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Abstract: The use of polymeric waste in the modification of asphalt binders for the construction of
road pavements is a technique studied several years ago. However, the use of these materials involves
high temperatures close to 190 °C, which generate large environmental impacts due to their emissions.
In this study, an asphalt cement (AC) with low-density polyethylene (LDPE) residue contents of 5%,
7%, and 10% with respect to the mass of the AC was modified by the wet method. The modification
was carried out using a temperature of 150 °C with the aim of preventing the oxidation of the
AC and reducing the emissions generated at high temperatures. Based on the physical-rheological
properties of the modified asphalt binder, it was found that 5% LDPE produces the best performance.
Subsequently, a hot-mix asphalt type HMA-19 control without a modified asphalt binder and another
with a modified asphalt binder were manufactured in order to evaluate the mechanical behavior
by means of the Marshall test, an indirect tensile strength (ITS) test, resilient modulus (RM) testing,
resistance to fatigue testing, permanent deformation testing, and the Cantabro test. Additionally,
the asphalt mixtures were tested under the conditions of short-term aging (STOA, Short-Term Oven
Aging), long-term aging (STOA + LTOA, Long-Term Oven Aging), and partial saturation with water
(STOA + LTOA + water). Based on the results, an ANOVA analysis of variance was performed
to assess whether the changes in the mechanical response of the modified mixture are statistically
significant with respect to the control mixture. As a general conclusion, it is reported that mixtures
with LDPE can be used for thick layers in high-temperature climates in order to control rutting.

Keywords: modified asphalt binder; modified asphalt mixture; low density polyethylene LDPE;
mechanical strength

1. Introduction

Throughout the world, automotive fleets have been growing in number and magnitude
of loads. This, together with the effects of climate, raises the need to use materials in
road structures that present special characteristics. In the case of asphalt pavements, the
technology of modified asphalt binders has been a technique widely studied and used
worldwide to try to improve the mechanical properties of asphalt mixtures in service when
they are exposed to different loading and environmental conditions [1-5].

Modifiers, such as fibers, mineral fillers, elastomeric polymers (e.g., styrene-butadiene-
styrene (SBS), styrene-isoprene-styrene (SIS), styrene-butadiene-rubber (SBR), and recycled
crumb rubber grain (RCRG)), plastomeric polymers (e.g., polypropylene (PP), ethylene-
vinyl acetate (EVA), low-density polyethylene (LDPE), and high-density polyethylene
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(HDPE)), anti-aging, anti-stripping, or rejuvenating additives, bio-binders, and nano-
materials have been used to change the properties of asphalt binders. Typically, modifi-
cation is performed by mixing an asphalt binder with a modifier at high temperatures.
This process of modification is called the wet process. When asphalt binders are modified,
attempts are made to improve some properties of hot mix asphalts (HMA), such as increas-
ing resistance to cracking at low service temperatures and controlling rutting, moisture
damage, fatigue cracking, aging, etc. We have also sought to improve HMAs’ response in
terms of cohesion and adhesion with aggregates, to increase their durability during their
service life [6-12].

On the other hand, large amounts of plastic waste from materials such as LDPE
are generated annually worldwide. Given the impossibility of these materials’ full use
or total disposal, they impact the environment negatively. According to [13], until 2015
the generation of plastic waste worldwide reached 6300 million tons, of which 60% still
accumulated in landfills and the environment. According to [14], in developed countries,
plastic waste constitutes approximately 10% of the total solid waste generated. In Colombia,
the annual generation of plastic waste is approximately 1.4 million tons [15].

These materials can be used as asphalt modifiers, as various studies have demon-
strated, especially in increasing resistance to permanent deformation in high-temperature
climates. In general terms, PE (polyethylene) increases the stiffness of asphalt binders and
the resistance to rutting of the modified mixtures [16-18]. Rondéon-Quintana et al. [19]
modified an AC 80-100 asphalt binder with an LDPE waste by the wet process. By using
the modified asphalt binder, the resulting asphalt mix was markedly increased in strength
under monotonic loading in the Marshall test, in stiffness under cyclic loading, and in resis-
tance to permanent deformation. However, this increase in stiffness led to a slight reduction
in fatigue strength. Jeong et al. [20] used modified AC 60-70 and AC 85-100 binders with
PE thin layers used for growing vegetables in Korea. The modification rate was between
5% and 20% with respect to the mass of the AC. According to the researchers, the PE used
is a material that helps to increase resistance to deformation in high-temperature climates
and also to increase resistance to indirect tensile.

Brovelli et al. [8] studied a modified mixture with a polymers-type LDPE and EVA.
They reported an increase in rut resistance without compromising the stiffness and fatigue
resistance of the mixture. In 2016, Castro-Lopez et al. [21] carried out a rheological and
thermal characterization study of a wet modified AC 60-70 binder with an LDPE waste
in a ratio of LDPE/AC = 5% to the mass. According to their study, the modified asphalt
binder undergoes a notable increase in stiffness, improves its degree of operation at high
temperatures, and is more resistant to oxidation and aging. However, they reported a possi-
ble decrease in cracking resistance at low and intermediate temperatures. Dalhat et al. [22]
modified an asphalt binder with recycled plastic waste from PP, LDPE, and HDPE. Ac-
cording to their study, these modifiers increased their performance in high-temperature
climates based on rheological characterization tests and the correlation obtained between
the results of the resilient modulus of the HMA and the rheological parameters of the
modified asphalt binder.

