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Abstract: Porous pavements are designed and used in current construction practices to address envi-
ronmental and safety issues related to wet weather. Porous rubber pavement (PRP) is a novel porous
pavement material consisting of recycled crumb tire rubbers, stone aggregates, and polyurethane
binders. The higher permeability (up to 45% of air voids) of PRP and its composition offers excellent
benefits to the urban hydrological system and environment. Due to its recent outset in the Canadian
climate, its properties and performance are not yet investigated. This research investigates PRP’s
properties and performance as pavement material through the construction of two trial sections
incorporating three newly developed PRP mixes along with a Control Mix. Samples were obtained
from the field and tested in the laboratory to determine the mechanical and durability properties, in-
cluding indirect tensile strength, moisture-induced damage due to freeze-thaw cycles and permanent
deformation. A field evaluation was also performed three times: right after construction, three weeks
later and after seven months to determine stiffness, frictional properties, roughness and permeability.
The results revealed that all PRP mixes exhibited excellent permeability and retained more than 68%
of tensile strength after five freeze-thaw cycles. Although PRP showed significantly lower initial
elastic modulus than conventional pavement material, ranging between 28 MPa to 59 MPa, in the
springtime none of them went below 23 MPa. Material composition, site geometry and subgrade
conditions were found to be the main factors influencing the field performance of PRP pavement.

Keywords: porous rubber pavement; trial section construction; mechanical properties; durability;
stiffness; frictional property; permeability

1. Introduction

Rapid urbanization is part and parcel of modern civilization and leads toward cover-
ing permeable surfaces for new development. Thus, the seepage capacity of urban surfaces
has declined and can lead to a noticeable distortion in the natural ecosystem [1]. To respond
to the effect and mitigate the risk of increased surface runoff through construction, the use
of porous pavement is becoming popular [2]. Porous pavements contribute significantly to
reducing surface runoff and replenishing the groundwater table. In addition, it can address
safety issues related to wet weather by reducing spray, splash and hydroplaning during
rain and snow. Porous rubber pavement (PRP) is a novel addition to this type of pavement
material. PRP consists of recycled crumb tire rubbers, stone aggregates and polyurethane
binders and contains a higher percentage of air voids (up to 45%). Further, PRP replaces
the use of virgin material by using recycled tires. Thus, the higher permeability of PRP and
its composition can offer excellent benefits to the urban hydrological system along with
its environmental advantages. However, there is very limited research, development, and
information available on these systems. Although a few studies were identified from some
European and Asian countries, they are also in the very initial stages of examining this
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material [3-5]. Moreover, the use of PRP has been added to contemporary Canadian con-
struction practices very recently. PRPs are used in this climatic region on low-traffic roads
and pedestrian walkways as a surface material. It should be noted that this application is
in limited areas only. Due to its recent outset in the Canadian climate, its properties and
performance as a pavement material are not investigated yet for this climatic condition.
Hence, it is essential to understand the properties and performance of PRP from laboratory
and field investigation before its widespread application in Canada.

Along with laboratory investigation and development, the construction of trial sec-
tions is critical to verify the material’s laboratory performance under actual conditions.
Any pavement can perform differently in a natural ecological environment. Surrounding
conditions, soil types, water quality, sub-surface layers, traffic load, etc., all work together to
affect permeable pavement performance. For instance, if the pores of permeable pavement
are partially saturated with water, hydromechanical interactions occur during traffic load
and influence the durability of permeable pavement [2]. Further, many steps are involved
in trial section construction, from preparing construction drawings to pouring the material.
These steps and process clarify many issues, enrich construction knowledge and influence
pavement performance.

Thus, extensive research was planned for both the laboratory and field to investi-
gate and improve the properties and performance of PRPs in the Canadian climate. Prior
research was conducted for preliminary field investigation, developing different compo-
sitions of PRPs and testing their performance in laboratory facilities. This research is
designed to investigate PRP’s properties and performance from two field applications for
selected mixes. Additionally, samples were prepared from field mixes to investigate the
properties and durability of field mixes under laboratory conditions, and to determine their
deviations from laboratory mixes.

2. Trial Section Construction
2.1. Location

The trial section is located at 1400 Greenwood Hill Rd, Wellesley, ON NOB 2T0. The
location is situated within the Township of Wellesley. It is a north-western pastoral township
of the Regional Municipality of Waterloo in Ontario, Canada [6]. It is about 23 km from the
City of Waterloo. Figures 1 and 2 show the location’s bird’s eye view and view from the
entrance, respectively.

Figure 1. Location of the trial section: bird’s eye view.
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Figure 2. Sites” view from the entrance.

An agricultural and farm product manufacturing and distributing company is located
at the site. Other small rental businesses are also operated at the site.

2.2. Site Selection

Two sites were selected at this location. Site A is the dedicated parking area for the
businesses on site. Mostly, cars are parked there during peak hours. Site B is the driveway
to the drop-off and pickup point. This site is a sloped driveway leading towards the
loading-unloading dock. All sorts of vehicles use this driveway, from small cars to heavy
trucks. However, the vehicles’ driving speed is slow on the driveway, ranging between
30 km/h to 40 km/h. Figures 3 and 4 show the surroundings of Site A and Site B.

@ e (Ab)"“:‘

Figure 3. Site A: before construction with the parked vehicle; (a) view from the side, (b) view from
the front.

2.3. Weather Conditions

The trial sections were constructed on 2 October 2021. At 8:30 am, the temperature
was 15 °C. The wind speed was 14 km/h (SW), and the wind gust was 25 km/h. By the
time of construction at 10:30 am, the temperature had reached 19 °C. The wind speed was
15 km/h (SW), and the wind gust was 27 km/h.



