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Abstract 6 
Porous asphalt (PA) mixtures have become a new alternative in the development of new road 7 
pavement surface layers given their multiple advantages such as surface runoff improvement, 8 
the decrease of the urban heat island effect, the reduction of road traffic noise and the 9 
minimization of the spray and aquaplaning effect leading to a safer driving. However, the 10 
durability of these mixtures is not as good as for dense graded mixtures. This research studies 11 
the effectiveness of adding a blend of polyolefin/aramid fibers and homopolymer 12 
polyacrylonitrile fibers in PA mixtures in terms of functionality and mechanical performance. 13 
Furthermore, changes in the filler content were assessed. The experimental testing plan includes 14 
air voids characterization, permeability, moisture sensitivity and particle loss in dry and wet 15 
conditions. Improvements on the mechanical performance can be observed in dry conditions. 16 
Finally, the fracture energy, postcracking energy and toughness were also analyzed. The results 17 
show that the addition of fibers brings ductility to the PA mixture improving toughness while 18 
maintaining functionality since the air void content remains over 20%. 19 

Highlights 20 
• PA mixtures with 0.05% of synthetic fibers were assessed. 21 
• The influence of filler content on the fiber modified asphalt mixture performance was 22 

considered. 23 
• The addition of synthetic fibers did not produce significant effects on the air voids. 24 
• Fibers addition improves the PA mechanical properties in dry conditions.  25 

Key words  26 
Polyolefin, aramid, polyacrylonitrile, fibers, porous asphalt, water sensitivity, toughness.  27 

1. Introduction.  28 
Porous asphalt (PA) mixtures have become an alternative to conventional dense asphalt 29 
mixtures due to their several advantages such as their mitigation effect on storm water runoff, 30 
the improvement on the drivability in wet weather conditions and their road traffic noise 31 
reduction ability  [1,2]. Other researchers recommend these mixtures due to their potential to 32 
enhance surface frictional resistance, minimize aquaplaning, improve visibility in night 33 
conditions and decrease splash and spray [3,4]. Moreover, thanks to its high voids content, these 34 
mixtures allow the flowing of water through the pores preventing its accumulation on the road 35 
surface [5]. Additionally, due to their higher porosity, PA mixtures exhibit a rough surface texture 36 
which increases the friction between the tire and the asphalt surface, thus contributing to 37 
reduce road accidents [6]. 38 

