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ABSTRACT

This thesis studies the effects of two sources of recycled High Density Polyethylene
(HDPE) plastic, Kelly Drum (KD) and Soleno Pellets (SP), on a Hot Mix Asphalt (HMA).
Similar plastics have been studied in the asphalt field, but only in warmer climate areas,
and so there is a need to analyze the effects in the climatic area of New Brunswick. The
purpose is to see if these plastics can improve moisture and rutting resistance. Two mixes
using plastic as partial replacement of aggregates in a proportion of 5% by volume were
created and compared to the Control mix (CM). The plastic allowed for a reduction of 0.5%
binder requirement. Results showed that with no anti-stripping agent, the plastics had
acceptable moisture resistance. Both plastics showcased superior rutting resistance. SP had
better thermal cracking resistance, and CM had better fatigue resistance. SP had inadequate

crack resistance at 25°C. Further study in the field is suggested.
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Chapter 1: Introduction

Human waste is a growing concern today, with plastics playing a significant role. About
3,268 kilotonnes (kt) of plastic waste were produced in 2016, from 4,667 kt of plastics
inputted into the Canadian market, and only 9% of plastic waste gets recycled
(Environment and Climate Change Canada et al., 2019). Plastic wastes make up to 20-30%
by volume of solid waste at Canadian landfills, which can take 100 to 400 years before
breaking down (Government of New Brunswick, 2010). The increasing amount of plastic
waste is a growing concern in today’s society, with lesser space to store waste and more
emphasis on innovative recycling methods. One method that has been studied is the

incorporation of recycled plastics into construction materials.

It has been shown that using recycled plastics as a proportion of asphalt concrete mixes can
reduce the quantity of road materials required (Asare et al., 2019; Vasudevan et al., 2012),
improving water-related damage sensitivity and rutting resistance (Martin-Alfonso et al.,
2019). When the polymers are used to coat aggregates, they improve the strength
properties, and due to the polymer filling the pores, there is no water absorption. This gives
improvements to aggregates soundness, abrasion resistance, and stripping. (Vasudevan et

al., 2012).

Low and High-Density Polyethylene (LDPE/HDPE) are two types of plastic that are
frequently recycled. When studying the use of plastic in asphalt there are two methods of

addition: the wet process has plastic added to the binder as a polymer



modifier/replacement, and the dry process has plastics added to the aggregates as a
replacement or to modify the mix (Willis et al., 2020). This project focused on adding
plastic by using the dry aggregate substitution process. LDPE and HDPE have melting
points below the mixing temperature. When they are added to the hot aggregates before
mixing with the binder, the plastics will melt and coat aggregates, with the potential to

improve physical and surface qualities of the aggregates (Willis et al., 2020).

This project focused on the study of altering a mix design to include HDPE as a portion of
the aggregate to meet the requirements of asphalt mix type D (surface mix) in New
Brunswick. Volumetric analyses and testing was conducted with emphasis on the response
of the material over a range of temperatures and load frequencies, low-temperature impact,

and aging impact.

1.1 Problem Statement

e The effect on the performance of surface mixes with the addition of recycled plastic
has not been studied sufficiently in New Brunswick.

Plastic waste is a growing concern, and the potential of recycling more plastic needs to be
studied.
In Canada, about nine percent of plastic waste is recycled, four percent incinerated, 86
percent landfilled, and one percent leaked into the environment in 2016 (Environment and
Climate Change Canada et al., 2019). Canada, along with half of the world, used to send
their plastics to China, but the country started generating more of their own waste and put
in strict regulations in 2017 (Fahmy, 2019). This led to waste facilities experiencing issues

regarding what to do with their plastic, including recycling centres in Fredericton and



Moncton, New Brunswick (Fahmy, 2019). Even the United States has issues with plastics,
as they do not have the infrastructure to adequately recycle all their wastes (Willis et al.,
2020). This proves that more recycling of plastics needs to occur, and new innovative
solutions should be studied to help reduce the amount of waste. Plastics have been added
to asphalt mixes in warm climate locations in the field and have demonstrated some
benefits such as rutting and fatigue resistance. New Brunswick has not looked into this
option. With the need for more recycling, it would be beneficial to incorporate plastics into
NB mixes; however, it needs to be studied to determine if they add benefits to performance

and can withstand the climate conditions in this province.

1.2. Research Question and Hypothesis

1.2.1 Research Question

What are the benefits of the addition of HDPE plastics to an asphalt mix?

1.2.2 Research Hypothesis

It is hypothesized that the addition of plastic will decrease the amount of aggregates and
binder required due to partial plastic melting; that the plastic addition will make the mix
more impermeable to water, reducing the moisture damage; the asphalt mix will be more
resistant to ravelling due to increased bonding between aggregates as a result of some
melting of the plastic over the aggregates; and the asphalt mix will be less susceptible to

deterioration due to aging and freeze-thaw cycles.



1.3 Purpose

1.3.1 Research Goal

The goal of this research project was to study the impact of adding recycled plastic,
specifically High-Density Polyethylene (HDPE), to a Type D Asphalt Mix (New
Brunswick regulation). This was be done by a dry process, whereby a portion of the

aggregate was substituted with HDPE plastic.

1.3.2 Research Objectives

The goal of this project was accomplished by completing the objectives listed:

e Obtain a mix design for a Type D mix and verify the volumetric properties in
the UNB Asphalt Laboratory.

e Find a supplier of recycled plastics to use in the research project.

e Alter the mix design for each source of plastic obtained until a new design is
created for the inclusion of each plastic source that fits within the criteria for a
Type D Mix Design (New Brunswick regulations).

e Compare the volumetric properties of the plastic mixes to the control mix. This
includes Maximum Relative Density (MRD), Bulk Relative Density (BRD),
Voids in the Total Mix (VTM), and compaction effort.

e Conduct Dynamic Modulus testing on the new and control mixes to predict the
behavior of each mix over a range of temperatures and load frequencies.

e Conduct Flow Number testing on the new and control mixes to determine the

susceptibility to permanent deformation.



e Evaluate the effect of new and control mixes on the resistance to moisture by
using several freeze-thaw cycles to analyze the effect on long-term stripping.
e Evaluate the cracking resistance of the new and control mixes over short and

long-term aging by conducting Semi-Circular Bending tests (SCB).

1.4 Scope and Limitations

1.4.1 Scope

The scope focused on the study of volumetric properties, dynamic modulus, flow number
and cracking resistance, and moisture susceptibility using freeze-thaw cycles. The

optimum plastic content percentage was not considered.

1.4.2 Limitations

The major limitation was the time frame for the research to be conducted. As such, once a
mix design for each source of HDPE was found, it was used for all testing for that type of
plastic. There was a limited amount of mineral aggregates, binder, and additives to be used,
as well as the two sources of HDPE plastic material. It is understood that different types of
plastics are better suited for asphalt and for different mixing methods with the asphalt, but
due to COVID-19 and other limitations, the two HDPE plastic provided were the only
materials studied. Equipment availability was also a limitation when selecting the tests to

be performed.



1.5 Assumptions

1. Environmental conditions are considered constant during mix design and testing.

2. Equipment used during the research is considered to have consistent accuracy and
will not lead to a discrepancy in results.

3. Binder reheated for the purposes of incorporating the additive and weighing out
requirements per mixing batch of aggregates does not undergo adverse changes due
to reheating requirements.

4. The pan material (Passing Sieve size 2.36mm) used in the batches is considered a
representative sample of material retained from 1.18mm to 0.075mm, as per the
grading curve of each aggregate source.

5. The amount of water absorbed by aggregates before the mixing process is

considered negligible to the overall weight of the batch.



Chapter 2: Background

This section gives an introduction to asphalt topics that this study builds on. This includes
asphalt binder and aggregates, Warm Mix Asphalt, Moisture damage and anti-stripping
agents, and polymer modifications to asphalt.

2.1 Asphalt Binder and Aggregates

Asphalt Concrete consists mostly of aggregates and a binder, and sometimes includes
additives. Aggregates refer to the material derived from natural rocks, or in some cases, the
by-product of manufacturing other materials like slag from steel. (Papagiannakis & Masad,
2008). Usually they consist of 93-96% by weight of Hot Mix Asphalt (HMA) (Asphalt
Institute, 2014). These aggregates normally consist of crushed stone, gravel and sand. For
crushed stone, rocks are blasted and crushed. Sand and gravel come from natural deposits.
These crushed aggregates and natural rock are combined in different amounts to create a
blended mix which meets certain size distributions, shown on a Gradation chart, where
certain amount of materials must pass different sieve sizes within limits for different mix
designs. (Papagiannakis & Masad, 2008) Aggregates used in many mix designs generally
come from local quarries. The properties and size distributions of these aggregates are

studied before combining them into a mix design.

Asphalt binder refers to hydrocarbons of different molecular weights blended together,
created as a by-product of the distillation of crude oil. (Papagiannakis & Masad, 2008)
They make up 4-7% of most asphalt mixes (Asphalt Institute, 2014). These binders are

black, sticky and viscous materials. They exist as a semi-solid at room temperatures, and



as liquids as they are heated to mixing temperatures, which can range from 130-160°C
depending on the mix type. Asphalt binders are graded based on their rheological and
mechanical properties, with the Superpave Performance Grading (PG) system being most
commonly used (Papagiannakis & Masad, 2008). This grading method considered the rate
of loading on the binder properties with tests conducted at the temperatures which represent
the geographic location where the binder will be placed. It consists of two numbers, for
example PG 64-22. The first number is equal to or higher than the equivalent of the average
seven-day maximum pavement temperature. The second number (-22) refers to the
minimum pavement temperature, whereby the temperature will be higher or equal to -22°C.

(Papagiannakis & Masad, 2008)

Both aggregates and binder are heated to pre-determined ideal mixing temperatures, before
transportation and compaction in the field. Laboratory studies are done beforehand to
determine ideal mixing and compaction temperatures.

2.2 Warm Mix Asphalt

Typically asphalts are mixed at 160°C. In recent years, Warm Mix Asphalt (WMA) has
been used. WMA is asphalt mixes produced at lower temperatures (decreased by 28°C or
lower). This is done to produce similar mixtures with similar strength, durability and
performance characteristics. The main reason why WMA is used today is for the
environmental and health benefits associated with these mixes from the lower production
temperatures. This includes lower greenhouse gas emissions, lower fuel consumption, and
reduced exposure of workers to harmful asphalt fumes. As well, it has been noted that

WMA can improve pavement performance by reducing the aging of the binder, giving



more time for mixture compaction, and improved compaction during cold weather paving.

(Bonaquist, 2011).

2.3 Moisture Damage and Anti-Stripping Additives

Moisture damage refers to the reduction of the bond between aggregate and binder caused
by the infiltration of moisture. This shortens the service life of the top layer of pavement.
(Omar et al., 2020). According to the Asphalt Institute (2014), this adhesion failure is
referred to as stripping, and is the most common form of moisture damage. The main cause
is repeated traffic loading on poorly compacted dense-graded pavement in the presence of
surface water. The fluctuating hydraulic pressure in the inter-connected voids causes a
scouring effect, which rips the binder from the aggregate. Other forms of moisture damage
include: cohesion failures within the asphalt whereby water in the air voids evaporate,
building pressure to rupture the asphalt film; cohesive failure within the aggregate, which
relates to how soluble the aggregate is; spontaneous emulsification of asphalts involving
certain clays and additives but is considered rare; and freezing, which was studied in this
work. Water getting into the air voids and freezing during cold temperatures expands the
asphalt pavement, which can cause extensive damage. (Asphalt Institute, 2014) Every
winter, there are multiple freeze-thaw cycles, and over time this causes damage to asphalt
pavements. Thus, it is important to study if certain mixes can withstand the damage of these

cycles.

One way to reduce moisture damage is through the use of a liquid anti-stripping additive.

These chemical additives include fatty amines, amidoamines, imidazolines, and others.



They all have hydrocarbon similar to asphalt and one or more amine groups. (Asphalt
Institute, 2014) These amine anti-stripping agents improve the adhesion of bitumen with
siliceous aggregates. “The amine group reacts with the aggregate surface while the
hydrophobic hydrocarbon chain of the fatty amine is anchored in the bitumen.” (Omar et
al., 2020).

2.4 Polymers as Additives to Asphalt

Polymers can be incorporated into asphalt in two ways, known as a wet process and a dry
process. In the wet process, polymers are added to the asphalt binder and blended with it
at high temperatures before mixing with aggregates; whereas in the dry process, polymers
are part of the aggregate matrix as either aggregate replacement or mixture modifier. (Ma
et al., 2021) There are two main types of polymers used in road construction, namely
thermoplastic elastomers and plastomers. (Bralé, 1996). Polymers, such as styrene-
butadiene-styrene (SBS), are usually added to binders to enhance the properties of the mix.
In this thesis, the polymers used were added as an aggregate. According to Robinson &
Rapra Technology Limited (2004), recycled aggregates can contribute to more sustainable
construction. In order to be used, there must be a good technical performance, economical
supply of sufficient quantity, methods to conduct quality assurance and specifications, and
a market for the product at a cost appropriate to produce the processed materials. Waste
plastic and rubber have been studied for incorporation into asphalt. The type of
plastics/polymers most suited for this use are olefins such as L/HDPE materials. (Robinson
& Rapra Technology Limited, 2004) This research focused on two forms of HDPE to be

added to a mix design and are discussed in full in the methodology section.
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Chapter 3: Literature Review

3.1. Growing Concern about Plastic Wastes

A build-up of plastic waste is a concern as plastic production has been the fastest growing
manufacturing sector, with an average annual growth of about 5.5% from 2012 to 2017,
and the recovery rate has only reached 13% in Canada as of 2016 (Environment and

Climate Change Canada et al., 2019).

Plastic is recycled in Canada with a focus on polyethylene terephthalate (PET), high-
density polyethylene (HDPE) and polypropylene (PP) (Environment and Climate Change
Canada et al., 2019). Low-density polyethylene (LDPE) from #4 plastic grocery bags is
considered one of the most recycled plastic items collected from grocery stores
(Government of New Brunswick, 2010). Mechanical recycling is the most used type of
recovery but only accounts for 8 % of total plastic waste in Canada in 2016 (Environment

and Climate Change Canada et al., 2019).