Khan et al. [23] reported, from a study carried out on a PG 64-10 asphalt modified
with LDPE, HDPE, and crumb rubber, the significant improvement in rheological prop-
erties according to what was obtained in tests with a dynamic shear rheometer (DSR).
Bala et al. [9] modified an AC 80-100 binder with different LDPE contents (between 2%
and 6% with respect to the mass of the AC). Based on the results obtained from physical-
rheological characterization tests, they concluded that a modified asphalt binder undergoes
less thermal susceptibility and greater resistance to aging compared to an unmodified one.
Fuentes-Audén et al. [24] modified an AC 150-200 binder with recycled PE. They concluded,
based on rheological characterization tests, that concentrations of up to 15% by mass of
PE concerning AC generated a notable improvement in the degree of performance of the
modified asphalt binder at high and intermediate service temperatures. For pavement
applications, they recommend the use of a concentration of 5% by mass of PE to AC.
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In the present study, unlike those mentioned previously, (a) the mechanical behavior
of a modified HMA with an LDEP-type plastomeric waste was evaluated after selecting,
through a physical-rheological characterization, the best content of this additive in its
incorporation into a wet-modified asphalt binder (in this way, an investigation of both the
response of the asphalt binder and the modified mixture is presented); (b) the additive
used corresponded to the waste of mixing straws used in hot drinks (this is a particular
study compared to other studies, which revised the behavior of asphalt binders with the
inclusion of LDPE pellets that were taken directly from production plants); (c) an sustainable
alternative for the use of waste from LDPE straws was studied, using temperatures and
mixing times of the LDPE with the asphalt binder lower than the traditional ones, and using
a lower mixing temperature of the modified asphalt binder with the aggregates compared
to similar studies; (d) the modified mixtures were exposed to an experimental phase where
their mechanical response was evaluated, trying to simulate aspects associated with their
durability, understood as the long-term ability of a material to resist changes in climate,
aging, and the abrasive action of traffic [25].

To this end, an experimental phase was designed that followed the criteria recom-
mended by other researchers who have evaluated the effects associated with durability
in asphalt mixtures (e.g., [26]). The control mixture and the modified mixture were con-
ditioned, exposing them to aging processes in the short-term (STOA, Short-Term Oven
Aging) and long-term (STOA + LTOA, Long-Term Oven Aging) following the guidelines es-
tablished by AASHTO R 30. To evaluate the effect of water, the samples were also partially
saturated after being aged for the long term (STOA + LTOA + water). On these conditioned
mixtures, resistance tests were carried out under a monotonic load (Marshall-AASHTO T
245 and indirect traction-ASTM D4867) and a cyclic load (resilient modulus-BS EN 12697-26,
permanent deformation, and fatigue BS EN 12697-24), and for moisture damage (by ratio
TSR-Tensile Strength Ratio-ASTM D4867) and abrasion (Cantabro test-NLT-352/86). To
assess whether the LDPE produced statistically significant effects on the properties of the
HMA-19 mixture, an analysis of variance (ANOVA) was performed with the F-test, using a
95% confidence level (Fg o5).

2. Materials and Methods

The experimental design plan used in this study is shown in a flow chart (Figure 1).

2. Manufacturing 3.Selection of 4. Marshall » .
m asphalt binder the LDPE asphalt mix 5. andmon 6. Mechalmcal
modification content design mixture behavior
'LDPE waste AC 50-70 P
e (control). Physical- HMA-19 control Control unaged
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Figure 1. Flow chart—experimental phase.

2.1. Materials

The asphalt cement (AC) used was type AC 50-70 (penetration in 0.1 mm). Tables 1
and 2 shows the properties of the asphalt binder and the aggregates, respectively.
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Table 1. Tests performed on AC 50-70.

Test Specification Unit Result
Penetration ASTM D5 0.1 mm 52
Penetration index NLT-181/88 - -1.6
Softening point ASTM D36 °C 48.6
Ductility ASTM D113 cm 150
Specific gravity AASHTO T 228 - 1.01

Flashpoint AASHTOT 48 °C 300.3

Table 2. The values obtained from the typical characterization tests carried out on the aggregate used.

Test Specification Requirement Result
Bulk specific gravity (coarse) AASHTOT 85 - 2.607
Bulk specific gravity (fine) AASHTOT 84 - 2.538
Wear resistance-Los Angeles machine AASHTO T 96 25% max. 18%
Micro-Deval AASHTO T 327 20% max. 13%

10% fine dry DNER-ME 096 110 kN min. 135 kN
10% fine wet/dry DNER-ME 096 75% min. 78%

Fractured particles: 1/2 faces ASTM D5821 75% min./60% min. 90% /66%
Soundness of aggregates ASTM C88 12% max. 1.4%
Index plasticity ASTM D4318 Non-plastic Non-plastic

Elongation and flattening index NTL 354/91 10% max. 10%

The plastic waste used as a modifier was an LDPE. Such waste, obtained from mix-
ers for hot drinks, was collected from recyclable material containers, then washed and
cut into sizes between sieves No. 4 and No. 10 in order to facilitate their mixing and
homogenization with the AC (see Figure 2). The LDPE presents a density of approximately
0.92 g/cm? [27-29]. Based on DSC (Differential Scanning Calorimetry) tests, their melting
point begins to appear from 130 °C [21].

