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Construction materials research is consistently striving to improve sustainability, in the reduction of virgin ma-
terials by use of otherwise landfilled materials of the same purpose. Crumb rubber (CR) from end-of-life tires
and polyethylene terephthalate (PET) from post-consumer liquid containers are two of the most commonly cir-
culating forms ofwaste in the urban environment. This study investigated the replacement of semi-dense asphalt
(SDA) sand by untreatedmechanically shredded CR and PET, at 2.5 and 5.1% respectively by total mass of aggre-
gates. Themixtures were evaluated by compactability, indirect tensile strength (ITS), fracture energy (FE), water
sensitivity by ITS ratio (ITSR%), surface texture and acoustic absorption tests. After compaction, the CR and PET
samples experienced an elastic rebound effect, which resulted in the air voids being higher than expected.
Also, the PET samples required more compaction energy. The ITS, FE and ITSR% were significantly reduced
with CR replacement, while the PETmixture performed similar to the control, especially in FE. The sound absorp-
tionwas relatedmore to the air voids than thematerial type, although the absorption coefficients of the SDAwas
not found to be significant. The CR reduced the texture level of the pavement significantly in comparison to the
control, while texture level remained the same for the PET mixture, despite a difference in the porosity. Further
studies were performed using a mixture replacing PET by aggregate volume at 5.1%, comparing it to the control
SDA in terms of low temperature cracking and permanent deformation at 50 °C. While the compactability of the
PET mixture was now similar to that of the control, the resistance to cracking and permanent deformation was
lower. Although the PET mixture had some interesting ductility properties, the replacement of sand by CR and
PET is not recommended, and the more common use as asphalt mixture modifiers with fairly low addition con-
tents of around 1% is more sound.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

With increases in demand, the fabrication of construction sand is a
significant challenge for construction materials going forward [1]. The
sand in asphalt pavement mixtures is made by crushing quarried larger
sized aggregates. The use ofmarginalwastematerials could partially ad-
dress this issue while providing a useful destination for waste materials
[2]. Among thesematerials are crumb rubber (CR) or polyethylene tere-
phthalate (PET) flakes, which are waste materials with a particle size
similar to sand andmelting point compatible with hot mix asphalt. Fur-
thermore, they are abundant in the urban environment [3].
alt Laboratory, Empa, 129
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CR is sourced from end of life tires (ELT), and has been used in as-
phalt mixtures since the 19th century [4]. Out of the estimated 3 Mt.
of ELT collected in the EU each year, it is estimated that 1.2 Mt. are
landfilled [3]. After vehicle tires are too worn to be safe and to be
recycled into new tires, they can be broken down to produce CR [5].
The rubber is processed to reduce the particle size and sometimes
treated or pre-swelled. The CR can then be incorporated into the asphalt
mixture in two ways: i) during the asphalt mixing added to hot aggre-
gates known as the dry process [6] or ii) pre-mixed with the asphalt
binder used in the mixture known as the wet process [7] including ter-
minal blend, which is done at higher temperatures [8]. The replacement
of asphalt sand by CR would constitute a type of dry process.

The mechanical characteristics of CR dry process modified asphalt
mixture compared to conventional mixtures have been mixed, as some
studies showed improved fatigue resistance [9,10], while others showed
it decreased [11]. The rutting resistance of the mixture was not found to
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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be altered significantly [9], or improved with CR [12]. Furthermore, the
indirect tensile strength ratio (ITSR%) from water sensitivity was found
to not change significantly [13] or decrease [11,14]. The addition of var-
ious additives to CR has been shown to improve these asphalt mixture
properties [3]. In addition to the mechanical performance, the sounds
absorption properties were shown to be not very different [15], while
the surface texture was found to be smoother with CR [16,17].

PET waste comes primarily from discarded plastic bottles and other
plastic containers [2,18]. The PET recycling rate can be as much as 82%
for places like Switzerland [19], but it is less than half in other countries
[20]. Asphalt mixture can be a destination for this waste. While studies
using PET modified binder exist [21–27] – including its application in
the field [28] – their relatively high melting point compared to other
waste plastics and bitumen, it has been primarily incorporated using
the dry process. This is also less conducive to consuming large volumes
of PET given the binder represents 4–7% of asphalt mixtures.

The performance of asphalt mixtures modified with PET has been
promising with studies showing improved fatigue [29–31], rutting re-
sistance and resistance to permanent deformation [32,33], binder
drain down [34], as well as the moisture sensitivity by indirect tensile
strength ratio (ITSR%) [35]. However, this is generally only up to 1% by
weight of themixture, and higher rates would reduce this performance.
These are promising results and show that the incorporation of PET into
different types of asphalt mixtures warrants further investigation.

