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A B S T R A C T

The pursuit of sustainable infrastructure has driven research toward innovative road pavement materials that 
combine environmental benefits with improved mechanical performance. The challenge of this time is to develop 
pavement solutions that are both durable and eco-friendly. This study explores three porous asphalt mixtures 
produced using Warm Mix technology, incorporating varying amounts of recycled aggregates and steel industry 
by-products. A control mixture (C-WPA) was compared with A-WPA, which includes RAP and EAF steel slag, and 
F-WPA, with the same aggregate composition but with recycled aramid pulp fibres in substitution of the tradi
tional cellulose fibres. Through a deep laboratory analysis based on mechanical and functional tests, F-WPA 
demonstrated increased performance, exhibiting enhanced mechanical properties, improved fatigue resistance, 
and reduced abrasion loss. These results highlight the potential of aramid pulp fibres and recycled aggregates as 
valuable components in Warm Mix Asphalt, aiming to more resilient and sustainable road infrastructure.

1. Introduction

The growing interest in sustainable infrastructure solutions has 
driven extensive research into the use of recycled and innovative ma
terials in the field of road pavements [1–3]. In this context, Porous 
Asphalt (PA) mixtures represent an effective solution for enhancing road 
safety by mitigating issues such as aquaplaning and water spray [4,5]. 
However, their durability and mechanical resistance remain critical 
aspects that require further technological advancements [6].

Porous asphalt has proven to offer significant ecological benefits. 
Unlike traditional impervious pavements that limit rainwater infiltra
tion, permeable pavement systems enable water to seep into the sub
grade soil, effectively replenishing groundwater resources and fostering 
ecological harmony [7]. Furthermore, the porous design facilitates heat 
transfer between the surface and underlying layers, reducing surface 
temperatures by approximately 2◦C and alleviating the Urban Heat Is
land (UHI) effect during hot weather [8,9].

Reducing the environmental impact of roads can be achieved by 
replacing natural aggregates with waste materials and industrial by- 
products. Among these, electric arc furnace (EAF) slags, a by-product 
of steel production, stand out as a promising aggregate for asphalt 
pavements [10,11]. Their properties, including resistance to plastic 

deformation, durability, stiffness, and fatigue resistance, make them 
highly suitable for this application. Due to their ability to form a stable 
mineral skeleton, EAF slags are particularly effective as coarse aggre
gates. Moreover, their toughness, along with excellent resistance to 
polishing and abrasion, makes them ideal for applications in surface 
layers, improving the skid resistance of the pavement [12].

When dealing with the replacement of virgin aggregates in asphalt 
concrete, the most common recycled material is Reclaimed Asphalt 
Pavement (RAP). The intrinsic nature of RAP makes it perfectly suitable 
for the reuse in asphalt concrete, minimizing not only the exploitation of 
raw aggregates, but also the use of virgin bitumen [13,14]. Thanks to its 
composition, RAP brings aged bitumen into the mixture that, if properly 
restored through the use of rejuvenators, could be effectively blended 
with the virgin bitumen. During the years, several research have already 
deeply validated the use of RAP in asphalt concrete, with different 
technologies and in addition to other several recycled materials [15,16]. 
Nowadays the use of RAP, even if in small percentage, can be defined as 
a well-established procedure. Recently, some research investigated the 
use of RAP in PAs coupled together with EAF steel slags [3,17]. When 
dealing with PA, an important role is played by the use of fibres inside 
the mixture, considering their reinforcing effect.