Figure 2. (a) Recycled LDPE and (b) LDPE cut for use as an additive.

2.2. Modification of the AC with the LDPE

AC 50-70 was mixed with the modifier by the wet process, using LDPE contents of
5%, 7%, and 10% concerning the mass of the AC (called LDPE/AC = 5%, 7%, and 10%,
respectively). Table 3 shows the mixture temperature, mixture time, and mixture speed
of various modified asphalt binders” LDPE, which have been reported in other studies. In
these earlier studies, the implementation of mixture temperatures up to 180 °C and mixture
times up to 120 min was observed. However, in the present investigation, the mixture
time and mixture temperature of the AC with the LDPE were 20 min and 145 °C £ 5 °C,
respectively (see Figure 3). To mix both materials, a speed of 4000 rpm was used, with
high-cut mixing equipment.
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Figure 3. (a) Procedure for mixing AC with LDPE, (b) Temperature check at 145 °C, and
(c) Modified AC.

The lower mixture time and temperature may have had a negative impact on the
response of the modified asphalt mix, since they could not ensure complete homogeniza-
tion between the materials and could cause a loss of stability and uniformity [4,9,30,31].
Additionally, the possibility of partial phase separation between the asphalt binder and
the polymer could occur in the application of the mixture in the pavement [32]. Despite
this, these minor temperatures were selected in this study since, in practice, they reduce
polluting emissions and the use of fuel in modified asphalt plants. In addition, they de-
crease asphalt binder oxidation and manufacturing costs. Additionally, by exposing the
modified asphalt binder to very high temperatures, the polymer can degrade, deteriorating
its engineering properties [33-37]. Therefore, the aim was to evaluate the response of the
modified mixture using a more environmentally friendly mixture time and temperature, to
avoid premature aging of the asphalt binder and polymer degradation, and to try to reduce
production costs.

Table 3. Modification conditions of asphalt cements with LDPE.

Mixture

References Temperature (°C) Mixture Time (min)  Mixture Speed (rpm)
[24] 180 - 3000
[16] 160 40 -

[20] 185 - -

[38] 150 120 4400
[22] 160 30 5000
[21] 150 40 -

[23] 165 120 -

[9] 160 120 4000
[3] 170 50 4000
[39] 180 60 5500-6500

2.3. Properties and Selection of the LDPE Content

Penetration testing (ASTM D5), viscosity testing (ASTM D4402), softening point testing
(ASTM D36), ductility testing (ASTM D113), flash and fire point testing (AASHTO T 48),
and specific weight testing (AASHTO T 228) were performed on the modified asphalt
binders (LDPE/AC = 5%, 7%, and 10%). These properties were evaluated without aging
and with short-term aging in an RTFO (Rolling Thin Film Oven, ASTM D2872).

A DSR was used to evaluate the rheological properties of the AC 50-70 and the
modified asphalt binder (LDPE/AC = 5%, 7%, and 10%). Initially, the Performance Grade
(PG) of the asphalt binders at high and intermediate service temperatures was determined,
following the guidelines established by AASHTO T 315. For this purpose, the complex shear
modulus (G*) and the phase angle (5) were determinate. Thin sheets of the different types
of asphalt binder were placed between two parallel plates, with oscillation of the upper
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plate generating a cut at 10 rad/s. To evaluate the resistance to permanent deformation of
the asphalt binder, Multi-Stress Creep Recovery tests (MSCR) were carried out, following
the guidelines established by AASHTO M 332. For the execution of the test, the asphalt
binders were aged in the short term in an RTFO. With the test results, the creep compliance
parameter (Jnr) was calculated for different levels of applied load cycles.

To evaluate the fatigue resistance of the asphalt binders, linear amplitude sweep
tests (LAS) were carried out following the methodology described by AASHTO TP 101.
The samples were previously aged in the short and long term, through the Rolling Thin
Film Oven Test (RTFOT) and the Pressure Aging Vessel Test (PAV) (RTFOT + PAV). These
tests were performed with the PG obtained for intermediate service temperatures. The
standardized procedure was carried out in two stages with the application of a cyclic shear
load: (1) a frequency sweep at constant deformation of 0.1% and frequency ranges from
0.2 Hz to 30 Hz; and (2) a linear amplitude scan with deformation increments of 0% to
30% in time intervals of 300 s and constant frequency of 10 Hz. Finally, based on the
results obtained in this phase, the optimal content of the LDPE was chosen to modify the
AC 50-70.

2.4. Marshall Asphalt Mix Design

The HMA-19 type was chosen as the control mixture, since it is the type most used
in Colombia for the construction of surface course asphalt layers. The particle size dis-
tribution used is presented in Table 4. The control mixture (AC 50-70 unmodified) and
the modified one (using the LDPE modified asphalt binder) were designed, using the
Marshall methodology (AASHTO T 245). This methodology was used because it is the one
established in Colombia for the design of HMAs. The mixing and compaction temperatures
of the control mixture were 153 °C and 140 °C (asphalt binder viscosity of 170 cP and
280 cP), respectively. For the modified mixture, these temperatures were selected close to
the values of the reference mixture. A mixing temperature of 160 °C and a compaction
temperature of 155 °C were chosen so as not to cause excessive oxidation of the modified
AC, and to compare the mechanical results of the mixtures under similar manufacturing
conditions [40].