Several studies have already attempted to use PET as aggregates in
dense asphalt mixtures. They have found a reduction in the stiffness
[36–38], tensile strength and low temperature cracking susceptibility
[39]. However, the moisture sensitivity and rutting was found to im-
prove [13,38].

Given that CR and PET have shown some interesting results as addi-
tives to asphalt mixtures, their ability to replace the sand in higher po-
rosity mixtures is of interest. In this study semi-dense asphalt (SDA)
mixtures with CR and PET replacement of the sand fraction were inves-
tigated. Initially, two trial mixes incorporating each material were pro-
duced and tested for volumetrics, compactability, indirect tensile
strength (ITS) and water sensitivity. Additionally, these mixes were
tested for their sound absorption and texture properties. Based on the
results, an improved PET mixture was produced and tested for crack
and permanent deformation resistance against the control.

2. Materials and testing

2.1. Materials

2.1.1. Bitumen and aggregates
The binder used for the asphaltmixturewas an SBS (styrene-butadi-

ene-styrene) polymer modified binder (PmB) graded at 45/80 – 65 ac-
cording to the penetration EN 1426 [40] and softening point (EN
1427). The control aggregates were quarried sandstone from FAMSA
(Switzerland). The mixture used for this testing was Semi-Dense As-
phalt (SDA 4–16), currently a commonly used gap graded mixture in
Fig. 1.Waste materials for aggregate replacement: c
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Switzerland, primarily used for its low-noise properties [41]. Polymer
modified binder is part of the requirements for SDA in the Swiss stan-
dards SN 640 436 [42]. The maximum aggregate size was 4 mm and
the required air voids content was 16 ± 2%. It should also be noted
that the binder is the same for all of the mixtures, allowing the effect
of sand replacement to be distinguished.

The waste materials (Fig. 1) were selected for their compatibility as
a sand fraction (particle size mostly between 0.1 and 2 mm), and their
availability in the waste stream. The CR and PET were both untreated
and their densities were about half the density of the sandstone
(Table 1). The CR was produced by Tyre Recycling Solutions
(Switzerland) through the mechanical grinding of waste truck tires,
with no further treatment, making them relatively cheaper to treated
CR types [7] and more viable for higher volume replacement. The
metal content was 0.011%, which is in the typical range of CRs [7]. CR
being a vulcanizedmaterial, cannot melt and flow due to its crosslinked
nature, this is why they are so challenging to recycle. Therefore, rubber
crumbs do not have amelting temperature; when heated theywill start
degrading at a temperature above 200–250 °C, and so can be used as
aggregates.

The PET was sourced from RecyPET (Switzerland), and is mostly
from recycled plastic bottles, delivered in the form of flakes. This could
be classified as “crumb PET”. Since flaky particles are mostly found at
higher aggregate sizes [43], this replacement is expected to change
the overall aggregate shape profile. The high melting temperature
of PET indicated that they will not melt during the asphalt mixture
production process.

The gradations for the control and waste aggregates are shown in
Table 2. The SDA 4–16 mixture comes in three fractions, the coarse ag-
gregate, sand and filler, which makes the sand replacement simpler.
The CR is fine compared to the sand, with most particles 0.125–1 mm.
The PET is more coarse than CR, having most particles between 0.5
and 2 mm. The narrow gradation of CR and PET limits the amount of
sand that can be replaced while keeping the gradation within the limits
for the mixture.

2.1.2. Asphalt mixtures
The mixture compositions are shown in Table 3. In the initial two

mixtures with waste materials, the CR and PET replaced the sand frac-
tion by mass at 2.5 and 5.1% by the total mass of the mixture, respec-
tively. The replacement levels were close to the highest successful
replacement rates found in previous studies. Based on the results in
the first two mixtures (see Results and Discussion), another PET mix-
ture was produced where the PET was replaced by its volume relative
to the sandstone, meaning the PET content was about half of the initial
mixture due to its lower density (see Table 1). The binder content was
increased to 6.1% to improve compactability and compared to a control
mixture with the same binder content. The second set of experiments
were designed to determine the low temperature (0 °C) and intermedi-
ate temperature (50 °C) behavior of thematerial were susceptibility for
cracking and rutting could exist.
ontrol sand (left), CR (middle) and PET (right).



Table 1
Physical properties of aggregates and waste materials.

Aggregate Fraction Apparent Density Bulk Density Melting Temperature (°C)a Glass Transition Temperature (°C)a TGA % mass @800°Cb

Mg/m3 °C °C %

2/4 Coarse 2.711 2.647 – – –
0.063/4 Sand 2.699 2.657 – – –
0/0.063 Filler 2.729 – – – –
CR 1.270 – – −18 to −25 7
PET 1.416 – 245.6 81 14

a Found by differential scanning calorimetry (DSC).
b Thermogravimetric analysis % of original mass remaining.