Sustainability 2023, 15, 2413 4 of 31

o : S

Figure 4. Site B: before construction and heavy vehicle at pickup dock; (a) view from the front,
(b) heavy vehicle parked at Site B.

2.4. Planning before Construction

Before construction, Site A and Site B plans were prepared with all necessary dimen-
sions. It was also essential for the construction workers to obtain the exact measurements
to prepare the ground for construction. Cross-sectional drawings for the pavements were
also produced. Figures 5 and 6 show the plan for Site A and Site B, respectively. Figure 7
shows the cross-section of the trial section.

2.5. Mixes Used for Placement

PRP materials consist of stone aggregates, rubber aggregates and polyurethane binder.
Table 1 shows the basic properties of the components used in this research.

Three new mixes with varied compositions and the Control Mix were employed to
build the different segments of the trial sections. These new mixes were chosen based on
their mechanical performance and durability as determined by a series of lab tests in the
prior research. The mixes that were selected for the trial section are shown in Table 2.

#— 3.20m [10-6"] —#— 3.10m [102"] —¢— 3.10m [10-2"] —<— 3.10m [10'2"] —¢

; Control mix New mix 1 New mix 3 New mix 2
Sl L Section - A.1 Section - A.2 | Section-A.3 Section - A.4
—e S )
Driveway
Site A

Figure 5. Site A plan.
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Figure 6. Site B plan.
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Figure 7. Cross section of the trial section.
Table 1. Basic properties of the components.
Rubber Aggregates Stone Aggregates Polyurethane Binder
Basic properties Recycled crumbed tire rubber Granite aggregates Bl—aromatic binder

Size of aggregates 1.18 to 2.36 mm 4.75 to 6.75 mm.
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Table 2. Mixes used for trial section construction.

A—Stone Aggregate, R—Rubber Aggregate,

Mixes with Different Proportions of Components B—Polyurethane Binder Air Voids
Control Mix A—45.25%, R—45.25%, B—9.5% 38-45%
New Mix 1 A—55%, R—37.5%, B—7.5%
New Mix 2 A—75%, R—17.5%, B—7.5% Within 24-38%
New Mix 3 A—55%, R—33%, B—12%

2.6. Weather Station Installation

A weather station was installed the day before work began for construction. A suitable
location for the weather station was selected to receive maximum sun, rain, and wind
exposure. It was installed on a concrete block close to Site A in the middle of vacant land
that is seasonally used for growing kitchen vegetables (as shown in Figure 8).

(b)
Figure 8. Weather station near Site A: (a) different parts of the weather station, (b) location of the
weather station.

2.7. Subgrade and Base Preparation

Following the drawing, section outlines were marked on Site A and Site B, as shown
in Figure 9. Then, using an earth excavator, the existing surface layers were removed up to
150 mm (6 inches).

(a) (b)

Figure 9. Marked on the existing surface layer: (a) Site B marking, (b) Site A marking.

After removing the surface layer from both sites, the subgrade soil was collected for
CBR (California Bearing Ratio) testing. The CBR test is essential to determine the soil’s
stability and strength. Then, the uneven subgrade was further levelled manually. After
levelling, an angular crushed stone of 19 mm was placed to the thickness of 100 mm and
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compacted with a small compactor, as shown in Figure 10. Then, plastic edges were placed
on different sections with pegs to create different segments.

(b) e @

Figure 10. Preparing subgrade with crushed stone: (a) removing surface soil, (b) collecting soil
samples, (c) marking of crushed stone layer, (d) compactor to compact crushed stone layer.

2.8. Construction Technique, Equipment and Placement

After preparing the subgrade and base layers, the different mixes were prepared on-
site. Each mix was prepared for both sites at the same time to maintain the consistency of
the mix. Mix preparation followed a consistent method. First, stone and rubber aggregates
were measured and mixed using a medium-sized mixer for 60 s. After 60 s, the polyurethane
binder was added according to the measurement. Then all the materials were mixed again
for 180 s. Finally, loose mixes were carried to the site using a dumper. The processes are
shown in Figure 11.

b) ;

Figure 11. Construction equipment and placement of material: (a) mixer, (b) dumper.

After pouring the loose mixes on the relevant sections, the mixes were spread over
the entire area with a trowel and screed to achieve a thickness of 50 mm. Then, using a
flat plate with vibration, the surface was smoothened further. Later a small amount of
mist was applied to the surface to accelerate the curing process. After misting, the surface
was again smoothened with a roller. PRP is a self-compacting material, and crumb rubber
aggregate possesses elastic properties. Thus, the external vibration to compact the material
has little effect on reducing air voids. However, vibration enhances the bonding among
different components. Therefore, as planned, the vibration time was increased more than
regular practice. Then, the surface was left undisturbed for curing. Figure 12 shows several
construction steps.
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Figure 12. Several steps of construction: (a) spreading material on the site, (b) different mixes were
poured on different sections, (c) smoothing the surface, (d) water spray on the material, (e) smoothing
the surface with a roller, (f) completed section.

2.9. Preparing Samples for Lab Testing

During the construction of the sections, samples were also prepared for further lab
testing. The sample preparation followed the procedure developed in prior research, as
shown in Figure 13. Ideally, lab test results show the materials” consistent and actual prop-
erties. However, the material’s performance can be different during actual construction due
to differences in workmanship, construction procedure, ambient environment, handling of
large amounts of materials, etc. Thus, it is crucial to prepare samples during trial section
construction and test them in the lab facilities. This helps to identify the performance gaps
and room for improvement during construction.

Figure 13. Preparing sample from trial section mixes: (a) pouring material into the molds, (b) weighing
the material for pouring into the mold.