Table 4. Particle size distribution of HMA-19.

Sieve 3/4” 1/2” 3/8” 4 10 40 80 200 Bottom
Sieve (mm) 19 12.5 9.5 475 2 0.43 0.18 0.075 -
Passing (%) 100 87.5 79 57 37 19.5 12.5 6 -

Retained (%) 0 12.5 8.5 22 20 17.5 7 6.5 6

The Marshall test was carried out on the control mixture and the modified one, using
percentages of asphalt binder (with and without modification) of 4.5%, 5.0%, 5.5%, and
6.0%. The parameters of resistance under a monotonic load (stability (S), flow (F), and
S/F ratio) and the volumetric composition of the mixtures (Va, voids between mineral
aggregates (VMA), and voids filled with asphalt (VFA)) were obtained. S and F were
obtained in a loading press at a deformation rate of 48 mm/min until rupture, and the
temperature of the samples was 60 °C. Based on the results obtained in this phase, the
optimal percentage of asphalt binder content (OAC) to be used for the performance of the
subsequent phases was chosen.

2.5. Conditioning of Hot Mix Asphalt

To try to simulate aspects associated with durability, new samples manufactured with
the OAC obtained from the previous phase were exposed to three conditioning processes.
(1) In the short-term aging (STOA, AASHTO R 30) process, loose asphalt mixes were
exposed to 135 °C for two hours in an oven, and then compacted at 155 °C. (2) In the
long-term aging (LTOA, AASHTO R 30) process, the mixtures after the STOA process
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were exposed to an oven at a temperature of 85 °C for 5 days (STOA + LTOA). STOA is
a recommended procedure to simulate the aging of a mixture during the manufacturing
processes in a plant, with extension and compaction on site. LTOA is a recommended
procedure to simulate the aging that the compacted mix will undergo during 7-10 years of
service [34,41]. (3) After STOA + LTOA processes, the mixtures were partially saturated in
order to evaluate the effect of water (STOA + LTOA + water). The saturation process was
partial (the volume of water was between 55% and 80% of the volume of air) and distilled
water was used through a vacuum chamber, applying a pressure of 70 kPa. The samples
were then conditioned in a 60 °C distilled water bath for 24 h.

2.6. Marshall Test and Indirect Tensile Strength

The Marshall test was performed on the control mixture and the one modified with
LDEDP, following the procedure previously described. Three Marshall-type samples were
tested by type of mixture (control and modified) and by conditioning process (STOA,
STOA + LTOA, and STOA + LTOA + water).

In the Indirect Tensile Strength Test (ITS), six samples (three under dry condition
(ITSD) and three under partial saturation condition (ITSW)) were tested by type of mixture
(control and modified) and by conditioning process (STOA and STOA + LTOA), following
the guidelines established by ASTM D6931. The STOA + LTOA + water conditioning
process was not tested, since the measurement of ITSW considers the condition of partial
saturation. Partial saturation was carried out with a vacuum chamber, limiting saturation
in the range of 55% to 80%. These specimens were subsequently taken to a 60 °C distilled
water bath for 1 day. Samples were not fabricated, to achieve an air void content (Va) of
7 + 1% as recommended by ASTM D6931. The above procedure was followed because the
modified mixture has a higher void content compared to that of the control mixture, and
the aim was to evaluate this effect on the ITS. For this reason, the TSR was calculated on
samples manufactured with the Va obtained by design. The ITS test was carried out at 25 °C,
under a deformation speed of 50 mm /minute until rupture. The ratio of the resistances
ITSW/ITSD (TSR, %) was also calculated in each conditioning that was carried out.

2.7. Resilient Modulus, Fatigue, and Permanent Deformation

Resilient modulus testing was performed on the HMA-19 and the one modified with
LDPE following the procedure described by ASTM D4123. Three Marshall-type samples
were tested by type of mixture (control and modified) and by conditioning process (STOA,
STOA + LTOA, and STOA + LTOA + water). Each group of three samples was tested on
AsphaltQube equipment under indirect tension and repeated loading. The test temperature
was 20 °C and the load frequencies were 10, 5, and 2.5 Hz.

The fatigue test was carried out under controlled stress on the control and the modified
mixture, exposed to the STOA + LTOA conditioning process. The test was performed
following the procedure described by UNE-EN 12697-24: 2012 Annex E, which applies a
constant repeated load of diametric compression under indirect tension. Each fatigue test
was carried out on nine Marshall-type cylindrical samples at a temperature of 20 °C. To
define fatigue resistance, the number of failure cycles (Nf) obtained corresponded to that
for which the stiffness modulus decreased by 50% concerning the initial stiffness modulus
of the stress test. The controlled-stress mode was chosen because it is more representative
in simulating the behavior of thick asphalt layers [42—44].