Table 2
Gradation of aggregates and waste materials (by mass).

%Passing Control Sandstone CR PET

Sieve Size (mm) 2/4 0.063/4 0/0.063

8.0 100.0 100.0 100.0 100.0 100.0
5.6 99.8 100.0 100.0 100.0 100.0
4.0 73.9 97.4 100.0 100.0 99.9
2.8 26.3 87.1 100.0 100.0 99.5
2.0 5.0 77.7 100.0 100.0 96.2
1.4 0.8 64.9 100.0 100.0 38.4
1.0 0.6 52.0 100.0 100.0 24.6
0.500 0.5 35.8 100.0 82.0 8.2
0.250 0.4 24.6 100.0 35.0 2.3
0.125 0.3 11.2 98.0 9.0 1.3
0.063 0.1 3.7 82.0 2.0 1.2
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The mineral aggregates were heated to a temperature of 170 °C be-
fore mixing, while the waste aggregates were not pre-heated. The ag-
gregates mixed in the drum for 5 min, with another 4.5 min of full
mixing after the introduction of the binder.
2.2. Testing

2.2.1. Volumetrics and compaction
Themaximum relative density of the loosemixture was determined

by EN 12697-5 from five samples for eachmixture. Asphalt mixture cyl-
inders were then compacted by gyratory compactor at a temperature of
155 °C to 16 ± 2% air voids. The samples were kept at 155 °C for 2–3 h,
which was assumed to be sufficient for the CR mixture heat condition-
ing recommended in practice [6,44]. Due to the expansion of the CR
and PET samples post-compaction, a second set of samples were
made, where a 13 kPa load was applied on top of the sample post-
compaction for 24 h in order to try and reduce the expansion of the
samples. The bulk density of the sample was determined geometrically
according to EN 12697-29 [45].

The compactability of the asphalt mixture was defined by a version
of the Compaction Energy Index [46] adapted by Goh and You [88] to
mixtures with high air voids where the index was determined (Fig. 2)
by taking the area of the compaction percentage (Gmm%) from the 8th
Table 3
Asphalt mixture compositions by mass.

Mixture Control Sandstone % CR% PET%

2/4 0.063/4 Filler

Control SDA 4 I 63.1 23.9 7.3 – –
CR 2.5% 63.1 21.4 7.3 2.5 –
PET 5.1% 63.1 18.9 7.3 – 5.1
Control SDA 4 II 62.8 23.8 7.2 – –
PET 5.1% by Vol. 64.3 19.2 7.4 – 2.8
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gyration to 82% Gmm [47]. This was calculated based on the compaction
of the water sensitivity samples.
2.2.2. Indirect tensile strength and water sensitivity
The indirect tensile strength (ITS) and water sensitivity were deter-

mined according to EN 12697-12 [48] where three samples 99.5 ±
0.5 mm in diameter and 64.0 ± 2.0 mm in height were tested in dry
andwet conditions at 25 °C. The wet condition consisted of submerging
the sample in water for 70 ± 2 h at 40 °C. The ITS was calculated based
on Eq. (1):

ITSmax ¼ 2Pmax

πdt
ð1Þ

where P is themaximum force to failure, t is the thickness of the sample,
and d is the diameter. The indirect tensile strength ratio (ITSR%)was cal-
culated as in Eq. (2).

ITSR% ¼ 100% x
ITSwet

ITSdry
ð2Þ

2.2.3. Fracture energy
The ITS fracture energy was calculated using the area under the

stress-strain curve before the maximum stress and after (Fig. 3). The
pre-peak area is taken as the fracture energy (FE) and the post-peak
area over the peak strain (Ɛp) is taken as the post-fracture energy
(PE). Their sum is known as the toughness [49,50]. The two mentioned
fracture energymethodswere also used to evaluatewater sensitivity by
calculating the FE ratio of the samples as a percentage of dry samples
(Eq. (2)), and comparing these results with the ITSR%.
2.2.4. Semi-circular bending
The cracking resistance from PET replacement by volume was mea-

sured by the semi-circular bending (SCB) test according to EN 12697-44
[51] (Fig. 4). The cylindrical samples were compacted by gyratory com-
paction to a height of 50 mm and a diameter of 150 mm, and diamond
saw cut on the top and bottom, reducing the height of each sample to
30 ± 3 mm. The samples were cut in half and a notch 10 ± 1 mm
deep and 3.5 ± 1 mm wide was cut into the middle of each half. After
Binder % Testing

PmB 45/80–65

5.75 Water Sensitivity, Fracture Energy, Surface Texture
5.75
5.75
6.10 Cyclic Compression, Semi-Circular Bending
6.10



Fig. 2.Modified compaction energy index (CEI %) at 82% Gmm based on Goh and You (2012).