These mixtures have been used since 1950 to improve the frictional resistance of asphalt 39 
pavements [7]. In this sense, porous friction courses (PFC) are commonly used as non – structural 40 
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wearing courses in the United States and Europe [8]. Nonetheless, in the United States the 41 
experience on this type of mixture has been contradictory,  with some states reporting good 42 
performance, while others limiting their use due to poor performance [9]. On the other hand, 43 
Massahi et al. [10] reported that raveling can be considered a substantial pavement distress that 44 
affects the security of road users and increases the need of more frequent road maintenance. 45 
In addition, given the mineral skeleton presented by the PA mixtures and the high content of 46 
voids (i.e. 20%), these mixtures show greater problems of durability [11]. In this sense, high 47 
percentages of air voids cause the bituminous binder to be more exposed to the impact of 48 
weather, increasing the aging of the bitumen and producing a detriment effect on its cohesive 49 
and adhesive capacity [12–15]. The need to improve the mechanical performance and increase 50 
the service life of PA mixes has brought to the development of a new generation of PA mixes 51 
that incorporate polymers and other additives such as fibers [16,17]. 52 
 53 
To date, the effect of different types and sizes of fibers on the mechanical performance has been 54 
investigated specially in asphalt concrete (AC). Thus, Lee et al. [18] reported an increase of about 55 
85% in the fracture energy properties of an AC by adding 1.0% by volume of 12 mm long nylon 56 
fibers to the mixture. On the other hand, Kaloush et al. [19] reported that the use of a blend of 57 
polypropylene and aramid fibers in an asphalt concrete improved the performance of the 58 
mixture specially in permanent deformation, fatigue cracking and thermal cracking. Finally, Xu 59 
et al. [20] conducted laboratory tests on a fiber reinforced asphalt concrete (FRAC). The 60 
strength, strain and fatigue behavior of the FRAC were measured. Results showed an 61 
improvement in the flexural strength and the ultimate flexural strain due to the addition of 62 
polymer fibers (polyester and polyacrylonitrile). Rutting resistance, fatigue life and indirect 63 
tensile strength (ITS) were also improved with the incorporation of the polymer fibers due to 64 
their networking function. A polyester fiber content of 0.35% by mass of mixture was suggested 65 
to achieve the best performance in terms of permanent deformation and ITS.  66 
 67 
Less research has been carried out on the modification of porous asphalt mixtures with fibers. 68 
Chowdhury et al [21] studied the effect of tire fibers in PA mixtures. Drain-down, dynamic 69 
modulus, indirect tensile strength and Hamburg wheel tracking test were applied reporting that 70 
tire fibers could be an alternative to cellulose fibers. In another research, Xiang Ma et al. [22] 71 
employed various additives in a porous asphalt mixture concluding that polyester fibers should 72 
be used in a PA mixture because significant improvements on the durability and low cracking 73 
resistance were found.  Andrés-Valeri et al. [16] assessed the durability of using Tetra brick 74 
aseptic (TBA) fibers in PA mixtures as an environmentally friendly additive. The authors reported 75 
an increment in the indirect tensile strength (ITS) in the range of 22% when the fiber is added 76 
compared to the reference mixtures.  In a much wider study, Punith and Veeraragavan [3] 77 
incorporated reclaimed polyethylene (PE) fibers in open graded friction course (OGFC) mixtures. 78 
Several laboratory tests were carried out on these mixtures to determine tensile strength, 79 
moisture sensitivity and fatigue damage. Results indicated that the incorporation of PE fibers in 80 
the mixture improved the three properties in comparison to the control mixtures without fibers. 81 
Finally, Lopes et al. [2] evaluated the performance of PA mixtures with cellulose fibers, being 82 
these fibers one of the most common additives in hot mix asphalts (HMA) [15,23–25]. In this 83 
research, the Indirect Tensile Stiffness Modulus (ITSM), water sensitivity, permeability and 84 
permanent deformation tests were carried out. The authors concluded that the absorption of 85 
the bitumen by the cellulose fibers improved the water drainage through the pores and 86 
therefore the PA mixture permeability. In addition, a reduction in the particle loss of around 11% 87 
was observed with the addition of this type of fibers. 88 
 89 
While published studies have demonstrated positive results when aramid and polyacrylonitrile 90 
fibers are added to dense asphalt mixtures, the incorporation of this type of reinforcement in 91 
PA mixtures has not been investigated in depth. Thus, the main aim of this paper is to evaluate 92 
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the mechanical performance of PA mixtures that include in their composition a blend of 93 
polyolefin/aramid fibers or polyacrylonitrile fibers and compare it with the performance of a 94 
reference PA mixture without fibers.  To assess this mechanical performance, the porous asphalt 95 
mixtures were designed according to European standard methods and the following 96 
experimental laboratory plan test was performed: bulk density, total and interconnected air 97 
voids, permeability test, Cantabro particle loss test in dry and wet conditions, indirect tensile 98 
strength (moisture sensitivity) and fracture energy.  99 

2. Materials  100 

2.1. Aggregates  101 
Previous laboratory tests were carried out to determine the properties of the natural aggregate. 102 
Coarse ophite aggregate and fine limestone aggregate were used in this study to produce the 103 
PA mixtures. The physical properties and the limits of the Spanish Standard specifications for 104 
the highest traffic level are shown in Table 1. In this research, the grading curve employed was 105 
a PA16 in accordance with the specifications given in the Spanish guidelines [26] as shown in 106 
Fig.1. 107 

Table 1. Properties of coarse ophite and fine limestone aggregate. 108 

 109 
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 110 

Fig.1. Particle size distribution PA mixture. 111 

2.2 Bituminous binder 112 
A conventional 50/70 penetration grade bituminous binder was employed in this research. 113 
Although usually a polymer modified asphalt is used in PA mixtures, in this research the 114 
reinforcement effect of the fibers in the PA mixture is studied with a conventional binder. The 115 
physical properties of the asphalt binder are presented in Table 2.  116 
 117 
Table 2. Characteristics of a 50/70 penetration grade binder. 118 

