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ABSTRACT
Inter-laboratory experiments were designed to evaluate the impact of plas-
tic waste blended directly in bitumen and to assess the properties, using
conventional and advanced bituminous binder testing. The blends tar-
geted 5% of plastic waste in 95% bitumen, using two types of polyethy-
lene (PE) primary (pellets) and secondary (shreds) waste. The experiments
showed that the addition of PE waste to bitumen does not alter the chem-
istry of the bitumen, the blending is physical. The DSR results indicate a
strong dependency on the testing temperature as at low temperatures the
composite material bitumen and PE behave both elastically whereas, at
higher temperatures, the bitumen becomes viscoelastic. The MSCR tests
indicated that the neat binder is more sensitive to permanent deformation
compared to the blends with PE. The fatigue performance using the Linear
Amplitude Sweep test showed a better performance in terms of stress and
fatigue life for the PE blends.
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EVA ethylene vinyl acetate
Jnr non-recoverable creep compliance for MSCR test
LAS linear amplitude sweep
LVE linear viscoelastic
MSCR multiple stress creep recovery
PE polyethylene
PET polyethylene terephthalate
%R average percent recovery for MSCR test
PP polypropylene
PU polyurethane
PVC polyvinyl chloride
TC technical committees
TG task group
TRL technology readiness level
VECD viscoelastic continuum damage

1. Introduction

It is well established that a considerable amount of waste is produced currently and it is a significant
societal challenge to recycle these materials avoiding disposal in landfills and incinerators. This chal-
lenge can be met through the concept of ‘circular economy’ where goods at the end of their service
life are used or recycled as resources for the same or other industries with clear implications in terms
of resource efficiency and reduction in climate and environmental impacts. This is part of the waste
management hierarchy through prevention by reducing waste, preparing for re-use, recycling, recov-
ery, including energy recovery and disposal; the earlier the stage on the hierarchy, the higher the value
([EU Waste] European Comission, 2014). Various types of waste materials such as plastics, crumb rub-
ber, glass and construction & demolitionwaste have been successfully recycled in road pavements (Lo
Presti, 2013; Piao et al., 2021; Poulikakos et al., 2017). However, as shown by Piao et al. (2021), the tech-
nology readiness level (TRL) for these products has remained, for themost part, at the research level or
limited to some countries and therefore, there is an urgent need to develop and broadly demonstrate
such solutions in order to open widespread market uptake. RILEM technical committees (TC) present
an optimal international cooperative opportunity to address all aspects pertaining to the recycling
of waste and marginal materials in roads. This can span from the materials choice to laboratory per-
formance up to in situ performance of selectedmaterials. The goal of the technical committee TC-279
WMR (ValorisationofWaste andSecondaryMaterials for Roads) is todevelopa robust and fundamental
understanding for evaluation of the use of such materials as valuable alternatives for the traditional
road materials aiming to deliver at least similar performances to conventional materials. The use of
waste, marginal and secondary materials is sometimes limited based on the perception that there
could be lower performances associated with their use for road construction. Using inter-laboratory
and interdisciplinary research beyond the traditional civil engineering andmaterials science fields, the
above-mentioned TC gives an overview ofmethods used to characterise asphalt binders andmixtures
modified with waste and marginal materials. To this end, the TC aims to evaluate the use of waste,
marginal and secondary materials for roads by investigating the performance of road materials con-
taining waste through round robin tests and through the development of standard procedures for
their selection, preparation and use. These objectives will be accomplished through the coordinated
efforts of five task groups (TG) addressing different aspects of TC’s main topic (www.rlem.org).

TG 1 – Asphalt Binder Additives

Given this background, TG1 is investigating the feasibility of using waste plastics as a binder addi-
tive. It is known, from the literature, that more waste plastic materials can be used as additives in

http://www.rlem.org
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asphalt materials than currently used (Austroads, 2019; Kalantar et al., 2012). It has long been known
that themostpromisingbituminous additive is chemically processedPET (polyethylene terephthalate)
(Ledesma& Issacs, 1991), which is traditionally used as an antistripping agent (Padhan et al., 2013), and
it is also known that PET can be fully recycled (Awaja & Pavel, 2005). Therefore, the prices of waste PET
are relatively high. Studies on various waste polymers such as polyethylene (PE), polypropylene (PP),
polyurethane (PU), ethylene vinyl acetate (EVA) and various fibres are also available. As for any waste
or secondarymaterials, health and safety have to be considered to qualify the validity of their recycling
without known harmful effects. If plastics are to be used in asphalt mixtures, they must be safe to use,
recyclable, cost effective and provide equivalent or improved service life (Willis et al., 2020). In most
articles, the research seems to focus onmodification with PE (Ho et al., 2006) and EVA (Garcia-Morales
et al., 2004).

Due to availability and promising results in the literature, waste PEwas selected as the first additive
for investigation under TG1. In particular, TG1 studies the use of waste PE as a binder additive and its
effects on the physical and chemical properties of the modified binder.

In the first part of the characterisation of the PEmodified binder, the followingmain activities were
performed:

• Study the use of PE in bituminous binders with several laboratories round robin tests;
• Determine repeatability and reproducibility using the round robin test results;
• Recommend appropriate blending methods and test methods for characterising the properties of

PE-blend bituminous binder.

This paper intends to provide a general overview of the experimental activities carried out by all
the laboratories involved in the round robin test campaign. Specific attention is dedicated to sample
preparation and materials characterisation. Then, the main chemical and mechanical observed prop-
erties are illustrated and analysed, highlighting benefits and challenges related to waste PE bitumen
modification.

2. Materials and specimen preparation

2.1. Materials

Waste materials from a Swiss plastic recycling centre were used for this study. The company Innore-
cycling (https://innorecycling.ch/en/) collects waste packaging made primarily of polyethylene (PE)
and produces pellets (primary waste), of approximately 5mm, that are further sold and used for other
purposes such as the production of pipes. This production process also produces waste (secondary
waste) in the form of shreds that is burned as fuel in cement plants. Both types of materials have been
investigated here, designated as PE-pellets and PE-shreds. A single neat bitumen, 70/100 penetration
grade as per EN 12591, was supplied by a European bitumen supplier as a straight run bitumen and
used in this research programme.

