European Journal of Engineering and Technology Research
ISSN: 2736-576X

Empirical Property of Asphaltic Binder PA 50/70
Modified with Mixture of Industrial Waste
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Abstract — The incorporation, by wet, of 10% w/w from the
mixture of two solid wastes, rubber from waste tires and oily
petroleum sludge, in proportions 15/85% w/w (M1) and 85/15%
w/w (M2) on asphalt binder CAP 50/70 (PA-M1-10 and PA-M2-
10) was evaluated against the unmodified binder, regarding the
empirical properties: apparent viscosity, flux activation energy,
penetration, softening point, specific mass, adhesion to stone
aggregates, machining, and compaction temperature, and
indirect tensile strength test (ITS) of its hot asphalt mixture
(HMA). Test results showed that the modifiers do not
significantly change the values of empirical properties under
analysis, except the flow activation energy. Modified samples
had a lower value when compared to the binder PA 50/70, and
the penetration of modified binder PA-M2-10, which for having
a higher concentration of rubber tire made it harder, changed
to binder class 40-50, according to standard ASTM D946-09A.
The ITS behavior of HMA's processed with modified binders
showed compatible values with the unmodified binder, meeting
the standard ASTM D6931-12.

Keywords — asphalt mixture, empirical properties, HMA,
industrial waste, modified asphalt binder.

. INTRODUCTION

The quality of the asphalt coating road pavement bearing
layer is directly related to its ability to withstand climatic
actions and traffic density, agents that cause defects, such as
wheel tracks, the appearance of thermal cracks, and fatigue
[1]-[4]. Thus, the construction and maintenance of highways
require strategies that meet the technological requirements
imposed and sustainability, as these are engineering actions
that involve high consumption of natural, non-renewable
resources, which raise an alert about their availability on the
planet [5].

Nowadays, the diversity and increase of industrial
production place the study about the use of by-products from
industrial processes and solid waste as alternatives to
replacement of non-renewable resources, making use of solid
waste in road infrastructure works, through the development
of sustainable technology, in addition to mitigating costs with
its disposal [3]-[10].

Whatever the application of the material in road paving, it
is necessary to understand the behavior of its chemical,
physicochemical and mechanical properties so that it is
possible to dimension and optimize its potential use [11]-[20].

It is important to emphasize that the use of residues as
asphalt binder modifiers allows rationality in binder used in
road pavement coating works. However, the qualification and
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acceptance of asphalt binders depend on the performance of
numerous empirical tests based on probabilistic calculations,
following recommended conditions that must be strictly
followed, which justifies and motivates studies on empirical
properties and HMA processing with modified asphalt
binders [4]-[15].

The empirical properties of asphalt binders (apparent
viscosity, penetration, softening point, and density) are
susceptible to temperature, whose heat intensity comes from
the contribution of vibrations and molecular rotations of
saturated, aromatic, resins, and asphaltenes compound
present in its composition [ 14]-[20].

Tire waste has been used as a modifying agent of asphalt
binder modifier because it has a good dispersion history,
providing satisfactory performance. Some studies had been
adding amounts from 3 to 10% w/w. There were changes in
empirical properties, such as viscosity, thermal stability
during the modification of the binder, and mechanical
properties of asphalt concrete [3], [4], [6]-[9], [16]-[19].

The oily sludge, residue generated throughout the
production chain of the oil industry [7]-[9], [21], from a
physical-chemical point of view, is a water/oil emulsion, and
those arising from the bottom of a primary treatment tank oil
have siliceous fragments [21]-[25]. However, due to its
chemical composition, it is difficult to disperse in an asphalt
binder, which makes the use of a dispersion facilitating
substance necessary when applying it as a modifier of an
asphalt binder [4], [8], [9].