 119 
 120 
 2.3 Fibers 121 
Two different fiber types were studied by the authors (see Fig.2). The first one consisted of a 122 
blend of synthetic fibers (aramid plus polyolefin) that has given good results in dense graded 123 
asphalt mixtures [19,27]. The density of this blend according to the standard method UNE-EN 124 
1097-6 was 0.947 g/cm3. The physical properties of the polyolefin/aramid fibers (PO/A) 125 
according to the manufacturers are given in Table 3. The second fiber used in this study is a 126 
homopolymer polyacrylonitrile (PAN) synthetic fiber. For this type of fiber, two different sizes, 127 
4 mm and 12 mm, were considered. For both types of fibers, the fiber content was fixed in 0.05% 128 
w/w according to the suppliers.The physical properties provided by the manufacturers are 129 
presented in Table 4.  130 
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 131 
Fig.2. Types of synthetic fibers used in this work: (a) PO/A fibers and (b) PAN fibers. 132 
 133 
Table 3. Characteristics and properties of PO/A fibers. 134 

 135 
Table 4. Characteristics and properties of PAN fibers. 136 

 137 

3. Experimental Program 138 

3.1 Mix design and specimen preparation  139 
In this work, PA mixes incorporating polyolefin/aramid (PO/A) or PAN fibers were designed. 140 
Eight different experimental designs were produced by varying the type of fiber (No fiber, PO/A, 141 
PAN 4 and PAN 12) and the amount of filler (4.9% and 4.3% by weight of the aggregate fraction). 142 
In all the samples, the amount of bitumen was 4.3% by weight of mixture. The nomenclature of 143 
the different designs was defined based on the type of fiber in the mixture, the length of the 144 
fiber (mm) and the filler content in the mixture. Thus, the designed mixture PAN 12 – A 145 
corresponds to the PA mixture with PAN 12 mm long fibers and a filler content of 4.9%. Similarly, 146 
the mixtures used as references were named RA and RB depending on the filler content. Table 147 
5 details the different designs carried out.  148 

Table 5.  Porous asphalt mixtures designs. 149 
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 150 

All the PA mixtures presented in this paper were designed according to the European Standards 151 
for Bituminous mixtures (EN 13108-7) and the Spanish specification “General Technical 152 
Requirements for Works of Roads and Bridges” [26],  document approved by the Ministry of 153 
Public Works of the Government of Spain.  154 

The asphalt samples were prepared as follows. Coarse and fine aggregates were heated in an 155 
oven at 170°C for six hours and then thoroughly mixed with the fibers for 20s. Afterwards, the 156 
asphalt binder was added at 150°C into the mixture and continuously blended to achieve that 157 
the combination fiber-aggregate was well coated by the bitumen. It is worth mentioning that in 158 
the case of PO/A fibers, the polyolefin was added together with the asphalt binder. Finally, PA 159 
mixtures were compacted with 50 blows per side according to EN 12697 – 30. 160 

3.2 Experimental tested plan 161 
An assessment of the mixture volumetric properties, durability, functionality and stability were 162 
performed in this research as shown in Table 6. Mixture volumetric properties were focused on 163 
the macroscopic evaluation [17] including bulk specific gravity of the compacted mixture, total 164 
air voids (AV), and interconnected air voids (IAV) . Closed air voids were also calculated like the 165 
difference between AV and IAV [16].  166 

Table 6.  Experimental work plan. 167 

168 
Regarding the mixture mechanical performance, the Cantabro loss particle test was carried out 169 
to assess the raveling of the porous asphalt mixtures [28–32]. This test measures the percentage 170 
of particle loss that occurs when the specimen is subjected to abrasion in the Los Angeles 171 
machine. The Cantabro test was also performed in wet conditions according to the NLT 362/92 172 
Spanish standard. In this case, the specimens were submerged in water at 60 °C for 24 hours. 173 
Then the samples were kept at 25°C for another 24 hours before performing the test. In both 174 
cases, the loss in mass is expressed as the percentage after 300 turns and is calculated according 175 
to Eq.1.  176 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙 (%) =  
𝑚𝑚𝑖𝑖 −𝑚𝑚𝑓𝑓