Fig. 4. Semi-circular bending (SCB) testing (left) after conditioning at 0 °C (EN 12697-44)
and cyclic compression test setup [52] (right).
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conditioning the samples at 0 °C for 4 h, the three point loading was
conducted at a vertical deformation rate of 5.0 ± 0.2 mm/min. From
this, the fracture Toughness, KIc (N/m3/2), was calculated from the
peak-stress σmax, as in Eq. (3),

σmax ¼ 4:263 Fmax

D� t
ð3Þ

where Fmax is the peak load, D is the diameter of the specimen and t is
the thickness. This can be used to compute Eq. (4) as follows:

KIc ¼ σmaxf
a
W

� �
ð4Þ

where f a
W

� �
is a parameter incorporating the specimen height (W) and

notch depth (a).

2.2.5. Cyclic compression
The resistance to intermediate temperature deformation of the con-

trol and optimized PET mixtures were characterized by the cyclic com-
pression test, based on the German standard [53], which is a more
Fig. 3. Fracture energy method applied to ITS stress-strain curve based on Park et al., 2015.
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Fig. 6. Scanning asphalt texture with Ames Engineering 9400HD 3D laser scanner.
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explicit version of the European standard [54]. The asphalt mixture is
compacted to cylinders 100 ± 1 mm in diameter and 60 ± 1 mm in
height, with graphite applied to the top and bottom surface to encour-
age more homogenous contact with the loading plate. The samples
were conditioned at 50 °C before the test for 4 h and the sample was
loaded axially for 1.7 s cycles and 1.5 s rest periods (Fig. 4). The upper
and lower stresses were set at 0.350 and 0.025 MPa, respectively. The
loading proceeded until the cumulative axial strain, Ɛn had reached
40% (Eq. (5)):

Ɛn ¼ h0−hnð Þ
h0

x 1000 ð5Þ

where h0 is the specimen height after initial loading, hn is the specimen
height after n cycles of loading. Three stages can be distinguished.

2.2.6. Sound absorption
The sound absorption coefficients of the mixtures were measured

using a Brüel & Kjær impedance tube model 4206. The measurements
were carried out according to the transfer function method described
in ISO 10534-2 (Fig. 5). The cylindrical sampleswith 100mmdiameters
were sealed in the tube in two stages. First, the curved surface of the
sample was covered with a stiff adhesive tape. This was done in order
to seal the gap between the samples and the inner curved surface of
the impedance tube to avoid acoustic energy leakage and unwanted vi-
bration. For this purpose the samples were abraded using a sandpaper
machine so that a tolerance of −0.2 mmwas created to create enough
gap size for the sealing tape. Second, the rim of the sample was sealed
using a petroleum jelly as recommended in ISO 10534-2. This would
help avoid acoustic energy leakage through the cracks around the rim
of the sample. Tests were carried out three times for each sample,
with a rotation of 120° at each step, to count for possible randomness
of the surface texture. The results were then averaged to calculate the
absorption coefficient of each mixture.

2.2.7. Texture scanning
The surface texture of the asphalt mixture samples was measured

with an Ames Engineering 9400HD 3D laser scanner (Fig. 6). The tests
were conduction on 6 cylindrical asphalt samples with a diameter of
100 mm (see Section 2.2.1) of each type. The test was conducted by
placing the sample horizontally under the device and conducting a
50 × 50 mm area scan. The resolutions were 0.005 mm vertically,
0.006 mm along the length of the scan and 0.025 mm for the width.
Each area scan consisted of 200 scan lines and was used to calculate
the average mean profile depth (MPD), skewness (Rsk), kurtosis (Rku)
and length/ area ratio via the Ames software. The MPD, where repre-
sents the texture amplitude in a single value, was calculated removing
wavelengths below 2.5 mm as prescribed by ISO 13473-1, however,
Fig. 5. Sound absorption measurement se
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themaximumscan linewas limited to 50mmdue to the size of the sam-
ples, less than the 100 mm minimum prescribed. The skewness is a
measure of how positive or negative the texture is, with negative tex-
ture (<0) meaning less vibration and potentially less noise [41]. Finally,
kurtosis is a measure of the spikiness/ bumpiness of the surface, with
more bumpiness at values of less than 3 [55]. This can be an indication
of the wearing behavior.

Furthermore, 200 of the scan lineswere used to calculate the texture
level (LTX,λ) relative to the texture wavelengths, λ, by taking the 1/3rd
octave band power spectral density graphs for each scanline and using
Eq. (6) derived from ISO 13473-4.