2.10. Opening for Traffic

The trial sections were kept undisturbed for 24 h to be cured after completion of
construction. Then, before entirely opening for traffic, the pavements were tested to
evaluate their initial condition and performance. Finally, the sections were opened for all
sorts of traffic after being fully cured.
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3. Lab Testing of Samples Prepared on the Construction Site
3.1. Methodology for Laboratory Testing
3.1.1. Laboratory Compaction Characteristics of Subgrade Soil

The laboratory compaction method, ASTM D698, was used to investigate the relation-
ship between water content and dry unit weight of soil. Method C was used in this test
based on the soil’s gradation. In this case, 30% or less soil material was retained on the
19 mm sieve by mass. A mould of 152.4 mm was used to compact the soil into three layers.
On each layer, 56 blows were applied [7].

3.1.2. California Bearing Ratio (CBR) Test

The standard test method ASTM D1883-16 was followed to examine the subgrade
soil’s California Bearing Ratio (CBR). This method determines the strength of subgrade soil
with a maximum particle size of less than 19 mm. It also investigates soil’s linear swelling
after soaking with water [8].

3.1.3. Indirect Tensile Strength

The Indirect Tensile Strength (ITS) test was conducted following the standard AASHTO
T32207. ITS was performed using 50 mm high and 150 mm diameter samples [9]. The esti-
mated resistance capacity of the sample is considered as the material’s tensile strength [10].
Thus, the breaking or the highest force observed on the sample was obtained to calculate
the material’s tensile strength. The following equation was used for the calculation.

2000 x P¢ .
"= xbxD g
where S; = Tensile strength of specimen, kPa
Pr=Maximum load observed for specimen, N
b = Thickness of the sample, mm

D = Diameter of the sample, mm

3.1.4. Moisture-Induced Damage Test

The moisture-induced damage test was conducted for the trial section samples. Two
groups of samples involved in this test had the same properties. The first group of samples
was tested for ITS without any conditioning. The second group of samples was conditioned
with five freeze-thaw cycles (freezing at —18 °C and thawing at 60 °C) and then tested for
ITS. Then, the calculated numerical indices of retained indirect tensile properties indicated
the moistureinduced damage to the material [11]. A modified test method was followed for
freeze-thaw conditioning of the sample, as developed in earlier research. In this modified
method, a partial vacuum of 660 mm (26 inches) Hg was applied for 10 min to saturate
the samples, which were then submerged in water during freezing cycles to maintain
saturation. According to the standards, the retained tensile strength (Tensile Strength Ratio
or TSR) of at least 80 percent indicates good resistance to moisture-induced damage [11-13].

From the test results, the TSR was calculated using the following equation.

TSR = 22 @)

where S; = Average tensile strength of the dry samples
S, = Average tensile strength of the conditioned samples

3.1.5. Hamburg Wheel Tracking Test

The Hamburg wheel tracking test was conducted following AASHTO T324-17 to
investigate the permanent deformation (rutting) and moisture susceptibility of the trial
section samples. The rate of permanent deformation from moving concentrated loads can
be derived for the submerged samples. The test temperature was 53 £ 1 °C. In addition,
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moisture-induced stripping was calculated from the samples” material loss. Premature
failure of the sample due to weakness of aggregate structure, low binder stiffness or
moisture damage can be determined through this test [14].

3.2. Lab Testing Results
3.2.1. Determination of Moisture Content for Subgrade Soil

The optimum moisture contents of the subgrade soil of both sites were obtained using
the laboratory compaction method ASTM D698 (Method C). The test steps are shown
in Figure 14. The obtained optimum moisture content information was used to prepare
samples for CBR testing. The optimum moisture content values for Site A and Site B soils
were found to be at 6% and 5.9%, respectively (as shown in Figures 15 and 16).

Figure 14. Laboratory compaction characteristics of the soil: (a) measured material, (b) compacted
soil, (c) after demolding the compacted soil.

Optimum moisture content of Site A soil

g

[9%]

o
{

Dry unit weight, y_d (g/[cm)"3)
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[\ (V8) (98] (98] (O%)
oo S N BN (@)
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)
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t

I )
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Figure 15. Optimum moisture content of the Site A subgrade soil.
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Optimum moisture content of Site B soil
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Figure 16. Optimum moisture content of Site B subgrade soil.

3.2.2. California Bearing Ratio (CBR) of the Subgrade Soil

The CBR value for subgrade soil explains the bearing capacity of the subgrade. The
procedure of the test is shown in Figure 17. The subgrade soil types of Site A and Site B
are shown in Table 3. The subgrade soil of Site A was coarse-grained soil falling into the
category of SM (sands with fines). It contained sands with an appreciable amount of fines.
In addition, silty sands and sand-silt mixtures are also found in this type of soil, and the
fines can be non-plastic or characterized by low plasticity.

(b) O ©

Figure 17. CBR test procedure: (a) prepared sample, (b) CBR testing, (c) sample after test.

Table 3. Subgrade soil category for Site A and Site B.

CBR of Trial Sites

Site Average CBR Standard Dev. Soil Type
Site A 18.2 1.5 SM
Site B 243 43 SW

The subgrade soil of Site B falls within the category of SW (clean sands). The SW is
coarse-grained soil with clean sand and slight fines. Well-graded sands, gravelly sands and
little or no fines are found in this type of soil. A wide range also characterizes this soil type
in terms of grain sizes and substantial amounts of all intermediate particle sizes [15].
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3.2.3. Indirect Tensile Strength

In a cold climate, low-temperature cracking and deformation are critical factors with
respect to the durability of pavement material. However, the pavement material’s ten-
sile strength could be one indicator of durability against low-temperature cracking [10].
Among the mixes used in the trial sections, New Mix 3 showed the highest tensile strength,
682.4 kPa. However, this result was higher than the previously found results in laboratory
mix samples (547.8 kPa). Table 4 shows the result of the indirect tensile strength test. The
Control Mix showed the lowest tensile strength, i.e., 299.3 kPa. New Mix 3 contained a
higher percentage of binder (12%), which influenced the increase in tensile strength. New
Mix 2 also showed a relatively higher tensile strength of 518.7 kPa. New Mix 2 contained
the highest percentage of stone aggregates (75%), but the lowest percentage of binder (7.5%).
A higher stone aggregate percentage probably contributed to this strength. The factorial
analysis in the prior research revealed that both stone aggregates and binder percentages
influence the tensile strength of the PRP material. It showed that a 10% increase in stone
aggregates increased the tensile strength of the PRP material by 85.16 kPa. Further, an
increase of binder by 2.25% increased the material’s tensile strength by 76.29 kPa.

