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Abstract: Literature has shown positive results to using waste plastic as an alternative source for PMBs
where considerable interest in using waste High-density polyethylene (HDPE) has been highlighted
on improving rutting resistance. Most importantly, using a waste polymer for an application has
benefits (i.e., maintenance, environmental) by improving the durability and quality of our roads and
by avoiding polymers from landfill or incineration. This research uses the Multiple Stress Creep
Recovery (MSCR) test to assess the performance of a binder modified with waste HDPE polymer.
The outcomes of this research highlights that a HDPE content of 2—4% shows a substantial increase
in rutting resistance and an improvement in elastic recovery. The elastic recovery reported does
improve from previous research results however it does underperform in comparison with the Styrene
butadiene styrene (SBS) polymer counterpart. Furthermore, it can be indicated by the aging index
that a HDPE content of greater than 4% can be detrimental to the aging effects leading to fatigue
cracking. It is recommended that a combination of both waste HDPE and an elastomeric polymer
such as crumb rubber is to be used in future test work to improve the elastic recovery and address the
effects of fatigue cracking.

Keywords: waste plastic; polymer modified binder; HDPE; rutting; permanent deformation;
MSCR test

1. Introduction

1.1. Background

Rutting is one of the main issue in pavement engineering [1]. Rutting, also referred to as permanent
deformation is a common occurrence in the North West of Australia where pavement is subjected
to higher trafficable loading from an increase usage of road trains under hot climatic conditions [2].
The main cause for rutting is apparent when a binder becomes sensitive to stress at high temperatures
due to the softness of the binder [3]. Thus, it is important to investigate the temperature vulnerability
of a binder in order to address rutting resistance [4].

Polymer Modified Binder’s (PMBs) are a popular way to enhance the binder’s performance against
both fatigue and rutting. The application of polymer-modified bitumen enhances the pavement’s
service life length, especially in severe conditions such as parking areas tolerating heavy traffic loads,
deformed road base, and stress-relieving interlayer. However, a modified binder is by no means a
new phenomenon. It has been proven to meet the requirements for optimal performance in modern
pavement construction and coatings; also, it appears to be a practical, logical, and economical approach
compared to other approaches [3,5].

Polymer modified bituminous mixture has an extensive choice of applications nowadays in
most countries around the world. Adding polymer to the bituminous mixture increases its stiffness
and improves its non-susceptibility to temperature fluctuations in different regions and climates.
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This feature, in turn, raises the level of resistance of the mixture to rutting. Additionally, it is believed
that high polymer content in asphalt modification could provide more benefits in terms of improving
the performance properties of pavement [5]. In Western Australia, the polymer of choice commonly
used is either SBS or crumb rubber where its elastomeric properties have been proven to enhance a
binders resistance against fatigue [2]. However, literature suggested that elastomeric polymers do
not adequately rectify the temperature vulnerability of a binder compare to plastomer type polymers
such as Ethylene-vinyl acetate (EVA) which is a popular choice to enhance resistance against rutting.
However, it is good to be noted that polymers from virgin origins are expensive to produce and have
its obvious negative impacts on the environment [6-10].

Majority of Australia’s bitumen is sourced from international suppliers [11], where over 80% is
imported from East Asian markets [12]. Several studies have indicated the loss of quality of bitumen
from international markets in comparison with Australian manufactured bitumen [13,14]. The loss of
quality is primarily due to the reduction of the asphaltene content throughout the bituminous medium
resulting in a lower viscous bitumen and hence a “softer” bitumen [15]. Therefore, one can say the
reduction of quality has been a contributing factor to making the need to use PMBs inevitable.

AGPT/T190, The Australian PMB specification, consistency 6% at 60 °C is used for Elastometer
test parameter, to rank the rutting resistance of a PMB. Although, the Elastometer parameter has
been verified by several studies [1,16], it is of the Authors opinion that the parameter will be limited
at high service temperatures to measure and predict the temperature susceptibility of PMB. Recent
developments with the U.S. Superpave specifications has recently adopted the Multiple Stress Creep
Recovery (MSCR) test to evaluate a binder and grade its in-situ rutting performance [17]. The MSCR
test specification, listed as AASHTO MB332, provides a high temperature binder specification that
has been proven to assess the temperature susceptibility and hence the rutting resistance against the
non-recoverable compliance parameter (Jnr). Previous research has indicated that the ], correlates
better to in-situ rutting resistance in comparison to the Strategic Highway Research Program (SHRP)
rutting parameter (G*/sin 6) [18-20].