LTX,λ ¼ 10 log
Zp,λ∗0:232f

aref 2

� �
dB ð6Þ

where Zp, λ is the 1/3rd octave band power spectral density (PSD) am-
plitude for a certain texture bandwidth, λ, 0.232f is the bandwidth of
the 1/3rd octave band (with spatial center frequency f = 1/λ, and aref
is the reference value of the surface profile amplitude (10−6 m given
by ISO 13473-4). Given the sample sizes and the resolution of the
scanner, LTX was analyzed for texture wavelengths of 0.05–50 mm.
ISO 13473-4 advises that the maximum texture wavelength analyzed,
λmax be much smaller than the analysis length, l, whereas in our case,
λmax = l. Given that ISO 13473-4 is written for laser scanners pulled
by a car driving on the road, maximum wavelengths of greater than
50 mm are more feasible than with laboratory samples. However, the
modified laboratory method employed here is more precise than the
field method prescribed as it is standstill and not attached to a moving
vehicle.
tup with 100 mm cylindrical sample.
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3. Results and discussion

3.1. Volumetrics and compaction

The volumetric properties of the asphalt mixtures are shown in
Table 4. Firstly, it can be noted that themaximumdensity of the samples
is lower with the lighter waste aggregates. While the samples were ini-
tially compacted to be as close to 64 mm in height as possible, the first
set of CR and PET samples with replacement by mass tended to expand
after the compaction during the cooling phase of the sample prepara-
tion. This was around 2 mm (3.1%) for the CR and 4.8 mm (7.5%) for
PET, which was not present in the control and corresponded to the rel-
ative replacement rates of CR andPET. This expansion resulted in a voids
content of 18% and 21.9% for the CR and PET mixtures, respectively,
meaning that these sampleswere in the porous asphalt range that is de-
fined as around 20% and up [41]. To hinder the expansion, a second set
of CR and PET samples had a 13 kPa load placed on top during cooling
where the asphalt is most likely to move, while the samples are left
with in the mould for 24 h. After the cooling, the expansion is thought
to be less likely. This significantly reduced the expansion of the CRmix-
ture to 0.9 mm (1.4%), while having little effect on the PET mixture
which had an expansion of 3.9 mm (6.1%). Based on the air voids, the
second set of PET sampleswere discarded, while the two sets of CR sam-
ples are herein referred to as “CR 2.5% post load” for the samples with
pressure applied in the 24 h after compaction.

The differences in the post compaction expansion in loading can be
understood by looking at the compaction energy and number of gyra-
tions to reach 83% Gmm shown in Fig. 7. The PET samples were much
more difficult to compact than the control, while the CR samples, agree-
ing with previous studies [56], were relatively easy to compact. This is
due to on one hand, the CR being much softer than the PET, but also
due to the higher content of the latter, and being more flaky, which
has been reported to decrease the compactability [57].

Given that a certain conditioning time with already allowed for
swelling [58] in the case of CR, the expansion is speculated to be due
to the hyperelasticity of the CR [59], where the expansion is a response
to the shear forces from the gyratory compaction [60,61]. For this rea-
son, adding a load is recommended by some researchers [56]. While
this effect is said to be specific to laboratory compaction, some field
guidelines dictate the screening out of CR particles of above 2 mm for
this reason [62], which is indicative of this being an issue in the field
as well.

For the PET, due to the force of compaction required, elastic com-
pression of the PET in the mixture may be a factor, which would re-
cover when the samples is demolded. The long shape of the PET is
Table 4
Volumetric properties of asphalt mixtures for ITSR%.

Sample %
Δha

Bulk Density
(kg/m3)

Max.
Density
(kg/m3)

Air
Voids
%

VMA
%

VFA
%

EN 12697-29 EN 12697-5 8

Control SDA 4 I – 2061.9 2463.3 16.3 27.1 39.8
Std Dev – 9.2 20.9 0.4 0.3 0.7
CR 2.5% 3.2 1964.0 2395.6 18.0 28.2 36.2
Std Dev 0.4 7.1 10.1 0.3 0.3 0.5
CR 2.5% post loadb 1.4 1987.4 2395.6 17.0 27.4 37.8
Std Dev 0.2 4.0 10.1 0.2 0.1 0.3
PET 5.1% 6.1 1845.4 2363.0 21.9 31.4 30.3
Std Dev 0.9 28.4 15.8 1.2 1.1 1.5
PET 5.1% post
loadb

4.5 1857.9 2363.0 21.4 30.9 30.9

Std Dev 0.1 3.3 15.8 0.1 0.1 0.2

a Difference in sample height between after compaction and after 24 h at room
temperature.

b 13 kPa load applied post-compaction for same mixture.
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also a factor in the PET adding more stiffness to the mixture [35].
Hence, these effects were more difficult to mitigate with the post
compaction load than with CR. Due to the much smaller amount of
research on PET, this effect has not been reported or discussed. Other-
wise, it is clear that higher PET replacement of fine aggregates needs
to be done on a volume basis to ensure adequate compactability and
volumetric properties.