Furthermore, fibres are used in PA to strengthen the open graded 
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structure and to avoid the percolation of the binder from the aggregates. 
In fact, when fibres are added to asphalt mixtures, they act as a rein
forcing material, enhancing the cohesion of the mix. This improves 
resistance to reflective and fatigue cracking while also increasing the 
mixture’s ability to withstand permanent deformation [18]. The most 
common used fibres are cellulose-based [19]. Different types of fibres, 
natural, recycled or artificial ones, are continuously tested, highlighting 
the importance of this component in asphalt concrete [18,20]. Various 
researchers focused their attention on using recycled aramid fibres in 
asphalt concrete, a very strong and a common material coming from the 
textile sector [21]. Aramid fibres consist of synthetic polyamides with 
more than 85 % of their amide groups attached to aromatic rings [22]. 
These fibres are highly resistant to heat and organic solvents, with
standing degradation up to temperatures of 500◦C [21,23]. Their high 
thermal stability ensures that they remain unaffected during the pro
duction process of asphalt mixtures. Due to their unique properties, 
aramid fibres have been widely studied for their potential to improve the 
mechanical performance, cost-effectiveness, and environmental impact 
of asphalt mixtures [24–26]. Commonly, aramid fibres are not employed 
in PA mixtures, but thanks to their structure, they might have an 
important role in improving the mechanical properties and the dura
bility of PAs.

Another effective strategy to reduce the environmental impact of 
roads, in addition to replacing natural aggregates, is the use of warm mix 
asphalt (WMA) technology [27]. This approach lowers the production 
temperature of hot mix asphalt (HMA) by 20–40◦C while maintaining 
similar mechanical properties. The reduction in temperature is achieved 
by altering the binder viscosity, which can be done using methods such 
as adding organic or chemical additives or utilizing special binders (e.g., 
foamed bitumen) [28]. Considering that nearly 48 % of the energy 
consumption during material production and road construction takes 
place in the asphalt plant, WMA offers multiple advantages, including 
decreased CO2 emissions, lower energy usage, and so plant production 
costs reduction [29,30].

Building on these advancements, coupling the aforementioned 
environmental and technological benefits, the present study focused on 
the development of Warm Mix Porous Asphalt incorporating RAP and 
EAF steel slag, together with the use of recycled aramid fibres. While 
previous research from the authors already assessed some basic me
chanical properties and the environmental performance of these mix
tures [31], this study aimed to provide a comprehensive evaluation of 
their mechanical, functional, and durability properties. The findings 
further highlight the potential of these innovative mixtures in road 
pavement design, considering their environmental benefits while of
fering insights into their long-term behaviour.

2. Materials and methods

2.1. WPA mixtures preparation

The present research investigated three porous asphalt mixtures 
produced using WMA technology. The mixtures vary based on their 
composition, containing different amounts of virgin, recycled and arti
ficial aggregates.

The virgin aggregates consisted of basalt aggregates (10–16 and 
4–8 mm) sourced from Terni (Italy), then sand (0–4 mm) coming from 
crushed rocks and gravel of alluvial deposit from the province of Rimini 
(Italy); and limestone filler from Ancona (Italy).

For what concern the artificial aggregates, they included EAF steel 
slags (8–16 mm), a CE certified commercial by-product derived from a 
steel-making residues. The recycled aggregates were reclaimed asphalt 
pavement (RAP) of 12–20 mm size, sourced from the milling of a porous 
surface layer of a motorway in Italy. The characteristics of the aggre
gates, RAP (after bitumen extraction) and by-products, employed in the 
current research are reported in Fig. 1 and Table 1.

As for the binder, a commercial Polymer modified Bitumen for WMA 

was used, modified with SBS polymer and organic additive to lower its 
viscosity. The properties of the PmB are reported in Table 2.

Fibres were incorporated as stabilizing and reinforcing agent to ac
count for the open structure of the mixtures. Two out of three mixtures 
were produced with traditional cellulose fibres, while the third one 
employed recycled aramid pulp fibres. This substitution aimed to in
crease the resistance and the stability of the mixture reducing its envi
ronmental impact, considering that the aramid fibres come from 100 % 
recycled material [31]. A visual representation of the fibres is reported 
in Fig. 2.

The properties of the fibres are reported in Table 3, while Table 4
presents the properties of the rejuvenator.