𝑚𝑚𝑖𝑖
∗ 100 (1) 
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Where 𝑚𝑚𝑖𝑖 and 𝑚𝑚𝑓𝑓 correspond to the initial and final mass of the specimens.  177 

Concerning the indirect tensile strength (ITS) test, specimens were tested both in dry and wet 178 
conditions (𝐼𝐼𝐼𝐼𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑  and 𝐼𝐼𝐼𝐼𝑆𝑆𝑤𝑤𝑤𝑤𝑤𝑤). The ITS was measured by loading diametrically the samples 179 
across the circular cross section and recording the load to failure. From this test, toughness can 180 
also be determined by analysing the area under the stress-strain curve as shown in Fig.3. The 181 
toughness consists of two parameters, the Fracture Energy (FE) and the Post-cracking Energy 182 
(PE). The former corresponds to the area under the stress-strain curve until the strain at the 183 
maximum stress is reached, ɛ𝑝𝑝  [33]. The PE is calculated as the area under the stress-strain 184 
curve from ɛ𝑝𝑝 to 2ɛ𝑝𝑝 as suggested in [33]. According to said authors, ITS and FE have proven to 185 
be good indicators of the cracking resistance prior to major crack development and PE gives an 186 
idea of the mixture ductility and its resistance to crack propagation. In this study, the toughness, 187 
FE and PE were determined for all the specimens, dry and wet conditioned.  188 

 189 
Fig.3. Scheme of toughness calculation. 190 

On the other hand, moisture sensitivity was evaluated based on the indirect tensile strength 191 
ratio (ITSR). The ITSR is the ratio of the wet ITS to the dry ITS and is expressed in percentage as 192 
follows (see Eq. 2). 193 

𝐼𝐼𝐼𝐼𝑆𝑆𝐼𝐼 (%) =  
𝐼𝐼𝐼𝐼𝑆𝑆𝑤𝑤𝑤𝑤𝑤𝑤
𝐼𝐼𝐼𝐼𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑

∗ 100 
( 2 ) 

 
 194 

The functionality of the PA mixture is linked with its permeability. In this work, the permeability 195 
(K) of the specimens was measured with the radial flow falling head permeameter as previously 196 
done by other researchers [8,16,28,34,35]. Based on Darcy’s law, the permeability of the mixture 197 
can be calculated according to Eq. 3.  198 

𝑘𝑘 =  
𝑃𝑃𝑎𝑎
𝐴𝐴𝑃𝑃

ln �
ℎ1
ℎ2
� 

( 3 ) 

 
Where a and A are the cross sections of the standpipe and the specimen in 𝑚𝑚𝑚𝑚2 respectively; L 199 
is the height of the specimen in mm and t is the time required for the water to fall from an initial 200 
height of 300 mm above the sample (ℎ1) to a height of 100 mm above the sample (ℎ2).  201 
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3.3 Statistical analysis  202 
Fourteen specimens of each PA mix design were performed with a total of 112 manufactured 203 
samples including the reference PA mixtures. The variability and uncertainty of the results in the 204 
experimental tests were statistically analysed. The test replicates of each mixture design can be 205 
seen in the experimental tested plan (see Table 6). Minitab software was used to support the 206 
analysis of the results. Anderson Darling Normality tests were carried out to determine if the 207 
data obtained followed a normal or non – normal data distribution. In addition, homogeneity of 208 
variance was checked through Levene test. Parametric statistical tests were used if the data 209 
followed a normal distribution and presented homogeneity of variance; otherwise, non – 210 
parametric tests were used. The confidence interval considered was 95%. Table 7 shows the 211 
statistical tests used to compare the data obtained from each mix design.  212 

Table 7. Statistical tests to analyze the obtained data. 213 

 214 

4. Results and Discussion  215 
Before carrying out the design of the PA mixtures, some previous tests were performed in the 216 
reference mixture to determine the optimal asphalt content based on the air void content, 217 
indirect tensile strength and Cantabro test results. According to the results, the bitumen content 218 
was fixed at 4.3% by weight of mixture. A binder drainage test was also carried out on the 219 
reference mixtures following the European standard procedure EN 12697 – 18. According to the 220 
results, no binder drain-down was detected in any case. In order to isolate the reinforcement 221 
effect of the fiber on the experimental PA mixtures, the same binder content as for the reference 222 
mixture was used.  Additionally, the influence of the filler content in the performance of the 223 
fiber reinforced PA mixture was considered by using two different filler concentrations. 224 