3.2. Indirect tensile strength and water sensitivity

The ITS andwater sensitivity results are shown in Table 5. In terms of
ITS in general, the values for CR and PET samples are significantly lower
relative to the control. This is due to both the higher air voids content
and the CR and PET aggregates being softer than sandstone. In the
case of CR mixtures, the amount of CR used is significantly higher than
the conventionally used amounts of 1% [ref]. In case of PET mixtures,
the smoother surface of the PET particles would naturally have lower
adhesion to bitumen. In terms of the ITSR%, the PET samples perform
somewhat worse than the control, but this is still above the national re-
quirement of 70% (SN 640 431-1c-NA) [63] and in agreement with pre-
vious testing of PETmixtures [34,35,39,64]. The CR samples on the other
hand, despite having a lower ITS, have a significantly lower ITSR%. This is
in agreement with previous studies of untreated CR added with the dry
process. This has been attributed to the CR particles negatively affecting
the adhesion of the aggregates and binder [11,14]. The source of this is
likely due to some surface energy incompatibility with the bitumen,
which is why many CRs are surface treated before being added to as-
phalt [65]. The 2.5% replacement rate can also be considered especially
high compared to what is typically tested.

The PET, which was also replaced at a higher quantity than the CR is
more adequate as an aggregate. Previous studies on PET incorporation
found that the moisture resistance can be improved [32,66], but with
PET contents much lower than 5.1% by mass of the aggregates. Where
PET contents were closer to those of the current study, the moisture re-
sistance was also found to be lower [34,35,67,68].

3.3. Indirect tensile strength fracture energy

3.3.1. Dry samples
While the ITS is based on the maximum load, the fracture energy is

calculated from the stress-strain diagram. For the fracture energy (FE)
shown in Fig. 8, which is an indicator of cracking resistance prior to
the peak load, the CR samples required much less energy to fail. The
PET samples on the other hand perform much better; achieving 85% of
the control for the FE in comparison to 70% for the ITS (Table 5). The
post-fracture energy (PE), an indication of crack propagation, shows a
similar pattern to the FE.

3.3.2. Water sensitivity based on fracture energy
The water sensitivity can also be looked at with fracture energy. As

expected, the fracture energy as well as the post fracture energy in
wet state are less than dry state for all samples, indicating less energy
is required for sample to fail. However, in the case of the FE and PE,
the effects of water are not as significant aswith ITSR% (Fig. 8) as the be-
havior of the material during the entirety of the test is considered. For
the control and PET samples, they show considerably less reduction
after water conditioning, the results showing that the wet samples
retained 90–100% of their energy absorption during indirect tensile
loading. This is due to the fact that classic ITSR% considers only the
peak load, and thus, favoring stiffer mixtures over more ductile ones.
The CR samples degraded significantly more as previously indicated.

3.4. Sound absorption

Fig. 9 shows the absorption coefficient for the samples versus the
control SDA 4, along the frequency range of 400 Hz to 1200 Hz on



Fig. 7. Number of gyrations to 83% of maximum density and CEI of ITS% gyratory samples.

Table 5
ITS and water sensitivity results.

Sample Max Load Dry (kPa) Max Load Wet (kPa) ITSR %

Control SDA 4 I 1127.3 915.0 81.2
Std Dev 43.9 15.7
CR 2.5% 511.8 294.6 57.6
Std Dev 19.6 17.6
CR 2.5% post load 596.5 326.2 54.7
Std Dev 9.5 21.1
PET 5.1% 797.8 580.8 72.8
Std Dev 57.2 44.6

Fig. 9. Sound absorption of gyratory compacted samples for ITS.
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semi-logarithmic axes. This frequency range is selected since this is the
range where traffic noise is dominant, i.e. effective noise reduction due
to absorption is expected in this range. The absorption coefficients of the
crumb rubber mixture (18% air voids), the crumb rubber post loadmix-
ture (17% air void), the PET mixture (21.9% air voids) and control mix-
ture (16.3% air voids) reach a maximum of 0.21, 0.09, 0.28 and 0.21
respectively. In general, these values of absorption coefficient are not
considered significant.