The grading distribution (EN 933–1) was designed considering some 
Italian technical specifications. The dosage of each material was care
fully selected to maintain a consistent grading distribution. The opti
mum bitumen content was evaluated in previous studies on the same 
mixtures [3]. This strategy ensured that the structural composition of 
the PAs remained unchanged, preventing any potential variable in the 
performances that could affect the results interpretation. The particles 
distributions reported in Fig. 3 were developed and the three mix de
signs were defined as follows: 

• C-WPA: composed by 84 % of virgin basalt aggregates, 9.4 % of al
luvial sand and 6.6 % of limestone filler, 5 % of PmB and 0.3 % of 
cellulose fibres;

• A-WPA: composed by 34 % of RAP, 20 % of EAF steel slags, 31 % of 
virgin basalt aggregates, 11 % of sand, 4 % of limestone filler, 3.6 % 
of virgin PmB, 4 % rejuvenator (based on 70 % of the bitumen 
content in the RAP), and 0.3 % of cellulose fibres;

• F-WPA: composed by the same percentage of recycled, artificial and 
virgin aggregates, the same percentage of PMB and filler, 4 % reju
venator (based on 70 % of the bitumen content in the RAP), and 
0.05 % of recycled aramid fibres.

Building on previous laboratory studies [3], the proportions of 

Fig. 1. Basalt aggregates, RAP and EAF steel slag (from left to right).

Table 1 
Properties of the recycled and virgin aggregates and by-products.

Properties Unit Standard Basalt RAP EAF steel 
slag

Apparent aggregates 
density

g/ 
cm3

EN 1097–6 2.700 2.519 3.987

Bitumen content % EN 
12697–1

- 3.26 -

Water absorption % EN 1097–6 1.44 0.68 0.60
Flakiness Index FI EN 933–3 10 3 10
Shape Index SI EN 933–4 15 0.5 15

Table 2 
Properties of PmB for warm mix asphalt.

Properties Unit Standard Value

Penetration value dmm EN 1426 45–80
Softening point ◦C EN 1427 70
Viscosity at 160◦C Pa.s EN 13302 0.4
Elastic recovery % EN 13398 80
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modified bitumen and fibres were pre-established, also considering the 
different absorption properties of the fibres.

2.2. Experimental program

The experimental program aimed to evaluate the mechanical, 
physical, and functional properties of three WPA mixtures. Once defined 
the mix designs, 32 samples were prepared for each mixture, with ag
gregates and bitumen preheated respectively for 4 h and 2 h at 140◦C, 
while the RAP was kept at 50◦C. A total of 27 samples were compacted 

using a gyratory compactor according to EN 12697–31, with 50 gyra
tions with a compaction temperatures of 120◦C considering the use of 
PmB designed for Warm Mix Asphalts. Of these, 24 samples (100 mm in 
diameter) were tested considering Indirect Tensile Strength (ITS) at 
25◦C and 10◦C (EN 12697–23), Indirect Tensile Stiffness Modulus 
(ITSM) (EN 12697–26), Repeated Load Axial Test (RLAT) (EN 
12697–25), and Indirect Tensile Fatigue Test (ITFT) (EN 12697–24).On 
the remaining three samples (150 mm in diameter) vertical permeability 
(EN 12697–19), skid resistance (EN 13036–4), and rutting resistance 
(AASHTO T 324–11) were performed. Additionally, five samples for 
each mixture were prepared using a Marshall compactor following EN 
12697–30 (2 × 50 blows) and tested for particle loss resistance using the 
Cantabro test (EN 12697–17).

3. Results

3.1. Volumetric properties of WPA mixtures

Based on the EN 12697–8 standard, the air voids content of each 
mixture was calculated. The values were expressed as the ratio of the 
maximum density of the mixture, computed trough EN 12697–5, and the 
bulk density, trough EN 12697–6. In Table 4 are reported the values of 
the bulk density, maximum density and air voids (Va) of the experi
mental mixtures.

According to EN 13108–7, porous asphalt materials must have an 
average air void content exceeding 20 %. The air voids in each mixture 
fully complied with this requirement. Despite variations in composition, 
particularly in aggregate selection, the differences in results were min
imal. This consistency validated both the mix design and the successful 
incorporation of recycled aggregates and by-products.