 225 

4.1 Permeability and volumetric properties  226 
The results concerning the volumetric properties and the permeability of the studied PA 227 
mixtures are summarized in Fig. 4 and Fig. 5, respectively. According to the results, the addition 228 
of the fiber did affect both the permeability and volumetric properties. It may be expected that 229 
the reduction of the total voids in the mixture implies a reduction of the permeability and the 230 
interconnected voids. In this case, the interconnected voids were positively correlated with the 231 
permeability values with a correlation coefficient of 0.88, indicating a direct relationship 232 
between these two variables. Similarly, a positive relationship between the total air voids and 233 
the permeability was found with a correlation coefficient of 0.29. Although in both cases a 234 
relation between the variables is observed, it can be concluded that the interconnected voids 235 
could be considered a better parameter to relate to permeability. 236 

The results obtained before were statistically analysed. All the air void results followed a normal 237 
distribution and therefore a one way Anova Test was performed to determine if statistical 238 
differences among the results existed. Indeed, significant differences were observed between 239 
the reference mixture (RA) and the fiber reinforced mixtures with the same percentage of filler 240 
(𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤=0.000). However, not statistical differences were reported among the results of the fiber 241 
reinforced mixtures (𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤=0.198). Thus, although the addition of fibers significantly decreases 242 
the air voids with respect to the reference mixture, no differences among the air void content 243 
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of the different type of fibers were observed. Regarding to the interconnected voids and bulk 244 
density, the same phenomena occurred and no significant differences were found between the 245 
effect of the different fiber type (𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤=0.397). On the other hand, the filler content has  proved 246 
to be a relevant factor that affects the air void content in PA mixtures. In this sense, the close 247 
voids of RA and RB were found to be significantly different (𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤 =0.016). However, no 248 
significant differences were observed in the case of the fiber reinforced PA mixes independently 249 
of the filler content (pvalue=0.244). It can be concluded that in terms of the volumetric 250 
properties, the type and the length of the fiber are not determining. This is likely due to the low 251 
fiber content that is added to the mixture. Probably a higher amount could have a more relevant 252 
impact. Concerning the permeability results, the least permeable PA mixture was RB with 59.6% 253 
less permeability than RA mixture (𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤 =0.014). This phenomenon is likely due to the 254 
increased of close voids in RB (see Fig. 4) caused by the reduction of the filler content. On the 255 
other hand, focusing on the mixtures with higher filler content (i.e. Nomenclature A), PAN 4-A 256 
showed the lowest decrease in permeability, 14.7% reduction comparing to the reference (RA). 257 
It is likely that the longer the fiber length, the higher the negative impact on the permeability.  258 

However, no significant differences were found within the fiber reinforced PA mixtures in terms 259 
of permeability. This is probably due, as suggested before, to the low fiber content 260 
(𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤=0.498). Focusing on the mixtures with low filler content, the addition of fibers seems to 261 
increase the permeability of the PA mixture (Fig.4). According to the statistical analysis, this 262 
effect is significant and the mixture that presented the highest improvement comparing to the 263 
reference mixture (RB) was the PO/A-B design (𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤=0.050). The observed phenomenon could 264 
be due to the fact that by decreasing the filler/binder ratio, the fibers can absorb a higher 265 
amount of the light components of the bitumen. Similarly, focusing again on the PA mixes with 266 
the lower filler content, the addition of fibers appears to increase the interconnected voids 267 
leading to a higher permeability. In general terms, although slightly changes of permeability 268 
were found, the minimum recommended value in ASTM D7064-04 [16,36] was fulfilled (1.2 269 
mm/s).  270 

 271 
Fig.4. Volumetric properties of the PA mixture designs. The standard deviation from the mean is indicated by an 272 
error bar. 273 
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 275 

Fig. 5 Mean permeability values of PA mixture designs.  The standard deviation from the mean is indicated by an 276 
error bar. 277 