Although some studies show higher values for the absorption coeffi-
cients of different asphalt mixtures, the measurements in the current
study do not show absorption coefficient values which would indicate
significant sound absorption. This might be due to several factors:
(1) The difference between the measurement methods i.e. in situ or re-
verberation chamber measurements instead of normal incidence
Fig. 8. Indirect tensile fracture energy (FE) and post-fract
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impedance tube method used in the current study, (2) the difference
between the air void percentage, e.g. 20–30% air void content in some
studies [15,69–74] compared to 16%–22% in this study, and (3) the dif-
ference in the precision of the sealing practice of the samples. The stud-
ies with similar air voids to ones studied here also had similar
ure energy (PE) before and after water conditioning.



Table 6
Texture parameters of gyratory compacted samples.

Mixture Air Voids % MPD (mm) Rsk (mm) Rku (mm)

Control SDA 4I 16.3 0.727 −1.378 2.234
Std Dev 0.4 0.047 0.049 0.290
CR 2.5% 18.0 0.507 −1.572 3.279
Std Dev 0.3 0.028 0.064 0.290
CR 2.5% post load 17.0 0.447 −1.726 3.990
Std Dev 0.2 0.034 0.132 0.651
PET 5.1% 21.9 0.752 −1.322 2.357
Std Dev 1.2 0.033 0.028 0.210
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absorption coefficients [75,76], indicating that SDAmight not be porous
enough as a sound reduction surface compared to porous asphalt as also
found in the literature [41]. This is to be further investigated in future
work.

3.5. Surface texture

The surface texture parameters are show in Table 6. The Mean
Profile Depth (MPD), an indication of noise properties, was found to
be significantly lower in the CR samples and only somewhat higher
than the control for the PET samples. The decrease MPD was also re-
ported in previous studies with dry process CR incorporation into as-
phalt [13,77,78]. This has been correlated to a reduction in the tire/
pavement noise generation for porous mixtures [79].

The texture skewness (Rsk) is a parameter where a negative value
[80] indicates a profile less susceptible to generating noise from vibra-
tions.While all of themixtures show negative textures, the CRmixtures
are more negative than the control and PET sample. Kurtosis (Rku) is an
Fig. 10. Texture levels (Ltx) of gy

Table 7
Volumetric properties of SCB test samples.

Sample % Δha Bulk Density (kg/m3) Ma
EN 12697-29 EN

Control SDA 4 II – 2061.9 246
Std Dev – 9.2 20.9
PET 5.1% by volb 0.4 1968.1 240
Std Dev 0.6 7.5 2.0

a Difference in sample height between after compaction and after 24 h at room temperatur
b PET replaced by volume instead of mass.
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indication of the bumpiness/ jaggedness of the surface, with a more
bumpy surface (<3) being less susceptible to wear [55]. The CR
mixtures are significantly higher in this, possibly indicating that they
could be more susceptible to wearing, while the PET mixture is very
similar to the control. Similar results were found previously for CR
mixtures, although also with a high standard deviation as in the
present study [81] meaning that the results should be interpreted
cautiously.

The texture level (Ltx) of the pavements in thewavelength range 0.1
to 100mm is shown in Fig. 10. As foundwith theMPD, in comparison to
the control mixture the texture level is much lower for the CR samples
and similar with the PET. This is true for both the macro (50–16 mm)
and microtexture (<8 mm). This trend has been observed previously
with dry CR incorporated for gap-graded mixtures [82,83]. This leve1
is slightly lower for the CR sample with lower air voids, while the PET
sample performs the same as the control despite having an air voids
content that is 6% higher. The findings indicate a bias of the texture
level to the material over the air void content.

A lower texture amplitude at wavelengths 2–8 mm has been corre-
lated to higher noise generation at higher frequencies (200–5000 Hz),
while lower amplitude at 16–160 mm has been correlated to lower
noise at lower frequencies below 800 Hz [82,84,85], so there may be a
reduction in low frequency noise but an increase for higher frequencies.
This can been explained by the higher texture level / lower frequency
noise corresponding to tire vibrations and the lower texture higher fre-
quency noise corresponding to aerodynamic effects of the air travelling
through the pavement [82]. The CR incorporation may be favorable to
dampening the tire-vibration effects. The lower macrotexture may
also reduce the fuel consumption for vehicles [86]. Lower texture also
indicates lower skid resistance [87] and lower safety, which should
also be considered.
ratory compacted samples.

x. Density (kg/m3) Air Voids % VMA % VFA %
12697-5

3.3 16.3 27.1 39.8
0.4 0.3 0.7

4.6 18.2 28.7 36.8
0.3 0.3 0.5

e.



Fig. 11. Semi-circular bending (SCB) toughness (left) and loading curves (right) at 0 °C.