Table 4. Indirect tensile strength result.

Mix Types Air Voids Average Air Void Indirect Tensile Strength (kPa) Average (kPa)  Standard Deviation
38 296.0

Control Mix 39 38 2925 299.3 8.86
38 309.3
31 332.8

New Mix 1 31 31 292.7 306.1 23.11
32 292.8
26 5714

New Mix 2 18 24 497.0 518.7 45.86
29 487.7
23 648.9

New Mix 3 22 23 692.9 682.4 29.69
22 705.4

3.2.4. Relationship between Indirect Tensile Strength (ITS) and Air Voids

Indirect tensile strength (ITS) and air voids exhibited a polynomial equation with a
high R? value of 0.98 after plotting the result. It was found that the increase in air voids
in the sample gradually decreased the material’s tensile strength, as shown in Figure 18.
Furthermore, the regression model showed that the adjusted R? value was 0.93, along with
a P-value of 0.15 at an alpha level of 0.05, which means the interaction between ITS and air
void was not statistically significant.

3.2.5. Moisture-Induced Damage Test due to Freeze-Thaw Cycles

Moisture-induced damage is a common phenomenon for permeable pavement. Water
penetrates through the pore structures and gets saturated quickly for the time being if the
pores are clogged. In a cold climate, the freeze-thaw cycles further deteriorate this condition
and cause premature pavement damage [2,16]. The moisture-induced damage in the PRP
mixes was obtained from retained tensile strength in the samples after conditioning with
five freeze-thaw cycles, as shown in Table 5. The retained tensile strength for all the mixes
was found to be more than 70%, except for the New Mix 2. Higher retained tensile strength
in samples could be correlated to the higher percentage of rubber aggregates and binders
in the mixes. The Control Mix showed the highest retained tensile strength (80%) since it
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Indirect Tensile Strength

contained the highest percentage of rubber aggregates (45.25%) and a higher percentage
of binder (9.5%). The New Mix 3 also showed a higher retained strength (76%) since it
contained 33% rubber aggregates and 12% binder. On the other hand, New Mix 2 contained
the lowest percentage of rubber aggregates (17.5%) and binder (7.5%), thus showing the lowest
retained strength. The retained tensile strength calculated for the New Mix 2 was 68%.

Indirect Tensile Strength vs. Air Voids (Trial Section)

9 New mix 3

New mix 2

® Control mix

R2=0.9775

21 23 25 27 29 31 33 35 37 39 41 43 45
Air void
Figure 18. Relationship between indirect tensile strength and air voids.
Table 5. Tensile Strength Ratio (TSR) after moisture-induced damage.
Mix ITS before Standard ITS after Standard TSR Standard
Conditioning Deviation Conditioning Deviation Deviation
Control Mix 299.3 8.86 238.8 4.7 0.80 0.02
New Mix 1 306.1 23.11 2242 8.1 0.73 0.03
New Mix 2 518.7 45.86 351.4 16.2 0.68 0.03
New Mix 3 682.4 29.69 515.4 36.5 0.76 0.05

3.2.6. Hamburg Wheel Tracking Test Result

The rutting resistance of the PRP material was investigated through the Hamburg
wheel tracking test. The average rutting results for different mixes ranged from 0.81 mm
to 0.99 mm, as shown in Table 6, which indicated that all the mixes showed good rutting
resistance compared to the conventional pavement material. The analysis of the rutting
result indicated that from 0 cycles to 10,000 cycles, several temporary rutting occurred on
the samples, as shown in Figure 19. However, this temporary rutting mostly disappeared
after the removal of the wheel load from the samples. Material’s elastic properties due
to rubber aggregates and the large percentage of air voids could probably explain this
phenomenon. Hence, the samples got room for deflection under loading conditions by
compressing the air voids. However, after the load’s removal, the material’s elasticity
helped it return to its original condition.
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Table 6. Hamburg wheel tracking test.

Trial Section Hamburg Wheel Tracking Test

Mixes Depth 01 (mm) Depth 02 (mm) Rutting Average (mm) Standard Deviation
Control mix 0.72 0.89 0.81 0.12
New mix 1 1.18 0.6 0.89 0.41
New mix 2 14 0.58 0.99 0.58
New mix 3 0.81 1.09 0.95 0.20

Hamburg Curve for different mixes (Trial Section)

0.1
0.2
0.3
04
0.5
2 0.6
= 0.7
0.8
0.9

epth, mm

Rut

1.1
1.2
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000 11,000
Number of cycles

New Mix 1 New Mix 2

New Mix 3

Control Mix

Figure 19. Hamburg curve for different mixes.

