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Abstract: Permeable pavements are vital in sustainable urban water management, addressing crit-
ical challenges while enhancing environmental resilience. This study focuses on the innovative
polyurethane-bound Porous Rubber Pavement (PRP), which possesses high permeability and elastic-
ity due to its unique composition of stone and crumb rubber aggregates with polyurethane binders.
PRP’s useful benefits, such as noise reduction, efficient snow/ice management, and others, enhance
its appeal, emphasizing the necessity for a thorough investigation into its performance and charac-
teristics, especially in North America. To address these gaps, this paper comprehensively analyzes
PRP’s durability and performance, including its strength range, failure criteria, and susceptibility to
moisture-induced damage. Various testing methods are utilized, such as evaluating the abrasion loss
of the stone aggregate, rutting, stripping due to moisture susceptibility, resistance to degradation
from impact and abrasion, and permeability tests. This study evaluates five distinct mix compositions
with varied proportions of aggregates and binders. Further, it investigates the effects of different
binder types on PRP performance, such as aromatic and aliphatic binders obtained from various
sources. Upon the analysis of the comprehensive test results, it was found that the mix characterized
by increased rubber aggregates and a high binder content demonstrated a superior performance
across various tests for PRP applications. This mix exhibited an enhanced resistance to abrasion, rav-
eling, rutting, and permanent deformation, showcasing its durability and functionality. Additionally,
when combined with an aliphatic binder, it displayed an optimal performance even in challenging
freeze–thaw conditions, making it a recommended choice for long-term pavement solutions.

Keywords: porous rubber pavement; durability; permanent deformation; abrasion resistance;
permeability

1. Introduction

Permeable pavements serve a dual purpose by providing structural support for traffic
loading while concurrently facilitating effective water management [1,2]. They imitate
the natural water cycle by holding, evaporating, infiltrating, and filtering runoff. These
pavements are recognized as an effective strategy for enhancing the sustainability of surface
water management in urban areas. Additionally, they contribute to strengthening resilience
against climate change impacts and flood events [3–6].

In our contemporary landscape, where urban areas are rapidly expanding, the prolif-
eration of impermeable surfaces is a growing concern, emphasizing the urgent need for
sustainability and resilience in water management. With urban growth comes an increase
in impermeable surfaces, hindering groundwater retention and disrupting natural hydro-
logical processes and ecosystems. Impermeable pavements are typically constructed with
multiple layers of granular materials sealed with a waterproof surface to protect against
moisture and wear. On the other hand, permeable pavement systems feature a highly

Constr. Mater. 2024, 4, 382–400. https://doi.org/10.3390/constrmater4020021 https://www.mdpi.com/journal/constrmater

https://doi.org/10.3390/constrmater4020021
https://doi.org/10.3390/constrmater4020021
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/constrmater
https://www.mdpi.com
https://doi.org/10.3390/constrmater4020021
https://www.mdpi.com/journal/constrmater
https://www.mdpi.com/article/10.3390/constrmater4020021?type=check_update&version=1


Constr. Mater. 2024, 4 383

porous structure in their surface, base, and sub-base layers, promoting water infiltration
and storage. This approach contrasts with conventional methods that focus on sealing
pavements to prevent moisture damage and deterioration [3]. However, an impermeable
pavement exacerbates the surface runoff volume and rate while impeding the replenish-
ment of underground water tables. Consequently, this phenomenon poses a significant
threat to natural ecosystems and contributes to disruptions in urban life, including disasters
and accidents [7].

Despite their effectiveness in managing urban water and enhancing sustainability,
permeable pavements often struggle with durability compared to conventional pavements.
The weaker nature of permeable pavements, attributed to their open porosity, makes them
more susceptible to various environmental factors such as ultraviolet (UV) radiation, air,
and water, contributing to accelerated aging and rapid deterioration over time. This deteri-
oration manifests as crack failures and a shortened service life, exacerbated by clogging
issues that further diminish porosity and overall durability [8,9]. A recent study focused
on the impact of environmental and vehicle factors on large-void permeable pavements’
raveling resistance, revealing that environmental factors, particularly increased UV aging
and freeze–thaw cycles, significantly affect performance. Additionally, higher speeds and
pressures from vehicles contribute to an increased raveling loss and reduced durability [9].

Therefore, research on permeable pavements continually aims to find an optimal
solution that addresses both strength and durability. Within this context, the polyurethane-
bound Porous Rubber Pavement stands out as a new and innovative type of
pavement material.

PRP comprises stone and crumb rubber aggregates combined with polyurethane
binders, allowing for a high degree of permeability. PRPs can exhibit a significant propor-
tion of interconnected air voids, reaching levels of up to 40% [10]. This permeability aids
in preventing hydroplaning, glare, and surface runoff issues. Moreover, incorporating a
considerable quantity of crumb rubber aggregates enhances the elasticity of PRP, making it
a highly flexible material. Consequently, this combination of permeability and elasticity
results in a superior performance in reducing the tire-road noise compared to traditional
pavement types [11,12]. Due to its shifting rigid–flexible behavior, PRP can deform ice
on its surface to facilitate de-icing and reduce snow buildup during winter, while also
accommodating ground movement and root intrusion damage better than conventional
pavements [13,14]. The use of recycled crumb rubber aggregates in PRP enhances environ-
mental sustainability by preventing tires from being discarded in landfills, which can have
detrimental environmental effects such as space occupation, fire hazards, toxic emissions,
water contamination, pest breeding, and long-term pollution [10,15].