3.2. Mechanical properties of WPA samples

3.2.1. Static mechanical properties
The ITS test was performed to measure cohesion of the samples. In 

order to assess the temperature susceptibility of the mixtures, the sam
ples were tested at 25◦C and 10◦C following the European standard EN 
12697–23. The results are reported in Fig. 4

The Indirect Tensile Strength tests were performed at 25◦C, in 
compliance with Italian specifications, and at 10◦C to assess the po
tential increase in stiffness associated with the inclusion of RAP in the 

Fig. 2. Cellulose and aramid pulp fibres (from left to right).

Table 3 
Properties of the cellulose and aramid pulp fibres.

Properties Unit Cellulose fibre Aramid pulp

Density g/cm3 0.50 1.44
Moisture Levels % 15 7
Thermal Conductivity W/(mK) 0.038 0.04
Tensile strength GPa 0.3–1.4 2.7–3.6
Length of fibres mm 0.2–1.1 12

Table 4 
Properties of the rejuvenator.

Properties Unit Value

Consistency - liquid
Typical colour - brown
Density (ISO 758) g/cm3 0.90 ± 0.02
Brookfield viscosity @ 23◦C (MAC17) cPs < 50
Flash point (ISO 13736) ◦C > 175

Fig. 3. Grading distribution of the WPA considered in the present study.
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mixtures. Testing at a lower temperature allowed for a more detailed 
evaluation of the mechanical response under conditions representative 
of colder climates, providing additional insights into the material 
behaviour across different service temperatures. It is important to 
highlight that the ITS values measured at 25 ◦C were significantly higher 
than the minimum (0.35 MPa) required from the Italian technical 
specifications used as reference, demonstrating excellent mechanical 
properties despite the high porosity of the mixtures. Notably, at 25◦C, 
the ITS values for A-WPA and F-WPA were almost identical. However, at 
10◦C, F-WPA showed a slightly higher ITS compared to A-WPA, indi
cating a minor strength increase at lower temperatures.

3.2.2. Particle loss
The abrasion resistance of porous asphalt mixtures was evaluated 

according to the European standard EN 12697–17. This procedure in
volves the use of Marshall compacted specimens into the Los Angeles 
machine and measuring the resulting mass loss, referred to as particle 
loss (PL). This test, specifically developed for porous mixtures, plays a 
crucial role in evaluating the material performance, considering their 
open-graded structure. In Table 5 the average PL of five samples for each 
mixture analysed in the present study are presented.

The C-WPA mixture exhibited the highest PL values, demonstrating 
the positive impact of incorporating EAF steel slag and RAP. Moreover, 
the results follow the same trend of cohesion verified during the ITS test. 
It is worth noting that the Italian regulation sets the limit for PL at 30 %, 
which the C-WPA mixture stays well below.

3.2.3. ITSM results
The Indirect Tensile Stiffness Modulus test, performed in accordance 

with the EN 12697–26, was used to evaluate the stiffness and thermal 
susceptibility of asphalt mixtures at three test temperatures: 10◦C, 20◦C 
and 30◦C. According to the European standard, specimen height should 

range from 40 mm to 60 mm ± 2 mm for mixtures with a maximum 
aggregate size of ≤ 16 mm. Before testing, specimens were conditioned 
in a temperature-controlled chamber for at least four hours to ensure 
thermal equilibrium. During the non-destructive test, an impulsive load 
was applied with a rise time of 124 ms to achieve a target horizontal 
deformation of 5 μm.

The stiffness value obtained from the ITSM test provides key insight 
into the mechanical behaviour of the mixtures under varying tempera
tures. To further assess the temperature-dependent behaviour of the 
warm mixtures, the thermal susceptibility was analysed using the tem
perature curve described by Eq. (1): 

logS = − α⋅T+ β (1) 

In this equation, S represents the ITSM results at the given testing 
temperature, while α and β are experimental parameters that charac
terise the material properties. Specifically, α represents the material’s 
temperature susceptibility, with higher values indicating greater sensi
tivity to temperature variations.

