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ABSTRACT

Red mud is a solid waste originating from the production of aluminum during bauxite processing. Currently in Brazil this sub-
product does not receive appropriate destination in nature and is stored in deforested areas. Annually, approximately 11 million
tons of red mud are generated just in Brazil and represent a great imminent risk of pollution and contamination. The large
amount of red mud generated by the aluminum industry has motivated researchers to develop residue insert methods in the
production cycle. Studies shows the possibility of using red mud to compose ceramic materials, however, there is a lack of
research in other areas, such as applied to pavements. On the other hand, Brazilian highways are, in more than 50%, in poor
condition, especially in the north, where high temperatures favor the spread of permanent deformation in the pavement. In this
scenario, this paper describes the evaluation of the introduction of red mud as filler in asphalt mixtures, in order to apply it in the
production cycle and mitigate the environmental damage caused by improper disposal. Waste characterization tests and
evaluation of asphalt mixture with red mud permanent deformation were performed. The possibility of red mud introduction as a
component in asphalt mixture and this ability to improve the mechanical strength was evaluated. The results showed that it is
possible to use the red mud on asphalt mixtures without problems of the environment contamination.
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1. INTRODUCTION

The red mud is a waste originated in the beneficiation process of aluminum bauxite. For each ton of aluminum
produced are generated from 0.3 to 1.5 tons of red mud [1, 2, 3].

The amounts related to disposal of red mud change according to the production methods and components of bauxite.
Thus, those with low aluminum content are able to produce up to 2.5 tons of red mud [4].

In northern Brazil, are produced between 4.40 million and 6.26 million tons of red mud [2]. It is estimated that about
10.6 million tons of waste are discarded annually in the country, while in the world, this figure reaches more than
117 million tons / year [1].

In the State of Para are located the largest bauxite deposits in Brazil, with a production of approximately 30 million
tons only in 2013, which makes it more red mud generator in Latin America [5, 6]. Only in Barcarena (State of Par3,
Brazil), the generation of waste is around 4.5 million tons / year, occupying an area of about 4 km? [7].

The red mud is produced in large quantities and, although there are studies that prove the feasibility of using residue
in the formation of ceramic materials [8, 9, 10], and also technology capable of neutralizing it [11, 12]. However, in
Brazil, reuse policies are not adopted or no prospect of doing so on a large scale. Thus, the red mud is cumulatively
stored, occupying increasingly larger areas.

Some researches classify the red mud as a non-inert waste [13, 14, 15]. However, the properties of high alkalinity
[10, 16] give some danger properties to this residue, and even stored efficiently, pose a threat to biodiversity and
might cause serious environmental damages such as contamination of surface effluent and underground, affecting
thus the health of closest populations [10].

Despite being developed research aiming at the use of red mud in the constitution of bricks, tiles and cement [10, 17,
18], there are few references that assess the use of waste applied in other contexts.

Taking into account that in Brazil, most of the roads evaluated by the National Confederation of Transport (CNT) are
classified as fair, poor or very poor, as the existing trafficability conditions, and that the most common defects found
on the highways is the permanent deformation, caused not only by the high volume of traffic, as well as the high
temperatures [34] region, this work aims to expand the technical library for the use of waste, evaluating the red mud
properties and analyzing the possibility to apply on asphalt mixtures, compound highways.

The prospect of introduction of red mud in the pavements constitution reduces the possibility of contamination of
nature, contributes to the enhancement of waste as an alternative material and reduces costs related to the
management and disposal of the same. In northern Brazil, in particular the costs of deployment and maintenance of
highways would be reduced due to the proximity and availability of waste.

1.1 Objective

e Analyze the performance to permanent deformation of bitumen mixture;

e Evaluate bitumen mixtures composed by red mud as filler;

e Compare results of permanent deformation with mixture composed by 7% red mud and the reference
mixture consisting of 7% stone dust as filler.

2 MATERIALS AND METHODS

In this study, it is compared the performance to permanent deformation of two types of bitumen mixtures,
differentiated only by the type of filler used. Under Brazilian legislation, filler corresponds to the material with 65%
or more passing the 0.075 mm sieve.

Thus, bitumen mixtures fabricated is comprised of bitumen CAP-50/70, granite origin aggregates stone and filler red
mud dust. The bitumen mixture consisting of 7% of red mud filler was compared to the reference mixture consisting
of 7% stone dust filler, both adopted a theoretical grading curve corresponding to the average of the range "C" of the
National Department Brazilian Transport Infrastructure (DNIT).