Analyze how much the physical, physicochemical, and/or
mechanical properties of asphalt binder are sensitive to
temperature variation means evaluating its thermal
susceptibility. Asphalt binders with high thermal
susceptibility to temperature variations are not desirable for
use in pavement construction works and/or concrete
processing for pavement coating, as they are exposed to
thermal cycles during service. Currently, there are several
methods to assess the thermal susceptibility of binders and
asphalt concretes [8], [9], [26].

The thermal susceptibility index (IST) or Pfeiffer and Van
Doormaal index is one of the evaluation methods through
penetration and softening point data, calculated by the
empirical equation (1):

_ (500.log Pen) + (20.PA) — 1951
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where: IST = IP = thermal susceptibility index or penetration
index (dimensionless); PA = softening point of binder (°C,
ring and ball); and Pen = penetration (0,1 mm, 25°C, 5 s.).

In general, asphalt binders of interest for use in pavement
coating have IST between -2 and +1. Asphalt binders with
IST < - 2 have high sensitivity to temperature variations but
are brittle at low temperatures and quickly soften at high
temperatures. Those with IST > + 2 are few sensitive to high
temperatures and also brittle at low temperatures [26]. The
National Agency for Petroleum, Natural Gas and Biofuels
(ANP) of Brazil establishes, for the processing of HMA,
asphalt binders with an IST between -1.5 to +0.7 [26].

The temperature effect on the behavior of apparent
viscosity in asphalt binder and its modifieds can be evaluated
by the Arrhenius equation, (2):

Ef
n=n,.e kP 2

where E; = flow activation energy; R = ideal gas constant; T
= absolute temperature; n = viscosity at study temperature
and n. = viscosity when the temperature tends to infinity.

Articles available in the literature show that the analysis of
the thermal behavior of modified asphalt binder with a
mixture of waste tire rubber and oil sludge presents a thermal
degradation temperature at 270 °C, a temperature higher than
the processing temperature for conventional HMA (160 °C)
[8].

This study aims to comparatively analyze the behavior of
empirical properties of the asphalt binder PA 50/70 with its
modified ones, by wet method, with 10% m/m of a mixture
of waste rubber from waste tires and oily sludge from the
bottom of a primary treatment tank oil, respectively, in the
proportions 15/85% m/m (M1) and 85/15% m/m (M2) and
the tensile strength by diametrical compression (ITS) of
HMA.

Il. EXPERIMENTAL

The modified PA 50/70 binder with the industrial waste
mixture was evaluated by: characterization of the asphalt
binder (apparent viscosity, flow activation energy,
penetration, softening point, specific mass). Regarding the
processing, it was analyzed: HMA (granular distribution and
surface strength of stone aggregates, binding of the binder to
stone aggregates, machining temperature (TU) and
compaction temperature (TC), content of asphalt binder by
the Marshall method) and indirect tensile strength test (ITS)
of your HMA's.

A. Materials

Petroleum asphalt binder (PA) with penetration 50-70
(0.1 mm, 5 s., 100 g, 25 °C), granitic stone aggregates
supplied by Municipal Urban Planning Company (EMURB)
of the Aracaju city/ Sergipe-Brazil, waste tire from tire
retreading unit from Itabaiana city/ Sergipe - Brazil and oily
sludge from the bottom of primary treatment tank oil supplied
by Petrobras / UN-SEAL. The Fig. 1 shows photographs of
residues studied: (a) rubber from useless tires and (b) oily
sludge from the bottom of a tank from primary oil treatment
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like collected for study, and Table I shows the codes and their
respective descriptions referring to the materials studied.

(@) ©)
Fig. 1. Photograph of the tailings studied: (a) particulate waste tire rubber
and (b) oily sludge from the primary oil treatment tank.