4.2 Particle loss (Cantabro test)  278 
The results concerning the particle loss in dry conditions are shown in Fig. 6. According to the 279 
results, the use of fibers in the PA mixture positively affected its particle loss resistance. 280 
Specifically, the samples PO/A 19-A and PAN 4-A showed particle loss improvements of 33.7% 281 
and 15%, respectively, respect the reference mixture RA. In addition, considering data 282 
dispersion, the differences among the reference mixture and the fiber reinforced mixture with 283 
PO/A were found to be statistically significant (𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤= 0.047). According to results, the higher 284 
impact provided by the polyolefin plus aramid fibers could be explained by the higher elastic 285 
modulus and tensile strength presented by the aramid fibers, which increase the reinforcement 286 
of the three-dimensional network formed in the asphalt mortar, leading to a lower susceptibility 287 
to particle losses. In the same way, similar improvements were reported in PA mixtures when 288 
crumb rubber was added  [37]. On the other hand, it is worth mentioning that polyolefin fibers 289 
were fully dissolved due to the temperature of the mixing process. In this sense, Hejazi et al.  290 
[38] reported that slightly dissolved fibers provided a better bond strength with the bitumen 291 
within the hot mix asphalt. A more recent study indicated that an increase in the kinematic 292 
viscosity of the bitumen reduces the particle loss in the Cantabro test [39]. Regarding the impact 293 
of the filler content, no statistical differences were observed in the resistance to particle loss of 294 
RA and RB PA mixtures (𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤=0.554). However, the addition of PO/A fibers to the PA mixtures 295 
with low filler content showed a higher increase in the particle loss resistance, observing a rise 296 
of 40-41% comparing to the reference mixtures being these results statistically different 297 
(𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤=0.017).  Furthermore, PAN fibers provided similar results to those provided by PO/A 298 
fibers. Specifically, PAN 12-B and PAN 4-B improved the resistance to particle loss by 31.7% and 299 
22.3%, respectively, in relation to the reference mixture (RB). Despite this, only the addition of 300 
the 12mm PAN fibers turned out to be statistically significant (𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤=0.050). As mentioned 301 
before, when the filler/binder ratio is reduced, there is a free amount of bitumen that can be 302 
absorbed by the fibers leading to a reinforcement of the three dimensional fiber-mortar 303 
networking matrix. 304 

The results obtained in the Cantabro test carried out in wet conditions did not turn out as 305 
promising. Actually, reference mixture RA and fiber reinforced mixture PO/A 19-A presented the 306 
best results with a particle loss of 18.2 and 18.0, respectively. However, the differences among 307 
the results proved not to be statistically significant (𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤=0.949). Overall, the addition of fibers 308 
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did not provide significant improvements in the mixture in wet conditions. This could indicate 309 
that these fibers are sensitive to water absorption. Focusing on the asphalt mixes with lower 310 
filler content, the initial hypothesis was that less filler content would increase the coating of the 311 
fibers by the bitumen and, therefore, increase the resistance to ravelling in wet conditions. 312 
However, similar results were obtained and no significant differences were found. As suggested 313 
by other researchers, lower filler contents decrease the viscosity and the amount of bituminous 314 
mastic that coats the aggregate particles leading to low thickness asphalt binder films on said 315 
particles. This will likely increase the susceptibility to moisture damage and decrease the 316 
resistance to the particle loss [16,28]. Thereby, these results suggest that the incorporation of 317 
fibers probably requires the addition of higher amounts of bitumen to completely coat the fibers 318 
and to prevent their exposition to the weather conditions. 319 