The dosage of the bitumen content was performed with the aid of Servopac gyratory compactor. The number of turns
(N) design used to establish compaction efforts during the dosage process was 125, corresponding to a high traffic
volume. The “N” maximum was 205 turns was used, corresponding to the end of the service life of the mixtures.
Prior to carrying out the tests, the characterization of materials was carried out. Red mud was evaluated by testing
diffraction X-ray (XRD) and size laser, the aggregates were evaluated for particle size and adhesion, and bitumen by
softening point test, penetration and apparent viscosity, using Brookfield equipment.

The specific surface of red mud and stone dust filler were calculated by Vogt formula.

The performance to permanent deformation was evaluated with the aid of French traffic simulator Orniéreur.

2.1 Red mud

The red mud used in this work is originally from Hydro Alunorte company, located in Barcarena, State of Pard, Brazil.
Auvailable from the Institute of Technology of the Federal University of Pard (UFPA).
The mineralogical analysis of the red mud was performed using X-ray diffractometer RIGAKU, model Miniflex 11
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with copper Ka radiation from the tube and wavelength of 1.540562, parafocal geometry endowed with Bragg-
Brentano system.

The test was performed between 20 angles of 5 ° to 90 °, with step of 0.05 and 1 second in the time counts and
identification of the phases present was conducted using a database of the International Center for Diffraction Data -
Powder Diffraction File (ICDD-PDF) and Crystallography Open Database (COD).

The particle size of the red mud was observed in laser particle analyzer Microtrac the brand, model S3500, with a
detection range of 0.02 to 2,800 micrometers (um) using Microtrac Flex software version 10.5.4. This methodology
was chosen for convenience and precision of results compared to other forms of particle size measurement.

With the particle size was possible to calculate the specific surface area of the red mud. The same was done for the
stone dust filler used for the composition of the bitumen mixture reference.

In Brazil, the specific surface area of the aggregates has been measured [19, 20, 21] using an adaptation of Duriez
formula, known as formula Vogt, according to Equation 1, the result being expressed in m?2/ kg.

1000 X = 0,07P4 + 0,14P3 + 0,33P2 + 0,81P1 + 2,7S3 + 9,15S2 + 21,951 + 135F 1)

At where:

P4 - fraction retained between the sieves 50-25 mm;

P3 - fraction retained between the sieves 25 and 12.5 mm;

P2 - fraction retained between the sieves from 12.5 to 4.76 mm;
P1 - fraction retained between the sieves from 4.76 to 2.00 mm;
S3 - fraction retained between the sieves from 2.00 to 0.42 mm;
S2 - fraction retained between the sieves from 0.42 to 0.177 mm;
S1 - fraction retained between the sieves 0.177 to 0.075 mm;

F - fraction passing the sieve 0.075 mm;

Prior to the tests, the red mud was dried at 100 ° C and crushed in a mortar. In order that the residue still showed signs
of agglomeration, the drying and crushing process were performed again, which provided to the residue a
granulometric regularity.

2.2 Agregates

The aggregates used in this work are of granitic origin and were provided by mining company Santa Barbara, in the
municipality of Palhoca, state of Santa Catarina. For composition of bitumen mixtures were used gravel one with a
maximum of 3/4 "gravel zero with a maximum of 3/8" and rock dust with a maximum of 4.75 mm. The adhesiveness
test regulated by DNER ME 078 / 94 [22], it is an assay based on visual comparison grains, where it is checked the
occurrence of detachment of the bitumen-aggregate film after immersion in distilled water for a period of 72 hours.
Thus, there was the trial of CAP-50/70 and granite coarse aggregate, later used to make the mixtures. Having observed
the detachment of the bonding film, three samples were made, among which contained 0.2%, 0.6% and 1% adhesion
improving agent (DOPE) mixed with the bitumen, relative to the total weight of same.

In the end, only the sample with 1% enhancer tackifying agent was considered suitable for use in bitumen mixtures.
Thus, the adhesion of the bitumen used in the composition of bitumen mixtures with red mud and stone powder has
previously been improved with the addition of 1% DOPE.

2.3 Bitumen

The bitumen used was the CAP-50/70, provided by the company CBB Bitumen, based in the city of Curitiba, State
of Parana.