Stripping-related abrasion was also obtained from the Hamburg wheel tracking test,
as shown in Figure 20 and Table 7. Samples” weights were measured before and after
the testing and after the drying of the samples. However, right after the test, all the
samples showed a higher weight than the initial weight. The increased weight was due to
water absorption by the sample’s stone aggregates during the test. However, after drying
the samples, a small amount of weight loss was observed as compared to the the initial
weight. These weight losses ranged from 0% to 0.3%, indicating the mixes’ stripping-related
abrasion. However, the New Mix 3 showed a 0.7% increase in weight even after drying
the sample. The probable reason could be this mix’s higher percentage of binder and stone
aggregates. Along with water absorption by the stone aggregates, binder components
probably chemically changed under the wheel pressure and water, resulting in increased
weight. However, this change was negligible.

Table 7. Stripping-related abrasion in percentage in trial section sample.

Mixes Weight Loss after Rutting Test
Control mix —0.3%
New mix 1 —0.3%
New mix 2 0.0%

New mix 3 0.7% (increased)
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Figure 20. Stripping-related abrasion.

4. Field Test on the Trial Section
4.1. Field Testing Methodology
4.1.1. Light Weight Deflectometer

A light weight deflectometer (LWD) was used to determine the deflection due to
a falling weight that was held at a constant height by a release mechanism. First, the
deflection value was measured using the falling weight that transmits the impact of the
load to the pavement surface. Then, the stiffness modulus of the pavement was calculated
using the deflection value [17,18].

4.1.2. British Pendulum Test (BPT)

A British Pendulum Tester was used to measure the energy loss when its sliders were
propelled over the pavement’s surface. A higher British Pendulum Number (BPN) is
related to a more significant energy loss, which is associated with a higher frictional value
of the pavement [19,20]. However, BPT can only measure the frictional properties at low
speeds [21]. All the frictional values were measured after wetting the surface to obtain the
results in wet conditions.

4.1.3. Rut Depth from Dipstick

The Dipstick is an inclinometer-based profile measurement device supported by
two legs 305 mm apart. This piece of equipment measures the relative elevation differ-
ence of the legs. Usually, the Dipstick calculates the International Roughness Index (IRI)
value [22-24]. However, the trial sections’ length was insufficient to determine the IRI value
using this equipment. Thus, Dipstick calculated only the rut depths from the trial sections at
different times.

4.1.4. NCAT Field Permeameter

NCAT Asphalt Field Permeameter was used to determine the trial sections’” water
infiltration rate following ASTM C1701/C1701M. The permeameter’s bottom tire (cross-
section area is 167.53 cm?) was used for testing. Four litres of water were poured on
each point at least three times, and the average value was considered for calculation.
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Temperature 'C
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According to the test standard ASTM C1701/C1701M—17a, at least three (3) test points are
recommended for a test area of 2500 m2. Since the infiltration rate from each point is valid
for the localized area, the average value was taken to determine the infiltration rate of the
entire site [25].

4.2. Field Testing Schedule

The 1st field test was conducted on the trial sections from 4 October 2021 to 7 October
2021, right after construction but before fully opening for traffic. After the 1st field test,
trial sections were fully opened for traffic. The 2nd field test was conducted on 23 October
2021, about two weeks after the 1st field test. Finally, the 3rd field test was carried out on
13 May 2022, about six months after the 2nd field test. Between the 2nd and 3rd tests, the
trial sections experienced one winter. Schedule for field testing is shown in Table 8.

Table 8. Schedule for field testing.

Date Construction Testing
2 October 2021 Phase 01
4 October 2021
5 October 2021 Phase 02 1st Testing
7 October 2021
23 October 2021 2nd Testing
13 May 2022 3rd Testing

4.3. Weather Station Data

Weather data from the trial section construction time to the 3rd field testing is presented
here. Figure 21 shows the daily maximum, minimum and average temperature from
15 September 2021 to 13 May 2022. The temperature ranged from 25 °C to —25 °C. Thus,
the PRP pavement experienced a temperature difference of 50 °C from 1st to 3rd field
testing. In addition, Figure 22 shows the rainfall data for the same period, indicating that
in September 2021, the pavement received more precipitation.
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Figure 21. Temperature data from the weather station.
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Figure 22. Precipitation data from the weather station.

4.4. Detailed Drawings for Field Testing

Detailed drawings of Site A and Site B are shown in Figures 23 and 24, respectively.
The figures also show the points that were tested during field testing.

4.5. Field Test Result
4.5.1. Light Weight Deflectometer (LWD) Results

Site A and Site B were tested with LWD to measure the pavement’s deflection and
elastic modulus. At Site A, six points were tested on each section, and at Site B, four points
were tested on each section. As expected, where elastic moduli were found to be higher,
deflection values were found to be lower and vice versa. The trial sections were tested
with LWD three times after construction, as mentioned in Table 8. Among the three tests, a
general trend was observed for all sections. During the 2nd test, elastic moduli were found
to be higher than in the 1st. After the 1st test, vehicular traffic was fully opened, and further
compaction on the pavement occurred under traffic loading. However, after the 3rd test,
all the sections showed lower elastic modulus than in the 2nd. The timing of the 3rd test
could probably explain the lower elastic modulus value. The 3rd test was conducted on
13 May 2022, in springtime. During the spring, subgrade soils are usually in their weakest
condition due to thawing. Therefore, it was reflected in the pavement’s elastic modulus,
which showed a lower elastic modulus during the 3rd test (Tables 9 and 10; Figures 25-30).

In addition to the test timing, the mixes with a higher percentage of rubber aggregates
and binders compacted more than other mixes after opening for traffic. The Control Mix
contained a higher percentage of rubber (45.25%) and binder (9.5%); thus, it compacted
more after opening for traffic, resulting in a higher elastic modulus value during the 2nd test.
Although initially, the average elastic modulus of the Control Mix was 36 MPa, during the
2nd test, it reached 45 MPa. New Mix 1 also contained a comparatively higher percentage
of rubber aggregates (37.5%) and showed more compaction than other mixes (from 1st to
2nd test).