In Fig. 5 are presented the results of the ITSM test and the respective 
temperature curve, highlighting the equation of the curve and the co
efficient of determination, R2.

Based on the results of the ITSM test, it is evident that a higher α 
parameter indicates greater sensitivity of the material to temperature 
variations. Among the three warm porous asphalt mixtures analysed, C- 
WPA exhibited the highest α value (0.02403), indicating it is the most 
temperature-sensitive. However, the differences between C-WPA and F- 
WPA are not significant, with A-WPA showing a slightly different 
behaviour. The presence of EAF steel slags might have an influence in 
the lower thermal sensitivity of the mixtures. A-WPA shows the smallest 
variation in stiffness across different temperatures, with a limited stiff
ness at low temperature, avoiding possible fragile behaviour, and suf
ficient strength at high temperature, making the mixture less prone to 
rutting phenomenon.

3.2.4. Indirect tensile fatigue test results
Fatigue is a key failure mechanism in pavement structures, leading to 

the deterioration of bound materials and, eventually, the entire pave
ment system. This degradation occurs in two distinct stages, known as 

Fig. 4. ITS results at 25◦C and 10◦C.

Table 5 
Particle loss percentage of WPA.

Properties Unit C-WPA A-WPA F-WPA

Particle loss % 25.71 (±10.37) 15.61 (±2.94) 13.67 (±2.97)
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crack initiation and crack propagation [32]. The fatigue behaviour of 
asphalt is highly sensitive to boundary and loading conditions. One of 
the most widely used methods to characterize this behaviour is the In
direct Tensile Fatigue Test (ITFT), as specified in EN 12697–24. The 
ITFT assesses the fatigue performance of bituminous mixtures under 

controlled loading by applying repeated compressive loads along the 
vertical diametrical plane of a cylindrical specimen, which can be either 
laboratory-fabricated or cored from an existing pavement layer. The 
loading is typically applied using a (ha)versine signal with rest periods, 
generating a relatively uniform tensile stress perpendicular to the load 

Fig. 5. ITSM results and temperature curve of C-WPA, A-WPA and F-WPA.

Fig. 6. ITFT results of C-WPA, A-WPA and F-WPA.
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direction, ultimately leading to specimen failure by splitting along the 
central vertical diameter. Displacement transducers are used to measure 
the horizontal deformation across the specimen’s diameter, and an 
assumed Poisson’s ratio is applied to calculate the tensile strain at the 
centre. Fatigue life is commonly defined as the number of load cycles to 
fracture, although alternative failure criteria, such as energy ratio-based 
approaches, may also be used. If such alternative criteria are adopted, 
they should be explicitly stated in the test report. The ITFT was carried 
out under controlled-stress mode of loading and each mixture was 
subjected to different strain levels, ranging from 90 to 180 μm/m. The 
failure criteria considered the halving of the Stiffness Modulus calcu
lated at 100th cycle. The initial horizontal deformations against loading 
cycles for the ITFT test at 20◦C is reported in Fig. 6.

The results indicate that F-WPA mixture, which incorporates aramid 
fibres, exhibits significantly different fatigue resistance compared to C- 
WPA and A-WPA. If compared to the reference mixture, the inclusion of 
RAP and EAF steel slag leads to an increase in the load applications until 
failure, enhancing its overall fatigue performance. However, the addi
tion of aramid fibres significantly amplifies these benefits. By forming a 
mesh structure between the aggregates and bitumen, fibres help prevent 
bitumen drainage and at the same time improved the fatigue resistance 
and durability of the mixture.