The characterization of bitumen was performed by softening point tests - ring and ball method, regulated by rules
DNIT ME 131/10 [35], penetration, regulated by rules DNIT ME-155/10 [36] that allows measuring consistency of the
bitumen through the depth to which a standard needle (100g) penetrates into the sample during the time of 5 seconds at
25 ° C, and apparent viscosity held in a Brookfield viscometer. The results are shown in Table 1.

Table 1: Results of characterization of bitumen

Assay CAP-50/70
Softening Point (°C) 49,5
Penetration (0,1 mm) 64
Viscosity (cP) 135°C, SP 21, 50 rpm 308,67

The appropriate mixing temperature for asphalt binders unmodified in SUPERPAVE methodology is one in which
the binder has an apparent viscosity corresponding to 170 + 20 cP. While adequate compaction temperature
corresponding to viscosity of 280 + 30 cP. These values are traditionally applied to asphalt mixes dosed using the
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Marshall methodology with pure binders, and have also been used in determining the machining temperatures and
compression modified mixtures. According to the DNER ME 043/95, binder temperature in both procedures should
not be less than 107 ° C or exceed 177 ° C.

With the viscosity results could be set temperatures 148° C and 137° C for mixing and compaction procedures,

respectively. The heating temperature of aggregates was 15° C above the mixing temperature of the bitumen, which
is 160° C.

2.4 Dosage

Dosage procedures performed followed the recommendations of the standards AASHTO M 323 - Standard
Specification for Superpave Volumetric Mix Design and AASHTO R 35 - Standard Practice for Superpave
Volumetric Design for Hot-Mix Bitumen (HMA) [29,30]

Prior to the compaction process, the bitumen mixtures were conditioned for 2 hours in an oven at a temperature of
137 ° C (compaction temperature), in order to simulate the aging of the bitumen [27].

Compaction was performed in rotating the Servopac gyratory compactor mark, using rotation angle of 1.25 ° + 0.02,
a rate of 30 revolutions per minute and 600 kPa vertical stress.

After compaction, it was determined the specific apparent mass measurement (Gmb) of compacted samples,
conducting weighing the specimens under the conditions of dry surface, saturated dry and submerged, according to
ASTM D 2726 standard - Standard Test Method for Bulk Specific Gravity and Density of Non-Absorptive
Compacted Bituminous Mixtures [28] to then perform the correction of the corresponding empty volume.

At first, the mixtures were compressed to 125 spins, corresponding to the project N. After setting the bitumen content
on a void volume of 4%, the mixtures were compacted at 205 revolutions (Nmaximo) in order to achieve a maximum
degree of compaction of 98%.

To perform the mixtures used a theoretical curve corresponding to the average range C DNIT [31] according to Table
2.

Table 2: Granulometric composition used

0,

Pol/n° mm Miniriirr]r?e CI\/I(aézi)mum Passing (%) | Retained (%)
3/4" 19,10 100 100 100 0
1/2" 12,70 80 100 90 10
3/8" 9,50 70 90 80 10
N° 4 4,80 44 72 58 22
N°10 2,00 22 50 36 22
N° 40 0,42 8 26 17 19
N° 80 0,18 4 16 10 7

N° 200 | 0,075 2 10 7 3

Fundo | <0,075 - - - 7

The content design adopted for the mixes with 7% stone powder and 7% red mud was 4.7% and 4.4% bitumen,
respectively.

2.5 Permanent deformation

For realization of the permanent deformation test, the bitumen mixtures were compacted into slab form, according to
the criteria of the standard NFP 98-250-2 [32], in dimensions of 50 cm length, 18 cm width and 5 cm thick . For this, it
used the screed developed by Institut Francais current des Sciences et Technologies des Transports, L'aménagement et
des Reseaux (IFSTTAR).

The amount of bitumen mixtures to be compressed is defined by calculating the apparent density refers to a void
volume of 4%. In all, they molded four plates, two for each type of bitumen mix. The plates were tested for
performance to permanent deformation 15 days after compaction.

The permanent deformation test is regulated by the French standard NFP 98-253-1; Essais relatifs Aux Chaussées,
Permanent Deformation des Mélanges Hydrocarbonés [33] and performed in French traffic simulator called Orniéreur.
The equipment is provided by smooth pneumatic wheels of a solo axle, applying a load of 5.0 kN, and the inflation
pressure of 0.6 MPa tires. The machine allows two are tested specimens simultaneously at a temperature of 60 ° C,
exposed to longitudinal loads up to 30,000 cycles with a frequency of 1 Hz, and the cycle equivalent to the outward
and return movement of the tire.