3.2 How Plastics are Recycled

According to Ragaert et al. (2017), mechanical recycling is the most common method of
recycling plastic. Solid plastic wastes (SPW) are collected, usually by curbside pick-up in
most municipalities, separated and sorted based on shape, density, size, etc. If not
processed, it is baled, then washed to remove contaminants. The plastics are ground into
flakes and may be compounded and pelletized to allow easier conversion. For mixed plastic

waste, the material is loaded onto a belt system and shredded to fist-sized particles. They
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are put into a feed silo and washed in a rotating drum washer. Friction washers then remove
organic waste. Large plastic particles are fed into another shredder and sized 1-12 mm,
then washed in friction washers. They go into a float-sink separation installation. PP and
PE float and all other polymers will sink. The sink fraction passes an overhead magnet to
remove ferrous remains and go to a mechanical drier. These pieces can now be used as
secondary raw material. The float polymers are dried and go into a wind sifter, which
separates LDPE and PP by upward airflow. The heavier parts (HDPE and PP) are ready to
be used, and the soft particles undergo a final re-granulation step by extrusion (with melt

filtration). They are then ready for reuse. (Ragaert et al., 2017)

Pyrolysis is another option for mixed PE/PP/PS that are more contaminated than the
mechanical process can handle. This process involves high temperatures with no oxygen,
which breaks down bigger structures into smaller molecules and occurs through a thermal

cracking process. (Ragaert et al., 2017)

3.3. Use of Virgin Polymers in Asphalt

Celauro et al. (2019) studied the use of virgin polymers consisting of LDPE, Ethylene-
Vinyl Acetate (EVA), and other low molecular weight polymers added by a dry process to
asphalt samples. These ranged from 4-8% by weight of bitumen. The research proved that
an optimal mixture of 0.3% of polymer content and 5.1% of binder (by weight of mineral
aggregates) could be used to avoid bleeding and assure the best performance. Polymers
improve performance in regards to deformation resistance, increase stiffness modulus of

the mixture, and allow for less hard bitumen to be used with polymers. A field trial was
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studied at the Palermo International Airport in Italy, which correlated well with laboratory

findings. (Celauro et al., 2019)

Awwad & Shbeeb (2007) tested virgin LDPE and HDPE mixtures as an aggregate coating
(dry process) and found that 12% ground HDPE (by weight of bitumen content and equal
to 0.68% of total aggregate weight) added to 5.4% binder was optimum in increasing
stability, reducing density, and slightly increasing air voids and voids of mineral aggregate.
The maximum stability using LDPE was obtained at 10% dosage (by weight of bitumen)
for not-grinded and 18% for ground polyethylene. The minimum flow was at 8% and 10%
for ground and not ground LDPE, respectively (by weight of bitumen). Mixtures with
HDPE have a lower percentage of air voids and voids of mineral aggregate than those with
LDPE, and ground materials have a lower percentage of air voids than not-grinded.
Polyethylene help to “reduce pavement deformation; increase fatigue resistance and

provide better adhesion between the asphalt and aggregate.” (Awwad & Shbeeb, 2007)

Another study involved mixing 5% HDPE (by weight of asphalt binder) with the binder at
185°C. Results showed good benefits of adding HDPE. HDPE shows to be a good asphalt
binder modifier and has less rutting potential and higher fatigue life compared to control
mixes. The HDPE caused less sensitivity to temperature changes. At the intermediate
temperatures of 15 and 20°C, HDPE increased the stiffness and modulus of rupture of the
mixes. This reduces its crack potential and fatigue cracking. The HDPE allowed better
bonding of the aggregates and binder, which increases the fatigue life. HDPE also has

increased strength against moisture damage. (Nejad et al., 2014)
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Similarly, a study in Egypt evaluated the use of varying amounts of HDPE (2-8% by
bitumen weight) by adding to the binder (60/70) for HMA. The physical properties of the
HDPE-modified binder improved with a reduction in the sensitivity to temperature
compared to the original binder. The best performance occurred at 4% HDPE. It enhanced
the mixture stiffness and the tendency to permanent deformation. The binder-aggregate

bonding was improved, leading to higher moisture resistance. (Moussa et al., 2020)

This research shows that virgin polymers used in the making of plastics can also be used
to enhance asphalt road conditions. The question arises: Can these same polymers be

recycled from plastics and still contribute to the benefit of asphalt?

3.4 Incorporation of Recycled Plastics into Hot Mixed Asphalt

Several studies have explored the usage of recycled plastics in HMA in both the wet and

dry process, as well as applying it to the field. This is explored in the following sections.

3.4.1 Effect of using Recycled Plastics in Hot Mixed Asphalt by the Wet Process

The wet process involves mixing plastics of low melting point (less than asphalt mixing
temperature of 165-175°C) with hot bitumen before adding aggregates. This creates a
polymer network in the bitumen matrix that enhances pavement performance and
durability. Plastics account for 2-8% of the weight of bitumen on average, and the bitumen
accounts for 5% of the total mix as aggregates account for the other 95%. (Santos et al.,

2021)

Al-Hadidy & Tan (2009) studied the use of pyrolyzed LDPE as a modifier to binder in hot

mix asphalt. “The softening point of virgin asphalt was raised by 26%” helping to resist
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deformation; the stability increased by 58%; the index of retained compressive strength
increased by 12%, and the loss in tensile strength went from 44% to 6% with 6% LDPE
(by weight of binder). LDPE makes the binder less susceptible to temperature change and
provides a slight increase in durability. (Al-Hadidy & Tan, 2009). Al-Hadidy & Yi-qiu
(2009) found that 6% LDPE-modified asphalt resulted in a slight increase in stiffness and
modulus of rupture at -10°C due to higher viscosity, which reduces cracking potential at
low temperatures. The effects of pyrolyzed LDPE as a modifier to the asphalt binder on
flexible pavements in Iraq was studied using a mechanistic-empirical design approach. The
effect of LDPE was determined using a Traffic Benefit Ratio (TBR). This gives value to
the extension in the service life of the pavement by using LDPE. It is the ratio of the number
of passes to create a rutting deformation of modified versus unmodified pavement. It found
that for 6% LDPE, if the pavement section is kept the same, the modified pavement has a
TBR value of 1.3596%, and for a constant thickness of subbase and AC, the thickness of

base and SMA reduce by 25% and 34%, respectively. (Al-Hadidy & Yi-qiu, 2009)

Casey et al. (2008) studied the effects of recycled polymer-modified binders on binder
drainage and stability in Ireland. An optimal blend would include 4% recycled HDPE and
0.8% polyphosphoric acid into a pen-grade binder to meet a softening point above the
required 60°C. Rut resistance was measured with a wheel track test and fatigue resistance
with an indirect tensile test. This binder showed enhanced performance compared to
unmodified and cellulose fibre incorporated binders for both rutting and fatigue resistance.
The recycled binder did not perform as well as a proprietary polymer modified bitumen

tested. (Casey et al., 2008)

15



Shang et al. (2011) used a warm mix design with recycled pyrolytic polyethylene for
Shuanglong asphalt (SL) and Recycled Pyrolytic Cross-linked Polyethylene Wax (RPPW)
mixes. Viscosity decreased in SL asphalt with an increase in plastic and temperature, flow-
activation energy decreased, reducing the temperature sensitivity in both asphalts;
penetration reduced, and softening point and penetration index increased in both mixes.
Thus, there is lower temperature susceptibility due to higher resistance to cracking and
rutting. There is almost no effect on the ductility of SL. Rheological results found rutting
resistance and stiffening increased while phase angle decreased (higher elasticity). (Shang

etal., 2011)

3.4.2 Effect of using Recycled Plastics in Hot Mixed Asphalt by the Dry Process

Santos et al. (2021) remark that plastics with high melting points (above asphalt mixing
temperature) are usually used in the dry process, in which they are mixed with aggregates
before adding bitumen. Plastics are manufactured into synthetic plastic-made aggregates
and added as pellets, powder or other forms to replace a portion of the normal aggregates
of an asphalt mix. Waste plastic was used as a coating material over aggregates. These
plastics are softened, not burned, resulting in no gases such as carbon dioxide. For a 1 km
single-lane plastic bitumen road, a minimum of one ton of waste plastic is used, reducing

CO:2 by at least 3 tonnes. (Santos et al., 2021)

Asare et al. (2019) predicted about 10% of asphaltic road materials could be replaced with
plastic waste (PE and PS) incorporated as plastic-coated aggregates to meet the standards
in Ghana. The aggregates are heated to 170°C, then the plastics are added. The plastics will

soften and melt (not burn) to form a coating around the aggregates. Plastic-coated
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aggregates underperformed for apparent and specific bulk density, but they observed that
only 0.2% of water reduced the Aggregate Impact Value from 20% to 15% and reduced
the aggregates that had wear and tear from 25% to 18%. These aggregates combined with
binder show no signs of stripping in a 48-hour stripping test, stability and flow were close
to standards at 10% addition, and bitumen extraction decreased as plastic added increased.

(Asare et al., 2019)

Martin-Alfonso et al. (2019) studied the use of LDPE recycled from greenhouses by using
0.5 wt.%. of LDPE. The indirect tensile strength values increased as samples were matured
for 60 minutes in an oven at 165°C. This showed polymer swelling in a mix made by the
dry process stating a longer bitumen-plastic contact is needed at 165°C before compaction,
leading to a higher void content. Waste plastic improved water sensitivity and rutting
resistance. For high modulus asphalts (HMAC), plastics improve water sensitivity and
fatigue resistance, but rutting resistance and stiffness decreased compared to a reference
mix. Compared to SBS modified mixes, mixes with 0.5% recycled LDPE have more

particle loss and less fatigue resistance. (Martin-Alfonso et al., 2019)

Gulseven et al. (2019) stated that a bitumen mixture should have 8% recycled plastic waste
(by total weight) from waste plastic bags added by a dry process. This results in higher
Marshall stability for stronger quality performance, higher stress under wet and dry
conditions, and reduced air voids by 28%, resulting in fewer potholes. (Gulseven et al.,
2019). Vasudevan et al. (2012) found similar results when studying plastics containing PE,
PP, and PS from films, cups, and foam added by a dry process. They found that the

optimum amount of plastic is 10% of bitumen used, and using over 15% of plastics was
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less compatible. Plastic coated aggregates have increased strength in compression and
bending and improve soundness, abrasion resistance and stripping properties. Polymer-
coated aggregates have Marshall Stability values 50-60% higher than polymer-modified

bitumen. (Vasudevan et al., 2012)

Costa et al. (2017) studied the use of cross-linked polyethylene (PEX) as an aggregate
substitute. PEX is made mostly of HDPE cross-linked bonds. They used 5% of PEX by
volume of the aggregate (1.8% by weight of aggregates) with 5% binder. PEX reduced
penetration value and increased softening point, increased stiffness modulus and
permanent deformation resistance but had a slight reduction in fatigue resistance. It reduces
the density of a mixture by about 5%, which can be advantageous during transportation
and application over structural elements (bridges). (Costa et al., 2017). Silva et al. (2011)
also studied PEX as an aggregate substitute and HDPE as a bitumen modifier. PEX and
HDPE are both more resistant to permanent deformation. PEX-modified mixtures had a
decreased density, similar water sensitivity, and reduced temperature susceptibility. HDPE
binder had better water sensitivity and higher modulus as a consequence of the higher
viscosity of the modified binder. HDPE and PEX had lower phase angles, meaning less

viscous behaviour and higher rutting resistance. (Silva et al., 2011)

Kamada & Yamada (2002) used waste polyethylene and polypropylene as portions of the
aggregate. They found that the fluidity-resistance of dense-graded mixes is improved with
polypropylene. Polyethylene improves fluidity-resistance, bending fatigue destruction-

resistance and stripping-resistance of dense and porous graded mixes. There were some
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concerns about the adhesion on the surface of a roller by the viscosity of the polyethylene

melting under the heated condition. (Kamada & Yamada, 2002)

3.4.3 Field performance of asphalt using recycled plastic

Vasudevan et al. (2012) stated that more than 2500 km of plastic bitumen roads had been
laid in India since 2002. Six sites paved from 2002 to 2006 were studied from May 2007
to May 2008 and compared to a road without plastic bitumen for a 7-year study. Due to the
strong binding of plastic polymer aggregates to the binder and a small modification to the
structure of the binder, the viscoelastic properties are maintained. The six sites showed
Benkelman Beam deflection values within the required 0.5 and 1 mm range. International
Roughness Index (IRI) was less than the maximum 4000 mm/km showing little sign of
ravelling, loosening or oxidation. Over a seven-year period, the field density decreased by
19% for a plain road, whereas the plastic tar road had a decrease of only 9-10%. This shows
that there are fewer defects and better road performance for the plastic road. The skid
resistance was analyzed, requiring values less than 65. The plain road had a value of 76,
and plastic samples had a range from 41-45. The plastic roads had texture depth within the
required 0.6-0.8 mm. Plain roads failed due to poor binding of mixes. It was found that for
one kilometer of road 3.75 m wide, 1 ton of bitumen is saved by using plastic-coated
aggregates and can go with little maintenance over a 7-year period. (Vasudevan et al.,

2012)

3.5 Emphasis on Research Needs

Willis et al. (2020) stated that, overall, findings suggest that recycled plastics modify the

binder in a way leading to a reduction in penetration and ductility and an increase in

19



softening point, viscosity, and high-temperature performance, giving potential for better
rutting resistance. However, there are few studies that examine the effect of recycled
plastics on asphalt binder properties regarding fatigue or low-temperature cracking
susceptibility. Adding plastic by the dry process has limited studies on the effect on fatigue
cracking resistance and damage from moisture. (Willis et al., 2020). Costa et al. (2017)
suggested that further research should be conducted on low temperature and in situ

performance (Costa et al., 2017).

Du et al. (2020) created a review of the low-temperature performance behaviour of
polyethylene-modified asphalts finding that LDPE-modified asphalt binder is better than
HDPE in terms of low-temperature properties. Adding PE by the dry process provided
better low-temperature crack resistance than the wet process, with the HDPE modified mix
having better low-temperature properties than the LDPE modified mix with an optimum
content of 5% of the asphalt binder. Generally, PE particles or fiber act as a bridge to block
the propagation of cracks, which leads to the improvement of low-temperature properties
of asphalt binder. PE modified asphalt mixes show better low-temperature properties than
control mixes based on existing low-temperature properties evaluation methods.
Contradicting this, the low-temperature properties of the PE-modified asphalt binder were
not as good as the control binder. It is believed that the current evaluation methods of low-
temperature anti-cracking performance of PE modified asphalt binder are improper. There
is a need to find more appropriate methods to evaluate the low-temperature properties of

PE-modified binders. (Du et al., 2020)
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Chapter 4: Methodology

4.1 Materials Used

The aggregates used for the asphalt mixes were supplied by Springhill Infrastructure
Limited. Aggregates were obtained at the quarry at 940 Springhill Road, Fredericton, NB
(E3C 1R5) on October 27, 2020. The aggregates used include a 12.5-6.3 mm coarse
aggregate from Quarry 2, 6.3 mm dirty sand aggregate from Quarry 2, a 6.3 mm washed
sand from Quarry 1, and Colter blend sand. Aggregates were obtained by use of a bulldozer
to obtain a representative sample from each pile, while shovels were used to obtain a
representative sample of the blend sand (Figure 1). The aggregates are the same as the
control mix design followed in Appendix A, from June 2, 2020. It is assumed that the
aggregates maintain the same specific gravity (BRD) and gradation properties as the

original mix design on said aggregates.

Figure 1: Obtaining Aggregate Samples
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The asphalt binder used was a PG 58S-28 binder with a density of 1.020. An Evotherm M1
anti-stripping additive was also supplied to be used for the warm mix. It is added to the
binder to improve low-temperature workability, compaction and anti-stripping properties

to the WMA.

The two plastics used for this study were supplied by Soleno Recycling on May 28, 2021.
The first is recycled High-Density Polyethylene High Molecular Weight (HDPE HMW)
plastic. Within this document, it will be referred to as Kelly Drum (KD) plastic (Figure 2),
which is obtained from the washing and shredding of big blue chemical storage containers.
It is not extruded like most recycled plastics as the high molecular weight makes it stronger

and tough to extrude. Its melt flow is between 0.02 and 0.07%

Figure 2: Kelly Drum Plastic
The other plastic is called HDPE frac melt but will be referred to as Soleno Pellets (SP)
within this document (Figure 3). This plastic comes from post-consumer bundles of plastic
bottles such as detergent and soap bottles, all of which are made of HDPE plastic. The

plastic is cleaned, re-grinded, washed and dried. They then undergo extrusion by using an
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extruder at a temperature of at least 200°C to melt and reshape the plastic into pellets, the
majority of which are about 5 mm in diameter. SP plastic contains additional carbon to
protect it against ultraviolet rays as it is important for the lifespan of the plastic in the field
for the pipes created at Soleno. This carbon is referred to as Carbon Black and is added to
the plastics at 2-2.5% of the pellet mix on average. The maximum amount allowed is 4%.
The higher the content, the more brittle it becomes. A small amount of LDPE is

incorporated to help distribute the carbon black homogeneously.

Figure 3: Soleno Pellet Plastic

The plastics need pressure and heat to be used in the processes of creating pipes at Soleno.
Similarly, heat and pressure are used in asphalt. Soleno has stated that the point of fusion
for these plastics ranges from about 129-135°C. When melted and pressure is applied, the
plastics lose their form and allows for creating the shape of the pipes. Table 1 shows the
main properties of each plastic supplied by Soleno Recycling. It must be noted that these
properties were supplied after testing was completed, and thus Specific Gravity values
obtained for each plastic were used. These values were be used to help support results

where applicable.
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Table 1: Properties of each Plastic

Properties Kelly Drum Soleno Pellets
Density/Specific Gravity 0.950-0.954 0.955-0.956
Carbon Black % 0 26
Ash % 0.40-0.45 1.25-1.44
Onset Temp °C 122.277 122.905
Peak Temp °C 132.39 132.56
Max Force kN 60.2 +/-4.1 50 +/-2.3
Flexural Strength kN 31.3+4/-1.1 29.4+/-1.0

Temperatures for both materials are about the same for melting, but the Kelly Drum has a

higher force and flexural strength, which correlates with its stronger properties.