3.2.5. Moisture susceptibility

3.2.5.1. ITSR EN 12697–12. Moisture damage is a critical issue in 
asphalt pavements, as it weakens the adhesive bond between aggregates 
and bitumen, leading to a reduction in durability. This deterioration is 
primarily caused by water infiltration, which compromises the adhesion 
properties of the binder. To assess the water damage resistance of the 
three porous asphalt mixtures, the moisture susceptibility was evaluated 
following the EN 12697–12. In this case, the specimens were first pre- 
conditioned in a 40◦C water bath for 72 h and subsequently kept in a 
climate chamber at 25◦C for 4 h before being tested. To assess the water 
resistance, the ITS of the dry and wet samples is evaluated. Then, the 
Indirect Tensile Strength Ratio (ITSR) is computed as a ratio of the 
average ITS value of dry and wet samples, providing a quantitative 

measure of moisture susceptibility. ITS wet and dry and the ITSR results 
are reported in Fig. 7.

The ITS results revealed a consistent trend between dry and wet 
conditions. Among the mixtures tested, C-WPA demonstrates the highest 
susceptibility to moisture. However, incorporating RAP and EAF steel 
slag had a positive impact on moisture resistance while simultaneously 
enhancing the mechanical performance of the mixtures under wet 
conditions. Notably, all ITSR values exceeded the minimum threshold of 
75 % established by the Italian specifications, indicating acceptable 
water resistance.

3.2.5.2. Modified Lottman (AASHTO T283). The moisture induced de
mand of the three mixtures was further investigated through the 
Modified Lottman test, following the AASHTO T283. A total of 18 
samples, 6 for each porous asphalt mixture (three unconditioned and 
three conditioned), were tested. Considering that the original procedure 
was not specifically intended for porous asphalt mixtures, the condi
tioning process was adapted: due to the high interconnected voids, the 
specimens were saturated up to 100 % by immersion in water and a 
short vacuum period. After this step the procedure continued with the 
sequence of thermal treatments: freezing at − 18◦C for more than 16 h, 
heating in a 60◦C water bath for 24 h and then cooling in a 25◦C 
chamber for more than 2 h. After completing this process, all specimens 
are tested to determine their ITS. The Tensile Strength Ratio (TSR) is 
then calculated by comparing the average ITS of conditioned (ITSc) 
specimens to that of unconditioned (ITSu). Results are presented in 
Fig. 8.

The results clearly indicate that the conditioning process, following 
the Modified Lottman test, altered the behaviour of the mixtures. Each 
mixture exhibited improved moisture resistance, as evidenced by a TSR 
exceeding 100 %. Typically, such high TSR values suggest oxidation of 
the modified bitumen within the mixture, leading to a stiffer material. 
Thus, the single freeze-thaw cycle to which the mixtures were subjected 
did not compromise their cohesion or mechanical properties. The 
experimental mixtures consistently showed higher mechanical proper
ties, with an enhanced resistance and tensile strength, which translated 
into improved durability under moisture exposure.

Fig. 7. ITSR results performed following EN 12697–12.
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3.2.6. Rutting resistance

3.2.6.1. RLAT. The RLAT performed using a uniaxial compression 
setup, is an effective method for evaluating the resistance of asphalt 
specimens to permanent deformation under dynamic loading and high 
temperatures. In this test, 3 specimens with 100 mm diameter were 
tested for each mixture. The sample was placed between two parallel 
plates, with the upper plate having the same diameter as the specimen, 

allowing the surrounding material to provide confinement [33]. During 
the test, the specimen was subjected to periodic loading at a frequency of 
0.5 Hz, with an applied stress of 100 ± 2 kPa. The loading cycles 
continued for up to 3600 cycles over approximately 2 h at 40◦C, during 
which the accumulated axial deformation was recorded. The accumu
lated strain and creep stiffness obtained from RLAT serve as key in
dicators for comparing the potential rutting resistance of different 
asphalt mixtures. This testing approach, standardized by the EN 
12697–25, enhanced the realism of laboratory evaluations by 

Fig. 8. ITSR results performed with the Modified Lottman Test (AASHTO T283).