The inter-laboratory experiments were designed to evaluate the impact of plastic waste blended
directly in bitumen and to assess the properties, using conventional and advanced bituminous binder
testing. The blend targeted 5% (by weight) of plastic waste and 95% bitumen. Figure 1 shows pic-
tures of both PE-shreds and PE-pellets. The PE-shredswere plastic, having been cleaned and shredded.
Different types of plastics (PE) could be identified by colour and degree of hardness.

The materials used in this work have the following designations:

• B: bitumen B 70/100
• B+pellets: bitumen B 70/100 blended with PE-pellets
• B+shreds: bitumen B 70/100 blended with PE-shreds

https://innorecycling.ch/en/
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Figure 1. Photographs of the two types of plastic waste. PE-shreds left and PE-pellets right as obtained from the waste recycling
plant Innorecycling.

2.2. Grinding

In order to facilitate the blending with bitumen, first processing was made to reduce the size of
the plastics (shreds and pellets) by shredding and sieving to circa 1mm before it was blended with
bitumen. The following protocol was applied:

• Use shredding head for high-speed mixer;
• Measure 5 g plastic;
• Fill the recipient with cold water up to 3

4R; depth;
• Start stirring, add plastics, mix for 5min at 5000 rpm;
• Pour water with shredded plastics on the 1mm sieve;
• Dry in oven 110°C for 1 h.

2.3. Blending

The waste plastics, PE-shreds and PE-pellets, were blended, in the lab with neat bitumen 70/100. In
order to avoid potential deviation between the labs while making the blends, the blends were initially
made by a single lab, Lab1 (Blend1). As the number of participants increased, a second lab, Lab7,made
another batch of blends to share with three other labs (Blend2). Both Lab1 and Lab7 used the same
protocol to produce the blends as listed below:

• Use mixing head of a high shear mixer;
• Heat bitumen at 170°C for 1 h;
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Figure 2. Sample preparation for plastic shreds in bitumen for Blend2.

Figure 3. Fluorescence microscopy of Blend2 with shreds (a) and pellets (b).

• Add plastic shreds to bitumen;
• Mix at 3500 rpm for 1 h.

For theblendsprepared at Lab1, theblendswere visually homogeneous andno special observation
was reported. For Blend2, a homogeneity problem was observed during the blending process. The
plastic shreds were first chopped up using the mixing head and left to dry. Afterwards, the plastic
was added to the hot bitumen, but it did not dissolve in the bitumen. When the mixing was paused,
particles could be seen floating on top of the blend. It was then decided to raise the temperature to
180°C, but this showed no improvement. Figure 2 shows the steps from the shredding and blending
process.

Each blendwas transferred to a can. Once cooled, thematerials did not look visually homogeneous
with particles still floating on top. Furthermore, the cleaning process for the high shear heads was
rather difficult with some lumps of sticky plastic still present.

At the endof theblendingprocess, sampleswere collected for fluorescencemicroscopy and assess-
ment of the morphology of the blends. Figure 3 shows the images for each PE-shreds and PE-Pellets
produced by the second batch of Blend2. For bothmaterials, plastic shreds or pellets, the plastic is well
dispersed within the bitumen and a coarse morphology with no clear homogeneous phase or lumps
of plastics is observed.

The batches were split in equal quantities to be further dispatched to the 14 participating labs.
Table 1 shows the type of blends and the type of plastics that each lab received. Lab1 was able to
have both blends for comparison. Due to the inhomogeneity of the blends, instructions were given to
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Table 1. Dispatch of blends between labs.

Lab# 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Blend1 (2018) Shreds X X X X X X X X
Pellets X X X X X X X

Blend2 (2019) Shreds X X X X
Pellets X X X X

each participating lab to heat the received blends to 180°C then stir themmanually with a rod before
sample preparation.

3. Measurements

3.1. Basic properties

Awide range of testswere performedby the different laboratories, includingmeasurement of physical
properties and analysis of the chemical structure. The activities started in 2017 andwere completed in
2021.

The standard properties of the blends were measured with penetration value at 25°C, according
to EN 1426, and softening point temperature, according to EN 1427, by two laboratories (7 and 10).
Table 2 shows the basic properties reported for the two labs. Both labs evaluated the second batch of
blends (Blend2).

The penetration values for the three binders were consistent between the two labs. The addition
of 5% of plastic waste decreased the penetration by about 50%, from 70/100 to 35/50 range.

The softening point temperature increased with greater effect for the PE-shreds but with higher
scatter. As shown in Figure 4, other laboratories than 7 and 10 did measure the softening points. In
Figure 4, the filled marks denote Blend1 and unfilled marks Blend2. For the neat bitumen, the results
were consistent with amean value of 45.6°C, varying between 44.6°C and 46.6°C, and within the limits
of standard repeatability of +/− 2°C (EN 1427). With the blends either with PE-shreds or with PE-
pellets, a wide scatter of results was observed with a mean value of 78.6°C, varying between 44.6°C
and 108.8°C, for the PE-shred blend and a mean value of 66.8°C, varying between 60.8°C and 76.4°C,
for the PE-pellet blend. This may come from the difficulty to pour a small specimen in the ring, as
the materials were not homogeneous. During softening point experiments, it was observed that the
ball did not drop straight through the ring but sometimes descending at an angle. Again attesting to
the inhomogeneity of the samples putting to question the suitability of this test for such blends. In
addition, the large variability of the softening point results for the PE-shreds is also attributed to the
inhomogeneity in the shreds as discussed in the next sections.

In addition to these basic properties, one lab determined the Fraass breaking point tempera-
ture according to EN 12593 on the original binders from Blend2 as reported in Table 3. While the
measurement came from one single lab, it provides an indication of the effect of plastic waste on
low temperature properties. The Fraass breaking temperature increased by at least 5°C, showing a
significant effect on the low temperature properties.

Storage stability was also evaluated by Lab7 according to EN 13399 at 180°C for three days. How-
ever, the test failed since there was a clear separation in the tube with the entire plastic particle
agglomerating on top.Only bottom samplesweremeasuredwith softeningpoint temperature of 54°C

Table 2. Penetration and softening Point properties for the binder blends using Blend2.

Bitumen 70/100 Blend2 PE-shreds Blend2 – PE-pellets

Pen value, 0.1mm Soft point, °C Pen value, 0.1mm Soft point, °C Pen value, 0.1mm Soft Point, °C

Lab7 88 45.0 40 109.0 36 63.4
Lab10 81 45.8 39 79.0 38 60.8
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Figure 4. Softening point temperatures of binders between labs. Filled marks denote Blend1 and unfilled marks Blend2.