The KD plastic has a larger portion of material retained on 4.36 and 6.3mm and has a higher
molecular density. The SP plastic has the majority of material retained on the 2.36 mm
sieve. The different gradations of each plastic can be seen in Figure 4. The size distribution

of the SP mix is to the left of the KD mix, which shows how KD has a higher size

distribution.
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Figure 4: Comparisons of the Two Plastic Size Gradations
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4.2 Mix Design and VVolumetrics

Before testing is done, mix designs must be created, which consists of determining the
percentage of each type of aggregate, percentage of binder, whether additives are used, and
considering the mixing and compaction temperatures. Samples made from the mix must
have consistent properties and meet volumetric requirements for a Type D mix design in

New Brunswick.

4.2.1 Sieve Analysis

ASTM C136/C136M-19 (2020) was used for the sieve analysis of aggregates. The coarse
aggregates are assumed to follow the gradation given by the control mix design (Appendix
A) and were sieved in the coarse sieve shaker down to 2.36 mm, with the remainder as pan
material. Because the plastic aggregates have a nominal maximum size of 6.3 mm, the
aggregates were sieved as fine aggregates. The plastic was mixed uniformly, and a
representative sample of at least 300 g was sieved using a fine mechanical sieve shaker.
Plastic aggregates are not oven-dried before this process due to the effects of the heat on
the plastic. Thus, the plastic is assumed dry. Figure 5 shows the sieve shakers used for the

aggregates.
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Figure 5: Coarse & Fine Sieve Shakers

4.2.2 Specific Gravity of Aggregates

The specific gravity of each rock aggregate is assumed to be equal to that of the control
mix from Appendix A. The specific gravity of plastic aggregates was found following
ASTM D792-20 (2020). A graduated cylinder with a marker was used, with a plug with a
plastic stopper glued to the bottom. Water was added until the plug caused the water to
reach the marked line. This apparatus was weighed. Then a portion of the plastic of known
weight was added, and enough de-aired and deoxidized water was added to submerge the
plastic. A vacuum seal was attached, and vacuum pressure was applied, with swirling of
the cylinder at times to help remove air bubbles. Then de-aired water was added until it
reached the marked line with the plug inserted. This weight was recorded. The specific

gravity was determined with Equation 1.

SG =——(1)

" at+w-b
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Where:

SG = Specific Gravity of Aggregate

a = Mass of aggregate initially, g

b = Mass of aggregate, completely immersed in the cylinder apparatus, g
w = Mass of apparatus (cylinder, water to line, plug and stopper), ¢

A setup of this apparatus and plastic is shown in Figure 6.

Figure 6: Specific Gravity of Plastic Apparatus

4.2.3 Gradation Curve

After all, Specific Gravity values of the aggregates are determined, the combined bulk

specific gravity (Bulk Relative Density) of all aggregates was found using Equation 2.
BRD = %A1 * SG1 + %A2 * SG2 + - + %An * SGn (2)

where:

BRD = Bulk Relative Density of Aggregates

An = Aggregate type

%An = Percent of the total aggregate made up by aggregate n
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The amount of each aggregate used affects the gradation curve. For each aggregate sieved,

the Percent Passing is determined using the following equations:

Mass of Retained Sieve Size

% Retained = * 100 (3)

Total Mass of Aggregate
The cumulative percent retained is determined on each sieve size, and the percent passing
is found as follows.

% Passing = 1 — Cumulative % Retained (4)

The gradation curve of the mix is found by determining the overall percent passing per
sieve size based on the percentage of each aggregate and the percentage passing on each
sieve size. The mix design gradation curve must fit within the upper and lower limits for a
Type D mix in New Brunswick, as shown in Table 2.

Table 2: NB Government Percent Passing Aggregate Sizes (NBDTI, 2019)

Sieve Size Type D/HRD/WMA-D
ASTM Designation % (by mass) Passing Each Sieve
Coarse Aggregate 12.5 mm 100
9.5 mm 76.0-98.0
6.3 mm 60.0-84.0
Fine Aggregate 4.75 mm 52.0-70.0
2.36 mm 36.0-65.0
1.18 mm 25.0-55.0
600 pm 16.0-44.0
300 pm 8.0-26.0
150 ym 4.0-12.0
75 pm 2.0-6.0

A mix design cannot be processed further until the overall gradation curve fits within the

upper and lower limits for each size distribution.
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4.2.4 Mixing

Aggregates are batched to make up a predetermined weight (to a maximum batch size of
15,0009). The weight of each size of aggregate is determined using Equation 5.

Mass of An on Size # = Total Aggregate Batch Weight x %An * %Retained (5)
Where:
An = Aggregate type
%An = Percent of Aggregate n in total Aggregates Batch
% Retained = Amount Retained on Sieve Size for that Aggregate
After batching aggregates, they were warmed overnight at 110°C to remove all moisture.
The amount of binder added was based on the percent of the total weight. For the control
mix, an additive (Evotherm) must be added to the binder, as it is a warm mix. The procedure
is based on the instructions provided by the asphalt supplier. The amount of binder required
was heated to 130°C, then placed on a hot plate set at 130°C. Evotherm at 0.30% of the
binder was added by using a disposable pipette and stirred mechanically for 30 minutes as
suggested by the supplier (Figure 7).
The Control Mix aggregates were placed in a bucket and heated to a mixing temperature
of 125°C, and are heated to 130-135°C to account for heat loss. The binder was heated to
135°C. A hole was dug in the aggregates, and the binder was added before mixing. The
mixing apparatus is shown in Figure 8.
The plastic mixes are hot mixes. Initially, the plan was that they were WMA too, but
unfortunately, during the first attempt, it was noticed that the material was not holding up,
which indicated that the compaction temperature was insufficient. Hence the plastic mixes

did not contain Evotherm.
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Figure 8: Mixing Apparatus

The purpose of the Evotherm additive is to allow the binder and aggregates to be mixed
and compacted at lower temperatures. Evotherm can still provide anti-stripping properties
to HMA, but it was decided to omit it from the plastic mixes to better understand the effects

of plastic themselves on anti-stripping. Therefore for plastic mixes, aggregates and binder

30



were heated to 148°C. The plastic aggregate was not heated and was added and mixed into

the aggregates before adding the binder and mixing.

4.2.5 Maximum Relative Density (MRD)

ASTM D2041/D2041M-19 (2019) was followed to find the maximum relative density of
each mix design. Once mixes were made, a sample over 1500g was placed on a wooden
board and separated as it cooled so the fine particles did not clump together in sizes larger
than 6mm. Once cooled to room temperature, the sample was weighed in a bowl and
completely submerged with water. A cover was placed over the bowl, and the sample was
placed in a vacuum which was set at a pressure of 27.5 +/- 2.5mm for 15 minutes (Figure

9).

Figure 9: MRD Apparatus

The sample was then slowly submerged in water so no air bubbles formed, and a lid with
a hole to allow air bubbles to escape was placed on top. It was submerged for ten minutes.

The bowl was then dried and weighed. The process was repeated for submerging the bowl
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and lid in a shorter time to obtain a weight within +/- 1g. Equation 6 was used to find the

MRD value.

A
Grmm = A+D—-E (6)

Where:

Gmm = maximum specific gravity of asphalt mixture

A = mass of dry sample in air, g

D = mass of lid and bowl with water at 25°C, g (D=7600g, predetermined)

E = mass of lid, bowl, sample and water at 25°C, g

4.2.6 Compaction using Superpave Gyratory Compactor & Bulk Relative Density

ASTM D6925-15 (2015) was followed for the use of a Superpave Gyratory Compactor.
Samples are compacted to get samples at certain heights and air voids for different testing

(Figure 10).
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Figure 10: Superpave Gyratory Compactor
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Samples created were cooled to room temperature before checking the Bulk Relative
Density. To find this value, ASTM D2726/D2726M-19 (2019) was followed. A sample
was weighed after cooling to room temperature, then placed in a hook attached to the mass
scale and submerged in water. After four minutes to stabilize, the weight was recorded.
The sample was removed and blotted with a damp cloth to remove excess water but to not
absorb water from the sample. This process should be around 15 seconds. Then the sample

was weighed again. Equation 7 was used to find the Bulk Specific Gravity.

Bulk Specific Gravity = BA%C @)
Where:
A = mass of the dry specimen in air, ¢
B = mass of the saturated surface-dry specimen in air, g
C = mass of specimen in water, ¢
(B-C) = mass of the volume of water for the volume of specimen at 25°C.
The density can also be found by multiplying the specific gravity by 997 kg/m3.
From this value, the percent of air voids in the sample can be determined using Equation 8

(AASHTO T 269-14, 2018).
V, = 100(1 — %) ®)
Where:
Gmb= bulk specific gravity
Gmm = theoretical maximum specific gravity

Va = percent of air voids.
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There are different requirements for height and air voids per test completed. Thus, samples
were initially over-compacted, and the gyrations versus height were recorded. Comparing
the final specific gravity, air voids, and height to the maximum specific gravity, equations
9-10 were used to determine the specific gravity per gyration and then the air voids to
predict the number of gyrations needed to meet testing requirements (ASTM D6925-15,

2015).
hfina
Gmpx = Gmbfinal( fhx l) 9)

%Gy = (%) %100 (10)

Where:

Gmbx = bulk specific gravity of extruded specimen, at any gyrations, x

Gmm = maximum theoretical specific gravity of the mixture

hfinal = height of the specimen recorded at final gyration, mm

hx = height of specimen recorded at any gyration, X, during compaction, mm
Gmbfinal = bulk specific gravity of extruded specimen at final gyration

%Gmm = relative density at any gyration, X.

4.2.7 Volumetric Properties

For each mixture, a sample undergoes 75 gyrations in the Superpave Gyratory Compactor
and undergoes volumetric analysis. In New Brunswick, for Type D mixes, several
requirements exist. Samples must have a height within 115 +/- 5 mm (AASHTO T 312-19,
2019). The following regulations in Table 3 are for percent passing and physical

requirements.
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Table 3:Physical Properties for Type D Asphalt Concrete (NBDTI, 2019)

Air Voids % 3.0-5.0
VMA % for 75 gyration mix 15.5-17.0
Voids Filled with Asphalt % 70.0-77.0
TSR (Average of Conditioned & Freeze/Thaw 80.0
TSR values) %(min) ASTM D4867

Voids in the mineral aggregate (VMA\) are found using the following equation.

VMA = 100 — G, ( ) (11)

Where:

Gmb= bulk specific gravity of the sample

Ps= % of aggregate in mix design

Gspb= Specific gravity of aggregates (from specific gravity and percentage of each aggregate
combined)

Voids filled with asphalt (VFA) are found using the following equation.

VMA-VTM

VFA = 100 * (——1) (12)

The Tensile Strength Ratio (TSR) is explained in section 4.3.1.

4.2.8 Compaction using Automatic Marshall Hammer

For tensile strength testing, samples were compacted with an Automatic Marshall Hammer
Compactor (Figure 11). Asphalt was placed in the mold in the oven until compaction
temperature, where it was placed in the automatic compactor. The rod was inserted
manually, and an automatic counter counted blows as the hammer compacted the asphalt
as it rotated for uniform compaction. The sample was then flipped, and the same amount

of compactions (blows) was applied to the other face. Specimens must be 100 mm in
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diameter and 63.5 +/- 2.5 mm in height. For performance testing, each sample must have

air voids of 7.0 +/- 0.5%.

Figure 11: Marshall Compaction Hammer

4.3 Testing Standards

Several tests were conducted to study the behavior of the plastic mixes to the control mix.

These are explained as follows.

4.3.1 Moisture Induced Damage Test

AASHTO T 283-14 (2014) was used to test damage due to moisture. At least six samples
were created. Half of the samples underwent no conditioning, and the other half underwent
conditioning. The volume of air voids was found for each specimen using the equation.

PLE
v, =2
2 100

(13)

Where:
Va= volume of air voids, cm?3
Pa= air voids, %
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E = volume of specimen, cm?
The unconditioned samples (dry subset) were stored at room temperature until testing.
They were placed in a water bath of 25 +/- 0.5°C for 2 hours +/- 10 minutes. At least 25

mm of water was above the specimens.

Conditioned samples were placed in a vacuum container (same as MRD), completely

submerged in water at least 25 mm above the specimen. A vacuum was applied in short

intervals, then the sample was removed, and the mass of the saturated, surface dry specimen

was checked. The volume of absorbed water was determined using Equation 14:
J'=B'—A(14)

Where:

J> = volume of absorbed water, cm?3

B’ = mass of saturated, surface-dry specimen after partial vacuum saturation, g

A = mass of dry specimen in air, g

The degree of saturation (S’ %) was then found using Equation 15:

__100js
= 7

S’ (15)

The degree of saturation must be between 70-80%. If it is above 80%, the sample must be
discarded. If it is below 70%, the sample is placed in the vacuum chamber, and the process
is repeated. For these samples, pressure started high (around 600mm Hg) for about 30
seconds, and pressure was reduced by varying amounts per sample (about 350-450mm) for
30 seconds intervals. If saturation was below 70%, the pressure was progressively reduced

each time until the saturation limit was reached. The specimens were then covered tightly

with plastic wrap and put in a plastic Ziploc bag, with 10 mL of water added. The bag was
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sealed and placed in a freezer of -18 +/- 3 °C for a minimum of 16 hours (Figure 12). The
samples were then placed in a water bath of 60 +/- 1 °C for 24 +/- 1 hour (Figure 13). Once
placed in the water bath, the plastic film was removed. After, they were placed in water of
25 +/- 0.5 °C for 2 hours +/- 10 minutes, as was done with the unconditioned samples.
Because there was only one water bath available, buckets were filled with water in advance
and placed in an environmental chamber (Dynamic Modulus Device) with an underwater
temperature probe to check constant temperatures (Figure 14). As samples were added,

cool/hot water was used to ensure the temperature remained at 25 +/- 0.5 °C.

Figure 13: Water Conditioning
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Figure 14: Water Conditioning in DM Chamber
Samples were then removed from the water bath. Conditioned samples had their thickness
(t) measured. Samples were placed in the testing machine (Marshall Loader 5120).
Specimens were placed between steel loading strips and between two bearing plates in the
machine (Figure 15). The load was applied along the diameter of the specimen at a constant
rate of 50mm/min until the specimen fractured. Specimens were removed, pulled apart at
the crack and checked for signs of stripping (detachment of the asphalt film) for moisture

damage.

Figure 15: TSR Loading
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The maximum compressive strength was recorded by the maximum load value. The

strengths were found by using Equation 16:

__2000P
- pixtD (16)

S

Where:

S = strength, kPa

P = maximum load, N

t = thickness, mm

D = diameter, mm

S2 (average wet strength from conditioned samples) divided by S1 (average dry strength

of unconditioned samples) provides the Tensile Strength Ratio (TSR).

4.3.2 Moisture Induced Testing for 3 Freeze-Thaw Cycles

A goal of this project was to study the effects of plastic mixes in Canadian climates. It was
decided that studying repeated Freeze-Thaw (F-T) cycles would be beneficiary for this
goal. According to Yee & Hamzah (2019), WMA is more vulnerable to moisture
infiltration and subsequent stripping. They conducted aging and various F-T cycles on
varying mixes of binder and compaction temperatures and found that reducing compaction
temperature decreased the mixture workability. The furthest damage applied was long-term
aging and 3 F-T cycles. (Yee & Hamzah, 2019) Fredericton, NB, has a projected average
of 76.4 F-T cycles in winter from 2021-2050 (Climate Atlas of Canada, 2019). It was
decided to age and conduct only 3 F-T cycles as per this study, as further F-T cycles may

damage the specimens, so they cannot be tested.
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The procedure of 4.3.1 was followed to create all samples and for testing. All samples
made were conditioned by following AASHTO R 30-02 (2019), with samples placed in
an oven at 85°C for 120 hours. Samples were then saturated between 70-80 %, wrapped in
aluminum foil, and placed in a plastic bag with 10 mL of water. For this step, it was
assumed that the saturated weights could be compared to the original dry weight of the
sample and that volumetrics are the same for determining percent saturation. Samples were
then placed in a freezer at -18°C for a minimum of 60 hours before being removed from
the bags and aluminum foil and placed in a water bath at 60 °C for 24 hours. Due to the
number of samples used, two water baths were used. After 24 hours, water was quickly
syphoned out of each bath and replaced with cool water until the water temperature was 25
+/- 1 °C. This process took about 10-20 minutes. Samples were kept in these baths for 2
hours and then re-wrapped in aluminum foil and placed within their plastic bags. 10 mL of
water was not added to this step as it was assumed enough water remained in each sample
to offset the need for 10 mL of water. Samples were then placed back in the freezer for
another 16 hours minimum. This process was repeated three times to simulate three F-T
cycles. Then after 2 hours in 25 °C water, samples were tested as per 4.3.1 Moisture

Induced Damage Test.