In addition, polyurethane can be made using vegetable oil-based polyol, representing
a sustainable choice that decreases reliance on petrochemicals and supports environmental
goals by minimizing the environmental footprint of conventional production methods [16].
Previous studies also indicate that polyurethane binders in permeable pavements en-
hance the traffic surface performance, aggregate connections, material strength, and aging
slowdown [7,10]. Furthermore, PRP’s energy-efficient production at room temperature
(25 ◦C ± 1 ◦C) reduces greenhouse gas (GHG) emissions, providing an environmentally
friendly alternative to traditional hot mix products [17].

PRP, although promising for sustainability, is underexplored in North America and is
primarily utilized in low-traffic areas, pedestrian paths, and playgrounds, unlike certain
European and Asian countries where it is mainly employed as a surface-wearing course.
There is a notable lack of research focusing on the unique composition of PRP. This study
aims to address the lack of understanding regarding PRP’s performance and characteristics,
which have not been thoroughly explored. It seeks to contribute valuable insights to the
academic community by addressing PRP’s identified shortcomings, including issues with
raveling resistance, adhesion failure, and overall durability [18,19].

This research was conducted as part of a comprehensive study at the University of
Waterloo and specifically focuses on assessing PRP’s durability in the North American
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climate [20]. Its durability estimates the service life, making it crucial to evaluate the benefits
of permeable pavement materials [21]. The open porous nature of this pavement type often
leads to a weaker pavement and raveling, making durability assessments essential.

This paper investigates PRP’s strength range, failure criteria, and susceptibility to
moisture-induced damage, utilizing various testing methods such as evaluating the abra-
sion loss of the stone aggregate, rutting, stripping due to moisture susceptibility, resistance
to degradation from impact and abrasion, and permeability tests. The research methodology
involves testing both the current commercial mix (Control Mix) and four new laboratory-
developed mixes, along with control mixes prepared using four different binder types.
Through these comprehensive investigations, this study aims to provide an understanding
of PRP’s performance and durability characteristics in the North American climate.

2. Materials and Methodology
2.1. Mix Design and Materials

In this research, the Control Mix refers to the current mix that has been used commer-
cially. Four new types of mixes were also tested in the laboratory, determined through
factorial analysis. In these four new mixes, different proportions of stone aggregates, rubber
aggregates, and polyurethane binder were used in the Control Mix. All mix proportions
were calculated based on weight. The Control Mix consists of 45.25% stone aggregates (A),
45.25% rubber aggregates (R), and 9.5% polyurethane binder (B). New Mix 1 comprises
55% A, 37.5% R, and 7.5% B; New Mix 2 consists of 75% A, 17.5% R, and 7.5% B; New
Mix 3 includes 55% A, 33% R, and 12% B; and New Mix 4 is composed of 75% A, 13%
R, and 12% B. This approach facilitated a comprehensive evaluation of five distinct mix
compositions. The polyurethane binder also can perform differently in the mixes if their
types and sources are changed. Thus, four mixes with different types of the binder were
also tested, where the proportion of the material in these mixes was kept the same as
the Control Mix. The binders used were B1-aromatic for the Control Mix (in both cases,
i.e., mixes with different compositions and mixes with different binders); and B2-aromatic,
B2-aliphatic, and B3-aromatic for the other mixes. Aromatic binders containing Methylene
diphenyl diisocyanate (MDI)-mixed isomers with aromatic parts absorb ultraviolet rays
and turn yellow over time (known as ambering). This color change is cosmetic and does not
affect the binder’s mechanical properties. Aliphatic binders lack aromatic parts and thus
do not change color when exposed to ultraviolet rays, but they are typically pricier than
aromatic ones [21,22]. New mixes and different binder types are listed in Tables 1 and 2. All
the mixes used the same rubber and granite stone aggregates. The particle size distribution
of the stone aggregate is shown in Figure 1, while Figure 2 shows the distribution of the
rubber aggregate. Through sieve analysis, it was found that a limited range of stone and
rubber aggregates in PRP mixes ensures high permeability. Stone aggregates range mainly
from 4.75 mm to 9.5 mm, while rubber aggregates range between 2.36 mm and 4.75 mm.
The materials for this study were supplied by Stormflow Surfacing, Stratford, ON, Canada,
our industrial partner.

Table 1. Mixes with different compositions.

Mixes with Different
Proportions (by Weight)

of Components

Stone
Aggregate (%)

Rubber
Aggregate (%)

B1-Aromatic
Polyurethane

Binder (%)

Objective
Air Voids

Achieved
Air Voids

Control Mix 45.25 45.25 9.5 35–45% 38–45%

Stone Aggregates (Factor A) Lower limit—55%, Upper limit—75%

Polyurethane Binder (Factor B) Lower limit—7.5%, Upper limit—12%

New Mix 1 55 37.5 7.5

Within
20–30% 18–38%

New Mix 2 75 17.5 7.5

New Mix 3 55 33 12

New Mix 4 75 13 12
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Table 2. Mixes with different binders.