 320 

Fig. 6. Mean values of the Cantabro loss particle test in dry and wet conditions. The standard deviation from the 321 
mean is indicated by an error bar. 322 
 323 
4.3 Indirect tensile strength and moisture sensitivity 324 
The indirect tensile strength results in dry conditions are shown in Fig. 7. Based on these results, 325 
the increase of the ITS due to the addition of the different fibers is clearly observed. It should be 326 
noted that the length of the fiber has also an influence in the ITS, obtaining the highest 327 
improvements when long fibers are used. Thus, considering the mixtures with higher 328 
filler/binder ratio, the addition of PO/A fiber (19mm) increases the indirect tensile strength in 329 
22% as compared to the reference mixture (RA), being this difference significant (𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤=0.019). 330 
However, in the case of the mixtures with low filler content, 13.5% improvement achieved by 331 
the PO/A fiber has turned out to be insignificant (𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤=0.060), although close to the limit of 332 
0.05 with the 95% confidence interval. On the other hand, neither 12mm nor 4mm PAN fibers 333 
showed significant increases in the ITS values with 𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤𝑣𝑣  of 0.156 and 0.530, respectively. 334 
Moreover, the filler content was found to play an important role in the ITS of the asphalt 335 
mixtures. When the filler content is reduced, improvements of 20%, 11.7% and 7.01% were 336 
achieved in the reference mixture ( 𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤 =0.020), the PO/A fiber reinforced mixture 337 
(𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤 =0.136) and the 12mm PAN fiber reinforced mixture (𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤 =0.450), respectively. 338 
Nevertheless, only the result obtained in the reference mixtures is significantly different. 339 
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Concerning the ITS results in wet conditions (Fig. 7), the highest strength was also obtained when 340 
PO/A fibers were added to the PA mixture, with an increase of 9.4% comparing to the reference 341 
mixture (RA). This is the only result significantly different (𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤 =0.050). The other fiber 342 
reinforced mixtures did not show any significant improvement. Based on these results, it can be 343 
concluded that the addition of fibers to the PA mixture improves only the ITS in dry conditions. 344 
In this sense, the ITSR values confirm the aforementioned conclusions (see Fig. 7). According to 345 
the results, RB mixture showed the highest ITSR value (86%). However, it should be noted that 346 
the main reason for the observed reduction in ITSR when the fiber is added is caused by the 347 
increase of the ITS in dry conditions. 348 

 349 

Fig. 7. Mean values of the Indirect Tensile Test (ITT). The standard deviation from the mean is indicated by an error 350 
bar. 351 
 352 
4.4 Toughness and Cracking resistance  353 
The Indirect Tensile Test (ITT) is considered by many researchers as the most adequate test to 354 
measure toughness given its simplicity, because not specialized instrumentation is required and 355 
because less than 1 minute is needed to perform it [40]. In this research, typical indirect tensile 356 
stress-strain curves were recorded in dry and wet conditions as shown in Fig. 8a and 8b, 357 
respectively. With a total of 48 specimens tested, the fracture energy (FE), post cracking energy 358 
(PE) and toughness mean values (series of three samples) are shown in Fig. 9 and 10 also in dry 359 
and wet conditions, respectively. Regarding the failure occurred, it was observed that the 360 
fracture took place in the mortar zone (cohesion failure) and in the zones closer to mortar-coarse 361 
aggregate interface. Similar than reference mixture, changes in the breaking process were not 362 
noticed with the inclusion of fibers.    363 

According to the results, in dry conditions, a slight increase of the initial stiffness is observed 364 
when adding fibers (Fig. 8a). Consequently, fracture energy is also increased providing the 365 
mixture with a more ductile behaviour. In this sense, the PAN 4-A mixture presented the major 366 
fracture energy with an increase of 46% comparing to the reference mixture RA (𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤=0.009).  367 
Similarly, this mixture also reported the highest PE and toughness with increases of 23.5% and 368 
32.1%, respectively, compared to the reference mixture RA, being only the increase in toughness 369 
statistically significant (𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤 =0.024). This is likely due to the fact that short fibers are 370 
completely embedded in the asphalt mortar of the PA mixture, forming a three dimensional 371 
network in the mortar matrix and increasing the cohesive forces within the mortar  [41]. 372 
Focusing on the samples with a lower filler content (B), the FE is slightly increased when PO/A 373 
fibers are added compared to the reference mixture (RB). In addition, it is interesting to note 374 
that, in dry conditions, the mixtures reinforced with PAN fibers (both 12 and 4 mm) presented 375 
similar FE for both low and high filler content and although the PO/A19-A mixes presented 40% 376 
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higher FE than PO/A19–B mixes, the result turned out to be not statistically significant 377 
(𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑤𝑤=0.116). Therefore, changes in the filler content seem not to significantly affect the 378 
fracture energy of the PA mixtures. Similarly, slight increases in the post-cracking energy are 379 
generally observed in Fig. 9 when using fibers. It should be noted that an increase in the post-380 
cracking energy means a delay in the crack propagation when the pavement structure is 381 
subjected to traffic loads. Based on the results, PO/A fibers seem to achieve the greatest 382 
improvement in the post cracking energy. However, although PAN fibers reported 383 
improvements in relation of the reference mixture RA, lower PE results were obtained 384 
comparing to RB mixture. 385 