Alternatively, international studies have shown positive results to enhancing the performance of a
binder that often matches if not improving the performance of virgin polymers [8,21-34]. Costa et al. [9]
had highlighted positive results in using waste HDPE to modify a binder’s resistance against rutting.
However, it is worth noting Costa et al. [9] emphasized that HDPE modified binder caused with poor
elastic recovery that may lead to potential cracking from fatigue failure. Research in Waste Polymer
Modified Binder (WPMB) in Australia is limited, test work to validate the compatibility of using waste
HDPE polymer is required prior to implementing in the road networks of Australia.

Most importantly using a waste polymer has environmental benefits [35]. With the recent
prohibition of export of plastic from China [36], Australia’s recycling rate is on the decline where
exports to China has previously accounted for roughly one-third of the total recycled plastics [37].
Highlighting the quantity of plastic waste by polymer type, Statistics shows that HDPE is a dominant
waste plastic, providing a substantial available resource as a WPMB [35].

The previous research of WPMBs provided this test work the guidance selecting the polymer type
and mixing requirements. Mixing requirements have been noted to be critical to the performance of
a WPMB [32]. In addition it was highlighted by Kalantar et al. [7] that the mixing temperature and
duration will depend on the type of polymer. A summary of the previous research that has undertaken
waste HDPE polymer is listed Table 1 corresponding to the resulting outcome. It is worthy to note that
previous research indicates improved performance from smaller particle size, long mixing duration,
high mixing velocity at high temperatures.

As shown in the Table 1, that there are different condition mix (time, temperature and rpm speed
mix) due to the difference in the bitumen type and application of mixtures, as well as type of polymer.
The studies in Table 1 indicated that the longer mix duration of 6 h results in poor dispersion, however,
mixing time of 30-90 min could essentially provide modified binder with better rutting resistance.
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The novelty of the current work is that using local WA plastic waste to improve the binder
properties before and after aging. Also, the study focuses on filling the gap of knowledge related to
rutting performance based on the modified binder characterises using bitumen grade C170. Most
importantly that the study is novel in term of there is no current study has been conducted to improve
the C170, which is primarily used for spray sealing applications, using waste HDPE. Using waste
plastic has its visible environmental profits together with the reduction of cost for PMB application.
On the other hand, it cannot be expected that waste HDPE plastic would be well-suited with bitumen
modification in Australia without conducting laboratory afford investigating the rheological test and
modified binder performance.

Table 1. HDPE Bitumen Mixing recommendation.

Study Y% Mixing Size Outcome
mm
[32] 4 30 min @165 °C 200 rpm  0.42-2 High rutting resistance
[38] 1-3 6 h @180 °C (1800 rpm) - Poor Dispersion
[8] 4 90 min @ 160 °C - Better Performance
[9] 5 1h @180 °C 600 rpm <0.45 High rutting resistance

1.2. Objectives

The aim of this research is to investigate the effect of HDPE waste polymer to enhance the rutting
performance of a bituminous binder. The objectives of this research are summarised as follows;

e Investigate the possibility that HDPE waste polymer inclusion on rutting behaviour of C170
binder using the MSCR test

e Evaluate waste HDPE modified binder as a sustainable alternative

e Investigate the aging impact of waste HDPE modified binder in terms of resistance to
permanent deformation

2. Materials and Methods

2.1. Experimental Program

The experimental program used throughout the experiment used grade C170 bitumen in
accordance with AS2008-2013 [39] using increments of 2% HDPE content capped at a maximum
of 8%. Both a clean (unmodified) C170 and a PMB grade S35E was used as a reference and benchmark
throughout the experiment. The experimental program is shown in Table 2, and the average of
3 samples/reading of each mix Id was used through the laboratory work. Furthermore, the test
temperature is orientated around 64 °C similar to the rheological test work conducted by Vo [14].
However, in order to evaluate the temperature susceptibility of the WPMB, a wide range of temperatures
were chosen and listed as 58, 60, 64, 70, 76 and 82 °C. Temperature increments were based on the
specifications set outin AASHTO M332 [40]. The AASHTO M332 [40] performance grading specification
allows the recorded ], parameter to be graded against an equivalent traffic loading.