Permanent deformation testing was carried out on a loaded wheel track to evaluate
the rutting depth that occurs in a mixing plate with a thickness of 5 cm, and the guidelines
established by UNE EN 12697-22 were followed. Individual plates were tested in the control
and modified mix under STOA, STOA + LTOA, and STOA + LTOA + water conditions. The
test temperature was 60 °C. The wheel applied a 700 N cyclic load with a load frequency
of 0.44 Hz (26.5 load cycles per minute). Samples were evaluated for rutting on air-dry
condition specimens.
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2.8. Cantabro

The Cantabro test was developed as a relative measure of the resistance to the disinte-
gration of open or porous mixtures. However, in the case of dense mixtures, it can be used
to evaluate durability and properties associated with cohesion and adhesion [26,45,46].
Therefore, four Marshall-type samples were tested by type of mixture (control and modified)
and by conditioning process (STOA, STOA + LTOA, and STOA + LTOA + water), following
the guidelines established by AASTHO TP 108. Each sample was tested individually on a
Los Angeles machine at an average speed of 30 to 33 rpm and at 20 °C.

3. Results
3.1. Physical Properties and Selection of the Content of LDPE

The results of the physical characterization tests carried out on the AC 50-70 control
asphalt binder and the modified ones (LDPE/AC = 5%, 7%, and 10%) are presented in
Table 5. Figure 4 presents the viscosity curves obtained from torsions applied with No. 21
and No. 29 needles to asphalt binder samples between 100 °C and 200 °C with test intervals
of 20 °C. Each test was performed on three samples. (Table 5 shows the average of the
results obtained.)

Table 5. Physical characterization of AC with and without modification.

Test AC 50-70 LDPE/AC=5% LDPE/AC=7% LDPE/AC =10%
Penetration (0.1 mm) 52403 30412 21406 15+ 1.1
Softening point (°C) 48.6 +0.2 565+ 0.8 61+0.7 68+ 2.8
Ductility (cm) >150 25424 12410 12414
Flash point (°C) 3003 £ 2.1 387.7 £33 372 + 44 354 4 6.8
Fire point (°C) 340.3 + 3.6 361.7 £55 3632 +3.7 364 £ 5.0
Specific gravity (-) 1.0 + 0.002 1.007 + 0.0001 1.011 + 0.0001 1.025 + 0.0001
100,000 5
10,000 1
—~~ E
P .
U B
S’ 4
‘? 1000 3
8 ] wACs50-70
3 1 7 AC50-70 (RTFOT)
R ]
> 100 J ®LDPE/AC=5%
1 ©LDPE/AC=5% (RTFOT)
1 A LDPE/AC=7%
1 2 LDPE/AC=7% (RTFOT)
10+
70 920 110 130 150 170 190 210

Temperature (°C)

Figure 4. Viscosity of AC with and without modification.

A noticeable increase in stiffness was observed when the asphalt binder was modified
with the LDPE (the penetration decreased and the viscosity and softening point increased);
this increase was greater with the increase in the LDPE content in the asphalt binder. The
ductility of the modified asphalt binders was less than that of the control, since the LDPE
during the process of mixing with the asphalt binder generated the formation of lumps.
The flash and fire points, as well as the specific weight of the modified asphalt binders,
increased as a higher LDPE content occurs.
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Based on the results shown in Table 5 and Figure 4, it was decided to choose 5% as a
modification percentage (LDPE/AC = 5%). Additionally, this percentage was chosen con-
sidering the following criteria: (1) it was recommended in previous studies (e.g., [19,21,24]);
(2) using 7% and 10%, the increase in stiffness can generate brittle behavior in the mix-
ture, difficulty during the compaction process, and a tendency to increase manufacturing
temperatures; and (3) the rheology tests could not be carried out on the asphalt binders
modified with 7% and 10% LDPE, since the reduced thickness of the tablets, together with
the large content of LDPE by volume, would cause the shear stress to be applied directly
on the elastomer particles that are on the surface.

Tables 6 and 7 present the results of tests conducted on the rheological characterization
AC 50-70 and the modified AC (LDPE/AC =5%), respectively, to determine the values of G*
and 0. Based on the results obtained, the PG at high and intermediate service temperatures
of the AC 50-70 were 64 °C and 22 °C, respectively. Regarding the modified asphalt binder,
these PGs were 82 °C and 25 °C, respectively. The LDPE helped in increasing the resistance
to permanent deformation of the asphalt binder in high-temperature climates. However,
the increase in PG at intermediate temperatures was indicative of greater susceptibility to
cracking under lower service temperatures, compared to unmodified AC 50-70.

Table 6. Rheological characterization of AC 50-70.

Temperature (°C) 5 (%) |Gx | (Pa) | Gx | /Sen(8) (kPa) | Gx| Sen(6) (kPa)

AC unaged

58 86 2833 2.84 £+ 0.07 2.83 £0.07

64 87 1226 1.23 +0.03 1.22 +0.03

70 88 568 0.57 £ 0.02 0.57 £ 0.02
AC-RTOFT

58 81 7402 7.49 +0.25 7.31+0.24

64 83 3182 3.21 £0.10 3.16 £0.10

70 84 1430 1.44 +0.03 1.42 +0.03

AC-RTOFT + PAV

19 41 10,856,000 16547 £ 650 7122 £ 280

22 44 6,425,500 9250 =+ 432 4463 + 208

25 47 4,682,200 6402 + 346 3424 + 185

Table 7. Rheological characterization of modified AC (LDP/AC = 5%).