Table 3. Fraass breaking point temperature for the three binder
blends from Blend2.

Bitumen 70/100 Blend shred Blend – pellet

Lab7 −17 °C −12 °C −10 °C

for both blends, far below the measured softening point temperature of the blends and much closer
to the reference bitumen. The blends were not stable at all, with visible segregation of the plastic.

This test was also performed by Lab1with similar results using a different 70/100 bindermixedwith
the recycled PE. The results showed a clear storage stability problem with the viscosity of the sample
from the top of the tube being much greater than the one measured from the bottom of the tube
(Kakar et al., 2021).

3.2. DSR (low and high temperatures)

The principal viscoelastic parameters of the neat bitumen and the corresponding blends containing
plastic shredsorpelletsweredeterminedbydynamicmechanical analysis usingoscillatory shearmode
tests. Temperature and frequency sweep testsweremadeby several laboratories tomeasure the norm
(|G∗|) of the complex shear modulus and the phase angle (δ). The tests were run in frequency sweep
from 0.1 to 20Hz, with 10 logarithmic increments, at different temperatures between −6°C and 82°C,
with 6°C increments. To cover the temperature interval, different testing geometries were used by
the laboratories depending upon their availability and the equipment characteristics, while following
these general instructions: 25-mm parallel plates (PP25) with a 1-mm gap between 34°C and 82°C,
8–mmparallel plates (PP08)with 2-mmgapbetween−6°C and 40°C. All dynamicmeasurementswere
madewithin the linear viscoelastic domain by applying a shear strain amplitude of 0.1% and 0.05% for
the PP25 and PP08, respectively.

3.2.1. Isochronal shear complexmodulus and phase angle at 1.59Hz (10 rad/s)
To allow a simple representation and comparison of the results obtained by the different laboratories,
it has been chosen to present the temperature and frequency sweep tests in the form of isochronal
plots. Figures 5–10 show the isochronal plots, in which |G∗| and δ raw data recorded at 1.59Hz are
plotted against the test temperature, for all three materials (B, B+pellets and B+shreds). The results for
neat bitumen (Figures 5 and 6), where four labs participated, show the rheological behaviour that is
typical for non-polymer modified bitumen. Except for Lab11, comparable results between Labs were
observed. Looking at the test’s repeatability, a numerical comparison found that, when testing differ-
ent replicates in the same Lab, the differences of |G∗| are less than 2%, and those for δ are less than
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Figure 5. Modulus isochronal plot (|G∗| vs. T) at 1.59 Hz for straight run binder B.

Figure 6. Phase angle isochronal plot (δ vs. T) at 1.59 Hz for straight run binder B.

Figure 7. Modulus isochronal plot (|G∗| vs. T) at 1.59 Hz for B+pellets.

0.25°. For simplicity, Figures 5 and 6 report the average data for each Lab. This value, 2%, is much
lower than the reported variability (10%) for neat bitumen. This very good consistency was expected,
considering that neat bitumen came from the same batch.
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Figure 8. Phase angle isochronal plot (δ vs. T) at 1.59 Hz for B+pellets.

Figure 9. Modulus isochronal plot (|G∗| vs. T) at 1.59 Hz for B+shreds.

Figure 10. Phase angle isochronal plot (δ vs. T) at 1.59 Hz for B+shreds.

In the case of plastic modification (B+pellets or B+shreds), where 5 and 11 labs participated, respec-
tively, the reported scattering of the results is more significant. As shown in Figures 7–10, the results
from thedifferent labs follow twodifferent trends.On theonehand, deep rheological changes seemed
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to occur in favour of a significantly higher elastic behaviour at higher temperatures as seenwith lower
phase angles (for instance, note Labs 1.1, 1.2, 2, 7, 8 for B+pellets or Labs 1.1, 1.2, 3, 6, 7, 8, 11 for B+shreds).
On the other hand, some Labs reported iso-frequency curves with similar shapes to that of the neat
bitumen. In this sense, plastic inclusion could be intended as a sort of filler-like particles addition since
it results only in a slight stiffening effect, without a real rheologicalmodification. It canbe stressed that,
for both B+pellets and B+shreds, the curve divergency (rheological modification vs. filler-like behaviour)
starts to bemore evident after a threshold temperature region (TTRSH) located between 34°C and 40°C
(see red box in Figures 7–10). At temperatures higher than TTRSH, the plastic particles likely started to
separate from the binder matrix which is becoming more viscous. This ‘transition’ temperature was
the one used to shift from the 8mm plate to 25mm plate DSR geometry. Therefore, the relevance of
experimental parameters for DSR testing should be carefully chosenwhen similar blends are tested. In
this sense, using a higher measurement gap and/or investigation scale (e.g. mastics) could represent
an interesting challenge for theDSR approach. Data scatteringbecominggreater for high temperature
testingwas also visible analysing themaximumvariation coefficient related to |G∗|/sinδ at 1.59 Hz (1s%
value): in this regard, Table 4 illustrates such concern considering, as for instance, the single-operator
variability for Lab10 (it internally tested both B+pellets and B+ shreds blends). Evidently, the scat-
tering started to be greater when using PP25 geometry, overpassing the typical acceptance limit of
1.6 (AASHTO T315-20). Really, in the case of B+ shreds, 1s% confidence threshold was not matched
even at lower testing temperatures (PP08), and this fact was ascribed to the poorer homogeneity of
the shreds-modified binders.

The observed variability among laboratory’s DSR results for plastic modified binders could be
attributed to the inhomogeneous distribution of plastic particles, and to the binder morphology.
During DSR measurement, some laboratories experienced great difficulty in performing the test on
B+pellets and B+shreds. Some pictures, made at the end of the test when plates were lifted at 100°C,
clearly showed the existence of a coarse and inhomogeneous structure in binders containing plastic.
An example is given in Figure 11, in which comparing plastic shred binder with neat bitumen, it is easy
to observe some solid-like particles.