The LWD results differed for the same mixes at Site A and Site B. The reason could
be the differences in the pavement’s sub-grade soil types and their strength. The CBR
test revealed that the bearing capacity of the Site A (CBR 18.2%) subgrade is lower than
the Site B (CBR 24.3%) subgrade. Thus, all mixes showed higher initial elastic moduli at
Site B than at Site A. Further, New Mix 2 showed the highest elastic modulus at Site B
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despite containing a lower percentage of rubber aggregates (17.55%) and binder (7.5%), as
shown in Table 10. The presence of hard rocks under this section probably contributed to
this result.
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Figure 24. Site B detail for testing.

Single-factor ANOVA analysis (with a confidence interval of 95%) was conducted on
the LWD data collected at Sites A and B. The results for Control Mix, New Mix 1 and New
Mix 3 at Site A showed that there was no significant effect of the time (from 1st to 3rd field
test) on the elastic modulus of these mixes. That is proven by the P-value, as the obtained
P-value is higher than 0.05. However, there was a significant effect of time on the elastic
modulus of the New Mix 2 at Site A, as the obtained P-value was 0.032, which is less than
0.05. Also, there was a significant effect of time on the elastic modulus of the New Mix 3 at
Site B (P-value is 0.00032).

Furthermore, a two-factor ANOVA analysis was conducted for Sites A and B. The two
investigated parameters were the location and type of mixes. The obtained results showed
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that there was a significant effect of the location on the elastic modulus of the mixes. These
differences were found in their initial stiffness and changes in stiffness over time.

4.5.2. British Pendulum Test

British Pendulum Numbers (BPN) for different sections were obtained from the British
Pendulum Test. A higher BPN is related to a more significant loss of energy and higher
friction value [20]. The measured frictional property of the pavement surface is associated
with the micro-texture of the pavement surface [19]. Additionally, the Ministry of Trans-
portation Ontario (MTO) recommended that the minimum value for pavement surface
friction should be 30 BPN [20]. The results from the 1st to the 3rd field test showed that all
the sections met this MTO requirement, exceeding the 30 BPN threshold. However, very
high BPN values were obtained for several sections, which were associated with surface
ravelling and particles’ movement from the surrounding areas. Hence, surface ravelling
and particles’ movement from the vicinities can threaten the pavement’s durability.

Table 9. Elastic modulus and deflection of Site A.

Trial Section—Site A

Mixes Elastic Modulus (MPa)
st test Standard dev. 2nd test Standard dev. 3rd test Standard dev.
Control Mix 36 12 45 15 39 11
New Mix 1 32 6 38 10 28
New Mix 3 34 10 34 8 28 2
New Mix 2 28 3 29 3 23
Mixes Deflection (um)
st test Standard dev. 2nd test Standard dev. 3rd test Standard dev.
Control Mix 1335 309 1174 374 1350 356
New Mix 1 1530 264 1342 298 1771 172
New Mix 3 1474 341 1470 321 1729 153
New Mix 2 1682 182 1629 175 1715 775
Table 10. Elastic modulus and deflection at Site B.
Trial Section—Site B
Mixes Elastic Modulus (MPa)
st test Standard dev. 2nd test Standard dev. 3rd test Standard dev.
Control Mix 42 10 38 7 36 10
New Mix 2 59 15 73 9 64 9
New Mix 3 41 3 68 6 55 7
Mixes Deflection (um)
st test Standard dev. 2nd test Standard dev. 3rd test Standard dev.
Control Mix 1265 252 1307 276 1430 317
New Mix 2 967 204 667 76 824 104
New Mix 3 1359 119 725 66 935 113
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Figure 25. Elastic modulus and deflection during the 1st test at Site A.
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Figure 26. Elastic modulus and deflection during the 2nd test at Site A.
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LWD result for Site A (3rd Test)
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Figure 27. Elastic modulus and deflection during the 3rd test at Site A.
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Figure 28. Elastic modulus and deflection during the 1st test at Site B.
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Figure 29. Elastic modulus and deflection during the 2nd test at Site B.
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Figure 30. Elastic modulus and deflection during the 3rd test at Site B.

Additionally, all the sections showed a common trend from the 1st to the 3rd test.
Higher BPN values were obtained for all the sections during the 1st test, whereas the
values were reduced in the 2nd. This reduction was because the PRP surfaces were
compacted and polished further by the vehicular traffic after the 1st testing, which probably
smoothened the pavement surface. However, during the 3rd test (in spring, after seven
months of construction), surfaces ravelled and loose particles were transported from the
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site’s surroundings, increasing the BPN number again. The mixes with a higher percentage
of stone aggregates and binders showed lower frictional values than those with a lower
percentage of binder and a higher percentage of rubber. The Control Mix showed the
highest BPN values (73 at Site A and 69 at Site B) since it contained a higher percentage of
rubber aggregates (as shown in Tables 11 and 12, Figures 31 and 32). On the other hand, the
New Mix 2 contained the highest percentage of stone aggregates (75%) and binder (12%),
resulting in lower BPN values (60 at Site A and 59 at Site B).

Table 11. British Pendulum Test result from Site A.