Mixes with Different Polyurethane
Binder Percentages of Components Objective Air Voids Achieved Air Voids

Control mix—B1-aromatic regular

Stone Aggregate—45.25%,
Rubber Aggregate—45.25%,
Polyurethane Binder—9.5%

35–45% 38–45%
B2-aromatic

B2-aliphatic

B3-aromatic
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Figure 1. Gradation of Stone Aggregate.
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2.2. Sample Preparation and Conditioning

For laboratory testing, samples were manually prepared using custom-designed plas-
tic molds based on test protocols. Mixing and casting occurred at room temperature
(25 ◦C ± 1 ◦C) due to the minimal temperature impact on the polyurethane binder’s viscos-
ity [17]. Stone and rubber aggregates were dry-mixed for 30 to 60 s, followed by adding
liquid polyurethane for homogeneous mixing. Ten initial samples were tested for air voids
to adjust charging amounts for achieving target ranges. Vegetable oil facilitated demold-
ing. Compaction with a hand-held vibrator aimed to reduce air voids, but the results
showed minimal impact, indicating that the air void content is composition-dependent.
The empirical study concluded that each mix has a unique air void range determined by
its composition. Consequently, we focused on testing the durability of different mixes
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based on this understanding without specifically discussing the air voids of each mix in the
subsequent analyses. Figure 3 shows the equipment and molds used in sample preparation.
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Figure 3. Equipment and molds used for sample in preparation.

To assess the raveling resistance of samples with various mix compositions and binders,
as well as unconditioned samples, a separate set of conditioned samples underwent testing.
This included evaluating the impact of freeze–thaw cycles on the raveling resistance. The
conditioning process followed a modified test method, involving subjecting a separate set
of samples to specific conditions. Initially, a partial vacuum of 660 mm Hg (26 inches) was
applied for 10 min to saturate the compacted samples to whatever saturation level was
achieved. The saturated specimens were then submerged in water during freezing cycles
to maintain their saturation. Each freeze–thaw cycle consisted of freezing the samples at
−18 ◦C for 16 h, followed by thawing in 60 ◦C hot water for 8 h, completing one cycle. This
freeze–thaw procedure was repeated five times for comprehensive testing [23,24]. Figure 4
shows the conditioning process of the PRP samples.
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2.3. Abrasion Loss of Stone Aggregate

The same granite aggregates were used for all mixes that were prepared for testing.
The aggregates’ resistance to abrasion was determined using the Micro-Deval apparatus.
The test was conducted according to ASTM D6928-17. The Micro-Deval test involved
subjecting the aggregates to continuous rolling with steel balls for a specified duration to
simulate abrasion under traffic conditions. This process aimed to assess the aggregates’
resistance to wear and degradation over time. Following the abrasion process, thorough
washing removed loose particles and debris for an accurate abrasion loss measurement.
The resulting abrasion loss values were calculated according to ASTM D6928-17 to evaluate
the durability of the aggregates [25].

2.4. Hamburg Wheel Tracking Test

To evaluate the rutting, stripping, and moisture susceptibility of the compacted speci-
men, the Hamburg Wheel Tracking Test was used. The test was conducted in accordance
with AASHTO T324-17. The permanent deformation rate from moving concentrated loads
could be derived for the submerged samples through this test. This method is used to deter-
mine the premature failure of the sample mixture. The weakness of the aggregates structure,
low binder stiffness, or moisture damage is the reason for this premature failure. The rut
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depth and the number of passes to failure are obtained through the test, and the stripping
inflection point (SIP) could be calculated from those measurements, as shown in Figure 5.
It is important to simulate real traffic on the pavement to get the actual result. The load
applied on the Hamburg wheel tracking machine wheel is 705 ± 4.5 N (158 ± 1.0 lb) [26].
The test temperature is 53 ± 1 ◦C. Figure 6 shows samples under the wheel load of the
Hamburg wheel tester and after removing the load.
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2.5. Los Angeles Abrasion Resistance Test

The abrasion resistance test was done by following ASTM C1747/C1747M-13 [27],
‘Standard Test Method for Determining Potential Resistance to Degradation of Pervious
Concrete by Impact and Abrasion.’

The materials’ resistance to degradation due to the combined effect of impact and
abrasion is determined through this test in a rotating steel drum. The mass loss of the
specimen is considered to determine the abrasion loss of the material shown in Figure 7 [27].
Usually, three specimens are placed in the Los Angeles machine without steel spheres.
The device usually rotates for 30 to 33 min to complete 500 revolutions. However, the Los
Angeles Machine was unavailable in the lab during this research. So, a medium-sized
concrete mixer was used for conducting this test. This particular piece of equipment needed
to run for at least 13 min to complete 500 revolutions. For this test, 500 revolutions were
repeated three times. That means the samples were abraded in the machines three times.
Each time was prolonged for 13 min. Initially, the samples’ weights were recorded. Then,
after every 13 min, the samples’ weight was again recorded to determine the abrasion loss.

2.6. Permeability Test

The permeability of the PRP samples was tested using an NCAT Asphalt Permeameter,
as shown in Figure 8. ASTM-C1701/C1701M was followed to perform the test. In this
research, we used a permeameter comprising four tiers made from transparent plastic
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material. The lowermost tier has the largest cross-sectional area, while the upper tiers
show a gradual reduction in cross-section. The initial step in conducting the permeability
test involves the temporary sealing of the permeameter at the surface of the samples.
Subsequently, a specified mass of water is introduced into the ring, and the duration
required for complete water infiltration is carefully measured. For this particular test, we
consider the diameter of the second tier, which measures 15.52 cm2 [28,29].

Constr. Mater. 2024, 5, FOR PEER REVIEW 7 
 

 

  

Figure 6. Samples under the wheel load of the Hamburg wheel tester and after removing the load. 

2.5. Los Angeles Abrasion Resistance Test 
The abrasion resistance test was done by following ASTM C1747/C1747M-13, ‘Stand-

ard Test Method for Determining Potential Resistance to Degradation of Pervious Con-
crete by Impact and Abrasion.’ 