TABLE I: CODE NAME AND DESCRIPTION OF MATERIALS

Code Description
M1 Mixture 15% tire rubber and 85% of oily sludge
M2 Mixture 85% tire rubber and 15% of oily sludge
Petroleum asphalt with penetration in the range of 50-70
PAMI-I0 itk 10% of M1
Petroleum asphalt with penetration in the range of 50-70
PAMZI0 i 10% of M2
A. Methods

1) Modification of binder PA 50/70

For the modification of the PA 50/70 binder, premixes of
particulate tire rubber (diameter less than 0.6 mm) and oil
sludge, in the proportions of 15/85% m/m and 85/15% called
M1 and M2, respectively, were carried out, at a temperature
of 120£5°C, by means of a mechanical mixer, using an
inclined paddle impeller, at a speed of 100+2 rpm, for 40
minutes. Then, 10% m/m of M1 and M2 were added,
respectively, to the PA 50/70, at a temperature of 160+£5°C,
under mechanical agitation, at the same speed as the premix
M1 and M2, for 90 minutes, thus obtaining the modified
ligands PA-M1-10 and PA-M2-10, respectively.

2) Characterization of the modified asphaltic binder

Apparent viscosity and flow activation energy - The
apparent viscosity of binder PA-50/70 and modified PA-M1-
10 and PA-M2-10 was measured using a Brookfield rotational
viscometer, model DV-III Ultra, Spindle 21, at 20 rpm, heated
by a thermal cell resistive, at temperatures of 135 °C, 150 °C
and 170 °C, after isotherms of 10 minutes, on each
temperature, to ensure thermal equilibrium, following the
procedure established by the ASTM D 4402 standard. The
flow activation energy was calculated from the slope of the In
curve of the apparent viscosity as a function of 1/T(K),
measured at the temperatures of 135 °C, 150 °C and 170 °C
for each binder sample in study, using the Arrhenius equation
().

3) Penetration, Softening Point and Specific Gravity

The penetration tests of the binder PA 50/70 and of the
modified PA-MI1-10 and PA-M2-10 were carried out in
triplicate, at a temperature of 25 °C, applying a load of 100 g,
in samples contained in a cylindrical metallic container of
55 mm in internal diameter and 35 mm in height, by means
of a universal analog penetrometer, brand Contenco, model
426, following the procedure established by the ASTM D5
standard. The softening temperature of the binder PA 50/70
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and of the modified PA-M1-10 and PA-M2-10 was
determined by means of ring and ball equipment, brand
Pavitest/Contenco, following the ASTM D36 standard. The
specific mass of the binder PA 50/70 and of the modified PA-
M1-10 and PA-M2-10 was determined using a 25 mL
pycnometer, calibrated at a temperature of 25 °C. The asphalt
binder was heated to 100 °C and inserted into the pycnometer
until it filled approximately % of its volume. After cooling for
30 minutes at room temperature, the pycnometer with the
sample was placed in a water bath at 25 °C, during the same
cooling period. After thermal equilibrium, the mass of the
pycnometer-sample set was measured. Then, the volume of
the pycnometer-sample set was completed with distilled
water and again measured the mass of the set; calculations
were carried out to determine the specific mass, using the
equations (3) and (4). Procedure performed, following the
AASHTO T228 standard.

Dpop = -4 3
D = Dgep * Wase 4)

where A = mass of pycnometer (plus stopper); B = mass of
pycnometer filled with water (plus stopper); C = mass of
pycnometer partially filled with asphalt binder (plus stopper);
D = mass of pycnometer, asphalt, and water (plus stopper);
Wasec = density of water at the 25 °C.

B. The Processing of Hot Asphaltic Mixture (HMA)

The processing of the HMA's took place with the asphalt
binders at TU temperatures and the predefined binder project
content, added to the stone aggregates at a temperature 10 °C
above the TU, which were previously characterized in terms
of particle size distribution and resistance to abrasion Los
Angeles.

The asphalt concrete specimens were obtained in a metallic
mold with dimensions 101.540.5 mm in diameter and
63.5+1.3 mm in height, which after cooling on a laboratory
bench at room temperature, unmolded, characterized in terms
of volumetric parameters, and subjected to test mechanics of
indirect tensile strength test (ITS).