Trial Section—Site A

Mixes British Pendulum Number (BPN)
1st Test Standard dev. 2nd Test Standard dev. 3rd Test Standard dev.
Control Mix 73 10 60 4 64 28
New Mix 1 69 8 55 5 72 9
New Mix 3 58 6 48 4 45 15
New Mix 2 60 6 50 3 55 22
Table 12. British Pendulum Test result from Site B.
Trial Section—Site B
Mixes British Pendulum Number (BPN)
1st Test Standard dew. 2nd Test Standard dew. 3rd Test Standard dew.
Control Mix 69 6 64 2 67 9
New Mix 2 59 8 67 6 83 6
New Mix 3 62 13 60 3 84 7

120
110
100
90
80
70
60
50
40
30
20
10

British Pendulum Number (BPN)

British Pendulum Test - Site A

1112 13

14 15 1.6|2.1 22 23 24 2.5 2.6(3.1 3.2 33 3.4 3.5 3.6|4.1 42 43 44 45 46

Control Mix New Mix 1 New Mix 3 New Mix 2

e=@==]st Test =0==2ndTest ==O0==3rd Test

Figure 31. British Pendulum Test for Site A.
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Figure 32. British Pendulum Test for Site B.

Single-factor ANOVA analysis (with a confidence interval of 95%) was conducted on
the BPT data collected at Site A and Site B. The results showed that there is no significant
effect of the time (from the 1st test to the 3rd test) on the BPN values of the Control Mix,
New Mix 2 and New Mix 3 at Site A. This was proven by the P-values, as the obtained
P-values were higher than 0.05. However, there was a significant effect of time on the BPN
value of the New Mix 1, as the obtained P-value was 0.003, which is less than 0.05. Further,
the time factor had no significant effect on the BPN value of the Control Mix (P-Value 0.58)
at Site B. However, the time significantly affected the BPN value of New Mix 2 and New
Mix 3 at Site B (as the P-value was less than 0.05).

Furthermore, a two-factor ANOVA analysis was conducted for Sites A and B. The two
investigated parameters were location and time. The results showed that the location factor
did not significantly affect any mixes in their changes in BPN number over time.

4.5.3. Rut Depth from Dipstick

The International Roughness Index (IRI) is calculated automatically from recorded
Dipstick measurements. However, trial sections were very small to calculate IRI using
the Dipstick. IRI can only be calculated if at least 37 readings (minimum 9.25 m) can be
obtained from the Dipstick. Therefore, only the average rut depth was possible to calculate
using the Dipstick. Rut depths were calculated for Site A and Site B during the 1st and 2nd
tests. Initial rut depths on Site A for different mixes ranged from —7.0 mm to —8.7 mm
(Table 13 and Figure 33). For Site B, this range was —5.8 mm to —10.7 mm (Table 14 and
Figure 34). The probable reason for this initial rut depth could be the workmanship, the
site’s slopes and the undulating surface.

Table 13. Rut depth result from Site A.

Rut Depth from Dipstick—Site A

Mixes Avg. Depth of Rut (mm)—1st Test Avg. Depth of Rut (mm)—2nd Test
Control Mix -7.7 —225
New Mix 1 -79 —23.6
New Mix 3 -7.0 —22.6
New Mix 2 -8.7 —26.0
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Figure 33. Comparison of rut depth between tests on Site A.
Table 14. Rut depth result from Site B.
Rut Depth from Dipstick—Site B
Mixes Avg. Depth of Rut (mm)—1st Test Avg. Depth of Rut (mm)—2nd Test
Control Mix -10.7 —24.4
New Mix 2 —6.6 —19.6
New Mix 3 —5.8 —21.5
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Figure 34. Comparison of rut depth between tests on Site B.

After fully opening for traffic, greater rut depths were found on each section under
the wheel paths. These rut depths ranged from —22.5 mm to —26.0 mm for Site A and
from —19.6 mm to —24.4 mm for Site B. Hence, compaction occurred under the wheel path,
resulting in a larger rut depth.

A single-factor ANOVA analysis was conducted on the rut depths data collected at
Site A and Site B (with a confidence interval of 95%). The result showed that rut depths
at Site A for different mixes were changed significantly (P-value was less than 0.05) with
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time (between 1st and 2nd test). In contrast, the rut depths on Site B for different mixes
did not change significantly between the tests. The probable reason could be the sites’
location and differences in the stiffness of the subgrade soil. Table 3 showed that the bearing
capacity of the Site A subgrade soil was lower than that of Site B. In addition, a two-factor
ANOVA analysis was conducted for Site A and Site B. The two investigated parameters
were location and time. The result showed that all the mixes were performed similarly at
both sites (P-value is above 0.05).

4.5.4. NCAT Field Permeameter

The permeability of different sections at Site A and Site B was tested three times (right
after construction, three weeks after construction, and seven months later). Sections on
both sites showed a common trend during these three tests. All sections showed more
permeability in the 2nd test than the 1st test at both locations, except for New Mix 3. It is
assumed that all the sections showed a certain permeability right after construction, before
opening for traffic, based on the types of mixes. However, after three weeks of construction,
due to environmental effects, traffic loading and interaction among the components, internal
connectivity could have been changed, and new voids formed. Hence, the permeability
of the sections was increased during the 2nd test. However, the New Mix 3 contained the
highest percentage of binder (12%), probably resulting in greater compaction, reducing the
interconnected air voids. Furthermore, the changes in the permeability of the sections at
Site A and Site B differed in the 3rd test.

The permeability of the Control Mix and the New Mix 1 at Site A further increased in
the 3rd test. In contrast, the permeability of the New Mix 2 and the New Mix 3 at Site A
decreased in the 3rd test (Table 15). The probable reason could be the expansion of existing
voids or the creation of new voids in the Control Mix and the New Mix 1 after winter.
However, more compaction or clogging probably occurred in the New Mix 2 and the New
Mix 3 after the winter.

Table 15. Permeability of Site A.