The materials’ resistance to degradation due to the combined effect of impact and 
abrasion is determined through this test in a rotating steel drum. The mass loss of the 
specimen is considered to determine the abrasion loss of the material shown in Figure 7 
[27]. Usually, three specimens are placed in the Los Angeles machine without steel 
spheres. The device usually rotates for 30 to 33 min to complete 500 revolutions. However, 
the Los Angeles Machine was unavailable in the lab during this research. So, a medium-
sized concrete mixer was used for conducting this test. This particular piece of equipment 
needed to run for at least 13 min to complete 500 revolutions. For this test, 500 revolutions 
were repeated three times. That means the samples were abraded in the machines three 
times. Each time was prolonged for 13 min. Initially, the samples’ weights were recorded. 
Then, after every 13 min, the samples’ weight was again recorded to determine the abra-
sion loss. 

  

 

(a) (b) (c) 
Figure 7. Abrasion Loss machine and test procedure. (a) Abrasion Loss Machine, (b) Loose material, 
(c) Abraded sample. 

2.6. Permeability Test 
The permeability of the PRP samples was tested using an NCAT Asphalt Perme-

ameter, as shown in Figure 8. ASTM-C1701/C1701M was followed to perform the test. In 

Figure 7. Abrasion Loss machine and test procedure. (a) Abrasion Loss Machine, (b) Loose material,
(c) Abraded sample.

Constr. Mater. 2024, 5, FOR PEER REVIEW 8 
 

 

this research, we used a permeameter comprising four tiers made from transparent plastic 
material. The lowermost tier has the largest cross-sectional area, while the upper tiers 
show a gradual reduction in cross-section. The initial step in conducting the permeability 
test involves the temporary sealing of the permeameter at the surface of the samples. Sub-
sequently, a specified mass of water is introduced into the ring, and the duration required 
for complete water infiltration is carefully measured. For this particular test, we consider 
the diameter of the second tier, which measures 15.52 cm2 [28,29]. 

The formula used for calculating the infiltration rate is expressed as follows: 𝐼 ൌ 𝐾𝑀𝐷ଶ ∗ 𝑡 
where, 
I = Infiltration rate, mm/h or in./h; 
M = Mass of infiltrated water, kg or lb; 
D = Inside diameter of infiltration ring, mm or inches; 
t = time required for the measured amount of water to infiltrate the concrete; 
K = 4,583,666,000 in SI units or 126,870 in inch–pound units. 

 
Figure 8. NCAT Asphalt Permeameter used for permeability test. Source: [30]. 

3. Result and Analysis 
3.1. The Durability of Stone Aggregate 

The Micro-Deval abrasion test determined the abrasion loss of the granite aggregates, 
as shown in Figure 9. The abrasion loss of the granite aggregate was found to be relatively 
high. The usual range for Micro-Deval abrasion loss is 17% to 20% [25]. However, the 
abrasion loss for the stone aggregate that has been used in the current PRP mixtures was 
found to be 22.25%, which indicates that this aggregate is not strong enough to ensure the 
strength of the PRP surface. 

    
(a) (b) (c) (d) 

Figure 8. NCAT Asphalt Permeameter used for permeability test. Source: [30].

The formula used for calculating the infiltration rate is expressed as follows:

I =
KM

D2 ∗ t

where,

I = Infiltration rate, mm/h or in./h;
M = Mass of infiltrated water, kg or lb;
D = Inside diameter of infiltration ring, mm or inches;
t = time required for the measured amount of water to infiltrate the concrete;
K = 4,583,666,000 in SI units or 126,870 in inch–pound units.
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3. Result and Analysis
3.1. The Durability of Stone Aggregate

The Micro-Deval abrasion test determined the abrasion loss of the granite aggregates,
as shown in Figure 9. The abrasion loss of the granite aggregate was found to be relatively
high. The usual range for Micro-Deval abrasion loss is 17% to 20% [25]. However, the
abrasion loss for the stone aggregate that has been used in the current PRP mixtures was
found to be 22.25%, which indicates that this aggregate is not strong enough to ensure the
strength of the PRP surface.
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3.2. Permanent Deformation, Rutting, and Stripping
3.2.1. Permanent Deformation and Rutting for Mixes with Different Compositions

The Hamburg wheel test was conducted to determine the rutting resistance and mois-
ture susceptibility of the PRP mixtures. In total, 20 specimens were prepared
(four specimens for each mixture) and tested using the Hamburg wheel tracking machine.

The PRP mixtures showed a good rutting resistance, as shown in Table 3. The average
rutting deformation for the different types of mixes ranged from 0.3 mm to 2.8 mm. The
results are demonstrated in Figures 10 and 11. During the 10,000 cycles, some more
considerable rut depths were found but were mostly temporary. The reason behind this
behavior was that the PRPs are very flexible materials which possess an elastic behavior.
Thus, deflection occurs during the loading conditions on the material’s surface; however,
the deflection disappears when the load is removed. From the analysis of the laboratory
test results, it is evident that there is a notable difference in the rutting performance among
mixes. New Mix 4 exhibited the highest rutting depth of 2.8 mm, whereas New Mix 2
showed the lowest rutting depth of 0.3 mm. This observation can be attributed to the
specific mix design characteristics of these two mixes.

Table 3. Rutting results for samples with different mixes.