C. Particle size distribution of stone aggregates

Stone aggregates were characterized in terms of their
particle size distribution, following procedures standardized
by ASTM C136, using a set of standardized sieves (AASHTO
T-027-14-UL, ASTM C 136-06), with mesh opening ranging
from 19,000 to 0.075mm. The Fig. 2 (a, b, ¢) show,
respectively, photographs of the stone aggregates used:
coarse, intermediate, and fine, both of a granitic nature,
conveniently fractionated, to compose the granulometric
curve for HMA under study, whose filling material (filer) will
be the fraction of stone powder passing through the 0.075 mm
opening sieve.

It is observed that the aggregates intentionally present high
irregularity and smooth angularity. These intend to process
HMA with high resistance to permanent deformation and
fatigue cracking, with reduced rigidity and high bond strength
between the aggregate surfaces and the asphalt binder film. It
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makes the HMA less susceptible to disaggregation (stripping)
and consequent tearing off the coating pieces.

Fig. 2. Photography of the stone aggregates used: (a) coarse, (b) medium
and (c) fine.

Table II shows the granulometric percentage distribution of
the stone aggregates: 12 mm gravel, 9.5 mm gravel and stone
dust with a diameter of less than 0.075 mm, which favors the
adequacy of the granulometric distributions of the stone
aggregates, to fit the chosen range, the C one of the National
Department of Infrastructure and Transport (DNIT 031/2006-
ES).

The knowledge of the individual influence of each
aggregate in the constitution of the final granulometry of the
HMA guarantees the best adjustment of the composition of
the aggregates for its adequacy to the design limits of the
chosen particle size range, in this research the C Range of the
DNIT. The granulometric composition of HMA is responsible
for the behavior of properties related to rigidity, permeability,
resistance to fatigue and permanent deformation, workability,
stability, and durability [27].

Fig. 3 and 4 show the profiles of the characteristic particle
size distribution curves of the individual and mixed stone
aggregates, respectively, referring to the percentage of the
passing size distribution in the series of sieves referred to in
Table II.

—— Coarse grading | : |

1 _ -
01__ Medium grading|

Fine grading

EEEE

80 +=

% Passing

100
Sieve size (mm)
Fig. 3. Grading size distribution curve of aggregates used.
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TABLE II: GRANULOMETRIC PERCENTAGE DISTRIBUTION OF THE STONE AGGREGATES

Sieve mesh opening

Mass passing (%)

Coarse aggregate Medium aggregate Fine aggregate Granulometric Band C

(mm) %) %) %) distribution® (DNIT 031/2006 — ES)
(10/46/44)° (%)

19.000 100.000 100.000 100.000 100.000 100
12.500 22.814 99.915 100.000 92.242 80 - 100
9.500 3.403 83.541 100.000 82.769 70-90
4.750 0.609 6.330 99.970 46.959 44 -72
2.360 0.595 1.401 73.670 33.119 -
2.000 0.569 1.362 67.270 30.282 22-50
1.180 0.182 1.267 51.320 23.182 -
0.600 0.539 1.198 34.740 15.890 -
0.420 0.528 1.164 28.510 13.133 8-26
0.300 0.517 1.136 24.050 11.156 -
0.180 0.506 1.047 16.020 7.581 4-16
0.075 0.328 0.668 7.820 3.781 2-10

* Basis of definition of the percentage range of size limit of passing stone aggregates.
® Percentage composition of coarse, medium and fine stone aggregate, respectively.

100 — _
80 S« S
2 T
g oo
[ ’ ,
o K .
o\o 40 II: /,/
204/
VASIEEEES Range C (DNIT 031/2006 - ES)
0 ) Granulometric composition
i I I I

0 5 10 15 20
Sieve size (mm)

Fig. 4. Percentage of the size distribution of the stone aggregate HMA used.