Fig. 12. Cyclic compression test results for each sample at 50 °C.
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3.6. Performance of optimized asphalt mixtures with PET replacement by
volume

The results from the replacement of aggregate sand by CR and PET
(Table 7) showed that while the CR replacement had very low ITS and
high water sensitivity, the PET samples showed interesting results
with regards to acceptable water sensitivity and ITS fracture energy
similar to that of the control. However, the compaction of the PET mix-
ture was very difficult, and resulted in an air void content in the porous
asphalt range. To mitigate this, replacing the 5.1% PET by volume (2.8%
by mass) was made and compared with the control mixture.

The volumetric properties are shown in Table 7. The samples were
again compacted to 16% air voids, but experienced the same elastic re-
bound, although at a less significant rate of 0.4% as opposed to the pre-
vious values at over 6% when the PET was replaced by mass. The
compaction was also a challenge, with the samples only compacted to
an average of 18.2% voids due to the length of time it took for compac-
tion. However, the 100 mm cyclic compression samples did not have
such issues, so the compaction very well could be an outlier related to
comparing the 150 mm diameter samples with the 100 mm samples,
with the former taking many more cycles to compact.

The cracking susceptibility at 0 °C using the SCB results (Fig. 11)
show that the PET sample had a lower cracking resistance at 0 °C,
around 80% of the control sample result. These results diverge from
the results of ITS in Table 5, where the fracture energy was similar to
9

the control for the PET mixture. However the strength using ITS was
70.8% and 63.5% of control for dry and wet samples respectively. This
could be explained by the lower temperature (0 °C) used for SCB test
compared to ITS at (25 °C). However, it is also worth noting that the
loading curves were less sharp after the peak than for the control, indi-
cating a less brittle post fracture failure.

The cyclic compression results at 50 °C are shown in Fig. 12. Here, the
PET samples are able to resist far fewer cycles than the control at higher
temperatures, similar to other studies with higher PET contents [35].
While one issue is the higher voids content in the PET samples, when
considering the previous SCB cracking results, there is likely a reduction
in the internal cohesion from the PET replacement, most likely from a
reduction in adhesion of this material compared to the virgin aggre-
gates. Furthermore the effect of the binder and its softening at higher
temperatures should be considered. At higher temperatures the binder
becomes soft and the effect of sand more prominent. This suggests that
replacing sand with PET waste should be further optimized considering
the type and amount of base binder as well as amount of waste PET.
Comparing the low temperature results in the SCB test (Fig. 11) and
the high temperature behavior in CCT, it is apparent that temperature
plays an important role for PET modified mixtures. While at low tem-
peratures the three component composite bitumen/aggregate/PET be-
have more elastic at high temperature close to the softening point of
bitumen on of these component i.e. bitumen and to a certain extent
PET starts to become softer which has a direct effect on the permanent
deformation shown in Fig. 12.

4. Conclusions

The current study presented the partial replacement of Semi-Dense
Asphalt (SDA) sand fraction by waste Crumb Rubber (CR) and waste
Polyethylene Terephthalate (PET). The conclusions from the study are
as follows:

• Sand replacement by elastic aggregates like CR and PET can result in
elastic rebound post-compaction. While this can be somewhat miti-
gated in the lab, it could occur in the field when these type of mate-
rials, including other plastics, are added to asphalt aggregates in the
field. It needs to be accounted in the pavement placement and quality
control. This can be done by accounting for the expansion in the road
design ormodifying the aggregates structure. Not doing so can results
in higher than planned air void contents, and subsequent issues with
pavement durability.

• CR replacement of sand in SDA significantly reduces the ITS and ITSR%
of the mixtures, making it a poor replacement for sand.

• The surface texture is improved from CR replacement in terms of fuel
consumption, and possibly the noise reduction properties.
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• The sound absorption seems to be affectedmostly by the air void con-
tent and not the sand replacement, but remains fairly modest for SDA
and the PET replacement mixture with higher air voids.

• The PET replacement of sand in SDA by mass reduces the ITS of the
mixtures while being similar in fracture energy, making the mixture
more ductile. However, this mixture is very difficult to compact.

• PET replacement of sand in SDA by volume results in a reduction of
low temperature cracking and permanent deformation resistance at
higher temperatures. However the performance at higher tempera-
tures diverges more significantly from the reference.

• The effect of temperature and difference in the behavior of the three
component composite has to be considered in the design of such
mixtures.

While finding opportunities for replacement in asphalt mixtures is
important, it is not recommended to directly replace significant frac-
tions of sand in porous mixtures like SDA with CR and PET. This can
lead to poor cracking resistance, moisture sensitivity and rutting resis-
tance. When these materials are used in asphalt mixtures with higher
than conventional porosities, they should be used more as modifiers
for the bitumen or additives in mixtures, as is already the case with
CR. Further considerations are optimization of base binder type and
content, waste content, hot asphalt odor modification and waste pre-
treatment solutions.
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