4.3.3 Semi-Circular Bending (SCB) Test

AASHTO TP 124-18 (2016) was used for the semi-circular bending procedure, which was
used to study the crack resistance properties of asphalt mixes. Samples were compacted to
a 150 mm diameter and 50 +/- 1 mm thick size by using the Superpave Gyratory Compactor
and a spacer within the mold. Samples were compacted to 7 +/- 1.0 % air voids. Samples

were then cut in half with a saw, and a notch was added to a depth of 15 +/- 1 mm (Figure
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16). For each half, several measurements were recorded: the notch depth on both faces and
the average value rounded to the nearest 0.5 mm; the ligament length on each face and
averaged; and the thickness of about 19.0 mm on either side of the notch and on the curved

edge across from the notch, with the average to the nearest 0.1 mm.

Figure 16: Preparing SCB Samples

Samples were aged by following AASHTO R 30-02 (2019). Half the specimens were
unconditioned, and the mix was subjected to short-term aging. These samples were put in
the oven for 2 hours at compaction temperature. They were then placed in a water bath at
25 +/- 0.5 °C for 2 hours +/- 10 minutes before testing. The conditioned halves were placed
in an oven at 85 +/- 3 °C for 120 +/- 0.5 hours. After, they were left to cool for at least 16
hours to reach room temperature. They were then placed in a water bath, like the
unconditioned samples. For each sample, testing must be done within 5 minutes of removal
from the water bath. The sample was dried, marked and placed within the test fixture on
the rollers, so the vertical loading is aligned to pass from the centre of the top radius through

the middle of the notch. (Figure 17) A contact load of 0.1 +/- 0.01 kKN with a rate of 0.05
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kN/s was applied. After the 0.1 KN was reached, the test was conducted using Load Line
Displacement (LLD) control at a rate of 50 mm/min until the load dropped below 0.1 kN.

The specimen was removed, and the process was repeated.

Figure 17: SCB Loading Frame

Work of fracture, maximum loading, and post-peak slope were recorded, as well as a graph

of loading versus time. The fracture of energy was found using Equation 17:

Wy
f- Areajig

* 108 (17)

Where:

Gt = fracture energy (Joules/m?)
W+t = work of fracture (Joules)
Areaiig = ligament area (mm?)

The flexibility index is found using:

= b
FI = L+4(18)
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Where:

FI = flexibility index

|[m| = absolute value of post-peak load slope m (kN/mm)

A = factor for unit conversion and scaling, equals 0.01.

This flexibility index value helps to predict the fracture resistance of a mix at intermediate
temperatures for both short-term aging (when the asphalt is first placed) and at long-term
aging (after it has been in service for a long period of time). According to Batioja-Alvarez
(2019), the Flexibility Index (FI) is a good indicator of cracking resistance, with a value
over 10 having excellent resistance. VValues below six tend to have poor cracking resistance.
These were the rules of the basis for comparing FI values for specimens during the SCB

test. (Batioja-Alvarez et al., 2019)

Concerns about using FI values exist when “elevated levels of recycled materials” are in
the mix due to the high load rate of 50 mm/min. Thus, the Cracking Resistance Index (CRI)
is used, which evaluates performance based on the peak load instead of the post-peak slope,
as the CRI provides greater discrimination to differentiate mixes with different properties.
CRI also gives less variability. (Batioja-Alvarez et al., 2019) To find CRI, Equation 19 is

used:

CRI = - (19)

|Pmax|

Where:
Gt = fracture energy, J/m?
Pmax = peak load, kKN

The higher the CRI value, the greater the cracking resistance.
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4.3.4 SCB Low-Temperature Tests

According to Baumanis et al. (2021), the Thermal Stress Restrained Specimen Test (TRST)
is considered the most precise direct test method to determine the thermal behaviour of
asphalt mixtures. It is time-consuming and expensive, with a lack of equipment to perform
the said test at UNB. They showed that there was an acceptable correlation between the
TSRST and SCB test to allow SCB for pre-screening purposes. In the research, tests were
run at a constant deformation rate of 5.0 mm/min at 0 °C according to EN 12697-44
standard procedure. (Baumanis et al., 2021) Thus, for testing, the same temperature and

loading rate were used.

Another SCB was completed at -18 °C, 10 °C above the lower PG grade of -28 °C. This
was suggested by Falchetto et al. (2018). The deformation loading rate used for this test
was 0.001 mm/s (0.06 mm/min). This was chosen based on the time it would take to

perform each test, as well as ensuring accurate results could be recorded.

For both tests, the UNB machinist adjusted and created equipment so the loading cell and
sample holder platform could be inserted into the DTS 30 device (Figure 18). This allowed
for samples to be placed overnight at the desired testing temperature and tested the
following day. Both the chamber internal temperature and the internal temperature in a
dummy asphalt sample were used to determine the testing temperature once the chamber

was opened and closed for changing specimens for testing. At times, 5 minutes had to pass
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before conducting the next test. Tests continued until a 95% break detection (% unload)

occurred.

Figure 18: SCB Setup in DM Chamber
For each test, the load and displacement were recorded. Graphs had to be created manually
for all test samples. In order to obtain the values needed for results, Appendix X1 was
followed in AASHTO TP 124-18 (2016). All points were graphed for displacement (x-
axis) versus load (y-axis) with a correction factor applied to convert the first points to 0,0
for load and displacement and applying the same deduction to each point thereafter. A
sixth-order polynomial equation for the beginning of the test to the maximum loading was
created for the pre-peak slope, and for the post-peak from maximum load to the end of the
test, an exponential equation was generated. Beginning points with negative loading were
omitted from the equation. The area under each equation was generated using Symbolab
(2021). The total area is Wt. To obtain the post-peak slope, an estimate was made using the
loads at 40 and 60 % of the peak load. If points had decreased loading on the post-peak

slope, then the next closest point was used. The displacements were found using linear
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extrapolation, and the slope between these two points was determined. This estimate
procedure was used based on Figure 2-5 of You et al. (2015). After completing this process,
it was determined that the sixth-order polynomial equation fitted each graph with a high R?
value. The exponential function did not fit the last half of the graph well, with a low R?
value. Thus, the first half used the area under the curve using Symbolab and the polynomial
equation, and the second half used the area under the curve with the use of rectangles of
equal widths. The two values were combined to obtain an overall Ws. All other calculations

followed 4.3.3.

4.3.5 Dynamic Modulus Test

AASHTO T 342-11 (2015) was followed for Dynamic Modulus Testing. This procedure
allows one to measure the performance of an asphalt sample over a range of frequencies
and temperatures by measuring the dynamic modulus and phase angle for each scenario.
Asphalt samples 150 mm in diameter by 150 mm in height were compacted using the
Superpave Gyratory Compactor. Samples were compacted to have 8-9.0 % air voids. These
samples were then cored using a coring machine (Figure 19), and the ends were ground
(Figure 20) to a final dimension of 100-104 mm diameter and height of 147.5-152.5 mm,

and air voids of 7.0 +/- 0.5 %.
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Figure 20: Grinding Faces of Samples

Three samples for each mix were prepared. Samples had steel stoppers glued to them and
clamps screwed into the stoppers to hold transducers. Samples were placed into the 30KN-
Dynamic Testing System (Figure 21). Temperatures were altered to test cycles of

frequencies on each sample. A dummy sample had a hole which allowed for the internal
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temperature to be measured and was assumed to be the same for each sample in the

chamber.

Figure 21: DM Setup

Once one sample was tested, both the new sample and the dummy sample were removed
for the same amount of time, so the internal temperature assumed for each sample was
accurate. The test temperatures used were: -10, 4.4, 21.1, and 37.8 °C. The standard
mentions doing testing at 54°C, but because of the PG binder grade of the mixes, it was
deemed that testing at this temperature would not be successful. Testing similar binders at
this temperature in the past has led to asphalt softening, leading to transducers falling off
the sample and skewing the data. For each temperature, the following frequency and cycles
in Table 4 were used.

Table 4:Frequency Cycles Required for DM Testing

Frequency, Hz | Number of Cycles
25 200
10 200
5 100
1 20
0.5 20
0.1 20
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For 0.5 and 0.1 Hz, 15 cycles are suggested by the standard, but the equipment used
required at least 20 cycles. A test is considered acceptable as long as the peak strain is
between 50 and 150 micro strain and the load and deformation errors are below 10%.
During testing, the Proportional Gain was checked to ensure square waves were created by
the specimen in response to the device to ensure errors were limited. The Proportional Gain
values are between 3000-3500 for these specimens. The dynamic modulus was also
estimated before testing at 20000, 14000, 8000 and 4000 MPa for -10, 4.4, 21.1, and

37.8°C.

Once results were obtained, AASHTO R 62-13 (2020) was followed to produce Dynamic
Modulus Master Curves. The average modulus value and its coefficient of variation were
found for each temperature and frequency for each mix, as well as the average phase angle
degree and its standard deviation. Temperature values were converted to °F and the
Dynamic Modulus to psi during calculations. The general form of the dynamic modulus

master curve is from the sigmoid function in Equation 20:

o
1+eB+vlogfr

log |[E*x| =26 (20)
Where:

|E*| = dynamic modulus, psi

a, B, 6, y = fitting parameters

Fr = reduced frequency, Hz.

The reduced frequency was found using time-temperature shift factors. This was

done using the Second-Order Polynomial Equation:
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logf, = logf +a;(Tg — T) + a,(Tz — T)? (21)
Where:
fr = reduced frequency at the reference temperature
f = loading frequency at the test temperature
a1, az = fitting coefficients
Tr = the reference temperature, 70°F
T = test temperature, °F.
The final form of the dynamic modulus master curve equation was created by putting the

shift factor equation into the sigmoid function equation.

a
1+eBtYllogf+as (TR-T)+az(Tg-T)? (22)

log|E~*| = 6 +

Values were found by using the Solver function in Microsoft Excel. The minimum sum of
squared errors between E** and E* was found by changing the fitting parameters, where
E* is the dynamic modulus found from testing and E** was found in the equation above.
The master curve was then graphed by plotting the log of the reduced frequency against
the dynamic modulus. Results were used to predict the behaviour of each mix based on
their responses at the different frequencies and temperatures. This was determined by the
Dynamic Modulus (E*) and phase angle values. E* is a measure of strength and phase
angle is related to elasticity. The higher the E*, and the lower the phase angle, the stiffer

the material.

4.3.6 Flow Number Test

Procedure B — Flow Number Test of AASHTO T 378-17 (2017) was followed for the flow
number test. This standard measures the number of load cycles to achieve a 5% permanent

axial strain failure. It is used to help predict the performance of the asphalt and how many
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ESALs each mix can withstand. This test used the same samples and testing chamber as
the Dynamic Modulus test, except for the control mix, as the original samples were
damaged before the Flow Number test. The test used two greased double latex end-friction
reducers that were already made before testing. The specimen is positioned as shown in
Figure 21. The testing temperature used was determined using the adjusted PG grade
temperature from LTPPBind V3.0 software. The adjusted PG temperature for Fredericton,
NB, was 43.6 °C based on the PG Grade of 58-28. The program results are shown in
Appendix B. Once the target temperature was reached, the test was started. The test was
stopped once 5% permanent axial strain was achieved. Table 5 was used to compare results
to acceptable minimum flow number values for both hot and warm asphalt mixes.

Table 5:Minimum Requirements for Flow Number (AASHTO T 378-17, 2017)

Traffic Level, million HMA Minimum Average Flow WMA Minimum Average Flow
ESALs Number Number
<3 - -
310 <10 50 30
10 to <30 190 105
>=30 740 415
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Chapter 5: Results

5.1 Mix Design Determination

The Kelly Drum and Soleno Pellets plastics had to be integrated into the original control
mix design. The Kelly Drum material was used first to create a new mix design. Initially,
3% of Kelly Drum plastic, by weight of aggregate, was chosen and added to the warm mix
design, with 5, 5.5, and 6% binder amounts. During compaction to create a 75 gyration
sample for volumetric analysis, each sample would deform under the weight of the top
mold plate upon extrusion (Figure 22). It was determined that the plastic could not be used
in a warm mix design. These results are valid based on Soleno Recycling’s statement that
the fusion range for the plastics was 129-135°C. The binder temp was 135-138°C, the
aggregate temperature was 125°C, and the compaction temperature was 120-125°C; thus,
there was little to no surface melting of the plastics to allow them to combine with the
binder and aggregates to form a solid substance. The lack of bonding with plastic led to the
deformed shape after ejecting from the gyratory compactor. (Costa et al., 2017) used 5%
of PEX plastic by volume of the entire mix in HMA. Based on this paper, it was decided
to try the same amount by volume for the HDPE plastics in this project. The specific gravity

of each plastic would need to be found.

The specific gravity of Kelly Drum plastic was found to be 0.947 and that of the Soleno
Pellets to be 0.914. The Soleno Pellets' specific gravity is smaller than the Kelly Drum due
to its smaller size and weight. This slightly conflicts with the densities provided by Soleno,
as the pellets had a slightly higher density. It must be noted that these values were given
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after testing. A reason for the difference in values may be due to the method used for
finding the specific gravity value for each plastic. These materials are granular and the
density depends on how much compaction and pressure is placed on the plastics. The
plastic were tested by Soleno in January of 2021. The method used in this project relates
to water displacement, following the same theory to find the specific gravity of aggregates
in asphalt studies. Thus, the specific gravities found during testing were used and correlated
to the MRD values found for the mixes in section 5.2. 5% by volume of Kelly Drum was
used, which is equivalent to 1.8% by weight of the aggregate in HMA. The amount of

binder and other properties are evaluated in Section 5.2,

Figure 22: Deformed KD Sample Compared to CM
It was decided to keep the Control Mix as a WMA for two reasons. One, The desire to
explore the effect of the addition of plastic on the moisture damage susceptibility without
any antistripping aid. Second, because in 2019 the New Brunswick Department of
Transportation mandated that all the provincial project should be produced as WMA, as it

is expected that WMA performs the same as HMA, with improved environmental and
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health benefits, and potential improvement to the workability if the mix and extension of
the the paving season (Sweezie, NBDTI, 2020). Thus, the CM was selected as the baseline,
with the goal to create two plastic mixes that meet or exceed the same performance

standards for this region.