To better understand the effect of inhomogeneity on the rheological behaviour of plastic modified
bitumen, replicates of the same materials were tested by several labs. As explained in the previous
paragraph, neat bitumen B was tested twice by Lab10, this was also done for B+pellets and B+shreds

with Lab1 and Lab10. In Lab 3 and Lab 4, three and five replicates weremade for B+shreds, respectively.
In Figures 12 and 13, the isochronal plots of |G∗| and δ raw data at 1.59 Hz are given for B+shreds. Very
similar |G∗| curves canbe found forboth Lab4andLab10over theentire testing temperatures. For Lab1
and Lab3, the differences between replicates start to be significant when the testing temperatures
are higher than TTRSHbetween 34°C and 40°C, which is the shift between testing geometries. In the
case of δ, high repeatability was found between five specimens from Lab4. The discrete dots start to
separate after TTRSHfor both Lab3 and Lab10 blends. This was expected because of the softening of the
bitumen at a higher temperature (fluidity has a direct effect on homogeneity and the related material
responses).

In Figures 12 and 13, results for a single frequency is provided. To better understand the effect of
experimental conditions (frequency and temperature), numerical comparisons are conducted using
all the raw data of plastic modified bitumen (excluding outlier points by visual inspection), results are
summarised in Table 5. It can be seen that, in most cases, the maximum differences between samples
are higher than the acceptable tolerance of 10%. For plastic modified binders, the difference can be
attributed to the heterogeneity of the blends. It is very interesting that at higher testing temperature
and/or lower frequency, the differences are larger. that is, the effect of inhomogeneity becomesmore
pronounced as the bitumen becomes more viscous.

3.2.2. Effect of plastic source and plastic type (at 1.59Hz)
A better evaluation of the influence of blending of plastic material was done by comparing the results
obtained by Lab1, which tested materials from Blend1 and Blend2 with the same equipment (Figures
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Table 4. Single-operator |G∗|/sinδ precision at 1.59 Hz for Lab10 (B+pellets and B+shreds).

Maximum variation coefficient 1s%

Geom. PP08 PP25

T [°C] −6 0 4 10 16 22 28 34 40 28 34 40 46 52 58 64 70 76 82
B+pellets 0.3 0.7 0.8 0.9 1.1 1.2 1.0 1.2 1.2 0.4 0.6 0.6 0.3 3.3 3.0 2.6 2.1 1.4 2.2
B+pellets 5.4 6.4 7.1 7.6 8.0 0.2 3.9 4.0 4.5 6.4 5.0 4.7 6.4 6.5 8.8 8.5 8.6 9.8 11.2

Note: Bold values represent data not in agreement with AASHTO T315-29 criteria.
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Figure 11. DSR sample at the end of the test with 25mm plate and 100°C, for neat bitumen (a) and B+shreds bitumen (b).

Figure 12. Evaluation of repeatability of Modulus isochronal plot (|G∗| vs. T) at 1.59 Hz (10 rad/s) for Lab 1, 3, 4 and 10.

Figure 13. Evaluation of repeatability of Phase angle isochronal plot (δ vs. T) at 1.59 Hz (10 rad/s) for Lab 1, 3, 4 and 10.
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Table 5. Repeatability evaluation and influenced experimental conditions (outliers excluded).

Materials Lab No.
max. differences in

|G∗| (%)
max. differences in

δ (°)
max. differences
with frequency

max. differences
with temperature

B+pellets Lab 1 20 9.95 low frequency High T
Lab 10 5 1.76 No trend No trend

B+shreds Lab 1 25 12.85 low frequency High T
Lab 3 36 6.97 low frequency High T
Lab 4 5 3.22 No trend No trend
Lab 10 16 2.38 low frequency High T

Figure 14. Influence of plastic material source: Modulus isochronal plot (|G∗| vs. T) at 1.59 Hz (10 rad/s) for Lab1.

14 and 15). In this case, plots clearly indicate that, when fixing the plastic type, negligible differ-
ences in curves were due to the blended source (see the correspondence between square-cross or
circular-rhomboidal markers). Therefore, the curves’ scattering between Labs could be rather ascribed
to different plastic dispersion in binders, thus strengthening the hypothesis of non-homogeneous
blending of particles. In this perspective, a promising task could be addressed to increase of the com-
patibility between the selected bitumen and plastic particles (e.g. solvents) to enhance the plastic
dispersion and the material homogeneity. On the other hand, further extrapolations of iso-frequency
curves were permitted to assess the influence of plastic types (B+pellets or B+shreds), when both blends
were tested by the same Lab (see Figures 16 and 17). For the sake of clarity, a singular source (Blend2)
was plotted.

3.2.3. Rheological parameters
A recent approach was developed in Germany known as Binder-Fast-Characterisation-Test (Bitumen
Typisierungs Schnell Verfahren in German) BTSV (Alisov et al., 2018) and consider parameters such as
iso-modulus of 15 kPa with corresponding temperature (TBTSV ), and the corresponding phase angle
(δBTSV ). The value of 15 kPa has been selected to correlate with softening point temperature for neat
bitumen. More information about this method can be found in previous publications (Alisov et al.,
2018; Walther et al., 2019).

In the round robin test, a comparison was made between the iso-modulus temperature at
|G∗| = 15 kPa and softening point temperature. As only seven laboratories performed the later, the
analysis is made within this reduced lab panel. Results are calculated (Alisov et al., 2018) and sum-
marised in Table 6. Compared to the neat bitumen, an overall increase in TG∗ = 15 kPa and softening
point temperature is found for the blends, while a decrease in phase angle is observed. Within the
same materials, except for the softening point temperature of B+shreds, very similar TG∗ = 15 kPa,
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Figure 15. Influence of plastic material source: Phase angle isochronal plot (δ vs. T) at 1.59 Hz (10 rad/s) for Lab1.

Figure 16. Influence plastic type (Blend2): Modulus isochronal plot (|G∗| vs. T) at 1.59 Hz.

Figure 17. Influence blend sources (Blend2): Phase angle isochronal plot (δ vs. T) at 1.59 Hz.
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Table 6. Comparison of softening point temperature and DSR parameters.

Materials Lab No. Softening point, °C TG∗ = 15 kPa, °C δG∗ = 15 kPa, °C high PG (G∗/sinδ = 1 kPa), °C

B Lab2 47.0 48.52 83.7 67.4 (64)
Lab7 45.0 48.74 82.6 68.1 (64)
Lab10 45.8 49.19 81.9 67.7 (64)
Lab11 44.6 49.47 84.1 67.8 (64)

B+pellet Lab10 60.8 56.93 77.4 77.2 (76)
B+shreds Lab2 76.2 58.35 73.9 80.4 (76)

Lab4 57.2 56.61 78.1 77.1 (76)
Lab9 — 57.34 79.1 77.3 (76)
Lab10 79.0 57.55 70.3 79.6 (76)

δG∗ = 15 kPa and softeningpoint temperaturebetweeneach lab areobtained. There areno significant
differences between different blend sources. For neat bitumen B and B+pellet, TG∗ = 15 kPa is similar
to softening point temperature (less than 5°C difference). It should be noticed that, in the majority of
the cases, for binder B, softening point temperature is lower than TG∗ = 15 kPa. However, the opposite
trend was found for B+pellet. In the case of B+shreds, Lab2 and Lab10measured a relatively high soften-
ing point temperature. This can be attributed to the heterogeneity of the plastic blends. Overall, while
a trend is observed between the softening point temperature and the temperature at 15 kPa for the
neat bitumen, no correlation is found for the blends with plastics.