Hamburg Wheel Tracking Test Result

Mixes Depth 01 (mm) Depth 02 (mm) Average (mm) Standard Deviation

Control Mix 1.6 1.2 1.4 0.26

New Mix 1 1.6 0.7 1.2 0.62

New Mix 2 0.2 0.4 0.3 0.16

New Mix 3 0.8 0.9 0.8 0.13

New Mix 4 3.0 2.7 2.8 0.25
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Figure 10. Permanent deformation due to rutting on samples with different mixes. Figure 10. Permanent deformation due to rutting on samples with different mixes.
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Both New Mix 4 and New Mix 2 share the common feature of having the highest
percentage of stone aggregates at 75%, which contributes to their overall strength and
stability. Moreover, both mixes consist of a lower percentage of crumb rubber aggregates,
which are 13% and 17.5%, respectively. This lower percentage of crumb rubber in both
mixes plays a role in reducing the elasticity and resistance to deformation, which impacts
their rutting performance. However, the key differentiating factor lies in their binder
content. New Mix 4 contains the highest percentage of polyurethane binder at 12%, while
New Mix 2 has the lowest binder content at 7.5%.

The increased binder content in New Mix 4 leads to a more compact mixture under
the loading conditions, resulting in higher rut depths and, subsequently, greater permanent
deformation during testing. Conversely, despite having the highest percentage of stone
aggregates for strength, New Mix 2 undergoes less compaction due to its lower binder
content, resulting in lower rutting depths. Therefore, the combination of a higher stone
aggregate content for strength and stability, along with varying binder percentages, directly
influences the rutting performance of the porous rubber pavement mixes. Moreover, New
Mix 3 also exhibited a lower rut depth of 0.8 mm in testing despite its high 12% binder
content. This mix consisted of 55% stone aggregates and 33% rubber aggregates, which
contributed to its lower rutting. The higher binder content improved component cohe-
sion, while the increased rubber aggregates provided elasticity, helping resist permanent
deformation. This balance influenced its rutting performance under load conditions.

It was not possible to establish a statistical correlation between air voids and rutting.
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3.2.2. Stripping Related Abrasion for Mixes with Different Compositions

Due to rutting and moisture-induced damage, stripping-related abrasion was also
found to be very small. It was found that moisture is absorbed by the stone aggregates
of the samples. So, immediately after the test, the weight of the samples was found to
be higher than the initial weight. However, after drying out the samples, there was little
reduction observed in the weight of the samples, which ranges between 2.6% and 0.1%,
as shown in Figure 12 and Table 4. The stripping-related abrasion observed aligns with
the rutting and permanent deformation characteristics detailed in Section 3.2.1. Since New
Mix 4 exhibited the highest permanent deformation (rutting), its stripping-related abrasion
was correspondingly higher at 2.6%. In contrast, New Mix 2 and New Mix 3 showed lower
permanent deformation and had the lowest stripping-related abrasion at 0.1% each.
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Table 4. Weight loss after rutting and stripping in samples with different mixes.

Mixes Weight Loss after Rutting Test

Control Mix 0.3%

New Mix 1 0.2%

New Mix 2 0.1%

New Mix 3 0.1%

New Mix 4 2.6%

3.2.3. Permanent Deformation and Rutting for Samples with Different Binders

The Hamburg Wheel Tracking test was conducted to evaluate permanent deformation
and rutting in samples containing various types of binders, with four samples tested for
each binder type. In total, sixteen samples were tested. Except for B2-aliphatic, all other
samples were aromatic binders, but their sources differed. Samples with B2-aliphatic
binder showed the lowest permanent deformation compared to other samples, which
was 1.1 mm. The B2-aromatic and B1-aromatic binder samples showed a permanent
deformation of 2.6 mm and 1.4 mm, respectively. However, samples with B3-aromatic
showed the highest deformation and failed after the test. In Section 3.2.4, we discussed
the temperature sensitivity of the B3-aromatic binder. Our investigation demonstrated
the binder’s temperature sensitivity through high-temperature tensile strength testing,
revealing a considerable decrease in the Indirect Tensile Strength from 85 kPa to 34.07 kPa
after conditioning at 60 ◦C for two hours. These findings directly correspond to the
substantial deformation and eventual failure observed in B3-aromatic samples during
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testing, considering the conditioning water temperature of 53 ◦C used in the Hamburg
Wheel Tracking Test. Thus, the analysis revealed that while aliphatic binders generally offer
better performance in terms of rutting and permanent deformation, the source of aromatic
binders also plays a crucial role in their performance characteristics. Additionally, the
analysis highlights the importance of considering temperature tolerance, as variations in
binder sources can result in a differing performance under elevated temperature conditions.
The results are presented in Figures 13 and 14 and Table 5.
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Table 5. Rutting results for samples with different binders.