5.2 Volumetric Properties

It was determined that in order to achieve an air void of 3-5% for 5% by volume of Kelly
Drum plastic in HMA, 5.5% of the binder had to be used instead of 6%. Ideally, 5.6% of
the binder should be used, but 5.5% was used based on consistent results. Full data of
different AC content is provided in Appendix C. It was decided to use 5% by volume of
Soleno Pellets for the other mix design with a 5.5% binder as well. This decision was made
solely due to time constraints as the mix design phase took longer than expected due to
initial WMA failures using KD plastic. From previous research on LDPE plastic, it was
understood how slight changes to the mix design by adding different amounts of plastic
altered the mix. Thus the importance of being able to make a mix design within the
volumetric requirements with plastic involved was the main goal. Additionally, using the
same amounts of each HDPE plastic allowed for a better comparison of the impact of each

type on the rest of the mix. The amount of aggregates used in each mix design is shown in

Table 6.
Table 6: % of Aggregate for each Mix Type
Mix Type: Control Mix WMA Kelly Drum HMA Soleno Pellet HMA
Gravel 37.0% 33.0% 33.0%
Dirty Sand 27.0% 27.9% 27.9%
Washed Sand 28.0% 29.0% 29.0%
Blend Sand 8.0% 8.3% 8.3%
Kelly Drum 0.0% 1.8% 0.0%
Soleno Pellets 0.0% 0% 1.8%
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The HMA mixes were mixed at 148°C and compacted at 135°C, compared to mixing
temperatures of 125°C for aggregates and 135-140°C for binder in WMA, and a
compaction temperature of 125°C. Due to HMA mixes used, they do not require an
Evotherm® additive, unlike the control mix. The percent grading curve for each mix,

compared to the upper and lower limits, is shown in Figure 23.
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Figure 23: Aggregates Size Distribution for each Mixture vs. Type D Limits
The average volumetrics for each mix design are shown in Table 7. For the Control and
Kelly Drum mixes, two samples were created to verify the results. Only one sample was
made for the SP mixture as the results for MRD tend to be lower, which is valid due to the
lower SG of the SP plastics. For compacted samples, 75 gyrations were used, and results
were compared to Type D requirements for New Brunswick Regulations. All volumetric

results can be found in Appendix C.
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Table 7: Average Volumetrics for Mixes

Values Control Mix Kelly Drum Soleno Pellet
Gmm 2.450 2.415 2.409
Gmb 2.377 2.314 2.340

Diameter (mm) 150 150 150
Height (mm) 110.89 117.68 116.08
Air: 3.0% 4.2% 2.9%
Density(kg/m3) 2369.9 2307.1 2333.0
Gsh 2.683 2.65 2.65
Gb 1.02 1.02 1.02
Ps 94.0% 94.5% 94.5%
Pb 6.0% 5.5% 5.5%

VMA 16.7% 17.5% 16.6%

VFA 82.0% 76.3% 82.5%

The maximum theoretical specific gravity decreases from the Control mix to Kelly Drum
to Soleno Pellet mixes. This is expected due to the addition of material with lower specific
gravities. The air voids were higher for Kelly Drum compared to Soleno Pellets due to
more variability in property sizes as well as the melting potential of each plastic. Kelly
Drum is a stronger material and would have less melting; thus, the extra melting in the
Soleno Pellet mix would combine with the binder and reduce the air voids. The Control
and Kelly Drum mixes fit within the 3-5% limit for air voids content, with the Soleno
Pellets just below at 2.9%. The voids in the mineral aggregate meet requirements for both
Control mix and Soleno Pellet mix, but the Kelly Drum mix was just outside the upper
limit of 17.0% for VMA. This is due to the larger size proportion of the Kelly Drum mix,
made mostly of material retained on the 6.3 and 4.75 mm sieves, compared to the Soleno
Pellet containing material retained mostly on the 2.36 mm sieve. The Kelly Drum mix has
more material of a larger size, thus creating the larger voids, slightly above the 17%
requirement. The opposite is true for the voids filled with asphalt, as the Kelly Drum mix
meets requirements, and both the Control and Soleno Pellet mixes are above the upper limit

of 77.0% for VFA. The Control Mix is over due to the high amount of binder (6.0%
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compared to 5.5%), which would fill more voids. Even though the Soleno Pellet mix has
the same amount of binder as the Kelly Drum mix, it melts more and at a faster rate, as is
explored in Section 5.8, and due to it being a weaker plastic than Kelly Drum. Thus, this
extra melting, acts similar to the extra binder in the Control Mix and would lead to more
voids being filled. As well, plastics do not have the same amount of absorption to asphalt
cement as aggregates. The plastics undergo some melting, but there may be little to no
latching to the aggregate. Being a new material studied, the behaviour within the mix is
unknown. There may be some bias impacting these volumetric results, and further study

on the impact of these plastics on the aggregates and binder is required.

5.2.1 Moisture Induced Damage Results

Several Marshall compacted samples with air voids of 7 + 0.5% were produced and tested.
Tables 8, 9 and 10 shows the dry and wet strength for each sample.

Table 8: Control Mix TSR Results

Sample:

CM 25851

CM 25 S2

CM 25 S6

CM 25 S3

CM 2554

CM 25 S6

% Air

7.2

6.9

7.3

7.1

6.8

7.4

Dry Strength
(kPa), S1

283.3

326.9

320.3

Wet Strength
(kPa), S;

384.7

387.4

376.3

TSR (S2/S1)

1.234

Table 9: Kelly Drum Mix TSR Results

Sample:

KD 77 S1

KD 77 §4

KD 75 S3

KD 75 S1

KD 75 82

KD 77 S2

% Air

6.5

6.7

7.5

7.4

7.2

6.7

Dry Strength
(kPa), S1

405.7

522.7

492.1

Wet Strength
(kPa), S;

4424

511.9

441.3

TSR (S2/Sy)

0.982
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Table 10: Soleno Pellets Mix TSR Results

Sample:

SP 50
S5

SP 50 S7

SP 50
S8

SP 50 S9

SP 50 S1

SP 50 S2

SP 50 S3

SP 50 S4

% Air

6.5

6.6

7.1

6.7

7.3

Dry

822.7

832.3

829.2

763.9

6.9

6.9

6.9

Strength
(kPa), S:
Wet - - - -
Strength
(kPa), S;
TSR
(S2/S2)

668.1 720.5 771.1 695.8

0.879

The complete set of results, as well as pictures of samples, can be found in Appendix D.
From the tables above, Soleno Pellets have the higher dry and wet strengths, followed by
Kelly Drum, then the Control Mix. This may be due to the bonding characteristics of the
plastics used. Soleno Pellets melt more and create a stronger bond, followed by Kelly
Drum. New Brunswick does not have a requirement on the minimum strengths required
for TSR testing, but the province of Prince Edward Island does. The Department of
Transportation and Infrastructure Renewal of PEI states that anti-stripping agents may be
required if the conditioned and freeze-thaw tensile strength values are below 400 kPa
(Department of Transportation and Infrastructure Renewal PEI, 2012). The Control Mix
has no value meeting the 400 kPa requirement, even with the use of the anti-stripping agent
involved in the mix design. However, the Control Mix has the best TSR rating. The value
is above 1, which isn’t feasible as conditioned samples should be weaker, but from
observation, there is little to no damage, and it is assumed that there is no moisture damage
within the samples. This can be explained by the variability of the data (Figure 24) and the
Evotherm anti-stripping additive. The unconditioned samples have a standard deviation of

19.2 kPa.
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Comparison of Strengths of Control Mix
450.0
400.0
350.0
300.0
250.0
200.0

Strength, kPa

150.0
100.0
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0.0
Unconditioned Conditoned

Figure 24: Comparison of Variability of Strengths of Control Mix
There were only a few cracked aggregate particles in the Control Mix. The Kelly Drum
mix has little moisture damage, with a TSR value of 98.2%. Little damage and cracked
aggregates are noticed. The Soleno Pellets had the most moisture damage (87.9%) and also
showed little damage and cracked aggregates. 80% is the minimum acceptable value for
TSR rating, and all samples passed this requirement. Thus, all samples are acceptable for
the field based on moisture damage alone. It should be noted that although the plastic mixes
have lower TSR values, they are acceptable, and the Kelly Drum mix has a very high TSR
rating. This occurs with both mixes containing no anti-stripping agent. Thus, it is possible
to use these mixes instead of an anti-stripping agent to meet moisture damage resistance
requirements. Images of each sample tested can be seen in Figure D.1-D.3 of Appendix D.
The strengths of the plastics may be the reason for the ranking of the TSR ratings. Plastics
are not as strong as rock aggregates, and Kelly Drum is stronger than Soleno Pellet. The
stronger the material bonded together, the harder it may be to separate and cause damage

from moisture interaction.
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5.2.2 Moisture Induced Damage Results after 3 F-T Cycles

Tables E.1-3 in Appendix E show the results of the strengths from the 3 F-T cycle
specimens after long-term aging. Table 11 shows the comparison of TSR values for 1 to 3
F-T cycles. TSR values for 3 F-T compares the average wet strength against the original
dry strength samples.

Table 11: Comparison of 1 to 3 Aged F-T TSR Results

Mix TSR1F-T TSR3 F-T % Drop
Control Mix 1.234 1.143 7.4%
Kelly Drum 0.982 0.942 4.1%
Soleno Pellet 0.879 0.816 7.2%

The Control Mix results are still above one, meaning the conditioned samples are better
than the unconditioned. This could be due to the Evotherm and variability as mentioned in
5.3.1. Results are similar when 1 F-T cycle occurred as Soleno Pellets, then Kelly Drum
has the higher wet strengths, and the Control Mix still has the best TSR rating. After 3 F-
T cycles, the Kelly Drum still has a high TSR rating, and the Soleno Pellet mix meets
requirements but is close to the minimum value of 80% allowed. Figures E.1-E.3 of
Appendix E show the aged samples after 3 F-T cycles. It is clear there is little to no
stripping on the Control Mix samples, but there is some stripping on Kelly Drum, with the

most stripping occurring on the Soleno Pellet samples.

5.2.3 Semi-Circular Bending (SCB) Results

Table 12 shows the numbered results of the testing, and Figures 25 and 26 show the short
and long-term results of cracking resistance in terms of FI and CRI for all mixes. The
complete set of data and images of samples can be found in Appendix F. From the results,

the Control mix has the highest cracking resistance, and Soleno Pellet has the lowest
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cracking resistance. Control mix and Kelly Drum both are above the FI rating of 10 for
excellent resistance for both short and long-term aging. Soleno Pellet value is below 10
short-term and at 6.1 long-term, which is borderline for poor cracking resistance. Trends
are similar for CRI values. There is a larger decrease in values for Control, then Kelly
Drum compared to Soleno for short to long-term aging. FI values had low variability
compared to CRI values, with Kelly Drum having the highest CRI short-term variability
and Soleno Pellet having the higher long-term CRI variability.

Table 12: Results of SCB Testing

Mix Control Mix Kelly Drum Soleno Pellet

Fl Short Term 31.2 16.1 9.7

Std. Dev 5.8 4.5 3.8
Fl Long Term 175 10.1 6.1

Std. Dev 2 14 2.4
CRI Short Term 1203 847.9 599.9

Std. Dev 70.4 146 104.4
CRI Long Term 847.4 620.7 464

Std. Dev 46.9 50.5 81.8
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Figure 25: Flexibility Index of Mixes

62



CRI Short vs. Long Term

1400
1200
1000

800
600
40
20
0
c™M KD SP

B Short Term M Long Term

CRI

o O

Figure 26: CRI Ratings of Mixes
Overall, the Control mix has the best cracking resistance for both short and long-term
conditions, followed by Kelly Drum, which meets performance requirements. Soleno
Pellet has the worst cracking resistance, with short-term not being excellent and long-term
just above the poor rating. These results may be due to the strength of the plastics compared
to the rock aggregates of the Control mix. The lower the strength, the lower the resistance,
which corresponds to Soleno Pellets being a weaker plastic. Being weaker, more of the SP
plastic would melt. This portion that melts contributes to the binder and is not a part of the
aggregate skeleton. This leads to more stiffening of the mix, which negatively impacts the

fatigue resistance.

5.2.4 0°C SCB Results

Figure 27 and Figure 28 show the results of the FI and CRI results at 0°C.
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Figure 28: CRI Results at 0°C

Table 13 shows the tabulated results. Tables F.4-F.6 of Appendix F show all the data set.

Table 13: SCB Overall Results at 0°C

Mix Control Mix Kelly Drum Soleno Pellet
Avg FI 0.798 0.926 0.0693
FI Std. Dev 0.573 0.327 0.00555
Avg CRI 222.1 239.8 134.4
CRI Std. Dev 28.5 34.7 10.6
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From the results, all mixes are considered poor-performing as all values are well below the
rating of FI 6 for poor cracking resistance (Batioja-Alvarez et al., 2019). Because this test
was adjusted and did not follow a standard developed for these loading rates or conditions,
one cannot make assumptions about low-temperature performance based on these results.
For analysis, it is only possible to compare the mixes to each other to develop trends in

predicting how each performs in relation to the other.

The Kelly Drum mix has the best cracking resistance averages, and Soleno Pellet has the
lowest. The Soleno Pellet results consist of three samples with low variability in the results,
which shows that the performance is poor compared to the other two mixes. The Kelly
Drum and Control mixes consist of 5 and 3 samples, respectively. Each sample should be
compared due to the large variability of results shown by the error bars in Figures 27 and
28. The results show that there is no statistical difference between the CM and KD results,

and it can be assumed that they perform the same at 0°C.

From the results, there is variability, especially with the FI values. This is largely due to
the slope estimates used to calculate the FI values (see Appendix F). Thus, the CRI values
were used for comparison. Also, since this is an adjusted test, there may be underlying
errors in testing. Thus, the overall results show a close comparison between the two mixes,
with the Kelly Drum having a greater average. Thus, Kelly Drum has a slightly higher
cracking resistance at 0°C. This can be due to the properties of the Kelly Drum plastic. The
plastic is larger and more resistant to melting (see section 5.8 for melting results) than the

Soleno Pellets, which are more brittle. Thus the Soleno Pellets are more fragile and
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vulnerable to environmental impact, thus the poor results. The less binder content and the
resistant plastic is why the Kelly Drum competes with the Control mix that has a higher
binder content, as the binder becomes brittle during colder conditions. Thus from the CRI
values and variability, the KD and CM perform to the same degree at 0°C in terms of crack

resistance.

5.2.5-18°C SCB Results

Based on the results of the 0°C samples, resistance to low temperature cracking may be
better explained with results at -18°C. Figure 29and 30 show the results of SCB testing at

this temperature.
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Figure 29: FI Results at -18°C
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Table 14 shows the tabulated results. Appendix F shows the full results in Table F.4-F.6.

Table 14: Results of SCB at -18°C

Mix Control Mix Kelly Drum Soleno Pellet
Avg FI 0.0856 0.120 0.0596
FI Std. Dev 0.0718 0.136 0.0812
Avg CRI 1134 128.3 114.8
CRI Std. Dev 19.7 36.3 15.2

Similar to 0°C results, the FI values have a large amount of variability. In these tests, the

standard deviation is larger than the average for the two plastic mixes. Thus, comparisons

were made based on CRI values. It must be noted that for Soleno Pellet, the FI average is

below the Control mix average, but the opposite is true for CRI values.

Based on the observed variability of the individual results, testing the accuracy of this

testing method is suggested. The Kelly Drum mix also has variability ranging from 92.0-

164.6 but, on average, shows better results than the other two mixes. Thus, as the

temperature gets lower, the Kelly Drum cracking resistance is deemed best. This could be
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due to the nature of the Kelly Drum plastics. As the temperature becomes cooler, the more
brittle the binder, and the more binder in Control mix may lead to poorer performance. This
could also explain why Soleno Pellet, on average, had better results at this temperature,
whereas at 0°C, the Control mix performed well compared to the Soleno Pellet mix. From
the variability, there is no statistical difference in the results of all mixes, and it can be

assumed that they all perform statistically equal at -18°C.

5.3 Dynamic Modulus Results

Figure 31 shows the Dynamic Modulus of each mix type in relation to different

frequencies.
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Figure 31: Dynamic Modulus Master Curve Behavior of Mixes
Too stiff of samples, represented by high Dynamic Modulus (E*), and low phase angles
suggest that a mix is more susceptible to cracking (Rahbar-Rastegar et al., 2018). Stiffer
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samples lead to a brittle material. The graph shows that for frequencies less than 0.01Hz,
Kelly Drum has the lowest Elastic Modulus. At 0.01Hz, Kelly Drum and Control Mix have
the same modulus. From 0.01 Hz to about 100Hz, the Soleno Pellets mix has the highest
Dynamic Modulus, and it is the stiffer material. The Control mix has the lowest. After this
point, the Control mix tends to have an increasingly higher Dynamic modulus compared
to the other two, with Kelly Drum above the Soleno Pellet mix. Thus, the Control mix
becomes stiffer than the other mixes with higher frequencies past 100 Hz and Soleno
Pellets mix then becomes the less stiff.

According to Varamini et al. (2017), the graph could be divided into lower, intermediate,
and higher frequencies to study different distresses. It is suggested to study the stiffness
and frequencies at three places to estimate some distresses: thermal cracking at the highest
frequency of 25 Hz and temperature of -10°C; fatigue cracking at 21.1°C and 10 Hz; and
rutting at the highest temperature of 54.4°C and low frequency of 0.1 Hz. (Varamini et al.,
2017). However, for this test, the PG grade of 58S-28 did not allow for testing at 54.4°C.
It was noted in previous experiments using the Dynamic Modulus Testing System that
reaching these temperatures did not allow for actuators to remain firmly placed during
testing, leading to high errors and unusable data. According to Apeagyei (2011), rutting
susceptibility can be studied using E* at 38°C due to a good correlation between E* at 0.1
Hz and FN at 54°C. Table 15 shows the results at these critical temperatures and
frequencies.