Finally, when analysing the results obtained in the ITT test in wet conditions, no significant 386 
improvements are observed when fibers are added to the PA mixture (Fig. 10). This is probably 387 
due to a potential negative effect of water on the fiber reinforced PA mixtures tested. In this 388 
sense, Chen and Xu [42] measured the water absorption of different type of fibers, reporting an 389 
absorption of 11% in the case of PAN fibers. According to this, the fibers are also expected to 390 
contribute to prevent bitumen drainage so the use of a higher bitumen content in these mixtures 391 
is not only possible but also highly recommended to avoid the negative water affection. 392 

 393 
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 394 

Fig. 8. Indirect Tensile Stress-Strain curves of PA mixtures: (a) Dry conditions; (b) Wet conditions.  395 

 396 

 Fig. 9. Mean values of the fracture energy, post cracking energy and toughness in dry conditions.  The standard 397 
deviation from the mean is indicated by an error bar. 398 

 399 
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Fig. 10. Mean values of the fracture energy, post cracking energy and toughness in wet conditions.  The standard 400 
deviation from the mean is indicated by an error bar. 401 

5. Conclusions  402 
A laboratory assessment was performed to study the effect on the mechanical and functional 403 
performance of using synthetic fibers in porous asphalt mixtures. Specifically, a blend of 404 
polyolefin-aramid fibers and polyacrylonitrile were evaluated in this work. It should be noted 405 
that the same bitumen content was used in all the specimens in order to isolate the mechanical 406 
improvement provided by the fibers without considering their potential anti-drainage capacity. 407 
On the other hand, the impact of the filler/bitumen ratio on the results was analysed. Taking 408 
this into account, a set of PA mixtures were designed, manufactured and tested. Based on the 409 
results obtained, the following conclusions are presented. 410 

• The use of the fibers in the PA mixture slightly reduces the total air void content when 411 
comparing to the reference mixtures. In any case, the minimum air void content 412 
established by the Spanish specifications was accomplished (20%). 413 

• The addition of fibers to the PA mixture improved their mechanical performance in dry 414 
conditions. However, no significant improvements were observed in wet conditions. It 415 
is believed that to fully incorporate the fibers in the binder-aggregate matrix, a higher 416 
amount of bitumen is needed, thus also taking advantage of the anti-drainage capacity 417 
of the fibers. Otherwise, the use of the fibers in dense graded mixtures (AC or SMA) is 418 
recommended.   419 

• Concerning the particle loss test, the addition of PO/A fibers to the PA mixture 420 
influenced positively the resistance to particle loss, reducing the rate of weight loss in 421 
the Cantabro test. On the other hand, the filler content seemed not to affect significantly 422 
the particle loss results.  423 

• The addition of fibers to the PA mixture resulted in an increase of the indirect tensile 424 
strength (ITS) of the dry conditioned specimens. On the other hand, similar or lower 425 
strengths than the reference were found when wet conditioned specimens of fiber 426 
reinforced PA mixtures were tested.   427 

• The addition of PAN4-A and PO/A19–B type of fibers to the PA mixture showed the 428 
highest improvements in terms of the fracture energy, post cracking energy and 429 
toughness of the dry conditioned specimens comparing to the reference mixtures RA 430 
and RB respectively. No improvements were observed concerning toughness for the 431 
fiber reinforced wet conditioned specimens. 432 

• Overall, considering the obtained results, the highest mechanical and functional 433 
performance of the PA mixtures were provided by the addition of the PO/A fibers. 434 

• Further investigations are needed in order to evaluate the performance of these type of 435 
fibers in PA mixtures considering other variables such as fiber concentration, bitumen 436 
content, and bitumen type or particle size distribution. Life cycle cost analysis of the 437 
reinforced porous asphalt mixtures with fibers is also recommended to be another 438 
research topic.  439 
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