Based on the raw data, the high temperatures of Performance Grade (PG) (AASHTO M320) were
calculated for the listed labs (Table 6). For all labs that tested the neat bitumen, a consistent high PG
of 64 is obtained. For both B+pellet and B+shreds, a relatively higher high PG is observed. Except for
specimens a to c of Lab 4 (PG 70), all the other materials indicate PG 76. It should be noted that in
specimens a to c of Lab 4, the real high PG is very close to 76 (less than 1.3°C). Hence, it is possible to
say that the use of plastic can increase the PG of two PG grades.

3.3. Viscosity

For pavement engineering applications, the dynamic viscosity, with a rotating spindle, is used to
ensure that the viscosity of the bitumen at normal processing temperatures is low and therefore,
the binder is liquid enough to coat the aggregates and to enable satisfactory compaction of the
asphalt. Limit for pumpability is usually around 1000mPa.s depending on the pump system. Rheol-
ogists are used to control the high temperature dynamic viscosity of bituminous binders for product
development and quality control purposes. Usually, this exercise is carried out in a laboratory with a
rotational viscometerwith coaxial cylinders testing geometries (spindle), such as a Brookfield viscome-
ter. The dynamic viscosity is, therefore, a key engineering parameter that asphalt technologists need
to carefully control and target.

Viscosity measurements were performed using two spindles: the standard spindle per EN 13302
andahelical spindle specially designed for inhomogeneousbinder blends. Using the standard spindle,
three labs reported results for the neat binder (B), six labs for the blends with PE-shreds (B+Shreds)
and two for blends with PE-pellets (B+Pellets) as shown in Table 7 and Figure 18. The mean values of
dynamic viscosity increasedwith the addition of both types of PE at all three tested temperatures. The
PE blends showhigher viscosities compared to the neat binder, indicating a stiffening effect. Although
the number of samples is small, the standard deviation (SD) gives a good indication of the spread
in the data. As shown, the SD of the measurements was considerably higher for the blends with PE-
shreds and this value decreased with increasing temperature. This is not surprising as the PE-shreds
Blends has higher heterogeneity compared to the Pellets blends. The results show that when mixing
temperatures of 160°C and 170°C, the viscosity is below the 1000mPas that is recommended for all
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Figure 18. Viscosity vs. temperature for neat binder and PE modified (Blend1).

Table 7. Dynamic viscosity measurements using the conventional spindle for neat binder and PE modified (Blend1).

T = 135°C T = 160°C T = 170°C
η [mPa.s] η [mPa.s] η [mPa.s]

Materials Lab No. Mean Max Min SD Mean Max Min SD Mean Max Min SD

B 3 588 705 375 185 194 237 128 58 130 149 92 33
B+Shreds 6 1596 2675 1049 557 650 1241 503 314 457 1022 257 281
B+Pellets 2 1623 1754 1492 186 541 548 534 10 370 414 325 63

Figure 19. The dual helical ribbon (DHR) and the standard coaxial geometry (SC-27) were used in this study.

binders tested. Additionally, from Figure 18 it can be observed that the blends with PE-Shreds and PE-
Pellets have very similar viscosities at the same temperature and the exponential trends with respect
to temperature are very similar.

Due to the high level of heterogeneity of (PE) blends when tested using the rotational spin-
dle, the sample may be affected by sample instability issues (e.g. phase separation, sedimentation,
agglomeration), leading to results that are not representative. This investigation introduces the adop-
tion of a Dual Helical Ribbon (DHR) presented in Figure 19, which is a mixing/measuring device
for rotational viscometers specifically designed to address these issues and, in turn providing more
realistic viscosity measurements.

Dynamic viscosity measurements were undertaken with the DHR and a standard coaxial cylinder
geometry (SC-27), as a reference to recordeventual differences in viscositymeasurementsof PEblends.
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Figure 20. Viscosity measurements over time at 135°C and 100 rpm. Blend1 with shreds.

Figure 21. Viscosity measurements over time at 160°C and 100 rpm. Blend1 with shreds.

Thematerial was tested at three temperatures, 135, 160 and 170°C, with a rotational speed of 100 rpm
using a Brookfield DV II PRO Digital Rheometer. Tests were carried out for a total duration of 90min,
where the first 30min were allowed to reach the thermal equilibrium (0 rpm). Then, impellers were
quickly submerged in the blend and the viscometer was turned on to carry out the test. Each of the
reported results was obtained as the average of three replicates.

Rotational test results highlighted differences in viscosity measurements and prove that when PE
blends are tested, the conventional coaxial cylinder setupmight not be adequate, while the DHRmay
solve the issue. Figures 20–22 show that at all the tested temperatures, the SC-27 was not able to
provide a stable trend of viscosity measurements. The DHR not only allows to continuously measure
the viscosity of the sample but also provides improved mixing performance, which guarantees the
stability of the sample during measurements.
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Figure 22. Viscosity measurements over time at 170°C and 100 rpm. Blend1 with shreds.

As a result of the work done, this study helped to produce evidence to support the following
conclusions:

♣ Rotational tests suggested that due to the high level of heterogeneity of PE modified asphalt
binder, sample instability phenomena may occur;

♣ Compared to the conventional SC-27, theDHRprovides amore stable trendof dynamic viscosity
measurements. Another study has shown that this is due to improved mixing of the sample;

♣ Rotational viscosity measurements obtained by using the SC-27 testing geometry are time-
dependent while results obtained with the DHR are not;

♣ The differences in viscosity measurement results, at all considered temperatures, are between
12% and 18%.

