PAN fibers proved to be statistically significant. The FE properties were also influenced by the fiber 358 
dosage. In this sense, improvements of 25.76% and 21.79% were obtained adding 0.3% of POA and 359 
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PAN fibers, respectively. These results were also found to be statistically significant as shown in 360 
Table 7. In the other cases, although there were no significant differences, there is a clear tendency; 361 
the higher the fiber content, the better the fracture energy properties. The relationship between 362 
the temperature and the different responses are shown in Figure 13. Only ITS and FE were taken 363 
into consideration since at -15°C the other responses cannot be obtained, and hence not enough 364 
points are available to find a clear trend. In relation to ITS values, linear relationships of mean ITS 365 
and temperature to the different FRAMs were found. In all cases the linear correlation coefficient 366 
R2 is higher than 0.95 indicating that ITS values of the mortar depend linearly on the temperature. 367 
From the results, it can also be observed that, at 15°C, the effect of fibers is not significant. However, 368 
at lower temperatures the effect of fibers tends to be more important. It can be clearly concluded 369 
that the fibers impact on the asphalt mortar depends strongly on the behavior of the mix, which is 370 
closely linked to temperature. Concerning FE results, this parameter increases from 15°C to 0°C but, 371 
then goes back to lower values at -15°C. This happens in parallel to the material behavior since the 372 
mortar changes from an elastic-plastic to an elastic-brittle material. Concerning mortars modified 373 
with fibers, significant effects are observed at -15°C. However, the reinforcement effect of fibers is 374 
negligible at higher temperatures. The reason for this could be related to the mortar nature which 375 
becomes more rigid in the elastic-plastic range. After analyzing the results, it could be hypothesized 376 
that the tensile strength is governed by the binder-aggregate interaction and the effect of fibers is 377 
reduced.    378 

 379 

 380 
Figure 10. Average stress-strain curves of FRAM at -15°C. (a) FRAM with POA fibers. (b) FRAM with PAN fibers. 381 
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 382 

Figure 11. Type of failure observed in FRAM at -15°C 383 
 384 

 385 

Figure 12. ITS and fracture parameter results at -15°C. (a) ITS values (b) Fracture parameters. 386 

 387 

Table 7. Statistical differences of ITS and fracture parameters at -15°C. 388 
 ITS (MPa)  

 Reference POA 0.1  POA 0.2  POA 0.3  PAN 0.1  PAN 0.2  PAN 0.3  
p - value  - 0.356 0.146 0.042 0.147 0.079 0.021 
Significance  - NO NO YES NO NO YES 

 FE (kPa)  

p - value  - 0.161 0.067 0.045 0.849 0.226 0.048 
Significance  - NO NO YES NO NO YES 

 389 
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 390 

Figure 13. Relationship between the temperature of the test and ITS and FE responses for both types of fibers. 391 

4. Conclusions 392 
In this research, asphalt mortar mixes reinforced with synthetic fibers were experimentally tested 393 
in the laboratory. The aim of this study was to investigate the effect of the fiber type, fiber content 394 
and testing temperature on mechanical (i.e. tensile strength) and fracture properties through 395 
indirect tensile tests. A reference mortar (no fiber addition) and fiber-reinforced asphalt mortars 396 
with two types of fibers, polyolefin-aramid (POA) fibers and polyacrylonitrile (PAN) fibers) and three 397 
fiber contents (0.1wt%; 0.2wt% and 0.3wt %) were tested at three different temperatures (15°C, 398 
0°C and -15°C). According to the experimental results, the following conclusions can be drawn:  399 

• At 15°C no significant effects were observed in any of the parameters measured. Minor 400 
improvements were obtained by adding 0.2% POA fibers and 0.1% and 0.3% of PAN fibers 401 
in terms of ITS values. The addition of fibers contributed to increasing the fracture energy 402 
properties of the mortar although this was not statistically significant. However, the post-403 
cracking energy was reduced when fibers were added.  404 

• At 0°C there were no statistical differences among all mortar designs. Nonetheless, minor 405 
improvements in relation to ITS values were observed by adding 0.3% of POA fibers and 406 
0.3% of PAN fibers. Concerning fracture parameters, FE is reduced for FRAMs with both 407 
types of fibers. In addition, 0.1% of PAN fibers exhibited the lowest value in terms of ITS but 408 
the highest value in terms of energy properties.    409 

• At -15°C, due to changes in the behavior of mortar, only ITS and FE could be measured. 410 
Regarding ITS, statistical differences were observed by adding 0.3% POA fibers and 0.3% 411 
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PAN fibers. Moreover, the addition of fibers contributed to increasing the FE with a greater 412 
influence in the case of POA fibers. 413 

• Concerning the behavior of mortar mixes, at 15°C and 0°C the behavior observed was 414 
elastic-plastic. At 0°C the behavior of the mix became stiffer although it retained ductile 415 
properties and, therefore, ITS and fracture parameters are higher. At -15°C the behavior of 416 
the mix became elastic-brittle. At this temperature, the mortar became stiffer and ITS value 417 
increased while FE abruptly decreased.  418 

• Concerning the type of failure, at 15°C and 0°C two types of failures were observed. A 419 
crushing zone closer to the loading strips and tensile breaks in the middle of the specimen. 420 
At -15°C the type of failure observed in FRAM was a clear tensile break along the diametrical 421 
line. 422 

• As a future research line, other control factors such as binder content, void content and 423 
monotonic loading speed should be evaluated in fiber-reinforced asphalt mortars. The 424 
application of dynamic tests on fatigue cracking could also be considered.  425 
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