Table 15: Dynamic Modulus of Mixes

Mix Dynamic Modulus, E* (MPa)
-10°C & 25 Hz 21.1°C & 10 Hz 37.8°C & 0.1 Hz
Control 24573.6 ( +/-3016.0) 2996.7 (+/- 236.0) 218.1 (+/- 192.2)
Kelly Drum 19792.7 (+/- 1369.3) 3525.9 (+/- 240.3) 160.2 (+/- 81.3)
Soleno 18948.0 (+/- 439.6) 3855.0 (+/- 289.1) 249.8 (+/- 37.7)
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Table 15 shows that at -10°C and 25 Hz, the Control mix had the highest E* value, followed
by Kelly Drum and then Soleno. This shows that the Control mix is the stiffest and would
have the least resistance to thermal cracking. This correlates to the results of SCB at -18°C,
in which the Control mix performed the poorest on average. The Soleno Pellet should be
the most resistant to thermal cracking; however, this does not correlate with the SCB test
at -18°C, as the Kelly Drum mix had the best performance. The SCB results at this
temperature were assumed to be the same, with Kelly Drum performing slightly better due
to variability. Taking variability into account, the two plastic mixes are within range and
can be assumed to be equal in performance, which correlates to the SCB results. It is known
that plastics tend to be stiff at low temperatures, but the Control mix is in this case. This
may be due to the 0.5% more binder in the Control mix, which becomes stiff as

temperatures decrease.

At 21.1°C and 10 Hz, the results are reversed, with Soleno Pellet having the highest E*,
followed by Kelly Drum and Control. This shows that the Soleno Pellet is stiffer and brittle
and more susceptible to fatigue cracking. The Control mix is the most resistant to fatigue
cracking. These results are also reflected by the SCB test at intermediate temperatures and

are considered consistent.

At 37.8°C and 0.1 Hz, Soleno Pellet has the highest E*, followed by Control, then Kelly

Drum. At this temperature and frequency, the higher E*, the stiffer and more resistant to

70



rutting. Thus, the Soleno Pellet has the most resistance to rutting, followed by the Control

mix, then the Kelly Drum with the least resistance.

Full results for all samples and at all temperatures and frequencies, as well as fitting

parameters, can be found in Appendix G.

5.4 Flow Number Results

Figure 32 shows the average Flow Number (FN) results for Control and Kelly Drum mixes

at 43.6 °C.
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Figure 32: Flow Number Comparison of Control and Kelly Drum Mixes
Three samples of Control mix were tested with a low and high of 81 and 106 blows with
an average of 93.3. Based on Table X2.4 of (AASHTO T 378-17, 2017), this warm mix
would support 3 to <10 million ESALs with an average requirement of 30 FN. 105 FN is
needed to range between 10 and <30 million ESALs. The Kelly Drum mix, being a hot
mix, has a different set of acceptable FN numbers. Four samples were tested and had more

variability, with low to high being 428 and 1006. The average value is 756.3, which
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supports over 30 million ESALs. For this requirement, the average needed is 740.
Considering two of the four samples were below at 429 and 739, and the average
requirement for 10 to <30 million is 190 FN, it is acceptable to say that this mix could
support at least 30 million ESALSs. This shows that the Kelly Drum mix can support more

traffic loading than the Control mix.

The Soleno Pellet mix cannot be compared as testing was not completed in full, as the
samples continue to resist deformation without evident failure, so the end of the test had to
be forced. Table H.1 of Appendix H shows the FN of each sample before stopping the test
and the permanent strain at the time test was ended. The test stops automatically at 5%
permanent strain, but due to time, the tests were stopped prematurely. The results show
that the Soleno Pellet mix has the best ability to support high amounts of traffic, well over

the 30 million ESALSs requirement of 740 FN.

Overall, the Soleno Pellet mix has the best resistance to rutting based on the results,
followed by the Kelly Drum mix. The Control mix has the least amount of rutting
resistance. As compared to the DM testing at 37.8°C and 0.1 Hz, results correlate for
Soleno Pellet, but the Control mix performed better than Kelly Drum in that test. As the
FN test is designed for rutting resistance and samples are broken, its results are more
reflective of rutting resistance. The DM is based on stiffness. From the literature review,
plastics have been known to help with rutting resistance, which is shown to be consistent

here.
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5.5 Workability

Workability can be measured by the compaction effort required to achieve target air voids.
For performance testing, 7% +/- 0.5% air voids were required. Table 16 shows the number
of gyrations needed to achieve the targeted air void range.

Table 16: Gyrations/Blows to Achieve Targeted Air Voids

Tests: Control Mix Kelly Drum Soleno Pellet
TSR 25-30 63-77 44-50
SCB 75 100-120 44

DM/FN 14-15 28-30 15

Variability exists in gyrations required due to several factors, including: compacting older
mixes, dirty equipment, and some variability within batches. For all testing, Kelly Drum
requires more compaction and thus is less workable compared to the other two mixes. For
Marshall hammer blows per face, the Control mix requires fewer blows than the other two
mixes. For gyrations, which simulate better compaction in the field than Marshall Hammer
blows, the Soleno Pellet has fewer gyrations needed compared to Control for SCB samples.
For DM samples, Control samples were 14-15, were SP samples were compacted at 15. It
can be assumed that the effort for DM is the same. The mixes can also be compared by
comparing Gyration versus percent of the MRD. Figure 33 shows this for each mix when
compacted to 75 gyrations using the Superpave Gyrator for the volumetric analysis.

As can be seen, all mixes are within close range for workability. Kelly Drum is just below,
meaning it needs more compaction effort to achieve a desired level of compaction. This
may be due to the stronger plastic needing more time and pressure to melt the surface to
combine with the mix. Overall, from this figure and compaction effort ranges for different
test samples, it can be assumed that the Soleno Pellet mix has the same amount of

workability as the Control mix, with the Kelly Drum mix requiring more compaction effort
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but not by a significant amount. Thus, there would be little to no increase in the cost of

using plastic mixes in the field.
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Figure 33: Compaction Effort of Each Mix

5.6 Melting Characteristics of Plastics

The study of using these plastics in the field was not a part of this research. It was
questioned what the melting characteristics of the plastics would be when exposed to the
hot temperatures used for asphalt mix design and transportation to the field. This was
simulated to some degree by placing 62.7g of Kelly Drum and 54.0g of Soleno Pellets into
an oven at 160°C to observe the melting characteristics. Samples were placed on tin foil,
and as well as observing melting characteristics, the sticking to the tin foil was also
observed. Samples were checked every 10 minutes for melting characteristics until it was
deemed that significant melting had occurred. Appendix | shows the images of the plastics
during observations at various times as they melted. After 10 minutes, the Soleno Pellets

had a small amount of material stuck together, and Kelly Drum had no appearance of
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melting. After 20 minutes, Soleno Pellet had more clumping of material, with a shiny
appearance (melting). Kelly Drum had a very small amount of material sticking. After 30
minutes, it was noted that Soleno Pellets were really sticking together and sticking to the
tin foil, while Kelly Drum had some sticking, mainly along irregular-shaped pieces, but
did not stick to the tin foil. It is considered that the 30-minute mark is when most melting
starts occurring for Soleno Pellets. At 40 minutes, Kelly Drum sticks more together but
doesn’t stick to the tin foil. Soleno Pellet is sticking to the tin foil. At 50 minutes, the Soleno
Pellets are very stuck and hard to move around, while some Kelly Drum sticks to the tin
foil. At 60 minutes, Kelly Drum has some melting but not sticking to the tin foil, and Soleno
Pellet is very stuck. At 70 minutes, it is deemed there is significant melting of the Kelly
Drum material, and it is starting to stick to the tin foil. At 90 minutes, both plastics have
good amounts of melting and sticking to the tin foil. The Kelly Drum sample can still be
pulled off of the tinfoil. At 120 minutes, Soleno Pellets are very stuck and removing them
from the tin foil was not possible. Kelly Drum has only a small portion stuck to the tin foil
as most can be removed. The plastics were kept in the oven for 5.25 hours. It was noted at
4.25 hours that the Kelly Drum sample was sticking to the tin foil, and when the oven was
turned off, the Kelly Drum was starting to rip the tin foil upon removal. These results show
that the Kelly Drum plastic is stronger and takes longer to melt than the Soleno Pellets,
which correlates with the information provided by Soleno Recycling and the percent melt

flow for each plastic.

The next day, once both plastics were completely cool, the samples were analyzed. Both

could be removed from the tin foil. Both existed as hard clumps that could no longer be
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altered by hand. This shows that both melted with time after being exposed to 160°C, with
the Soleno Pellets melting at a faster rate. This supports the earlier theory that some plastic
would melt and contribute to the binder proportion of the mix. Once the mix cools, the
majority of the plastics act as a tightly bonded aggregate. The actions during melting show
that there may be some difficulty cleaning equipment while hot with these plastics (mostly
the Soleno Pellets). But once cool, both should be easily removable. Further testing, when
mixed with aggregate dust and binder, need to be analyzed on equipment used to mix and

transport these mixes in the field.
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Chapter 6: Conclusion and Recommendations

Two types of Soleno recycled HDPE plastics were used in a Type D NB mix design. These
include a Kelly Drum plastic with a high molecular density from recycled chemical storage
containers; and Soleno Pellets, which are HDPE post-consumer plastics from bottles like
soap and detergent suppliers, shredded into pellets with a carbon coating containing
recycled LDPE. The Control mix was a warm mix design with an Evotherm anti-stripping
additive. In terms of volumetrics, both plastics were added by a dry process directly to hot
aggregates before mixing with the binder. The plastics could not be added as a warm mix
due to their point of fusion range. It was decided to investigate each as a hot mix with no
anti-stripping additive to evaluate the plastic effect on moisture damage. Two plastic mixes
were created, each with 5% by volume of plastic and a binder content of 5.5% compared
to 6% in the Control mix. This proved the hypothesis that these plastics could be
incorporated to reduce the amount of aggregates and binder required. During compaction,
Control and Soleno would each have better workability due to variability, whereas Kelly
Drum required the most compaction effort at all times but not enough to have a significant
cost effect. After mix design, performance testing was conducted to compare the effect of
these plastics to the control mix. Tests included the study of moisture damage, the effect
of freeze-thaw cycles, cracking resistance at varying temperatures, thermal and fatigue

cracking, and rutting resistance. Summary results include:
« HDPE mixes had acceptable moisture damage resistance, even after long-term
aging and three freeze-thaw cycles were applied, even though an anti-stripping

additive was not used. This proved the hypothesis that plastics contribute to
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moisture damage resistance. The control mix had the best moisture resistance in all
cases.

The control mix has higher crack resistance at 25°C for both short and long-term
aging. Kelly Drum meets requirements for good cracking resistance, with Soleno
Pellets performing poorly.

Additional SCB testing shows that the Kelly Drum mix performs as well as the
Control mix at 0°C and better at -18 °C for crack resistance. Soleno Pellet has the
poorest performance at 0°C but performs to the same degree as the Control mix at
-18°C.

Soleno Pellet has greater rutting resistance, as the Flow Number test went beyond
the limits and had to be stopped before a permanent strain was reached. This mix
can support well over 30 million ESALSs. Kelly Drum mix had some variability but
overall can support 30 million ESALS. The Control mix performed poorer and with
the acceptable ranges for WMA, was shown to support between 3 and 10 million
ESALs.

Dynamic Modulus testing showed that the Control mix could have the best fatigue
resistance and the Soleno Pellet the best thermal cracking resistance. The Control
mix performed poorest for thermal crack resistance, and Soleno Pellet had the
poorest fatigue resistance. Soleno Pellet also had the highest rutting resistance, with
Kelly Drum performing the worse. Issues arise as Kelly Drum was shown to have
the best thermal cracking resistance in SCB testing, and the Control mix had the

worst rutting as per the Flow Number test; this is a suggestive test and focuses on
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stiffness change. Testing where samples are broken (direct tests) should be used
when analyzing these conflicts.

Melting the two plastics shows that Kelly Drum has a higher melting point and
takes longer to melt at 160°C compared to Soleno Pellets. While hot, Soleno Pellets
stick to aluminum foil, whereas Kelly Drum takes longer times to have sticky
problems. After cooling, both could be removed with little difficulty, which is a

positive sign for the use of field equipment.

After conducting and analyzing all test results, there are recommendations for further

testing and improvements. Recommendations include:

Different adjustments to the plastic mixes should be studied to try and incorporate
them into WMA by lowering the amount added.

TSR tests should be done for more F-T cycles compared to a typical winter in NB.
The effect of moisture damage on plastic mixes should be studied with the addition
of the Evotherm anti-stripping agent to see if it provides better results than the
Control mix.

Crack resistance testing should be explored further at low temperatures as testing
did not have any standards to follow.

Plastic effects on pavement equipment should be performed for cleaning purposes
in the field.

A life cycle analysis and life cycle cost analysis should be conducted to confirm the
environmental and economic benefits of these plastic modified mixes.

Field trials should be developed to compare to laboratory results.
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Appendix A. Asphalt Mix Design
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Appendix B: LTPPBind V3.0 Data

PG Binder Selection Report Title

LTPPEind V3.8 PG Binder Selection Report (Date: 18/28/2821 )

Parameter BE=B km
Station ID MElGB8
Elevation, m 48
Degree-Days =18 C 1878

Low Air Temperature, C -38.6
Low Air Temp. Std Dev 3

Input Data

Latitude, Degree 45.92
Yearly Degree-Days=18C 1878
Lowest Yearly Air Temp., Deg. C -38.6
Low Temp. Std. Dev., Deg. C 3.8
Base HT PG 5B

Traffic Adjustments for HT

Desired Reliability, Percent 58

Traffic Leading, Million ESAL Up to 3 M. ESAL
Traffic Speed Fast

High Temp. Adjustment 8.8

PG Temperature HIGH LOW

PG Temp. at 58% Reliability 46.0 -23.3
PG Temp. at Desired Reliability 46.8 -23.3
Adjustments for Traffic 5]

Adjustments for Depth -2.4 1.6
Adjusted PG Temperature 43.6 =-21.7
Selected PG Binder Grade 46 -22

Figure B. 1: LTPPBind V3.0 Data for Fredericton, NB
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Appendix C: Volumetric Data

Table C. 1: Volumetric Data of 1.8% KD with Different AC Content

Binder: 5.50% 5.50% 6%* 6.50% 6.50%

Agg temp 151 149 153-154 154 153

Binder Temp 149 149 148-149 149 148
MRD 2.415 2414 2.4 2.367 2.367
Avg Height 117.81 117.54 120.02 105.17 116.9
Dry mass 4729.9 4725.7 4735.7 4245.1 4726.6
submerged 2697.9 2706.2 2660.1 2425.4 2703
SSD 4745.8 4745 4788.2 4249.7 4733.4
BRD 231 2.318 2.225 2.327 2.328

% air 4.3 4.1 7.3 1.7 1.6

*Error Occurred at 6% AC, but Trial not repeated due to results of 5.5 and 6% AC

AC % vs % Air of BRD for KD Mix

5
4.5
4
3.5
3

25 y=-255x+18.225 el -
2 R?=09962 el
15 -8
1
0.5
0
5.40% 5.60% 5.80% 6.00% 6.20% 6.40% 6.60%

AC %

% Air

Figure C. 1: AC% vs % Air for KD Mix
*About 5.6% Ac content would be ideal, but 5.5% was used during testing due to time

constraints and repeatability of data.
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Table C. 2: Volumetric Properties of each Mix Design