Table 2. Test Plan.

Unaged Samples

Mix Id Mix Description
Mix U-S35E S35E PMB
Mix U-HDPE-8 C170 + 8% HDPE
Mix U-HDPE-6 C170 + 6% HDPE
Mix U-HDPE-4 C170 + 4% HDPE
Mix U-HDPE-2 C170 + 2% HDPE

Mix U-C170 unmodified C170
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Table 2. Cont.

Aged Samples
Mix A-S35E S35E PMB
Mix A-HDPE-8 C170 + 8% HDPE
Mix A-HDPE-6 C170 + 6% HDPE
Mix A-HDPE-4 C170 + 4% HDPE
Mix A-HDPE-2 C170 + 2% HDPE
Mix A-C170 unmodified C170

2.2. Material Selection

The waste HDPE polymer utilized all through the investigation included utilized clothing
containers and water stockpiling tanks, as appeared in Figure 1. To guarantee consistency, HDPE items
utilized showed the ASTM International Resin Identification Coding (RIC) System. All waste HDPE
had labels removed prior to the sample preparation. The used HDPE can be seen in Figure 1.

Figure 1. Used HDPE Polymer.

Bitumen grade C170 was used throughout the experiment given that C170 is primarily used for
spray sealing applications. Spray seals account for more than 50% of the bitumen used in the road
construction industry [11]. Furthermore, 70% of Australian sealed roads and majority of the roads in
the North West of Australia comprise of spray seal applications [41]. Bitumen grade C170 is as per the
Australian Standard AS2008-2013 [39]. One of the popular PMB grades used in the spray seal industry
is S35E (Main Roads WA) [42,43].

2.3. Sample Preparation

2.3.1. Waste HDPE Polymer Preparation

The procedure utilised a 54 mm saw drill bit to produce fine shavings as shown in Figure 2. Waste
HDPE particle sizes less than 0.425 mm were collected and used for the test work.

Figure 2. Sample Preparation (Image Courtesy: Benjamin Piromanski).

2.3.2. Bitumen Sample Mixing

As outlined in Table 1, the mixing requirements used in previous WPMB studies show a trend
that a smaller particle size, high mixing velocity and temperature is imperative to achieving best
results when mixing waste HDPE polymer. The blending prerequisites utilized for this examination is



Buildings 2020, 10, 156 50f12

illustrated in Table 3. The apparatus used for the experiment as shown in Figure 3. It is important to
point that the SBS polymer modified bitumen (S35E) was supplied directly from the crude oil refinery
(from SAMI bitumen’s supplier).

Table 3. Bitumen Mixing characteristics.

Duration 40 min
Velocity 2500 rpm
Temperature 180 °C

High Shear Mixer —'b

—

NI

ey W | |G
Thermometre ——— 2 --"a

Figure 3. Bitumen Mixing Apparatus (Civil Engineering Laboratory, Curtin University, Image Courtesy:
Benjamin Piromanski).

2.4. Methods

2.4.1. Multiple Stress Creep Recovery (MSCR) Test

The MSCR Test, as outlined in AASHTO M332, is currently the preferred method to determine a
binder’s resistance against rutting [17]. The MSCR test utilizes a generally acknowledged creep and
recovery test that estimates both the binders non-recoverable creep (NRC) compliance and elastic
recovery. The non-recoverable creep compliance (Jnr) at 3.2 kPa has been a widely accepted parameter
to correlate a binder with in-situ rutting resistance among the literature [18-20]. Originating in the US
and becoming the standard binder test procedure [44]. In addition, the MSCR test has benefits over
other test procedures such as testing a binder blind regardless if the binder is modified or not.

2.4.2. Rolling Thin Oven (RTFO) Test

The Rolling Thin Oven (RTFO) Test is carried out to replicate the aging process for when
the bitumen leaves the depot and is laid on-site. The RTFO test was in accordance with A/NZS
2341.10:2015 [45]. Both aged and unaged binders will provide insight in to the aging effects that waste
HDPE polymer has on bitumen by using the aging index [46,47].
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3. Results and Discussion

3.1. Non-Recoverable Creep Compliance

The AASHTO M332 performance grading is overlayed for reference. Figure 4 shows aged
non-recoverable compliance results.