Before the start of the test, there was the accommodation of the plates in the mold, subjecting them to pass 1,000
cycles. Then the plates were conditioned at 60 ° C. However, until this temperature was reached and stabilized
required is approximately 8 to 12 hours.

Readings were taken at 0, 100, 300, 1,000, 3,000, 10,000 and 30,000 cycles at 15 different points of the plate, using a
digital caliper.

The depth of permanent deformation in each cycle was calculated by averaging the depths measured in 15 points
3
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against the benchmark of zero cycle.
3 RESULTS E DISCUSSION
3.1 Red mud caracterization

The diffraction of X-rays detected phase of hematite (Fe.0s3), anatase (TiO.), quartz (SiO,), karelianita (V203),
gibbsite (Al (OH) 3), from the same bauxite and sodalite (NagMgsSisO24 (OH)2), formed during the Bayer process.
Hematite, the anatase, quartz, gibbsite and sodalite are substances that do not pose health risks, except as noted in
concentrations higher than those allowed by standard (Appendix 'G") of the rules NBR 10.004 / 2004 [37].

The karelianita (V20s3), or vanadium trioxide in the presence of moisture can come to oxidize and turn into vanadium
pentoxide (V20s), in the list of 'substances which give hazardous waste', on Annex 'C' the rules NBR 10.004 / 2004.
Thus, the red mud can be classified as Class | with a residue - Dangerous.

With the laser granulometric testing can be seen that the red mud is a fine grained material with 100% of its particles
less than 290 um, 80% less than 50 um in diameter and 40% less than 5 micrometers.

Approximately 85% of the red mud particles have a diameter in the range of 0.4 um to 60 um, and 20% corresponding
to the clay fraction (<2 pm) and 65% to silt fraction (2 um to 60 um), as soil classification based on grain size criteria
of the Brazilian Association of Technical Standards [40]. Only 15% of the residue of the particles have a particle size
in the range from 60 pum to 200 um, characteristic of fine sand.

According to granulometric results similar to those obtained in this work, Antunes, Conception and Navarro (2011)
classified the red mud as a sandy-clay-silty material, according to the textural classification proposed soil by United
States Department of Agriculture [38] characterizing it as a cohesive material low porosity, with intense phenomena of
capillarity, some plasticity and existence of adsorption phenomena [39].

The particle size of the red mud is an important factor to be considered when used to make bitumen mixtures, since
particles larger than 40 um tend to fill the voids of the aggregates and particles smaller than 20 pm are mixed to the
bitumen, modifying the viscosity, point and thermal softening of the same susceptibility [41, 42, 43, 44].

Therefore, since about 70% of the grains that make up the red mud have a particle size less than 20 um, it is possible
that part of the residue used in the composition of bitumen mixtures is incorporated into the CAP, changing its
rheological properties.

Knowing that 85% of red mud grains have a diameter less than 0,075 mm and the remaining 15% are corresponding to
the variable range S1, and that the specific gravity of the residue is 2.609 g / cm?, the correction factor used was 1,008
obtained by interpolation. Thus, it obtained a specific surface value corresponding to red mud 119.003 m? / kg.

For comparison, it carried out the calculation of the specific surface of the stone dust filler used in the composition of
the mixtures employing Vogt formula. Given that 100% of its particle size is passing the No. 200 sieve and that its
density corresponds to 2.717 g/cm?, used a correction factor of 0.98. Thus, the specific surface of the stone powder
was found to be 132.287 m? / kg.

3.2 Permanent deformation

The performance of bitumen mixtures as the permanent deformation was observed in French traffic simulator
Orniéreur.

Although the bitumen mixtures were dosed at a volume of 4% voids, this index none of them achieved during the
compaction process, with values between 4.91% and 5.51% of voids for mixtures with crushed stone and red mud,
respectively. This is due to small variations in the final thickness of the plate, resulting in large changes in the volume
of voids of the compacted mixture.

It is noteworthy that bitumen mixtures compacted in the field also present volume variation, the allowed service
specifications DNIT provided they have between 3% and 6% of empty [31].

Thus, boards produced were considered appropriate for evaluation of susceptibility to permanent deformation.

Table 3 presents the data from sinking bitumen mixtures produced with 7% stone powder and 7% red mud, as well as,
reducing the permanent deformation compared to the reference mixture at 30,000 cycles. In Figure 1 the graphical
aspect of the data is presented.