3.4. Other DSR tests (MSCR, LAS and BTSV)

3.4.1. Multiple stress creep recovery (MSCR) test
Themultiple stress creep recovery (MSCR) test is a relatively new test methodology, developed within
the framework of the NCHRP 9-10 research programme (Bahia & Hanson, 2001), that is used to evalu-
ate the nonlinear properties of binders. Past studies have shown that the MSCR test relates well with
rutting predictions and is able to characterise the behaviour of both unmodified andmodified binders
(D’Angelo, 2009; Masad et al., 2009; Wasage et al., 2011). The test is performed on asphalt binder
samples, after being subjected to the Rolling Thin Film Oven Test (RTFOT), using the Dynamic Shear
Rheometer (DSR) device and it is performed at two stress levels of 0.1 and 3.2 kPa (AASHTO TP70-10,
2013; EN 16659, 2016), that represent loading within and beyond the linear viscoelastic (LVE) domain,
respectively (Wasage et al., 2011). The difference between the response at high and low stress levels
provides an indication of the stress dependence of binders (Soenen et al., 2013). The testing procedure
involves the application of shear stress using a haversine load for a period of 1 s followedby an unload-
ing (recovery) phase of 9 s. A total of 20 loading-unloading cycles are performed at 0.1 kPa stress (with
the last 10 cycles used for calculating the test parameters) and 10 loading-unloading cycles at 3.2 kPa
stress, resulting in a total test duration of 200 s. The test is carried out using the 25mm parallel plates
configuration with a 1mm gap. The average percent recovery (%R) after 10 cycles is determined at
each stress level following Equation 1. Moreover, the non-recoverable creep compliance (Jnr) is deter-
mined by dividing the non-recoverable shear strain by the shear stress. The average of the Jnr values
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Table 8. Test conditions for MSCR tests used by each laboratory.

Lab8 Lab10

Repetition(s) 1 2
PP system (mm) PP25 PP25
Stress level (kPa) 0.1, 3.2 0.1, 3.2
Loading scheme 1 s load, 9s recover 1 s load, 9s recover
Temperature (°C) 60 60
Conditioning time (min) 5 30

after 10 loading cycles at each stress level is calculated using Equation 2.

%Rτ = 1
10

10∑

N= 1

(εN1 − εN10) · 100
εN1

(%). (1)

JNnr = εN10/τ (kPa−1). (2)

where τ is the applied stress (0.1 and 3.2 kPa), εN1 is the strain value at the end of the creep portion (after
1 s) of each cycle and εN10 is the strain value at the end of the recovery phase (after 10 s) of N-th cycle.

Soenen et al. (2013) reported better reproducibility and repeatability of the MSCR results for
unmodified binders than for neat bitumen. The high variation in the tests was attributed to poor
specimen preparation procedures and the difficulty of specific rheometers to transition between the
loading and the unloading phases.

Here, MSCR tests were carried out for the neat binder (B), the blends with the PE-Shreds (B+Shreds)
and with Pellets (B+Pellets) by Lab8 and Lab10. The testing conditions for each lab are summarised in
Table 8.

The samples (Blend1) tested in Lab8 and Lab10were producedby the same laboratory (Lab1). How-
ever, the handling of the samples prior to testing varied among the two laboratories, but the samples
were not subjected to RTFOT aging prior to the MSCR testing.

• Lab8: From production to testing, the binder samples were stored at 8°C. The amount of mate-
rial required to perform a single test was cut from the stored binder, placed on the preheated
lower plate before lowering the upper plate and perform the trimming operations. The samplewas
conditioned for 5min after reaching the test temperature;

• Lab10: Around 0.9 g of binder was cut with a hot knife from the stored binder, then the sample
was reshaped by hand using the 25mm silicon mould, and subsequently was loaded on the DSR
machine. The sample was conditioned for 20min after reaching the test temperature.

Figures 23 and 24 shows the MSCR test results of the neat binder (B), the blend with the PE-Shreds
(B+Shreds) and the blend with Pellets (B+Pellets) at 60°C for 0.1 and 3.2 kPa, respectively. Two replicates
for each samplewere tested by Lab10 and therefore themean value of Jnr and%R is reported. Overall,
for all binders, the %R reduces and the Jnr increases as the stress level increases from 0.1 to 3.2 kPa. At
both stress levels, the neat binder has the lowest %R among the various binders. On the other hand,
the Jnr value of the neat binder does not show any specific trend when compared with the modified
binders. At a stress level of 0.1 kPa, the Jnr value of the neat binder is higher than themodified binders,
which is also the case for the higher stress level of 3.2 kPa, with the exemption of the B+Shreds for which
the Jnr value has substantially increased. In general, the results suggest that the neat binder is more
sensitive to permanent deformation compared to the blends with PE-shreds and pellets.

The recovery values obtained from Lab8 are systematically higher than those from Lab10. At low
stress level, the recovery of themodified binders tested in Lab8 is almost twice the%R values reported
for Lab10. A great difference in the recovery values of the modified binders between the two labora-
tories is observed at the higher stress level, with an %R of 95.9% for Lab8 and a %R equal to 6.2% for
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Figure 23. Strain recovery (%R) and non-recoverable (Jnr )creep compliance at 0.1 kPa.

Figure 24. Strain recovery (%R) and non-recoverable (Jnr ) creep compliance at 3.2 kPa.

Lab10. Interestingly, the difference for the B+Shreds binders is at similar levels with the results at 0.1 kPa
applied stress. These differences could possibly be explained by the handling of thematerial from the
production of the blends until testing. The blendswere produced in the same laboratory (Blend1), and
neither of the laboratories used thermal treatment during sample handling prior to testing. However,
the storage conditions and the duration of the temperature conditioning stage, after the sample had
reached the testing temperature, were different for the two labs as reported in Table 8. Moreover, the
sampling of the material from the stored binder was not performed in the same way, and this could
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possibly lead to the heterogeneity of the tested samples. Nevertheless, on the basis of the %R values,
B+Shreds have consistently a better deformation recovery ability than B+Pellets. Furthermore, as seen in
the other tests reported in this work, the results of the labs diverge at the high temperature regime
wherebitumenbecomesmore viscous and theeffect of plastic additives ismoreprominent, andhence
the effect of inhomogeneity is more apparent.

3.4.2. Linear Amplitude Sweep (LAS) test
The LAS test is used to evaluate the capability of bituminous binder to resist fatigue damage according
toAASHTO101-14 standard. Basically, the test is an oscillatory strain sweep test that produces damage
to the binder by applying a linear increment of load amplitudes. The LAS test consists of two steps:

• First, a frequency sweep is performed to get information about the properties of undamaged
material and to estimate the rheological characteristics of the bituminous binder;

• Second, the damage characteristics of the binder are measured using a linear amplitude strain
sweep test.