Hamburg Wheel Tracking Test

Different Binder Depth 01 (mm) Depth 02 (mm) Average (mm) Standard Deviation

B1-aromatic 1.58 1.21 1.4 0.26

B2-aromatic 2.41 2.78 2.6 0.26

B2-aliphatic 0.85 1.28 1.1 0.30

B3-aromatic 11.5 15.74 13.6 3.00

3.2.4. Stripping-Related Abrasion for Samples with Different Binders

Stripping-related abrasion due to permanent deformation and moisture-induced dam-
age was calculated for the samples with different binders after Hamburg Wheel testing.
The trend observed indicated that mixes with a lower rut depth and, consequently, lower
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permanent deformation experienced less stripping-related abrasion, whereas mixes with a
higher rut depth and permanent deformation showed higher stripping-related abrasion, es-
tablishing a direct correlation between the rut depth, permanent deformation, and abrasion.
For the samples with the B1-aromatic binder and B2-aromatic and B2-aliphatic binder, the
abrasion loss percentage was found to be small, ranging between 0.3% and 0.6%. However,
samples with B3-aromatic failed after the test and the abrasion loss was found to be 30.3%.
The results are shown in Table 6 and Figure 15. All the samples were prepared with the
same stone aggregates, and the absorption for this aggregate was a little higher. Thus,
just after, the test samples’ weight for the first three types, i.e., B1-aromatic, B2-aliphatic,
and B2-aromatic, were higher than the initial weight. However, the weight losses were
measured after drying the tested samples to determine the abrasion loss. Further testing
was conducted for high-temperature tensile strength to explain the failure of the sample
with B3-aromatic. It was found that the B3-aromatic binder was temperature-sensitive.
The Indirect Tensile Strength at room temperature for this sample was found to be 85 kPa.
However, right after conditioning the samples at 60 ◦C for two hours, the Indirect Ten-
sile Strength result was found to be 34.07 kPa. This lower tensile strength indicates that
the probable reason for the failure of the samples with B3-aromatic was the temperature
sensitivity of the binder. The Hamburg Wheel Tracking test uses a conditioning water
temperature of 53 ◦C.

Table 6. Stripping-related abrasion loss in samples with different binders.

Mixes with Different Binders Weight Loss after Rutting Test

B1-aromatic −0.3%

B2-aromatic −0.6%

B2-aliphatic −0.3%

B3-aromatic −30.3%

Constr. Mater. 2024, 5, FOR PEER REVIEW 13 
 

 

was found to be 30.3%. The results are shown in Table 6 and Figure 15. All the samples 
were prepared with the same stone aggregates, and the absorption for this aggregate was 
a little higher. Thus, just after, the test samples’ weight for the first three types, i.e., B1-
aromatic, B2-aliphatic, and B2-aromatic, were higher than the initial weight. However, the 
weight losses were measured after drying the tested samples to determine the abrasion 
loss. Further testing was conducted for high-temperature tensile strength to explain the 
failure of the sample with B3-aromatic. It was found that the B3-aromatic binder was tem-
perature-sensitive. The Indirect Tensile Strength at room temperature for this sample was 
found to be 85 kPa. However, right after conditioning the samples at 60 °C for two hours, 
the Indirect Tensile Strength result was found to be 34.07 kPa. This lower tensile strength 
indicates that the probable reason for the failure of the samples with B3-aromatic was the 
temperature sensitivity of the binder. The Hamburg Wheel Tracking test uses a condition-
ing water temperature of 53 °C. 

 
Figure 15. Stripping-related abrasion in samples with different binders. 

Table 6. Stripping-related abrasion loss in samples with different binders. 

Mixes with Different Binders Weight Loss after Rutting Test 
B1-aromatic −0.3% 
B2-aromatic −0.6% 
B2-aliphatic −0.3% 
B3-aromatic −30.3% 

3.3. Raveling Resistance due to Combined Effect of Impact and Abrasion 
Raveling resistance is a critical performance for PRP materials since it directly influ-

ences the durability of the pavement material exposed to traffic loading. From the study 
of the previous piece of research and evidence from the field applications, it was found 
that PRP is not very raveling-resistant. For this research, the raveling resistance was eval-
uated through Los Angeles abrasion loss testing for both conditioned and unconditioned 
samples. One set of samples underwent five harsh freeze–thaw conditionings before being 
tested for raveling resistance. 

3.3.1. Raveling Resistance for Samples with Different Mixes 
For conditioned samples, the abrasion loss was highest in New Mix 2 (25.31%) and 

lowest in New Mix 3 (6.49%). Similarly, unconditioned samples exhibited consistent re-
sults, with New Mix 2 showing the highest abrasion loss (13.23%) and New Mix 3 the 

500

600

700

800

900

1000

1100

1200

B1-aromatic B2-aromatic B2-aliphatic B3-aromatic

W
ei

gh
t, 

g

Stripping related abrasion in samples with different binder

Weight before test Weight after test Weight after dry

Figure 15. Stripping-related abrasion in samples with different binders.

3.3. Raveling Resistance Due to Combined Effect of Impact and Abrasion

Raveling resistance is a critical performance for PRP materials since it directly influ-
ences the durability of the pavement material exposed to traffic loading. From the study of
the previous piece of research and evidence from the field applications, it was found that
PRP is not very raveling-resistant. For this research, the raveling resistance was evaluated
through Los Angeles abrasion loss testing for both conditioned and unconditioned samples.
One set of samples underwent five harsh freeze–thaw conditionings before being tested for
raveling resistance.
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3.3.1. Raveling Resistance for Samples with Different Mixes

For conditioned samples, the abrasion loss was highest in New Mix 2 (25.31%) and
lowest in New Mix 3 (6.49%). Similarly, unconditioned samples exhibited consistent
results, with New Mix 2 showing the highest abrasion loss (13.23%) and New Mix 3
the lowest (4.54%). These variations in the abrasion resistance can be attributed to the
mix design of each. Moreover, the conditioned samples underwent freeze–thaw cycles,
resulting in moisture-induced damage that subsequently reduced their durability and
performance [17,31]. Xu H. et al. (2015) further explained that freeze–thaw cycles cause
three primary changes in pavement materials: existing pores enlarge, separate voids merge,
and new voids form [32,33]. Consequently, the mixes experience a loss in density due
to increased voids, leading to decreased strength. As expected, the conditioned samples
exhibited higher abrasion loss due to raveling compared to the unconditioned samples
from the same mix. This difference can be attributed to the structural changes caused by
freeze–thaw cycles, which result in a reduced material density and, consequently, higher
susceptibility to abrasion.