It is important to say that the percent deformation is equivalent to strains, and that the X-axis of Figure 1 begins with
100, because on 0 it doesn't have any deformation.

Table 3: Values of sag of bitumen mixtures comprised of stone powder (PP) and red mud (RM)

Decrease (%)
Numbers of cycles 29%PP | 7%RM
100 1,09 0,51
300 1,52 0,74
1000 2,19 1,11
3000 3,05 1,62
10000 4,38 2,46
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30000 6,10 3,58
Decreasing reduction (%) - 41,30

The French guidelines limit by 10% the acceptable amount of deformation of bitumen mixtures used for coating
purposes. [45] There are also other European guidelines that limit the permanent deformation at 5% for dense bitumen
mixtures used as a coating on heavy traffic roads. [46]

Thus, both mixtures obtained a permanent deformation lower than the 10% specified by the French rules. However,
only mixing with 7% red mud comply with European directives, having deflection values of less than 5%.

Even with a higher voids volume of the mixture with 7% red mud obtained satisfactory results, showing a sink 40%
lower than that of the reference mixture consisting of 7% stone dust filler.

The permanent deformation provided by the mixtures decreased with the incorporation of the residue thus obtained
mixture that the worst performance among those tested was the reference, with 7% stone dust filler.

100
$'10
S 6,10%
& 3.58%
o
(&)
A1
0.1
100 1000  €vycles 10000 100000

—=—7% RM =lll=7% PP
Figura 1: Performance to permanent deformation of compacted mixtures

Several factors can influence performance to permanent deformation of bitumen mixtures, among them are the volume
of empty, bitumen content, percentage of filler, particle size composition and type of aggregate used in the
composition of mixtures. In general, as both compounds in this work have the same particle size composition and the
same type of granite aggregate, the differences obtained in outcomes can be attributed, the variables related to the
volume of voids, the bitumen content, the percentage and the type of employee filler.

Like all manufactured specimens obtained voids within the specification established by the DNIT it can not be said
that this variable has contributed significantly in resistance to permanent deformation of the test plates.

The stone dust filler had a higher specific surface area of the red mud thus established a direct equivalence between the
design content and the amount of stone dust filler used, that is, the higher the percentage of filler stone powder, the
higher the bitumen consumption.

The bitumen content has a large influence on thermal susceptibility bitumen mixtures, being able to promote
lubrication between particles, to promote the most efficient accommodation aggregates, increase the workability of the
bitumen mixture and possibly reducing the resistance to permanent deformation.

4 CONCLUSION

This study evaluated the possibility of applying the waste from processing bauxite in dense bitumen mixtures. Thus,
they performed tests permanent deformation in bitumen mixtures composed of 7% red mud and filler 7% stone
powder, considered as reference mixture.

With the waste characterization results was possible to classify red mud as environmental aspects, according to rules
of NBR 10,004 / 2004. The finding of vanadium pentoxide (V:0s) classify the red mud like residue Class I -
Dangerous.

As for the behavior to permanent deformation, both mixtures obeyed made to the French guidelines deformation, with
sag values of less than 10%. However, only the mixture with 7% of red mud complies with European standards to be
less than 5%, with 3.58% sinking value.

A mixture consisting of 7% red mud showed a reduction of 40% in respect of the sinking to the reference mixture.

In general, the performance improvement to permanent deformation of the bitumen mixture can be attributed to the
use of red mud, thus their smaller specific surface area compared to stone dust filler, reduced the amount of required
bitumen, restricting the thermal susceptibility of mixture.

It is also possible that part of the red mud grain particle size less than 20 um, has been incorporated into the bitumen,
changing the properties of the bitumen, and thereby assisting in promoting resistance to permanent deformation.
Although there is the same amount filler used in both mixtures, that consists of red mud obtained best results with
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regard to the performance of the permanent deformation, therefore, it is understood that as important as determining
the amount of filler to be inserted, knowing chemical and physical properties of the material applied it is too.

Despite the good results for the actual realization of viability reinsertion of red mud applied to highways, the
realization of further testing with regard to the environmental aspect it is necessary, evaluating the concentration of
other leachate elements can pollute or affect the environment.

Given the scarcity of works produced on this issue, this paper hopes to contribute to mitigation of problems related to
disposal of red mud and, above all, expand waste reuse possibilities, transforming it into an alternative material that
can be used in industry construction.
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