In this study, frequency sweeps were done at 0.1% strain amplitude in a frequency range from 0.2
to 30Hz, and the amplitude sweep test was conductedmaintaining a constant test frequency of 10Hz.
The test temperature was fixed at 20°C for Lab8 and Lab10 and to 22°C for Lab2. All tests were con-
ducted using a DSR with an 8-mm diameter parallel plate and a 2-mm gap. The tests were carried out
on different types of binders, with and without plastics waste (B+Shreds and B+Pellets from Blend1), and
without any prior aging as described in the sections above. One replicate was tested for each binder.
Before the testing phase, two different sample preparation procedures were adopted:

(a) The binder was heated for 1 h in a preheated oven at 170°C. After this first conditioning process,
the bitumen blend was stored before being directly poured into moulds for testing;

(b) The quantity of blended material needed to perform a single test was cut from the binder disks
stored at low temperatures. Then it was placed on the preheated lower plate before lowering
the upper plate and perform the trimming operations. (This procedure was adopted from Lab10
because this is a standard procedure adopted in their lab to store and test binders).

The number of cycles to failure was calculated using Equation 3.

Nf = A(γmax)
B. (3)

The failure definition in the LAS test is defined for all laboratories as a 35% reduction in the ini-
tial modulus, where A and B are the viscoelastic continuum damage (VECD) model coefficients that
depend on thematerial characteristics. Details of A and B parameters formulations can be found else-
where (Chen et al., 2020). In summary, parameter A represents thematerial’s ability to keep its integrity
during loading cycles and due to the accumulated damage, and it is directly related to the storage
modulus. By decreasing the storage modulus through loading cycles, the A parameter decreases,
which indicates the low binder resistance in maintaining its integrity during loading and due to accu-
mulated damage. From Equation 3, when the strain level is equal to 1, the fatigue life will be equal to
the A parameter, hence, the A parameter can be considered as the fatigue life of the binder at a strain
level of 1 (100%). The sensitivity of the asphalt binder to the strain levelmodification is describedby the
B parameter. More precisely, a higher absolute value of the B parameter indicates that the fatigue life
decreases at a higher rate when the strain level amplitude increases. In general, higher fatigue resis-
tant binders tend to have higher A values and lower absolute B values. Within the Inter-laboratory
research programme, the LAS test was conducted by Lab2, Lab8 and Lab10 by adopting the test con-
ditions reported in Table 9. Only Lab2 followed the AASHTO specification (0–30% strain level at 20°C),
while Lab8 and Lab10 have considered a strain level equal to 0–40% at a test temperature of 20°C.
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Table 9. LAS test condition for each laboratory.

Test condition Laboratory label

Name Lab2 Lab8 Lab10
Repetition 2 1 2
PP system (mm) 8 8 8
Strain (%) 0–30 0–40 0–40
Stress (kPa) — — —
Temperature (°C) 22 20 20
Frequency (Hz) 10 10 10
Standard TP 101-14 TP 101-14 TP 101-14
Conditioning time (min) 30 31 32

Figure 25 shows the effective stress–strain relationship for the three labs. It can be seen in
Figure 25(a) and (c), the peak stresses of the samples containing shreds (B+Shreds) are higher than
those of the neat bitumen (B). It is observed that the plastics modified binders have delayed falling
curves compared to the base binder. From the analysis of the graphical results, it is possible to observe
how the stress values are much higher and closer to each other for Lab2 and Lab10, whereas Lab8
exhibits much lower values (almost half of the other two). This condition can be related to the differ-
ent production processes adopted by the labs. Specifically, in the case of Lab8 and Lab10, the bitumen
with plastics (both shred and pellet) were prepared by heating bitumen at 170°C and stirring it for
1 h at 3500 rpm. However, during the process, as the plastic did not really melt, the temperature was
increased to 180°C. The procedure adopted was the same for Lab8 and Lab10, but the temperature
was kept constant to 170°C in the case of Lab8. This variation in themixing temperature can influence
the stress level.

This condition confirms that not only the type of plastic affects the bitumen properties but also the
associated homogeneity of the plastic adopted (the PE-pellets are more homogeneous than the SE
shreds).

Figure 26 compares damage characteristics (C-Damage Intensity) curves of the tested binders.
From the results plotted in Figure 26(a)–(c), it can be observed that the base binder (B) shows an
unfavourable damage curve compared to the binder samples containing shreds when considering
the results of Lab2 (Figure 26(a)). However, from the results shown in Figure 26(c), it can be observed
that the base binder has the least damage when compared to the damage curves of the PE modified
blends. Between the twomodified binders, it can be observed that the B+Shreds exhibit slightly higher
damage than the B+Pellets.

Figure 27 compares the calculated Nf values (Equation 3) of all tested binders at 2% and 4%
strain levels. The results show that the base binder has the lowest Nf compared to the tested, mod-
ified binders at 2% strain, as shown in Figure 27(a). At strain levels of 4%, the unfavourable results
are explained by the bitumen prepared using plastic waste in pellets form (B+Pellets), as shown in
Figure 27(b). It is also possible to observe how passing from 2% to 4% of stress level bitumen pre-
pared with plastics exhibits a lower variation than neat bitumen (12% vs. 18% for Lab10, 12% vs. 19%
for Lab2 and 5% vs. 10% for Lab8). In any case, the binder containing plastic in shreds’ form (B+Shreds)
shows consistently better results in terms of Nf compared to the rest of the binders and the results are
independent of the testing lab. The LAS test parameters (VECD model coefficients, number of cycles)
are summarised in Table 10.

In conclusion, from the analysis of LAS test results, the shreds-modifiedbinder gives better results in
terms of the number of cycles to failure (Nf ) and damage curves. Furthermore, shreds-modified binder
displays a higher peak stress value than the base binder. The PEmodified binder preparedwith plastic
pellets exhibits a higher peak stress value than the base binder, but this is not supported by the Nf

values and the damage curves, which are mainly comparable or unfavourable if compared with those
of the base binder.
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Figure 25. Plotting shear strain vs. shear stress: (a) Lab2, (b) Lab8 and (c) Lab10.
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Figure 26. C-Damage Intensity: (a) Lab2, (b) Lab8 and (c) Lab10.
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Figure 27. Nf value comparing the three binders: (a) strain level of 2% and (b) strain level of 4%.