Temperature (°C) 5(°) |G| (Pa) | Gx1/Sen(8) (kPa) IGx1 Sen(s) (kPa)
AC unaged
82 80 3798 3.86 £0.13 3.74 £0.13
88 83 1108 1.12+0.03 1.10 +£0.03
94 84 559 0.56 & 0.017 0.56 & 0.017
AC modified-RTOFT
76 70 3326 3.54 £0.13 312 £0.11
82 80 2552 2.59 £ 0.08 2.51 4 0.08
88 84 1248 1.25 + 0.04 1.24 + 0.04
AC modified-RTOFT + PAV
22 38 9,443,500 15,339 + 720 5814 £ 273
25 40 6,943,500 10,802 + 507 4463 + 209
28 42 2,358,600 3525 + 140 1578 £ 63

MSRC test results are shown in Figure 5. In this test, the asphalt binder with a lower Jnr
value and higher recovery percentages performs better against rutting (greater resistance to
permanent deformations). The results in Figure 5 are consistent with the PG obtained from
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the asphalt binders at high service temperatures. It was observed that the modified asphalt
binder undergoes a greater resistance to permanent deformation under the applied load
cycles. Additionally, the modified asphalt binder undergoes a greater elastic recovery. On
the other hand, the Jnr parameter is presented in Table 8. According to the obtained values,
the modified asphalt binder develops a greater capacity to withstand traffic intensities,
reaching up to 3 million equivalent axes, without presenting permanent deformations.

120 : ________ T - L L L =

1 — ACS50-70 i i

o0 1. — LDPE/AC=5% . S — :
o p
=] | ! ! ! .
E ] | i i i i
=] ] I 1 1 1
B 30 }------- T s [ ettt .
] I 1 1 1

J I 1 1 1

0 Frrrr——= e AN T l

0 40 80 120 160 200
Time (Seconds)

Figure 5. MSRC test results.

Table 8. Jnr MSRC test results.

Type Jnr for 3.2 kPa Traffic Intensity Grade
AC 50-70 4.04 +0.20 No Standard No Standard
Modified AC 212+ 0.15 <3 millions Standard

Fatigue resistance according to the Viscoelastic Continuum Damage VECD analysis
is presented in Figure 6. The results obtained are consistent with the PG of the asphalt
binders obtained at intermediate service temperatures. The modified AC undergoes less
fatigue resistance compared to the AC 50-70.
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Figure 6. LAS test results.

3.2. Marshall Hot-Mix Asphalt Design

The results of the Marshall for the control HMA-19 and the modified mixtures are
presented in Figure 7. Although the modified asphalt binder was stiffer than AC 50-70, the
modified mixes underwent less resistance under monotonic loading (evaluated through of



Sustainability 2022, 14, 4229

11 of 19

the S/F ratio) compared to the control mix for any percentage of asphalt binder content
(Figure 7a). This was mainly because the modified mixes were more porous (they had
higher Va and lower VFA, as shown in Figure 7b,c) compared to the control mix. Despite
the above, the modified mixtures presented resistance values higher than the minimums
established for HMA-19 mixtures by Colombian standards.

8.0 7 e
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7.0 1 Modified  Meodified
65 1 —o— Modified (average) .. —o— Modified (average)
E 60 _
55
z -
= 50 § R
B kS
45 3
o5 s
4,0 oL I
35 R -
3.0 44— e e e i 4 T T T T T T
4.0 5.0 5.5 6.0 4.0 4.5 5.0 5.5 6.0
AC (%) AC (%)
80+
1| * Control (c)
75 1| —<—Control (average) ...
{| * Modified A %
70 ] ;
—~65 1
52
< 60 4
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4.0 4.5 5.0 5.5 6.0

AC (%)
Figure 7. Variation of Marshall parameters: (a) S/F, (b) Va, and (c) VFA.

The OAC of the control mixture was 5.3%. In the case of the modified mixtures,
an increase in the asphalt binder content concerning this 5.3% did not demonstrate a
substantial improvement in the resistance properties and volumetric composition; for this
reason, such a percentage was chosen to manufacture the samples for the following phases
of the study. Additionally, this asphalt binder content was also chosen for the following
reasons: (a) to compare with the same OAC of the control mixture; and (b) an increase in
the OAC would increase the cost of the mixture.

To obtain the Marshall test values using the 5.3% OAC, new tests were carried out on
three samples per type of mixture (see the summary of the results in Table 9). The results
are consistent with those presented in Figure 7. However, it is important to note that the
difference in the S/F ratio between the control and the modified mixture, as presented in
Table 9, was not statistically significant according to ANOVA analysis (F < Fyg5). This was
the case even though the difference in Va was statistically significant (F > Fy g5).
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Table 9. Marshall parameters for OAC = 5.3%.