Fig. 9. Curves of accumulated strain versus number of load cycles of tested mixtures.
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replicating traffic-induced stress conditions more accurately. The 
development of accumulated strain with the number of load cycles are 
reported in Fig. 9, together with the creep rate (fc), calculated following 
the Eq. (2): 

fc =
εn1 − εn2

n1 − n2
∗ 10000 = (2) 

With
ε is the cumulative axial strain of the specimens after n cycles;
n is the number of repetitive loading cycles.
It can be observed that, under both air and dry conditions, the 

recycled mixtures exhibited lower accumulated strain and higher creep 
stiffness compared to the reference mixture, indicating improved resis
tance to permanent deformation. Moreover, the trend of the curve for A 
and F mixtures was similar, while for the C mixture the curve showed a 
steeper increase, suggesting a greater tendency toward deformation over 
time.

3.2.6.2. Hamburg Wheel Tracker Test (AASHTO T 324–11). The rutting 
resistance and moisture susceptibility of the studied mixtures were 
assessed during the Hamburg Wheel Tracker Test (HWTT), conducted in 
accordance with the AASHTO T 324–11 standard. This test applies re
petitive loading using a wheel-tracking device, which runs across 
laboratory-compacted specimens prepared with a gyratory compactor 
[34]. The test was performed in wet conditions, with the specimens fully 
submerged in a temperature-controlled water bath set at 50◦C. The 
loaded wheels, each with a diameter of 203.2 ± 2 mm, apply a force of 
705 ± 4.5 N. The wheels reciprocate sinusoidally across the specimen at 
a rate of 52 ± 2 mm per minute, with a maximum speed of 0.305 m/s.

The HWTT measures the deformation of the midpoint of the sample 
under repeated loading, and the test continues until either a rut depth of 
20 mm is reached or a total of 20,000 passes is completed, whichever 
occurs first. The results are analysed by plotting rut depth against the 
number of load passes, providing insight into the material’s resistance to 
rutting and moisture damage [35] in Fig. 10 are presented the plots of 
the results of the HWTT.

The HWTT results provide strong evidence of the performance of the 

innovative porous asphalt mixtures under moisture exposure and 
repeated loading. The two mixtures containing RAP and EAF steel slags 
demonstrated lower rutting resistance. Notably, C-WPA showed greater 
deformation in the initial phase of the curve; however, as the test pro
gressed, the results for all mixtures became comparable, with a remain 
of less than 1 mm. The authors speculated that the more linear trends 
observed in curves A-WPA and F-WPA were indicative of a more stable 
internal structure, whereas the rapid initial increase in deformation 
observed in curve C-WPA suggested a significant internal rearrangement 
of particles, likely influenced by the presence of air voids. The non-linear 
behaviour of curve C-WPA was interpreted as a sign of a less stable 
mixture structure [34,36]. Additionally, the open-graded structure of 
the tested materials exhibited a stable trend after the post-consolidation 
phase, without reaching the Stripping Inflection Point (SIP).

3.3. Functional properties

3.3.1. Vertical permeability
To assess the permeability of the different mixtures, laboratory tests 

were conducted to evaluate their vertical drainage capacity. This pro
vides and indirect measure of the interconnectivity of air voids. The 
vertical permeability of porous asphalt was determined by measuring 
the vertical water flow through a laterally confined specimen in 
compliance with the EN 12697–19. Table 6 summarizes the average 
values of vertical permeability, while Fig. 11 illustrates the relationship 
between air void content and vertical permeability. This comparison 
highlights the strong correlation between the two properties, empha
sizing the influence of air void interconnectivity on permeability.

From Fig. 10, it is evident that the highest percentage of voids does 
not necessarily correspond to the highest vertical permeability. The 
three mixtures exhibit slight but still noteworthy differences in perme
ability, with C-WPA demonstrating the highest drainage capacity 
despite having the lowest air void content. This behaviour can be pri
marily attributed to the different aggregates used, which vary in shape 
and influence the formation of an interconnected structure and the 
distribution of air voids within the samples [36]. Nonetheless, all three 
mixtures comply with the air void range (0.5 × 10⁻³ < Kv < 3.5 × 10⁻³) 

Fig. 10. HWTT curves for the studied WPA.
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specified by EN 13108–7.