New Mix 2 contains the highest percentage of stone aggregates (75%), the lowest per-
centage of binder (7.5%), and a lower percentage of rubber aggregates (17.5%). Conversely,
New Mix 3 has the lowest percentage of stone aggregates (55%), the highest percentage of
binder (12%), and a relatively higher percentage of rubber aggregates (33%).

The characteristics of New Mix 2, with its higher stone aggregate content and lower
binder percentage, resulted in adhesion issues and less integration in the samples. This led
to weaker bonding and integration, contributing to the higher raveling observed during
the abrasion test.

On the other hand, New Mix 3, with its lower stone aggregate percentage but higher
binder and rubber aggregate content, achieved better adhesion and bonding. The higher
rubber aggregate content facilitated good compaction due to its elastic properties, filling
gaps between aggregates and creating strong bonds with the binder, resulting in less
raveling observed during testing. Raveling resistance test result for conditioned and uncon-
ditioned samples with different mixes are shown in Figure 16 and Figure 17, respectively.
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Figure 16. Raveling resistance test result for conditioned samples with different mixes.
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The factorial analysis showed that, for conditioned samples, when the aggregate is
increased by 10%, abrasion is increased by 3.84 g. When the binder is increased by 2.25%,
abrasion is decreased by 5.57 g.

On the other hand, for unconditioned samples, when the aggregate is increased by
10%, abrasion is increased by 1.65 g; when the binder is increased by 2.25%, abrasion is
decreased by 2.68 g.

3.3.2. Raveling Resistance for Samples with Different Binders

Abrasion due to raveling, as discussed for samples with different mix types, was
similarly evaluated for samples with different binder types. These samples were also cate-
gorized into conditioned samples exposed to five freeze–thaw cycles and unconditioned
samples. The results indicated that the abrasion loss in conditioned samples was consis-
tently higher than that in unconditioned samples, regardless of the binder type. However,
among the samples with different binders, there was variability in the extent of binder
deterioration after conditioning. Some binders showed more significant deterioration due
to moisture than others, resulting in higher rates of abrasion loss after conditioning.

The test results showed that the B2-aromatic binder deteriorated more than the other
binders after freeze–thaw conditioning. In unconditioned samples, the highest abrasion loss
was found in samples with the B1-aromatic binder (9.94%) and the lowest in the samples
with B2-aliphatic (2.75%). Unconditioned samples with B2-aromatic showed an abrasion of
3.76%. After conditioning, samples with B2-aromatic showed a very high abrasion loss of
15.37%. However, all other samples with different binders showed an increased abrasion
loss after conditioning the sample. For the B1-aromatic binder, this loss was 12.4%, for
B2-aliphatic, it was 7.53%, and for B3-aromatic, it was 8.89%. In both the conditioned and
unconditioned samples, the sample with the B2-aliphatic binder showed a better perfor-
mance. The test results for the raveling resistance for the conditioned and unconditioned
samples with different binders are shown in Figure 18 and Figure 19, respectively.

Due to the limitations of our research scope, conducting separate binder tests was not
feasible to investigate the extent of binder deterioration after the freeze–thaw condition.

3.4. Permeability of PRP Materials
3.4.1. Permeability of Samples with Different Mixes

The permeability of porous pavements could depend on the material’s interconnected
air voids, internal structure, and base and subgrade conditions. However, the laboratory test
(as shown in Figure 20) of the Porous Rubber Pavement for permeability was mostly affected
by the materials’ interconnected air voids and internal structures. It gives comparative
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information among different types of mixes. When the permeability of different new mixes
was measured, New Mix 2 showed the highest permeability, which was 168,080 mm/h, as
shown in Table 7. The lowest permeability was observed in New Mix 3 (98,628 mm/h). The
probable reason could be the composition differences in the mixes that also contributed
to the internal structure and porosity of the material. New Mix 2 consists of the highest
percentage of stone aggregate (75%), a lower percentage of rubber aggregate (17.5%), and
the lowest percentage of binder (7.5%). Thus, larger stone aggregates form comparatively
rigid and large interconnected voids, leading to a higher permeability. However, New
Mix 3 consists of a lower percentage of stone aggregates, a higher percentage of rubber
aggregates and the highest percentage of the binder. The gradation of the rubber aggregates
was smaller than 4.75 mm and created smaller interconnected flexible voids, which reduced
the permeability of the mixes. In addition, a portion of the highest percentage of binder
becomes foam during the cure time with the contact of moisture, clogs some pores, and is
also responsible for lower permeability.
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Table 7. Permeability of different new mixes.

Mix Type Infiltration Rate, I (mm/h) Standard Dev.

Control Mix 127,695 1657

New Mix 1 139,067 7653

New Mix 2 168,080 62,793

New Mix 3 98,628 47,971

New Mix 4 128,923 10,868

3.4.2. Permeability of Samples with Different Binders

For samples with different binders, the permeability remains relatively consistent,
ranging from 130,082 mm/h to 122,234 mm/h, as shown in Table 8. This stability suggests
that the binder density or properties have a minimal impact on porosity; instead, the
governing factor is the mix’s composition. It is important to note that all mixes with
different binders have the same composition as the Control Mix, with only variations in the
binder sources.