It is observed that the curves in Fig. 3 meet the category of
asphalt coating type HMA because they present
characteristics of continuous graduation for fine and uniform
aggregates for intermediate and coarse aggregates. Whereas
Fig. 4 shows that the granulometry distribution of the
aggregate mixture meets the design limits, the C range of the
DNIT.

1) Resistance to surface wear of stone aggregate

The surface wear resistance of aggregates when subjected
to friction was evaluated by means of Los Angeles abrasion
test, following the ASTM C131 standard, in sample of 5000 g
of coarse aggregate in range B, and sample 5000 g of medium
aggregate, passed through a 9.5 mm sieve and retained on a
4.8 mm sieve.

2) Adherence of asphalt binder to stone aggregates

The adhesion of PA 50/70 and modified asphalt binders
PA-M1-10 and PA-M2-10 to stone aggregates were evaluated
using 500 g of coarse, previously selected, washed, and dried
asphalt binders. Heated at a temperature of 100°C for 1 hour
and mixed with 17.5 g of asphalt binder at a temperature of
120 °C. After cooling for 24 hours at room temperature, the
aggregate/binder mixture was placed in a beaker with
distilled water and kept at a temperature of 40 °C for 72 hours
in an oven with forced air convection. Then, the sample was
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removed from the water, photographed, and evaluated for
adhesion, following the DNER - ME 78/94 standard.

3) Machining temperature (TU) and compaction (TC)

Defined the physicochemical characteristics of the asphalt
binder PA 50/70 and its modified PA-M1-10 and PA-M2-10,
from the respective graphs of apparent viscosity versus
temperatures (135 °C, 150 °C, and 170 °C) respectively, the
machining temperature ranges (TU) and compaction
temperature (TC) was indirectly determined, following the
ASTM D4402 standard.

4) Binder project content by the Marshall method

Assigning as an initial value of void volume in the asphalt
mixture 4%, a value normally used by road pavement
engineering professionals in Brazil to calculate the design
binder content, 6 (six) bodies cylindrical specimens (CP's),
with dimensions 101.5+£0.5 mm in diameter and 63.5+1.3 mm
in height, are processed in triplicates, with binder contents of
4.0,4.5,5.0,5.5,6.0 and 6.5% m/m, in TU and TC predefined
ranges, from the apparent viscosity graphs of the binders
under study as a function of temperature (135 °C, 150 °C and
170°C), applying 75 blows on each face, with a steel socket
of 4,540 g, in free fall of 45.72 cm.

After cooling the CAP's at room temperature (25°C) on a
laboratory bench for 72h, the masses of the dry (M) and
submerged (M,.») specimens were measured to calculate the
respective volumes (V), apparent densities (du)), theoretical
maximum densities (DMT), void volumes (/3), bitumen/void
ratios (RBV) through equations (5) to (11). Then, graphs of
7, and RBV as a function of the binder contents used were
constructed and the design binder content was defined as the
arithmetic mean between two central points of these graphs.
The volume of CP:

V =M, — Mg, (5)
Apparent densities:
d, = s 6
W=y ©)
Theoretical maximum densities:
DMT = 100 7
" %ag L %ai | %am , %lig ™)
dag dai dm dlig
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Void volume:

_ DMT —dy

Vv = DMT (8)

Void with binder:

dyx %lig )
Mlig

Void by aggregate stone:

VAM =V, + VCB (10)

Bitumen/void ratios:

(11

where Mg = Weight of dry specimen; Mg,;, = Weight of the
submerged specimen; ag = Coarse aggregate; ai = Medium
aggregate; am = Fine aggregate; M;;, = Weight of the asphalt
binder.

After determining the design binder contents, new CP's
were processed in triplicate for each sample under study,
cooled on a bench at room temperature (25°C), and evaluated
for the behavior of indirect tensile strength test (ITS).

D. Indirect Tensile Strength Test (ITS)

The ITS tests were carried out at a temperature of 25°C,
using 3 (three) CP's for each sample, using a Marshall
mechanical press, brand Solotest, applying progressive
compression force at a speed of 0.8+40.1 mm/s until its
rupture, following the procedure established by the ASTM
D6931 standard.