A huge increasing of NRC was seen with the inclusion of waste HDPE. The 2% HDPE content
shows a similar rutting resistance to the S35E PMB. Also, it can be observed that there is a huge
improvement from 2-4% HDPE. In comparison with Costa et al. [9], there is agreeance that HDPE
improves rutting resistance. However, noting that the HDPE content used in Costa et al. [9] was 5%,
improved results of rutting resistance are evident in this test work. As displayed in Figure 4, using
waste plastic shows improved rutting resistance with an acceptable range of elastic behavior through
the different series of test temperature. This results is in similar trend to the previous findings [9],
however; luck of elastic behavior found at 60 °C. This phenomenan could be explained by the variotion
of the temperaturte increase duting the mixing stage.

/ Standard Grading

& 5 | Costaetal. —e—A-C170
(T
o (2019) —¥—A-S35E
& 25
o Heavy Grading A-HDPE-2
E i~V W7~~~ 7- = A-HDPE-4
1.5 —&— A-HDPE-6
l mm =T == === — — — = ¢ AHDPE-8
05 F==T——>" == Extreme Grading |
0
55 60 65 70 75 80 85

Temperatures (°C)

Figure 4. Results of aged non-recoverable compliance.

3.2. Elastic Recovery

Figure 5 shows the recoverable strain graphed against the J,, at 3.2 kPa stress. Similarly,
the performance grading criteria from AASHTO M332 is overlayed for reference. The polymer
modification curve (PMC) is also shown as a theoretical line indicating the minimum level of elastic
recovery required for the binder to be considered adequately modified. For adequate levels of elastic
recovery, the average recovery should be above the PMC [48]. The results show that all samples
fall short of the requirement to be considered adequately modified except for a HDPE content of 4%
where adequate elastic recovery is present corresponding to temperatures less than 68 °C. As expected,
the S35E PMB showed higher levels of elastic recovery throughout the test procedure. It is interesting
to note that an adequate level of elastic recovery was present at high J,,, values which was not reported
in previous WPMB studies.
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Figure 5. Aged binder indication of elastic response.
3.3. Durability Performance: Aging Index

Equation (1) was used in this section. Noting that the NRC compliance represents a harder binder
at lower values, high values of the aging index is expected to show a decrease in the effect of aging and
low values of the aging index are to represent the contrary. As shown in Figure 6, the C170 binder was
less effective on aging in 2% HDPE content. However, oxidative effects of hardening is enhanced by
increasing in HDPE. The aging index for S35E PMB was not shown in Figure 6 for clarity, however it
was found there was little change in aging in comparison with the C170 binder.

P aged

Aging Index = 1)

unaged

-o-58°C
5¢64°C

70°C
" —-76°C
-5-82°C

HDPE Content (%)

Figure 6. Aging index vs. HDPE content.

As mentioned in the previous studies [40,46,49], testing and investigating the aging effect on
binder’s properties is of a great impotence. This importance related to the fact that aging has a vital
impact on the binder’s properties in term of physical-rheological and chemical properties [46,49].
As an overall indication, a judgement of the stiffness increment is displayed in Figure 7. The decreases
in non-recoverable compliance following the short term aging proves an agreement with previous
study [46] that aging affects the physical and stiffness properties of the bitumen.
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Figure 7. Impact of aging on non-recoverable compliance of different binders.

3.4. Performance Grading

As can be seen from the results of Figures 4 and 5, that the waste HDP samples agreed with
the standard performance of AASHTO M332 (AASHTO 2014) [40] in regards of non-recoverable
compliance and elastic behavior. Results at high test temperature shows that the control binder of
C170 has less performance, and, as such was unsuccessful. Similarly trend happened to the PMA
S35E, as it shows less performance at high temperature [49]. This results supported by what have been
stated in the literature review as rutting becomes an issue of Western Australia. From Figures 4 and 5,
it can be shown that both of C170 and S35E have less performance grading and as such leading to an
issue in temperature susceptibility. From above, it’s obvious that waste plastic HDPE samples have the
promising role in improving the rutting resistance of the Australian’s bitumen and improve the elastic
response at high level of temperature.

3.5. Data Analysis

3.5.1. Empirical Relationship

It was found that a strong correlation between 0 to 4% HDPE content was established throughout
all temperatures. The coefficient factors y; and y, were found to account for the temperature variation
as shown in Equations (2) and (3), respectively. Equation (4) is employed to calculate the NRC
compliance of the percentage of waste HDPE polymer (1) corresponding to the operating temperature
(T) in °C. Equation (4) is plotted in Figure 8 for clarity.