Values Control Mix | Control Mix KD Mix 1 KD Mix 2 SP Mix
1 2
A (9) 1511.3 1496.2 1538.4 1578.2 1508.3
D (9) 7600 7600 7600 7600 7600
E (9) 8493.8 8486.2 8501.4 8524.55 8482.2
Gmm 2.447 2.453 2.415 2.414 2.409
A (9) 4552.3 45447 4729.9 4725.7 4724.8
B (g) 4565.1 4552.3 4745.8 4745 4736.2
C(9) 2647.5 2642.6 2697.9 2706.2 2716.7
Gmb 2.374 2.380 2.310 2.318 2.340
Diameter(mm) 150 150 150 150 150
Height (mm) 111.27 110.5 117.81 117.54 116.08
% Air: 3.0% 3.0% 4.3% 4.0% 2.9%
Density(kg/m3) 2366.9 2372.9 2303.1 2311 2333.0
Gsbh 2.683 2.683 2.65 2.65 2.65
Gb 1.02 1.02 1.02 1.02 1.02
Ps 94.0% 94.0% 94.5% 94.5% 94.5%
Pb 6.0% 6.0% 5.5% 5.5% 5.5%
VMA 16.8% 16.6% 17.6% 17.3% 16.6%
VFA 82.1% 81.9% 75.6% 76.9% 82.5%
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Appendix D: TSR Results

Table D. 1: Control Mix TSR Results

Sample CM25 | CM 25 CM 25 CM 25 CM 25 CM 25
Name: S1 S2 S6 S3 S4 S5
Diameter
(mm) D 100 100 100 100 100 100
Thickness
(mm) t 64.26 64.65 65.2
Dry
mass,g A 1134.7 | 1137.1 1138 1136.4 1134.9 1139.3
SSD
mass, g B 1151.8 1153 1157 1154.6 1150.6 1157.3
Mass in
water, g C 652.6 654.2 655.6 655.4 653.6 655.2
Volume
(B-C),
cm”3 E 499.2 498.8 501.4 499.2 497 502.1
Bulk SG
(A/E) Gmb | 2.273 2.280 2.270 2.276 2.284 2.269
Max SG | Gmm 2.45 2.45 2.45 2.45 2.45 2.45
% air
voids Pa 7.2% 6.9% 7.3% 7.1% 6.8% 7.4%
Volume
air voids Va 35.9 34.4 36.6 35.4 33.8 37.2
Load, N P 2860 3320 3280
Saturated
Thickness
(mm) t' 63.55 64.26 64.97
SSD
mass, g B' 1162 1159.4 1166
Volume
absorbed
water J! 25.6 24.5 26.7
%
Saturation S' 72.2% 72.5% 71.9%
Load, N P' 3840 3910 3840
Dry
Strength,
kPa S1 283.3 326.9 320.3
Wet
Strength S2 384.7 387.4 376.3
Visual
moisture
damage N N N N N N
Cracked
aggregate N Y N N Y Y
TSR
(S2/S1) 1.234
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Table D. 2: Kelly Drum TSR Results

Sample KD 77 KD 77 KD 75 KD 75 KD 75 KD 77
Name: S1 S4 S3 S1 S2 S2
Diameter
(mm) D 100 100 100 100 100 100
Thickness
(mm) t 62.46 62.84 63.91
Dry mass,g A 1116.7 1118.6 1114 1118.7 1117.7 1114
SSD mass,
g B 1128.8 1128.2 1126.9 1132.9 1127.1 1126.2
Mass in
water, ¢ C 634.3 631.9 628.2 632.6 628.1 632
Volume
(B-C),
cm”3 E 4945 496.3 498.7 500.3 499 494.2
Bulk SG
(A/E) Gmb 2.258 2.254 2.234 2.236 2.240 2.254
Max SG Gmm | 2.415 2.415 2.415 2.415 2.415 2.415
% air voids Pa 6.5% 6.7% 7.5% 7.4% 7.2% 6.7%
Volume air
voids Va 32.1 33.3 37.4 37.0 35.9 33.1
Load, N P 3980 5160 4940
Saturated
Thickness
(mm) t' 63.75 63.42 62.76
SSD mass,
g B' 1147.3 1143 1137.9
Volume
absorbed
water J' 28.6 25.3 23.9
%
Saturation S' 77.3% 70.4% 72.2%
Load, N P’ 4430 5100 4350
Dry
Strength,
kPa S1 405.7 522.7 492.1
Wet
Strength S2 442.4 511.9 441.3
Visual
moisture
damage N N N N N N
Cracked
aggregate N N N Y Y Y
TSR
(S2/S1) 0.982
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Table D. 3:

Soleno Pellet TSR Results

Sample
Name:

SP_50

5

SP_50
7

SP_50
8

SP_50
9

SP_50
1

SP_50
2

SP_50

SP_50

Diameter
(mm)

100

100

100

100

100

100

100

100

Thickness
(mm)

63.14

63.33

64.11

64.17

Dry mass,g

1121.1

1116.8

1116.7

1116.6

1121.1

11185

1120.6

1119.9

SSD mass,
g

1130.1

1128.9

1130.1

1130.6

1136.5

1132.8

1134.1

1139.2

Mass in
water, g

632.2

632.8

630.8

633.8

636.5

634.1

634.6

637.7

Volume
(B-0),
cm”3

497.8

496.1

499.3

496.8

500

498.7

499.3

501.5

Bulk SG
(AE)

2.252

2.251

2.237

2.248

2.242

2.243

2.243

2.233

Max SG

2.409

2.409

2.409

2.409

2.409

2.409

2.409

2.409

% air voids

6.5%

6.6%

7.1%

6.7%

6.9%

6.9%

6.9%

7.3%

Volume air
voids

32.4

32.5

35.5

33.3

34.5

34.4

34.5

36.6

Load, N

8160

8280

8350

7700

Saturated

Thickness
(mm)

63.84

63.97

64.23

64.87

SSD mass,
g

1145.4

1143

1144.8

1145.9

Volume
absorbed
water

24.3

245

24.2

26

%
Saturation

70.4%

71.2%

70.2%

71.0%

Load, N

6700

7240

7780

7090

Dry
Strength,
kPa

S1

822.7

832.3

829.2

763.9

Wet
Strength

S2

668.1

7205

771.1

695.8

Visual
moisture
damage

Cracked
aggregate

TSR
(S2/S1)

0.879
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Figure D. 2: KD Unconditioned and Conditioned TSR Samples
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Figure D. 3: SP Unconditioned and Conditioned TSR Samples
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Appendix E: 3 Freeze Thaw TSR Results

Table E. 1: CM 3 F-T Results

Sample Name: CM_30 1 CM_30 2 CM_30_3 CM_2F
Diameter (mm) D 100 100 100 100
Dry mass,g A 1134 1135.8 1136.3 1137.1
SSD mass, g B 1146 1147.9 1146.6 1156.8
Mass in water,
g C 650 648.3 650.3 655.9
Volume (B-C),
cm”3 E 496 499.6 496.3 500.9
Bulk SG (A/E) Gmb 2.286 2.273 2.290 2.270
Max SG Gmm 2.45 2.45 2.45 2.45
% air voids Pa 6.7% 7.2% 6.5% 7.3%
Volume air
voids Va 33.1 36.0 32.5 36.8
Thickness
(mm) t' 63.17 63.68 63.3 64.3
SSD mass, g B' 1157.4 1161.4 1162 1163.3
Volume
absorbed water J! 23.4 25.6 25.7 26.2
% Saturation S' 70.6 71.1 79.1 71.2
Load, kN pP' 3.63 3.61 3.74 3.19
Load, N P’ 3630 3610 3740 3190
Wet Strength S2 365.8 360.9 376.1 315.8
Visual
moisture
damage N N N N
Cracked
aggregate Y Y Y Y
1.143

TSR (S2/S1)
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Table E. 2: KD 3 F-T Results

Sample KD 68 | KD 68 | KD 68 | KD 68 | KD_68 | KD_70 KD_65
Name: 1 2 3 5 6 1 KD_63 1
Diameter
(mm) D 100 100 100 100 100 100 100 100
Dry
mass,g A 1118 1122 1120.8 | 1123.1 | 1119.7 | 11243 | 1114.1 | 11155
SSD
mass, g B 1127.4 1132 1128.8 | 1135.1 | 1129.1 | 1132.1 | 1125.6 | 1126.2
Mass in
water, g C 628.2 631.9 630.1 632.7 629.7 633 630.8 627.9
Volume
(B-C),
cm”3 E 499.2 500.1 498.7 502.4 499.4 499.1 494.8 498.3
Bulk SG
(A/E) Gmb | 2.240 2.244 2.247 2.235 2.242 2.253 2.252 2.239
Max SG | Gmm | 2.415 2.415 2.415 2.415 2.415 2.415 2.415 2.415
% air
voids Pa 7.3% 7.1% 6.9% 7.4% 7.2% 6.7% 6.8% 7.3%
Volume
air voids Va 36.3 35.5 34.6 37.3 35.8 33.6 33.5 36.4

Saturated

Thickness

(mm) t' 63.29 62.99 63.17 63.72 63.32 62.8 62.42 63.18
SSD

mass, g B' 11435 | 11485 | 11455 | 1149.7 | 11455 | 1149.6 | 1139.8 | 1141.3
Volume

absorbed

water J' 25.5 26.5 247 26.6 25.8 25.3 25.7 25.8
%

Saturation S' 70.3 74.6 71.4 71.2 72.2 75.4 76.8 70.9
Load, kN P’ 3.8 4.46 4,29 452 4,74 4,14 5.33 4.09
Load, N P’ 3800 4460 4290 4520 4740 4140 5330 4090

Wet
Strength S2 382.2 450.8 432.3 451.6 476.6 419.7 543.6 412.1
Visual

moisture
damage Y Y Y Y N N Y Y
Cracked
aggregate Y Y Y Y Y Y Y Y

TSR
(S2/S1) 94.2%
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Table E. 3: SP 3 F-T Results

Sample SP 50 | SP50 | SP50 | SP50 | SP 50 | SP 50

Name: 1 2 3 4 5 6 SP 48 | SP_45
Diameter

(mm) D 100 100 100 100 100 100 100 100
Dry 1122. | 1124.
mass,g A 1121.2 11215 1121.9 1122.3 11245 1125.8 6 2
SSD 1136.

mass, g B 1132.6 1137.4 1138 1137.2 1141.4 1141.7 3 1140
Mass in

water, g C 634.3 638.8 634.4 635.7 638.3 637.3 634.9 | 636.7
Volume

(B-C),

cm”3 E 498.3 498.6 503.6 501.5 503.1 504.4 501.4 | 503.3
Bulk SG

(A/E) Gmb 2.250 2.249 2.228 2.238 2.235 2.232 2.239 | 2.234

Gm

Max SG m 2.409 2.409 2.409 2.409 2.409 2.409 2.409 | 2.409
% air

voids Pa 6.6% 6.6% 7.5% 7.1% 7.2% 7.3% 71% | 7.3%
Volume

air voids Va 32.9 33.1 37.9 35.6 36.3 37.1 35.4 36.6
Saturated
Thicknes

s (mm) t' 63.94 63.98 64.16 64.25 64.8 64.4 64 64.83
SSD 1149. | 1151.
mass, ¢ B' 1144.6 1147.6 1150.4 1150 1152 1154.1 2 7
Volume

absorbed

water J' 23.4 26.1 28.5 27.7 27.5 28.3 26.6 27.5
%
Saturatio

n S' 71.2 79.0 75.2 77.8 75.7 76.3 75.1 75.1
Load, kN pP' 7.37 6.69 5.31 6.57 7.73 6.62 6.32 6.94
Load N P’ 7370 6690 5310 6570 7730 6620 6320 | 6940
Wet

Strength S2 733.8 665.7 526.9 651.0 759.4 654.4 628.7 | 681.5
Visual

moisture

damage Y Y Y Y Y Y Y Y
Cracked
aggregate Y Y Y Y Y Y Y Y
TSR

(S2/81) 81.6%
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Figure E. 2: KD 3 F-T TSR Samples
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Figure E. 3: SP 3 F-T TSR Samples
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Appendix F: SCB Results

Table F. 1: CM Results SCB at 25°C

g 3|88 E| 82 |38 |s| 5 | c£ | 2|22 &
§ 3|28 5|28 |Ep 3| % |55 7|58
Short Term Aging
Cl75| 76 13 | 58.35 51.8 3022.5 | 3.9 | 1290.3 -0.6 215 | 116 | 11123
C275| 7 13 | 57.13 51.5 29422 | 43 | 14615 -0.4 36.5 | 1.12 | 13049
C3 75| 75 | 135 | 61.23 51.6 3159.5 | 4.3 | 1361.0 -0.4 340 | 116 |11733
C4 75| 71 | 125 | 56.67 51.3 2907.2 | 3.8 | 1307.1 -0.4 32.7 | 107 |12216
Long Term Aging
C1 74 | 125 | 61.26 51 3124.3 | 3.8 | 1216.3 -0.8 152 | 156 | 779.7
Cc2 6.9 13 60.9 51.1 31120 | 5 | 1606.7 -0.8 20.1 | 191 | 8412
C3 7.4 | 135 | 56.74 51.7 29335 | 4.2 | 14318 -0.9 159 | 167 | 8573
C4 7 12.5 | 61.65 51.4 3168.8 | 54 | 1704.1 -0.9 189 | 1.87 | 9113

Figure F. 1: CM SCB Samples Tested at 25°C

102




Table F. 2: KD Results SCB at 25°C

Sample
%Air
Notch
(mm)

LL (mm)
Thickness
(mm)
Area lg
(mm”"2)
Wi
Gf
m
(KN/mm)
Fl
Pmax (kN)
CRI

Short Term Aging

[REN

KD_100 A | 7.3 | 14 | 60.8 49.8 3027.8 4 113211 - 13.2 | 1.93 | 684.5

KD_110 1A | 7.2 | 13 | 555 49.8 27639 |48 ]1736.7| -17 |10.2|239 | 726.6

KD_110 2A | 75| 14 | 56.23 | 49.9 28059 |45 16038 | -0.8 |20.0]|1.69 | 949.0

KD_120 A | 6.6 | 13 | 56.3 49.2 2770.0 | 5.8 | 2093.9 -1 20.9 | 2.03 | 1031.5

Long Term Aging

KD_100 B | 7.3 | 14 |59.13| 49.9 |2950.587 |48 | 16268 | -14 |11.6 | 254 | 6405

KD_110 1B | 7.2 | 13 | 63.62 50 3181 5.1]1603.3 | -1.9 8.4 | 289 | 554.8

KD_110 2B | 7.5 | 13 | 62.61 50 31305 |46 ]14694 | -13 |113]218 ]| 6740

KD 120 B | 6.6 | 13 | 63.24 | 493 |3117.732 |48 | 15396 | -1.7 9.1 | 251 ] 6134

Figure F. 2: KD SCB Samples Tested at 25°C
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Table F. 3: SP Results at 25°C

2 s|sgl E| €2 |29 || . E|_ & 2
5 |2 |28/ | e |EE|F|° | fg T8¢
- [ ~ = o
Short Term Aging
SP 44 1A | 7.1 14 | 54.79 51.8 2838.1 | 3 | 1057.0 -0.8 132 | 15 | 704.7
SP_44 2A | 6.8 | 135 | 5741 51.3 2945.1 | 5.2 | 1765.6 -1.3 13.6 | 2.56 | 689.7
SP 44 3A | 6.7 13 | 59.85 51 3052.4 | 4.9 | 1605.3 -2.3 7.0 | 2.89 | 555.5
SP_44 5A | 6.7 | 125 | 62.08 51.3 3184.7 | 5.4 | 1695.6 -3.5 48 | 3.77 | 449.8
Long Term Aging
SP 44 1B | 7.1 | 12.5 | 62.78 52.4 3289.7 | 3.7 | 11247 -1.7 6.6 | 2.26 | 497.7
SP 44 2B | 6.8 | 125 | 61.3 52.5 3218.3 | 5.1 | 1584.7 -1.7 9.3 3 528.2
SP_44 3B | 6.7 13 | 584 52.1 3042.6 | 4.3 | 1413.2 -2.5 5.7 | 2.79 | 506.5
SP_44 5B | 6.7 | 13.5 | 57.07 52.1 29733 | 23 | 7735 -2.9 2.7 | 239 | 323.7

Figure F. 3: SP SCB Samples Tested at 25°C
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Table F. 4: CM Results at 0 and -18°C