Table 8. Permeability of mixes with different binders.

Mix Type Infiltration Rate, I (mm/h) Stdv.

B1-aromatic (Control) 127,695 1657

B2-aromatic 125,393 1598

B2-aliphatic 122,234 6065

B3-aromatic 130,082 1719

Although the permeability of laboratory samples may not perfectly reflect PRP’s
effectiveness in water filtration under real-world conditions influenced by factors like
subgrade conditions and site topography, the observed high permeability in lab tests
implies that PRP should retain sufficient permeability in practical scenarios. The lab
results demonstrated considerably higher permeability rates than Canada’s maximum
recorded rainfall rate of 298.8 mm/h [34,35], suggesting that PRP’s internal structure and
composition, despite variations in mixes or the use of different binders, facilitate efficient
water drainage, ensuring ample permeability across diverse field conditions.
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4. Conclusions

Durability testing is crucial for assessing the suitability of permeable pavement ma-
terials before their extensive use. PRP represents a new type of pavement material in the
North American climate, and its durability characteristics still need to be fully understood.
This research aims to evaluate the durability properties of PRP, providing guidelines for
researchers to choose optimal mixtures for subsequent trial sections. The summarized
results are outlined below:

1. The abrasion test results indicate that the granite aggregate used in PRP mixtures has
an abrasion loss of 22.25%, exceeding the typical range and indicating insufficient
strength for ensuring PRP surface durability.

2. The laboratory tests revealed that PRP materials showed good resistance to rut-
ting. Among the mixes with different compositions, New Mix 4, with the high-
est polyurethane binder content and stone aggregates, showed the highest rutting
(2.8 mm), while New Mix 2 showed the lowest rutting (0.3 mm) due to it having the
lowest binder content and highest stone aggregates. New Mix 3, with increased rubber
aggregates and the highest binder, exhibited an improved resistance to permanent
deformation. Minimal stripping-related abrasion (ranging from 2.6% to 0.1%) aligned
with rutting characteristics: New Mix 4 had 2.6%, while New Mix 2 and New Mix 3
each had 0.1%.

3. The test conducted for rutting and permanent deformation revealed that samples with
the B2-aliphatic binder had the lowest permanent deformation at 1.1 mm, showcasing
a superior performance compared to samples with aromatic binders. Conversely,
samples with the B3-aromatic binder exhibited the highest deformation and failed
the test due to temperature sensitivity. This trend correlated with stripping-related
abrasion, where mixes with the B1-aromatic, B2-aromatic, and B2-aliphatic binders
experienced abrasion loss ranging from 0.3% to 0.6%, contrasting with higher levels of
abrasion in mixes with a higher rut depth and permanent deformation, as observed in
the failure of the B3-aromatic binder samples with a substantial 30.3% abrasion loss.

4. The study evaluates the raveling resistance of samples with different mixes in condi-
tioned and unconditioned states. The results showed that New Mix 2 had the highest
abrasion loss at 25.31% and 13.23% for the conditioned and unconditioned samples,
respectively, while New Mix 3 had the lowest at 6.49% and 4.54%. New Mix 2’s higher
stone aggregate and lower binder content led to a weaker integration and increased
raveling. In contrast, New Mix 3, with a lower stone aggregate but higher binder
and rubber content, improved adhesion and bonding, which is crucial for reducing
raveling during testing.

5. The raveling resistance test was conducted on samples with different binder types, in-
cluding both conditioned and unconditioned samples, revealing variability in binder
deterioration after conditioning and resulting in varying rates of abrasion loss. Specif-
ically, the highest abrasion loss in conditioned samples was observed in those with
the B2-aromatic binder, reaching 15.37%, while the lowest was in samples with the
B2-aliphatic binder at 7.53%. In unconditioned samples, the highest abrasion loss was
found in those with the B1-aromatic binder at 9.94%, and the lowest was in samples
with the B2-aliphatic binder at 2.75%. Notably, the B2-aliphatic binder consistently
performed better in both conditioned and unconditioned samples.

6. Laboratory tests revealed that New Mix 2 exhibited the highest permeability at
168,080 mm/h due to its larger stone aggregates and lower binder content, creating
rigid and interconnected voids. In contrast, New Mix 3 had the lowest permeability
at 98,628 mm/h because of the smaller rubber aggregate gradation and higher binder
content, which resulted in some foaming of the binder. Samples with different binders
showed consistent permeability (ranging from 130,082 mm/h to 122,234 mm/h),
indicating minimal impact from binder properties. Despite variations in the mix com-
positions and binder types, PRP’s internal structure ensures efficient water drainage,
maintaining ample permeability across diverse field conditions.
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After analyzing the comprehensive test results, New Mix 3 stands out as the better-
performing mix overall for PRP applications. This conclusion is based on several critical
factors across various tests. New Mix 3 displayed the lowest abrasion loss in conditioned
and unconditioned states, superior resistance to raveling, and improved resistance to
rutting and permanent deformation. Stripping-related abrasion was also the lowest in
New Mix 3. Additionally, samples with the B2-aliphatic binder showed consistently lower
abrasion loss rates for conditioned and unconditioned samples and the lowest rutting
and stripping-related abrasion. While not exhibiting the highest permeability, New Mix
3 demonstrated very high overall permeability. For these reasons, New Mix 3 with the
B2-aliphatic binder is recommended as optimal for PRP applications due to its enhanced
durability and performance across multiple evaluations, ensuring long-term functionality,
even in harsh freeze–thaw conditions with temperature fluctuations.
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