I1l. RESULTS AND DISCUSSION

A. Apparent Viscosity and Flow Activation Energy

Table III shows the apparent viscosity values for the binder
PA 50/70 and the modified PA M1-10 and PA M2-10, at
135°C, 150 °C and 170 °C. A reduction in the apparent
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viscosity is observed, compared to the binder PA 50/70, in the
modified binder PA MI1-10, caused by the higher
concentration of oily sludge in the modifier M1, and an
increase in the apparent viscosity in the modified binder PA
M2-10, caused by the higher concentration of rubber from
useless tires in the M2 modifier, due to its interaction with
aromatic compounds present in the binder, which swells it
and hinders its fluidity, as shown in previous studies [28]-
[34].

The flow activation energy, in this study, for the modified
PA-M1-10 and PA-M2-10, calculated by the Arrhenius
equation (2), was 54 kJ/mol and 63 kJ/mol, respectively, 18%
and 5% lower than the flow activation energy of PA 50/70 (66
kJ/mol), conferred by the presence of oily sludge, which
allows a reduction in energy cost during the processing of the
respective  HMA's, with lower emission of volatile
compounds, as they tend to be processed at temperatures
lower than with the binder PA 50/70. This behavior is contrary
to binders modified with rubber and polymers, published in
the literature [8], [35].

B. Penetration

Penetration is the parameter used in the specification of
quality and suitability of asphalt binder for the production of
HMA. With the determination of the penetration value, the
hardness of the asphalt binder is specified for a better
definition of its use. Table III shows the penetration, softening
point and density values of the PA 50/70 binder and the
modified binders PA-M1-10 and PA-M2-10. It is observed
that the presence of a higher concentration of oily sludge
reduced penetration resistance, which can be attributed to the
fraction of different heavy organic compounds present in the
M1 modifier. However, the apparent viscosity value is within
the binder classification range 50-70 (0.1 mm, 5 s, 100 g,
25 °C) as per ASTM D5, whereas the addition of M2 modifier
increased the apparent viscosity, which gave the binder PA-
M2-10 the classification 40-50 (0.1 mm, 5 s, 100g, 25 °C)
according to the ASTM D946-09A standard. However, the
penetration value for the modified binder PA-M2-10 is
compatible with apparent viscosity values found in the
literature for binders modified with rubber and polymers [24],
[31], [36]-[41].

TABLE III: PHYSICAL PROPERTIES OF ASPHALTIC BINDER PA 50/70 AND MODIFIED BINDERS WITH MIXTURE OF INDUSTRIAL WASTE*

Physical properties of samples

. . Values
Characteristics Unit M1 N2 PA 5070 PAMI-I0 PAMA-10 Method
135°C - - 0.47+£0.01 026+0.00 1.11+£0.04
Viscosity Brookfield 150 °C Pa.s - - 022+0.00 0.15+0.00 0.53+0.00 ASTM D 4402
170 °C - - 0.10£0.00 0.07+0.00 0.25+0.01
Penetration °C - - 55+0.57 62 +1.53 40+1.53 ASTM D5
Softening point 0,1 mm - - 48 +0.00 53+0.25 55+0.25 ASTM D36
Specific gravit g/em? 0.99+0.02 0.87+0.03 1.05+£0.02 1.05+0.02 1.06=0.02 AASHTO T228
Flow activation energy kJmol™! - - 66.00 54.00 63.00 Eq. Arrhenius (2)
Thermal susceptibility index (ITS) - - - -1.5 +0.1 0.5 Pieiffer ¢ Van

Doormaal

*: Tire rubber and oily sludge of petroleum.

M1: Mixture 15% tire rubber and 85% of oily sludge.

M2: Mixture 85% tire rubber and 15% of oily sludge.