2 | = |se| E| E2 | =27 E < |z
= © = Y —_ = o
5|3 |28 S| 2 BB ° | f2|F |88
0°C
CM
1A 69 | 14 |59.33| 509 3019.9 | 3.42 | 1132.2 | -13.099 | 0.9 | 556 | 203.7
CM
2A 73 | 125 | 5874 | 513 3013.4 | 3.61 | 1198.7 | -181.16 | 0.07 | 5.99 | 200.2
CM
3A 74 | 135 | 60.7 51.6 3132.1 | 538 | 1716.7 | -11.721 | 15 | 6.54 | 262.4
-18°C
CM
1B 69 | 13 |59.22| 507 30025 | 1.98 | 659.5 | -139.88 | 0.05 | 5.86 | 112.5
CM
2B 7.3 | 135 | 5876 | 516 3032.0 | 1.46 | 4825 | -206.08 | 0.02 | 5.38 | 89.7
CM
3B 74 | 125 | 58.3 51.4 2996.6 | 2.38 | 7929 | -42594 | 0.2 | 5.74 | 138.1
Table F. 5: KD Results at 0 and -18°C
2 |=|sgl E g’g 2o E -
= © = Y— —_ = o
5 |S|SE S| 2E|EE| 2| ° | f2 | F g0
0°C
110 A | 6.1 | 135 [ 60.22 | 521 |[31375|3.685| 11745 -17.988 | 0.7 | 5.96 | 197.0
100 1A | 6.3 | 14 |5891| 498 |2933.7|3.763|1282.7|-22452| 0.6 | 6.03|212.6
100 2A | 6.7 | 135 | 59.98 | 50.2 3011 | 4.749 | 1577.2 | -10.521 | 15 | 6.31 | 249.9
100 3A | 6.4 | 135 [59.93 | 49.7 |29785|5.766 | 19359 | -19.291 | 1.0 | 6.51 | 297.5
100 4A | 6.7 | 125 | 6069 | 49.9 | 30284 | 5425 | 1791.4 | -19.829 | 0.9 | 7.40 | 242.0
-18°C
110 B | 6.1 | 135 | 58 488 | 28304 |2.098 | 7412 | -54675| 0.1 |5.82] 1274
100 1B | 6.3 | 14 |60.82| 495 |3010.6 | 1.68 | 558.0 | -11917 | 0.0005 | 6.55 | 85.1
100 2B | 6.7 | 13.5 | 60.38 50 3019 | 2.432 | 805.6 | -418.89 | 0.02 | 6.04 | 133.4
100 3B | 6.4 | 13 |60.38| 49.9 3013 | 2.028 | 673.1 | -17.907 | 0.8 | 6.50 | 103.6
100 4B | 6.7 | 14 |60.02| 503 3019 | 3.304 | 1094.4 | -157.09 | 0.07 | 5.70 | 192.2
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Table F. 6: SP Results at 0 and -18°C

2 |5 |se| E| 22 |22 £ < |z
= < = Y= —_ ~ o
5 |3 |28 T EE|EE| | ° | 2| F 8"
- |_ ~ ~—~ o
0°C
SP 1A | 7.2 13.5 | 59.87 51.8 3101.3 | 2.734 | 881.6 | -141.38 0.06 6.38 | 138.1
SP 2A | 6.8 13 59.59 51.8 3086.8 | 3.162 | 1024.4 | -147.48 0.07 7.06 | 145.0
SP 3A | 6.8 14 | 58.93 51.8 3052.6 | 2.562 | 839.3 | -110.5 0.08 | 7.00 | 120.0
-18°C
SP 1B | 7.2 13 58.37 52.2 3046.9 | 2.324 | 762.7 | -43.728 0.2 5.60 | 136.2
SP 2B | 6.8 | 135 | 58.91 51.6 3039.8 | 2.055 | 676.0 | -23657 | 0.0003 | 6.33 | 106.8
SP 3B | 6.8 13 | 58.85 51.6 3036.7 | 1.71 | 563.1 | -1374.9 | 0.004 | 5.54 | 101.6
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Appendix G: Dynamic Modulus Results

Table G. 1: Control Mix DM Results

Fitted
Conditions CM_14 3 CM 14 4 CM 15 E* ) E*
Std.
Temp. | Freq. E* ) E* ) E* ) Mean CV | Mean Dv.
C Hz Mpa Deg. Mpa Deg. Mpa Deg. Mpa % | Deg. | Deg.
-10 25 | 21399.2 | 9.1 | 27401.2 | 9.1 | 249205 | 7.9 | 24573.6 | 123 | 8.7 0.7
-10 10 | 19456.1 | 10.2 | 24561.3 | 9.9 | 22743.2 | 8.7 | 222535 | 116 | 9.6 0.8
-10 5 18030.9 | 11.2 | 22655.6 | 10.7 | 21189.6 | 9.4 | 20625.4 | 115 | 104 0.9
-10 1 14791.8 | 13.9 | 18728.2 | 13.3 | 17865.9 | 11.4 | 17128.6 | 12.1 | 12.9 1.3
-10 0.5 | 13405.8 | 15.3 | 16916.7 | 14.6 | 16272.3 | 12.6 | 15531.6 | 12.0 | 14.2 14
-10 0.1 | 10220.2 | 19.3 | 12899.0 | 18.3 | 12710.6 | 159 | 11943.3 | 125 | 17.8 1.8
4.4 25 | 11794.2 | 21.5 | 12626.0 | 16.3 | 12588.3 | 16.0 | 12336.2 | 3.8 | 18.0 3.1
4.4 10 9670.5 | 21.8 | 10583.1 | 18.2 | 10444.2 | 17.8 | 10232.6 | 48 | 19.3 2.2
4.4 5 8408.8 | 23.0 | 92156 | 19.7 | 9099.3 | 19.3 | 89079 | 49 | 20.7 2.0
4.4 1 5700.0 | 28.9 | 63254 | 24.8 | 6380.1 | 24.2 | 6135.2 | 6.2 | 26.0 25
4.4 05 | 46824 | 29.9 | 5271.3 | 26.9 | 5326.0 | 26.4 | 50932 | 7.0 | 27.7 1.9
4.4 0.1 | 28519 | 339 | 3207.7 | 31.8 | 3303.1 | 314 | 31209 | 76 | 324 13
21.1 25 3862.8 | 33.4 | 4250.5 | 305 | 4233.2 | 29.3 | 41155 | 53 | 311 2.1
21.1 10 27249 | 36.1 | 3116.1 | 32.0 | 3149.2 | 316 | 2996.7 | 7.9 | 333 2.4
21.1 5 2061.0 | 37.1 | 2407.3 | 33.3 | 2466.7 | 335 | 23116 | 95 | 347 2.1
21.1 1 940.7 | 39.0 | 12164 | 359 | 1296.6 | 36.5 | 11513 | 16.2 | 37.1 1.6
21.1 0.5 690.8 | 379 | 9210 [ 353 | 9857 [36.0 | 8658 |179]| 364 14
21.1 0.1 3352 | 348 | 4763 | 332 | 508.0 |349 | 4398 |209]| 343 0.9
37.8 25 1153.3 | 32.6 | 902.7 | 40.2 | 1021.8 | 36.7 | 1025.9 | 12.2 | 36.5 3.8
37.8 10 8357 | 278 | 569.0 | 384 | 631.8 | 369 | 6788 |205]| 344 5.7
37.8 5 698.3 | 247 | 3959 |371 | 4471 | 358 | 5138 |315]| 326 6.8
37.8 1 5253 | 184 | 187.0 |[329 | 2052 | 341 | 3058 |622]| 285 8.7
37.8 0.5 4970 | 16.6 | 1538 | 29.1 | 1621 | 310 | 2710 | 722 | 256 7.8
37.8 0.1 4399 | 148 | 1103 | 216 | 1039 | 243 | 2181 |881 | 202 4.9
Table G. 2: CM Parameters
Parameter Value
) 4.10
a 2.51
B 0.219
y -0.627
al 0.0597
a2 0.000241
TR 70
> error2 0.0180

*Parameters fitted to imperial units
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Table G. 3: KD DM Results

Conditions KD_28 KD_30_1 KD_30_2 Fitted
E* d E*
Std.
Temp. | Freq. E* ) E* ) E* ) Mean CV | Mean | Dv.
C Hz Mpa Deg. Mpa Deg. Mpa Deg. Mpa % Deg. | Deg.
-10 25 |18416.7 | 7.4 |19806.4 | 8.6 | 21155.1 | 10.5 | 19792.7 | 6.9 8.8 1.6
-10 10 | 168928 | 8.2 | 185055 | 9.1 | 19825.6 | 9.1 | 18408.0 | 8.0 8.8 0.5
-10 5 158518 | 88 | 171738 | 9.8 |18899.2 | 9.4 | 17308.2 | 8.8 9.3 0.5
-10 1 13479.7 | 10.5 | 14288.7 | 11.7 | 17032.7 | 9.8 | 14933.7 | 125 | 10.7 1.0
-10 0.5 |12448.1 | 11.3 | 13174.6 | 12.8 | 16159.0 | 10.0 | 13927.2 | 141 | 114 1.4
-10 0.1 |10110.0 | 13.9 | 10483.9 | 17.5 | 14145.0 | 10.9 | 11579.6 | 19.3 | 14.1 3.3
4.4 25 ]10205.3 | 149 | 112104 | 14.3 | 12793.4 | 13.1 | 11403.0 | 114 | 141 0.9
4.4 10 8707.1 | 164 | 9793.1 | 15.8 | 10643.5 | 15.6 | 97145 | 10.0 | 15.9 0.4
4.4 5 77323 | 175 | 87522 | 17.0 | 9527.6 | 17.1 | 8670.7 | 104 | 17.2 0.3
4.4 1 5623.3 | 215 | 6448.0 | 20.7 | 71741 | 21.6 | 64151 [ 121 | 21.2 0.5
4.4 05 | 48329 | 23.2 | 5578.1 | 22,5 | 6196.3 | 23.5 | 5535.8 | 12.3 | 231 0.5
4.4 0.1 | 32322 | 275 | 3783.6 | 26.8 | 4316.0 | 28.3 | 3777.3 | 143 | 275 0.8
21.1 25 4481.7 | 31.1 | 48075 | 26.8 | 4831.6 | 27.1 | 47069 | 4.2 | 284 2.4
21.1 10 3249.7 | 31.2 | 3686.5 | 285 | 36415 | 29.0 | 35259 | 6.8 | 29.6 15
21.1 5 2596.5 | 32.3 | 29550 | 30.6 | 29420 | 305 | 28312 | 7.2 | 31.2 1.0
21.1 1 13722 | 35.7 | 1594.0 | 34.6 | 1665.2 | 34.7 | 15438 | 99 | 35.0 0.6
21.1 0.5 | 10481 | 359 | 1220.8 | 354 | 1287.6 | 355 | 11855 | 104 | 356 0.3
21.1 0.1 5130 | 37.0 | 609.7 | 371 | 6787 |[369 | 6005 |139 ]| 37.0 0.1
37.8 25 13241 | 425 | 1383.2 | 36.5 | 14844 | 351 | 13972 | 58 | 38.0 4.0
37.8 10 8739 | 389 | 9059 | 355 | 1034.6 | 334 | 9381 9.1 | 359 2.8
37.8 5 5466 | 419 | 6224 | 372 | 7783 |331 | 6491 |182| 374 4.4
37.8 1 2393 | 409 | 2814 | 383 | 4334 [304 | 3181 |321]| 365 55
37.8 0.5 187.7 | 376 | 2077 | 374 | 3611 | 283 | 2522 |376 | 344 53
37.8 0.1 1159 | 331 1108 | 335 | 254.0 | 23.7 | 160.2 |50.7] 30.1 5.6
Table G. 4: KD Parameters
Parameter Value
) 3.28
a 3.27
B -0.54
y -0.50
al 0.0605
a2 0.000262
TR 70
> error’2 0.0116

*Parameters fitted to imperial units
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Table G. 5: SP DM Results

Conditions SP 15 1 SP 15 2 SP_15 3 Fitted
E* d E*
Std.
Temp. | Freq. E* ) E* ) E* ) Mean CV | Mean | Dv.

C Hz Mpa Deg. Mpa Deg. Mpa Deg. Mpa % Deg. | Deg.

-10 25 1184418 | 59 [19233.1 | 6.8 | 19169.1 | 7.0 | 18948.0 | 2.3 6.5 0.6

-10 10 | 17289.6 | 65 | 179258 | 7.3 | 18139.7 | 6.9 |17785.0 | 25 6.9 0.4

-10 5 16380.7 | 7.1 [ 17002.1 | 7.8 | 172988 | 7.3 | 16893.9 | 2.8 7.4 0.3

-10 1 14426.8 | 8.3 | 15001.7 | 9.2 | 15397.7 | 8.4 | 149421 | 33 8.6 0.5

-10 0.5 [13539.1 | 89 |14063.8 | 9.9 | 14519.1 | 89 | 140406 | 35 | 9.2 0.5

-10 0.1 |11431.2 | 109 | 11887.0 | 11.8 | 12410.7 | 10.6 | 119096 | 4.1 | 111 0.6

4.4 25 | 111243 | 13.1 | 10542.2 | 115 | 11703.3 | 11.4 | 111233 | 5.2 | 12.0 1.0

44 10 9664.9 | 14.2 | 91239 | 129 | 105174 | 122 | 9768.7 | 7.2 | 13.1 1.0

44 5 8737.0 | 153 | 82714 | 140 | 96518 | 13.3 | 8886.7 | 79 | 142 1.0

44 1 66855 | 185 | 63835 | 171 | 77414 | 160 | 6936.8 | 103 | 17.2 1.2

44 0.5 | 5860.9 | 20.0 | 5623.8 | 18.6 | 6906.4 | 17.3 | 6130.4 | 11.1 | 18.6 13

44 0.1 | 41448 | 23.8 | 4021.3 | 22.1 | 5129.4 | 20.6 | 4431.9 | 13.7 | 22.2 1.6

21.1 25 47375 | 22.7 | 4596.4 | 22.3 | 5146.9 | 21.2 | 48269 | 59 | 22.1 0.8

21.1 10 3792.3 | 244 | 36025 | 243 | 4170.3 | 23.0 | 3855.0 | 7.5 | 23.9 0.8

21.1 5 3144.0 | 25.9 | 2992.8 | 25.8 | 3484.2 | 245 | 3207.0 | 7.8 | 254 0.8

21.1 1 1883.1 | 30.1 | 1787.2 | 30.1 | 21535 | 28.6 | 19413 | 9.8 | 29.6 0.9

21.1 0.5 | 1509.0 | 31.0 | 14309 | 30.8 | 1748.0 | 29.4 | 1562.6 | 10.6 | 30.4 0.9

21.1 0.1 860.6 | 33.1 | 8117 | 32.6 | 10374 | 31.2 | 9033 |13.1 | 323 1.0

37.8 25 1821.8 | 29.6 | 16245 | 30.5 | 2030.1 | 28.7 | 18254 | 11.1 | 29.6 0.9

37.8 10 13345 | 29.8 | 1210.0 | 29.4 | 1491.9 | 29.1 | 13454 | 10.5| 295 0.4

37.8 5 1030.0 | 30.5 | 8975 | 31.7 | 1154.6 | 30.0 | 1027.4 | 12.5 | 30.8 0.9

37.8 1 5470 | 322 | 4712 | 335 | 6261 |31.9 | 5481 |14.1 | 325 0.9

37.8 0.5 4313 [ 316 | 3726 | 329 | 4961 | 315 | 4333 |[143 ] 320 0.8

37.8 0.1 2475 | 306 | 2132 | 318 | 2886 | 306 | 2498 |151 ] 31.0 0.7

Table G. 6: SP Parameters

Parameter Value
) 2.59
o 3.98
B -0.944
y -0.387
al 0.0625
a2 0.000385
TR 70
> error’2 0.00277

*Parameters fitted to imperial units
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Appendix H: Flow Number Results

Table H. 1: FN of Soleno Pellet and Permanent Strain at Time of Ending Test

Sample: SP 151 SP 15 2 SP_15 3
FN 2400 5165 2010
% Permanent Strain 2.0 2.8 15
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Appendix I: Plastic Melting at 160°C

Figure 1. 2: Soleno Pellets After 20 Minutes
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Figure I. 4: 50 Minutes of Melting
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Figure 1. 5: 60 Minutes at 160°C

Figure 1. 6: 70 minutes at 160°C
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Figure 1. 8: Plastics After Cooling
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