3.3.2. Skid resistance
Given that porous asphalt is employed for surface layers, the func

tional properties of the mixtures produced were evaluated in terms of 
skid resistance, following the EN 13036–4 standard. The British 
pendulum tester was utilised to measure skid resistance. This device 
features a spring-loaded slider made from standardised rubber, which, 
when released from a horizontal position, allows for the measurement of 
energy loss as the slider travels across the test surface. The skid resis
tance is represented by the Pendulum Test Value (PTV), a dimensionless 
parameter that also considers the temperature of the sample’s surface 
[37]. The PTV values were calculated for three samples of each mixture 
and the average results are reported in Table 7.

Overall, the mixtures exhibited good skid resistance, aligning with 
existing literature that associates the PTV values of approximately 
75–80 units with high-friction properties [38]. From the results of the 
three mixtures, the average PTV values exceeded the Italian standard 
limit of PTV > 55, demonstrating proper friction properties.

4. Conclusions

The present research aimed to evaluate the mechanical performances 

of warm porous asphalt mixtures produced with recycled aggregates, 
artificial aggregates and aramid pulp fibres. The functional and me
chanical performances were fully investigated at laboratory scale and, 
according to the current results, the following statements can be 
outlined: 

• The incorporation of RAP and artificial aggregates did not negatively 
impact the volumetric properties of the mixtures. On the contrary, 
for F-WPA, it led to an increase in air void content while simulta
neously enhancing cohesion properties, as highlighted by the 
improved ITS results and the lower Cantabro loss test;

• The thermal susceptibility of A-WPA and F-WPA, evaluated through 
the ITSM test, showed better performance compared to C-WPA. A 
similar trend was observed in water susceptibility, where both ITS 
and the Lottman Modified test indicated that the recycled mixtures 
exhibited comparable, if not superior, ITSR results compared to C- 
WPA;

• In terms of fatigue behaviour, the recycled mixture performed well, 
but the major improvement was achieved through the addition of 
aramid fibres, which significantly enhanced the resistance and per
formance under cyclic loading in porous asphalt mixtures;

• Regarding rutting resistance, the behaviour of the recycled mixtures 
varied slightly under wet and dry conditions. The enhanced perfor
mance of the recycled mixtures was more evident in dry conditions, 
where they demonstrated remarkable improvements over the control 
mixture. However, the more linear trends seen in curves A-WPA and 
F-WPA reflect a more stable internal structure, while the sharp initial 
rise in deformation in curve C-WPA indicates substantial internal 
particle rearrangement, likely driven by the presence of air voids;

• Lastly, the functional properties of the recycled WPA aligned with 
the overall results, demonstrating comparable skid resistance and 

Table 6 
Vertical permeability of the WPA.

Mechanical values Unit C-WPA A-WPA F-WPA

Avg. Vertical Permeability Kv [m/s] 3.46 × 10− 3(±0.00005) 2.65 × 10− 3(±0.00015) 2.94 × 10− 3(±0.00028)

Fig. 11. Correlation between air voids and Kv.

Table 7 
PTV results for the studied WPA.

Mixtures PTV Italian Standard Limit (PTV)

C-WPA 77 (±9.12) > 55
A-WPA 77 (±5.52) > 55
F-WPA 73 (±5.30) > 55
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vertical permeability. This highlights the good interconnectivity of 
air voids within the mixtures.

These tests confirmed the feasibility of using recycled aggregates and 
aramid pulp fibres in warm mix porous asphalt, supporting their prac
tical application in modern road infrastructure. The environmental 
performance of these innovative mixtures has been successfully assessed 
in previous studies, reinforcing their significance from an environmental 
perspective. Future research will consider a mechanistic analysis to 
deeply investigate the influence of aggregates and fibres in the mixture 
performance and will involve the construction of a full-scale test section 
to validate under field conditions the performance improvements 
observed in laboratory testing.
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