Permeability of Site A

Mix Average Standard Average Standard Average Standard
Infiltration (mm/h) Deviation Infiltration (mm/h) Deviation Infiltration (mm/h) Deviation
1st Test 2nd Test 3rd Test
Control mix 45,605 6845 48,428 10,956 57,715 9502
New mix 1 44,785 2019 62,741 2313 74,805 13,139
New mix 3 28,368 5183 24,695 7555 22,658 6639
New mix 2 39,608 5970 45,476 4409 40,244 24,851

All the sections at Site B showed reduced permeability during the 3rd test (Table 16).
This can be explained based on field observation. Site B was constructed on a slope
and surrounded by an unpaved area with loose gravel. Thus, lots of dirt particles were
transported to the site from the surrounding area, reducing the sections’ permeability. Even
the lowest part of the site (section with the New Mix 3) was found to be fully clogged with
debris in the 3rd test.

A two-factor ANOVA analysis was conducted for the permeability data collected at
Site A and Site B. The result showed no significant difference in the performance of the
mixes at Site A and Site B (the P-value is higher than 0.05 at an alpha level of 0.05). However,
the permeability rates in the trial sections were significantly higher than the highest rainfall
rate in Canada, which is 298.8 mm /h [26-28].



Sustainability 2023, 15, 2413 27 of 31

Table 16. Permeability of Site B.

Permeability of Site B
Mix Average Standard Average Standard Average Standard
Infiltration (mm/h) Deviation Infiltration (mm/h) Deviation Infiltration (mm/h) Deviation
1st Test 2nd Test 3rd Test
Control mix 39,681 3070 48,334 3808 25,468 18,009
New mix 2 37,698 1991 50,998 3357 11,029 8394
New mix 3 30,469 262 21,649 70 Clogged 0

4.5.5. Surface Distress Evaluation

In three field tests, surface distress was evaluated for Site A and Site B. Visual inspec-
tion showed that there was no visible change from the 1st field testing to the 2nd at both
sites, as shown in Figures 35 and 36. However, during the 3rd field testing, as shown in
Figure 37 (7 months after the construction), insubstantial surface distresses were observed
at Site A and Site B, summarized in Tables 17 and 18, respectively. At Site A and Site B,
surface defects such as slight loss of coarse aggregate and minor ravelling were observed.
In addition, very slight rutting was also found under the wheel paths. Furthermore, very
small transverse and longitudinal cracks were observed at both locations. Surface distress
evaluations are plotted in Figures 38 and 39 for Site A and Site B, respectively.

. ~o

Figure 35. Site B right after construction.
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Figure 37. Site A and Site B after seven months of construction: (a) Site B preparation for testing,

(b) Site A preparation for testing.

Table 17. Site A distress evaluation.

. Distress . . s
Site Manifestation Distress Type Severity Extent Description
Loss of Coarse 2 (Slight) <10% area affected (few) Noticeable loss .of pavement
Aggregates material.
Surface defects — . ble loss/ ;
. . 10 to 20% of surface area Barely noticeable loss/lack o
Site A Ravelling 1 (Very slight) (Intermittent) pavement materials.
Permanent . . o .

deformation Rutting 1 (Very slight)  <10% area affected (few) Barely noticeable, less than 6 mm.

. Longitudinal . o Single crack width less than

Cracking orack 1 (Very slight)  <10% area affected (few) 3 mm. Measured length 10 mm.




Sustainability 2023, 15, 2413 29 of 31

Table 18. Site B distress evaluation.

Distress

Site Manifestation Distress Type Severity Extent Description
Loss of Coarse 2 Slight) <10% area affected (few) Noticeable loss f)f pavement
Aggregates material.
Surface defects
. . 10 to 20% of surface area Barely noticeable loss/lack of
Ravelling 1 (Very slight) (Intermittent) pavement materials.
Site B Permanent . : o i

deformation Rutting 1 (Very slight)  <10% area affected (few) Barely noticeable, less than 6 mm.
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Figure 38. Surface distress evaluation for Site A.
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Figure 39. Surface distress evaluation for Site B.
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5. Conclusions

This research aimed to investigate the properties and performance of PRPs from field
construction before their large-scale use in the Canadian climate. Two trial sections were
constructed using four different mixes. The properties investigated in the laboratory in-
cluded indirect tensile strength, moisture-induced damage due to freeze-thaw cycles and
permanent deformation, while the field investigation covered the pavement’s stiffness, fric-
tional property, roughness, permeability and surface distress at different times in addition
to the subgrade bearing capacity. The results are summarized below:

1. A higher percentage of stone aggregates and binder contents improved the indirect
tensile strength of the PRP materials. In contrast, a higher percentage of rubber
aggregates and binders improved the moisture-induced damage in the material.

2. All the PRP samples retained more than 68% indirect tensile strength after five freeze-
thaw cycles.

3. Interms of permanent deformation, all PRP mixes showed good rutting resistance
ranging between 0.81 mm to 0.99 mm.

4.  Field evaluation revealed that mixes showed higher stiffness and lower rut depth on
the field as soil bearing capacity increased.

5. Frictional values for all the mixes were found to be above the Ministry of Transporta-
tion Ontario (MTO) recommended lower threshold value, 30 BPN.

6. All PRP mixes showed excellent permeability, ranging from 28,368 mm/h to
45,605 mm/h, which is higher than the highest rainfall rate in Canada (298.8 mm/h).

It was observed that material composition, site geometry and existing subgrade condi-
tions mostly influenced the performance of PRP pavements. Though a higher percentage of
rubber aggregates improved the moisture-induced damage in the material, those mixes also
showed higher stripping-related abrasion and ravelling. The abrasion loss and ravelling
were further enhanced when the binder percentages were reduced in the mixes. Thus,
the PRP mixes with higher percentages of stone aggregates and binder performed well.
Besides, the overall procedure of trial section construction, the field and laboratory testing
captured much practical know-how about the paving of PRP material and its performance
outside the laboratory. It also provided essential knowledge to gain confidence with the
preferred mix designs before widespread application in the Canadian climate.
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