PA 50/70: Petroleum asphalt with penetration range of 50-70 (0.1 mm).

PA-M1-10: Petroleum asphalt with penetration range of 50-70 (0.1 mm) with 10% of M1 (85% of oily sludge and 15% tire rubber).
PA-M2-10: Petroleum asphalt with penetration range of 50-70 (0.1 mm) with 10% of M2 (15% of oily sludge and 85% tire rubber).
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C. Softening Point

The softening point test estimates the influence of
temperature on the softening of the asphalt binder. Used in
the classification of conventional and modified binders, this
empirical test allowed to determine the temperature range in
which changes in the consistency of the binder become
visible, indicating its softening.

It is observed in Table I1I that the modified binders PA-M1-
10 and PA-M2-10 presented, respectively, a softening point
of 48+0.25°C. Temperature higher than that of the PA 50/70
binder. The modifiers under study have a softening
temperature above the softening temperature of PA 50/70 [5],
[6], [22], [23] which certainly increased the softening
temperature of the modified binders. However, the results
presented are also in agreement with those found in the
literature for binders modified with rubber and polymers [3],
[41, 6], [24], [28]-[32], [42].

D. Specific Gravity

The knowledge of the specific mass value of the asphalt
binder is used in its dosage in the HMA through the
conversion of the specific mass into volume, in the definition
of the binder design content. It is observed in Table III that
modifiers M1 and M2 present specific mass values close to
the specific mass value of PA 50/70. Therefore, the modified
ligands PA-M1-10 and PA-M2-10 did not show significant
changes in their specific masses compared to PA 50/70.
Values are also compatible with those found in the literature
for modified ligands [41]-[43].

E. Adhesiveness of Binder by Stone Aggregates

The adhesion of the asphalt binder to the aggregates is one
of the determining parameters in the processing of HMA. The
loss of adhesion of the asphalt binder with the aggregate
surface (adhesive fracture) as well as the fracture of the film
itself (cohesive fracture), whether in the presence of water or
not, is the origin of many types of defects in floor coverings,
such as fatigue cracking, permanent deformation, and
moisture damage [27]. An inefficient adhesion between the
binder and the stone constituents promotes early
disaggregation and reduces the useful life of the floor
covering. In the evaluative test, the adhesiveness is
considered good if there is no detachment of the binder film
in the aggregate during the test period. Fig. 5 (a, b, ¢) show
photographs resulting from the qualitative evaluation of
adhesion assay of the ligand PA-50/70 and of the modified
ligands PA-M1-10 and PA-M2-10. It can be observed that the
PA-50/70 and modified binders do not show peeling off of the
surface of the aggregates, which indicates good adhesion to
the stone aggregates.

F. Los Angeles Abrasion Wear Resistance Test

Los Angeles abrasion test indirectly assesses the toughness
to abrasion resistance and hardness of stone aggregates
subjected to mechanical degradation by changing their
particle size. Table IV shows the results of Los Angeles
abrasion and the specific mass of the aggregates, used in the
processing of HMA's. The National Department of
Infrastructure and Transport (DNIT) of Brazil recommends as
acceptable values for wear of aggregates in Los Angeles
abrasion test up to 65%. In contrast, the ASTM C131-01
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standard presents good values of up to 45%. The values found
are lower than those recommended for these standards.

(a) PA 50/70

- - ;

(b) PA-M1-10 (c) PA-M2-10
Fig. 5. Photograph of post-adhesive test samples: (a) PA-50/70. (b) PA-M1-
10 and (c) PA-M2-10.

TABLE IV: PROPERTIES OF AGGREGATES USED ON HMA

Stone aggregate Los Angeles (%) Specific gravit (g/cm?)
Coarse 11.75 2.65
Medium 13.61 2.60
Fine - 2.60

G. Machining Temperature (TU) and Compaction (TC)

of HMA

Fig. 6. (a, b, ¢) graphically show the behavior of viscosity
as a function of temperature and the intersection points that
define the TU and TC intervals for the sample of PA 50/70
and PA-M1-10 and PA-M2-10, respectively, and Table V
shows the TU and TC intervals of the samples under study.