71 = 0.0007¢%1264 @)
y2 = 0.0005¢"1322 3)
]Tl7’3,2 =yin + 7/21.3867 (4)

- 4 Stndard
Grading

Extreme Grading
55 60 65 70 75 80 85

Temperature (° C]

Figure 8. HDPE content and test temperature empirical relationship.
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3.5.2. Data Analysis: Non-Recoverable Compliance and Waste HDPE Content Relationship

As can be seen in the non-recoverable compliance section results that waste plastic HDPE has the
ability to enhance the rutting resistance of the modified binder.

Using the collected data from the laboratory work, Figure 9 and Table 4 illustrated the correlation
between the non-recoverable compliance and the content of waste HDPE binders. As can be seen in
Figure 9, an obvious correlation between the two variables with good R? values. Constant and liner
regression relationship is illustrated in Table 4, and as can be seen that HDPE content of 0—4% was liner
with R? 0.99, however; samples of HDPE content of 4-8% show non-liner regression with R? less than
0.99. This result and variation can be attributed to the impact of high content of plastic (up to 8%) in
bitumen which could possible changes in the non-recoverable compliance and elasticity of the binder.
Moreover, as a trial a polynomial correlation was employed into data and the outcome indicated that it
was not as well as the linear correlation for 0 to 4% HDPE dosage [49].

820

0 2 4 6 8
HDPE Content (%)

Figure 9. The correlation of Jnr (non-recoverable compliance and waste HDPE content.

Table 4. Data analysis and liner regression between waste HDPE content and the
non-Recoverable Compliance.

HDPE Content 0-4% HDPE Content 4-8%
Temperature (°C)
Line of Best Fit R? Line of Best Fit R?
58 Jara2 = —0.3385x + 1.3867 0.995 Jarz2 = 0.0156x — 0.0693 0.709
64 Jar32 = —0.8383x + 3.4532 0.997 Jar32 = 0.0364x — 0.1308 0.610
70 Jars2 = —1.8354x + 17.8812 0.999 Jara2 = —0.0061x + 0.4138 0.008
76 Tnrao = —3.7643x + 16.6640 0.999 Jaza = —0.1588x +2.0084  0.701
82 Jorsa = —7.0868x + 33.2880 0.9949 Trrsa = —0.7600x + 7.2887  0.986

4. Conclusions

It can be summarised that HDPE polymer enhanced the bituminous binder rutting resistance.
However, the elastic response was reduced with the increase in NRC compared to S35E PMB.
Furthermore both rutting and elastic recovery showed improvement for HDPE content of 4% at
temperatures of 68 °C. This is a promising result given that operating temperatures of 68 °C are
common in hot climatic conditions.
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An important consideration to the success of the results throughout the experiment can be
contributed to the mixing conditions and polymer particle size throughout. It is recommended that the
mixing velocity and duration is to be increased to further improve the results. Although it must be
noted to limit the temperature of mixing to 200 °C to mitigate the bitumen from burning.

The aging index indicates that a high waste HDPE content of greater than 4%, demonstrates
excessive hardening which will possibly result in fatigue cracking. Interestingly, a HDPE content of 2%
shows little effect on the oxidative effect on aging. Therefore, based on the data from this experiment, a
HDPE content ranging from 2-4% is an acceptable range that compliments rutting resistance, elastic
recovery and the effects of aging. As for the AASHTO performance specification, it can be shown that
both of C170 and S35E have less performance grading and as such leading to an issue in temperature
susceptibility. From above, it’s obvious that waste plastic HDPE samples have the promising role in
improving the rutting resistance.

Analysis of the storage stability was not conducted throughout the experiment however, it was
found that segregation was observed for all waste HDPE samples throughout storage. Improved
mixing requirements or increasing heating could possibly mitigate the effects of segregation.

Data analysis shows a good relationship among the elastic response (J+32) and plastic content,
which can be established as a predicate tool of the modified binder performance and its ability to
resist rutting.

As per recommendation, it is advised to do the following, testing the long term aging of the
binder using the Pressure Aging Vessel (PAV), and testing the rheological properties using different
mix settings. And produce asphalt mix samples/beams to testing the rutting and fatigue performance
of HDPE-modified asphalt mixture.
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