Mixture S (kN) F (mm) S/F (kN/mm) Va (%) VMA (%) VFA (%)
Control 18.43 £ 0.32 36+01 53 +0.17 51+0.25 17.5 71.5
Modified 16.41 £ 0.25 4.1 £0.06 39+0.16 7.0+ 0.20 18.7 63.5

3.3. Marshall Test—Conditioned Mixtures

The variation of the ratio S/F for the mixture control and modified LDPE mixture
under conditioning considered (STOA; STOA + LTOA; and STOA + LTOA + water) is
shown in Figure 8. An increase in the S/F ratio was observed with the age of the samples
in the short term (STOA) and the long term (STOA + LTOA). This was due to the increase
in stiffness undergone by the asphalt binder as it aged. Additionally, it was observed that
the modified mixtures presented lower S/F compared to the control sample, due to their
higher Va content. However, the S/F difference between both aged mixtures in STOA and
STOA + LTOA was not statistically significant based on the ANOVA analysis (F < Fg g5).
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| u Control Modified
[ R Bl B
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4.0

3.0
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0.0

Unaged STOA STOA + LTOA STOA +LTOA +

e R Water
Condition mixture

Figure 8. S/F according to the conditioning of the mixtures.

On the other hand, a decrease in the S/F ratio was observed when the samples were
partially saturated after undergoing a long-term aging process (STOA + LTOA + water),
and this decrease was statistically significant in the case of the modified mix (F > Fy s).
The reduction of S/F compared to the sample in the STOA + LTOA condition was 37% for
the modified mixture and only 3% for the control mixture. This could be an indication of
susceptibility and decrease in water resistance when the mixture is modified with the LDPE.

3.4. Indirect Tensile Strength (ITS)

The average of resistances ITSD and ITSW for the control mixture and the mixture-
modified LDPE under STOA and STOA + LTOA is shown in Figure 9. It was observed that
the control and the modified mixture slightly increased both mechanical parameters when
they were exposed to aging processes. Additionally, it was observed that both mixtures
presented similar magnitudes of ITSD and ITSW, except for the sample without aging,
where a decrease in the ITSW parameter to ITSD was visualized. However, no change
reported in the test was statistically significant according to the ANOVA analysis, since for
all cases F < F g5. The evolution of the parameter TSR is shown in Figure 10. The modified
mixture underwent lower TSR values under any conditioning compared to the control
mixture. The greater effect on the moisture damage of the mixture with LDPE was perhaps
due to the higher Va (7%) compared to that of the control (5.1%). Nevertheless, as in the
Marshall test, the reported changes in TSR between both mixtures were not statistically
significant based on the ANOVA analysis (F < Fy ¢5).
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Figure 9. ITS according to the conditioning of the mixtures.
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Figure 10. TSR according to the conditioning of the mixtures.

On the other hand, a decrease in the S/F ratio was observed when the samples were
partially saturated after undergoing a long-term aging process (STOA + LTOA + water),
and this decrease was statistically significant in the case of the modified mix (F > Fy s).
The reduction of S/F compared to the sample in the STOA + LTOA condition was 37%
for the modified mixture and only 3% for the control mixture. This could be an indication
of susceptibility and a decrease in water resistance when the mixture is modified with
the LDPE.

3.5. Resilient Modulus (RM)

The average RM obtained for the control mixture and the modified mixture with
LDPE under the conditions considered (STOA; STOA + LTOA; STOA + LTOA + water) is
presented in Figure 11. The typical increase in RM values was observed as the charging
frequency increased. A typical increase in RM was also observed as the mixtures aged in
the short term (STOA) and the long term (STOA + LTOA) as a product of the increase in
the stiffness of the asphalt binder. Both mixtures underwent similar increases when aging
in the long term (between 45% and 67%, depending on the test frequency).
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Figure 11. RM at 20 °C according to the conditioning of the mixtures.

The modified mixtures developed greater stiffness under a cyclic load compared to
the control one, even though the modified mixtures had a higher Va. This was due to
the greater stiffness of the modified asphalt binder. However, the higher Va caused water
to enter the mix more easily, generating a possible loss of cohesion between the LDPE
modified asphalt binder and the aggregates. This produced a decrease in the RM of the
modified mixture concerning the control mixture (see the test results under STOA + LTOA
+ water condition). This effect of water also occurred in the control mixture; that is, water
helped to decrease the mixture’s stiffness under cyclic loading. It is important to highlight
that, statistically speaking, the results obtained from both mixtures (control and modified)
did not present significant changes based on the ANOVA analysis.

3.6. Permanent Deformation

The results of the permanent deformation test are shown in Figures 12 and 13. These
results were consistent with those of RM, since the greatest resistance to permanent defor-
mation was obtained by the modified mixture with LDPE, due to its greater stiffness under
cyclic loading. This was true even though the modified mixtures had higher Va content
compared to the control. Additionally, aging in both mixtures increased the resistance to
permanent deformation, due to the increase in stiffness that both asphalt binders underwent
(with and without modification) when they oxidized. On the contrary, water decreased
that resistance and effect with greater severity in the case of the modified asphalt mixture.
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Figure 12. Permanent deformation test result of control mixture.
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Figure 13. Permanent deformation test result of modified mixture.