TABLE V: RANGE OF MARCHING TEMPERATURE (TU) AND COMPACTION
TEMPERATURE (TC) DEFINED ON FIGURE 6 TO BINDERS: PA 50/70, PA-M1-

10 E PA-M2-10
Sample Machining Compaction
temperature - TU (°C)  temperature — TC (°C)
PA 50/70 154-159 143-147
PA-M1-10 143-149 131-136
PA-M2-10 178-185 165-170

H. Binder Project Content by Marshall Standard

The binder project content has the function of defining the
adequate amount of binder to prevent the premature
deterioration of the asphalt concrete for pavement coating due
to the insufficient or excess amount of binder that
respectively favors the appearance of disaggregation of the
stone aggregates and wheel tracks. Fig. 7 (a, b, ¢) graphically
show the behavior of the binder content curves as a function
of the values of Vv and RBV for samples PA 50/70, PA-M1-
10 and PA-M2-10, respectively.
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Fig. 6: Determination of marching temperature (TU) and compaction
temperature (TC): (a) PA 50/70, (b) PA-M1-10, (c) PA-M2-10.

From the Vv ratio of RBV of the CP's, following the
procedures recommended by the ASTM D1559 standard, the
design binder content of 5.9% was determined for the binder
PA-50/70, 6.3% for the modified binder PA-M1- 10 and 6.4%
for the modified binder PA-M2-10. The more significant
amount of binder project content found for modified binders
concerning PA 50/70 can be attributed to the lower value of
the respective apparent viscosities (Table III), which leads to
the use of a greater volume of binder to occupy the proportion
of voids in asphalt concrete

I. Indirect tensile strength test (ITS)

Fig. 8 shows the results of the ITS assays. It is observed
that the mean values obtained for the PA 50/70; PA-M1-10
and PA-M2-10 are equivalent, there is no significant change
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and above the minimum limit of 0.65 MPa, established
ASTM D6931 for coating the road pavement bearing layer,
which induces greater resilience to processed HMA.
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Fig. 7. Vv e RBV by function binder project content: (a) PA 50/70, (b) PA-
M1-10, (c) PA-M2-10.
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Fig. 8. Indirect tensile strength test of HMA's with binders: PA 50/70, PA-
M1-10 e PA-M2-10.
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IV. CONCLUSION

From the results of testing samples in the laboratory, the
following conclusions could be made:

1) The modified binder PA-M1-10, with a higher
concentration of oily petroleum sludge, maintained the
classification by penetration of the binder PA 50/70, whereas
the PA-M2-10 changed to the 40-50 classification, according
to ASTM D946-09A standard, which agrees with the
literature regarding the hardening of the binder in the
presence of tire rubber.

2) The activation energy of the modified ones suffered a
reduction, with a greater value for the modified PA-M1-10,
which can be attributed to the higher concentration of oily
petroleum sludge.

3) The empirical properties evaluated: apparent viscosity,
penetration, softening point, specific mass, and thermal
susceptibility index (IST), measured following normative and
conventional procedures, met the specification for asphalt
binder in a HMA mixture.

4) The binder project content of modifieds, PA-M1-10 and
PA-M2-10 were slightly higher than that of PA 50/70.
However, they meet the requirements by DNIT 031/2004-ES
standard.

5) Adhesion of modified binders to stone aggregates was
compatible with PA 50/70.

6) The mechanical behavior of the indirect tensile strength
tests ITS of HMA's with modified binders were compatible
with PA 50/70 and met the established ASTM D6931-12
standard.

Hence, it is concluded that the mixtures of solid waste, tire
rubber, and oily sludge, at the concentrations studied, have
potential use as a modifier of the asphalt binder PA 50/70 to
be used in HMA processing.
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