3.5. Other tests (FTIR, DSC andmicroscopy)

3.5.1. Fourier Transform Infra-red, FTIR
In addition tophysical properties, Lab7andLab8performedFourier-Transform-Infra-Red spectroscopy
in ATR mode using Blend2. The profile gave a consistent spectrum between the two labs. The
two blends were compared with the reference bitumen. Figure 28 shows the FTIR spectrum from
Lab7 between 2000 and 600 cm−1. There are hardly any differences, at least no additional peaks,
between the reference and the two blends indicating no new chemical bonds forming due to these
blends.

3.5.2. Differential scanning calorimetry, DSC
DSC was also performed on the plastics themselves, the blends and the reference bitumen. The
method provides information on glass transition temperature and melting point. After equilibrium
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Table 10. LAS test condition for each laboratory.

Sample code Parameter A Parameter B Nf (@2%) Nf (@4%) Variation

Lab10_B 4.80E+04 −2.511 8.41E+03 1.48E+03 18%
Lab10_B+Pellets 8.81E+04 −3.094 1.03E+04 1.21E+03 12%
Lab10_B+Shreds 1.20E+05 −3.090 1.41E+04 1.66E+03 12%

Lab2_B 3.93E+03 −2.377 7.57E+02 1.46E+02 19%
Lab2_B+Shreds 7.63E+04 −3.116 8.80E+03 1.01E+03 12%

Lab8_B+Pellets 5.44E+04 −3.395 5.17E+03 4.92E+02 10%
Lab8_B+Shreds 3.20E+05 −4.228 1.71E+04 9.11E+02 5%

Figure 28. Infra-red spectrometry on the three binders (B), B+ Shreds and B+ Pellets using Blend2.

Figure 29. DSC on plastic samples B, B+ Shreds and B+ Pellets using Blend2. The continuous lines are for the heating process and
the dotted lines for cooling.

at 165°C, the experiment was run by cooling from 165°C to −60°C at a cooling rate of 2.00°C per min
followed by heating in the same condition.

Figure 29 shows the DSC heat flow diagrams on the plastic samples themselves. As the plastic
shredswereof different types,withblue,white or black shreds,DSCwas runoneachof them to identify
any difference. Two plastic shreds had a melting point around 124°C and the other plastic shred, at
around 130°C. Those results are in the same range of the melting point for the plastic pellets. It was
difficult to have an exact value for the plastic shreds as it depends on the proportion of the different
shred types. Outside this temperature, there were no glass transitions nor additional melting points
that were identified.

Figure 30 shows the heat flow results on the reference base bitumen and the two plastic blends.
Between−30°C and−10°C a smooth glass transitionwas observed for the bitumen. This part was sim-
ilar for both the neat bitumen and the plastic blends,meaning that the plastic did not interact with the
bitumen matrix to influence the glass transition. Contrary to the low temperature results, at elevated
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Figure 30. DSC on binders. The continuous lines are for the heating process and the dotted lines for cooling.

temperatures, the melting points, observed from the plastics, are clearly visible and located around
119°C for the plastic shred blend and 122°C for the plastic pellet blend aligned with the ones from the
pure plastics. Very limited interaction was observed, presuming non-unique phase morphology.

4. Conclusions

Round robin experiments were performed on PE blended bituminous binders. As a result of these
experiments, the following conclusions can be drawn:

• In order to add PE to bitumen, plastic samples need to be grounded to around 1mm in order to
facilitate the blending and homogeneity;

• Addition of PE waste to bitumen does not alter the chemistry of the bitumen. The blending results
in a physical rather than a chemical modification. This can be seen also from FTIR results;

• The results obtained from different labs with conventional tests show high variability at high
temperature, as recorded by the softening point, and lower variability at 25°C, as shown by the
penetration results. This can be attributed to the heterogeneity of the binder blends, especially at
high temperature;

• The Fraass breaking temperature of the PE modified blends increased by at least 5°C, showing a
significant negative effect on the low temperature properties;

• The PE blended samples were not stable, with most of the PE particles moving to the top of the
tube;

• Using the dynamic shear rheometer, for both for B+pellets and B+shreds, the curve divergence (rheo-
logicalmodification vs. filler-likebehaviour) begin tobemore evident after a threshold temperature
region (TTRSH) located between 34°C and 40°C, after which the plastic particles likely started to sep-
arate from the bindermatrix. Therefore, in future studies, the relevance of experimental parameters
for DSR testing should be carefully considered. Furthermore, other solutions such as using a higher
measurement gap and/or investigation scale (e.g.mastics) could represent an interesting challenge
for the DSR approach;

• The PE modification increased the TG∗ = 15 kPa, and decreased the corresponding phase angle
(δG∗ = 15 kPa). At the same time, the high temperature PG grading was increased. This parameter
does not correlate with softening point temperature for the different tested blends.

• Dynamic viscosity test, using a rotating spindle, suggested that due to the high level of heterogene-
ity of PE modified asphalt binder, sample instability phenomena may occur;

• Compared to the conventional spindle, the helical spindle provides amore stable trend for viscosity
measurements due to improved mixing of the sample. PE blends in bitumen suffer from storage
stability, with most of the PE floating on top. The use of storage stabilisers or a dry process in mix
design are examples of a possible solution for this problem;
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• Alternative spindle like Dual Helical Ribbon could be the proper solution for DSRmeasurements of
bitumen modified with waste PE.

• The MSCR tests indicated that the neat binder is more sensitive to permanent deformation com-
pared to the blends with PE-shreds and pellets. A significant difference between the blends with
shreds and pellets was not observed;

• The Linear Amplitude Sweep (LAS) Test was used to characterise the fatigue performance of the
binder blends. The results showed a better performance in terms of stress and fatigue life for the
PE blends;

• Differential scanning calorimetry clearly show distinct glass transition temperature and melting
points coming from both neat bitumen and plastic, meaning two separate phases;

• The round robin results show that the results from the labs diverge in the high temperature regime
where the bitumen becomes less viscous and the effect of plastic additives more prominent, and
the effect of heterogeneity more apparent;

• In general, considering all the experimental results, a significant differencebetween theblendswith
shreds and pellets was not seen implying that the secondary waste (shreds) can be used to achieve
the same performance as the primary waste (Pellets).
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