3.7. Fatigue

Fatigue resistance under controlled stress of the long-term aged samples (STOA + LTOA)
is presented in Figure 14. It was observed that under this aging condition, the modified
mixture with LDPE underwent less resistance to fatigue. This was due to the following
factors: (1) in the LAS test, the modified asphalt binder underwent less resistance to fatigue;
(2) the LDPE-modified asphalt binder decreased the PG at intermediate service temperatures
compared to AC 60-70; (3) the modified mixture had a higher Va (7.3 & 0.3% in average)
compared to the control (4.9 & 0.4%); and (4) based on the VFA values, the asphalt binder
content in the modified mix may not have been sufficient to cover the aggregates.

, Control (STOA¥LTOA)
0=3828.3N,"", r=0.926
o Modified (STOA+LTOA)
o=1862.2N,""%, r2=0.948

Stress (kPa)

1x10°  1x10° 1x10° 1x10° 1x10’
Nf
Figure 14. Fatigue resistance test.

3.8. Cantabro Test

The Cantabro test results are shown in Figure 15. It was observed that, when con-
ditioned, both mixtures underwent greater loss by abrasion in the test concerning the
unconditioned mixture, since the asphalt binder when aging became brittle and could be
separated more easily from the aggregates under the mechanical load due to becoming
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brittle. Additionally, it was logically observed that the loss by abrasion was greater with
the presence of water.
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Figure 15. Cantabro test.

The control mix had higher Cantabro wear resistance compared to the modified mix.
This may have been due to the following factors: (1) the modified asphalt binder was stiffer
and therefore tended to be more brittle than the unmodified asphalt binder; and (2) the
modified mixture had a higher Va and a lower VFA than the control one, which allowed
the aggregate to come off more easily during the test. Based on the ANOVA analysis, when
comparing the results of both mixtures, the reported changes were statistically significant
(F > Fo05)-

4. Conclusions

This study evaluated the mechanical behavior of a modified HMA mix with a waste
of mixing shafts or straws (PEDB-type elastomeric waste), trying to simulate aspects
associated with its durability. Likewise, an experimental phase was designed to evaluate
the critical performance conditions of the modified mixture, such as the use of temperatures
and mixing times of the LDPE with the asphalt binder lower than the traditional ones, using
a lower mixing temperature of the modified asphalt binder with aggregates compared to
similar studies. The above process was used in order to evaluate the mixture’s possible
future use and profitability from environmental and economic perspectives. The following
general conclusions are reported:

1.  The best response of the modified asphalt binder was observed when 5% of LDPE
was added with respect to the mass of the AC.

2. The LDPE increased the PG in the asphalt binder at high service temperatures, due
to the significant increase it generated in its stiffness (it decreased the penetration,
the Jnr and the 6, and increased the viscosity, the softening point, the G*, and the
elastic recovery percentage). Despite this, this increase in stiffness led to a decrease in
performance under intermediate service temperatures, and a resistance to fatigue in
the LAS test.

3. The lower temperatures used for mixing and compacting the modified mixtures
with LDPE, compared to similar studies, generated difficulty in coating the modified
asphalt binder with the aggregates, causing a significant increase in Va and a decrease
in VMA and VFA.

4. The above processes generated a slight decrease in the S/F ratio and the ITSW, as
well as magnitudes of ITSD similar to the control mixture. However, from a statistical
point of view, based on the ANOVA analysis, the resistance under monotonic load in
both mixtures was similar.
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With regard to the effect of the conditioning carried out on the samples, it was
observed that as the asphalt binder aged, the resistance under a monotonic load
increased as a product of the increase in stiffness of the asphalt binder. Nevertheless,
water helped in decreasing these resistances and did so with greater effect on the
modified asphalt mix. In particular, this effect of water on the modified mixture was
statistically significant in the Marshall test, but not in the ITS.

Under cyclic loading, the modified mixtures underwent greater stiffness and resistance
to permanent deformation than the control mixture, despite being more porous, but
these increases were similar from a statistical point of view. As in the resistance tests
under a monotonic load, as the asphalt binder aged, the general tendency of both
mixtures was to increase the RM and the resistance to permanent deformation, as a
product of the increase in stiffness of the asphalt binder. The water also helped to
decrease these mechanical parameters, affecting the modified asphalt mixture with
greater impact.

The greater porosity of the modified mixture concerning the control mixture, to-
gether with the stiffening (brittleness) of the modified asphalt binder and the lower
performance obtained in rheological characterization tests at intermediate service
temperatures and in LAS, affected its fatigue performance and resistance to abrasion
wear in the Cantabro test.

To a large extent, the proposed asphalt binder modification and manufacturing proce-
dure for the LDPE modified asphalt mix could be used in high-temperature climates
to control the phenomenon of rutting. This is because the LDPE-modified asphalt
mix could perform similarly and even better than the control mix in these climates.
However, based on the response undergone with water and in the Cantabro test, its
use would not be recommended as a wearing surface course layer, but as an asphalt
course base. Additionally, its use in temperate climates and in low temperatures, and
in the formation of thin asphalt layers, is not recommended.

The above recommendations are based on the results obtained from the laboratory
tests performed in this study. To validate them, a more complete experimental phase
must be carried out, which correlates the laboratory results obtained with micro-
mechanical and chemical tests, and with full-scale tests. Additionally, emissions must
be measured, and the environmental and economic impacts must be evaluated.
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