Pre prints.org

Article Not peer-reviewed version

Evaluation of the Calcined
Aggregate from Mining Residue
for Use in Pavement

Marcio Aurelio Friber , Antonio Carlos Rodrigues Guimaraes , Camila Antunes Martins i ,
Jefferson Santos Soares

Posted Date: 3 August 2023
doi: 10.20944/preprints202308.0241.v1

Keywords: Pavement; Aggregate; Calcined Clay

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/1342541
https://sciprofiles.com/profile/1342542
https://sciprofiles.com/profile/3071816

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 August 2023 doi:10.20944/preprints202308.0241.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Evaluation of the Calcined Aggregate from Mining
Residue for Use in Pavement

Marcio Friber, Antonio Guimaries, Camila Martins * and Jefferson Soares
4 7

Military Institute of Engineering, Praga General Tibturcio, 80 — Praia Vermelha, Rio de Janeiro — R], CEP:
22290-270, Brazil
* Correspondence: camilaantunes@ime.eb.br

Abstract: The present study aimed to evaluate the technical feasibility of using a calcined aggregate with
mining residue in different pavement layers, including base, sub-base, and wearing course. For this purpose,
the physical characterization of the residue and clay was performed, as well as the production of calcined
aggregates at temperatures ranging from 800°C to 1100°C. Additionally, the suitability of these aggregates in
pavement layers was assessed, considering the current standards. The physical results characterization
indicated that the studied clay is suitable for manufacturing calcined clay aggregates since the particle size
distribution showed ceramic potential - according to the Winkler diagram - and presented a plasticity index
(PI) higher than 15%. In the tests of boiling-induced mass loss and unit mass, the values obtained were within
the limits established by the standards, being lower than 10% and 0.88 g/cm3, respectively. Regarding the
abrasion loss test, the M1100 aggregate showed "Los Angeles" abrasion values lower than the limit established
by the standard, demonstrating its potential as an artificial aggregate in pavement applications.

Keywords: pavement; aggregate; calcined clay

1. Introduction

Brazil has witnessed two major catastrophes in the last decade due to the rupture of iron ore
tailings containment dams. On November 5th, 2015, the Fundao dam collapsed, resulting in the
spillage of over 50 million cubic meters of mining waste into the Rio Doce [1]. Four years later, in
2019, the tailings dam of Cérrego do Feijao, located in Brumadinho, Minas Gerais, collapsed. This
tragedy led to the loss of over 250 human lives and the spilling of approximately 12 million cubic
meters of ore tailings into the Paraopeba River and nearby areas [2].

These events caused significant loss of human lives, extensive environmental degradation, as
well as social and economic losses. According to the National Mining Agency [3], there are 928
registered mining waste containment dams in Brazil, of which 252 have a high Potential Associated
Damage (DPA) - an indicator related to the potential damages caused by the eventual dam rupture,
determined by their construction and conservation characteristics - and 51 dams are classified as
having a high-Risk Category (CRI).

Mining waste obtained at different stages in the mining process comprises materials with
favorable granulometry (sandy tailings) from a geotechnical perspective, and materials with
unfavorable or deficient characteristics, such as fine-grained tailings, referred to as "fine tailings" or
"slimes” [4]. In this context, various alternatives have been developed for the reuse of mining waste.

Apaza et al. [5] evaluated the incorporation of sandy tailings from the iron ore refining process;
composed of quartz minerals (88%) and hematite (9%), as an aggregate in cold asphalt
microsurfacing. The results were satisfactory; as the iron ore waste did not present any chemical;
environmental; mineralogical; or physical restrictions to be used as an aggregate in microsurfacing
mixtures

On the other hand, the fine-grained tailings, consisting of silt and clay fractions, are typically
plastic and highly compressible materials, as described by Lima [6]. These characteristics limit their
possibility of direct reuse. However, their use in the production of calcined aggregates for pavement
is a promising alternative. Therefore, the present study aims to evaluate the use of calcined aggregate,
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produced from the fine-grained mining tailings (sludge), as an alternative material for pavement
construction.

More studies evaluate the use of waste materials in engineering as a sustainable approach to
aggregate production. An example is the work of Fan et al. [7], which investigates the use of ashes
from municipal solid waste incineration (MSWIBA) and calcined clay as an ecologically friendly
artificial aggregate (EFAAs). With a compressive strength exceeding 30 MPa at 28 days, concrete
produced with this artificial aggregate shows low toxicity, low energy consumption, and low CO:
emissions, making it suitable to use in constructions. However, the use of coal ash waste as a
substitute for fine aggregate in lightweight concrete, when subjected to acidic environments, shows
a reduction in strength as observed in the work of Ghazali et al. [8]. Nevertheless, when properly
thermally treated, or in other words, with an appropriate "burning plan," the fluxing elements present
in the waste confer satisfactory strength to the aggregates, as concluded by Cabral et al. [9], who
obtained lower-cost aggregates through the calcination of clayey soils, making them suitable to use
as pavement materials.

Regarding calcined aggregate, the Brazilian Army (EB) was a pioneer in the production of
artificial calcined clay aggregate in Brazil. The use of this material in pavement construction became
significantly important due to the challenges faced by the EB's Engineering Corps regarding the
scarcity of rock deposits in the northern region of the country [10].

The topic is also addressed in Batista's [11] study, which evaluated the use of calcined clay
aggregates in asphalt mixtures for pavement in the Amazon region. It concluded that the results of
resilience modulus using calcined clay produced at a temperature of 900°C for 30 minutes, compared
with values obtained with the region's soil, shows the technical feasibility of using the aggregate in
asphalt mixtures for pavement.

The results are corroborated by Silva ef al. [12], who indicated the application of sintered calcined
clay aggregates (SACC) in asphalt concrete mixtures for road pavement as a good alternative to
natural granular aggregates in regions where they are scarce. The tests performed under cyclic
loading indicated that the performance of SACC in AC50/70 asphalt concrete mixtures is comparable
to traditional aggregates. Additionally, the study showed that the use of SACC can reduce the carbon
footprint of asphalt concrete production.

Santos [13] investigated the use of calcined clay aggregates as coarse aggregates in asphalt
coatings, considering a firing temperature of 900°C and firing time of 15 minutes. The comparison of
results for asphalt mixtures using rolled pebbles (commonly used in the Amazon region) and calcined
clay aggregates showed that in some aspects, such as permanent deformation, the mixture with
calcined clay presented better results, improved adhesion among its components, and consequently,
higher mechanical resistance compared to the asphalt mixture containing pebbles. Moreover,
increasing the firing temperature of the synthetic aggregates resulted in a reduction of asphalt cement
consumption due to transformations from the crystalline to the amorphous phase [14], indicating a
strong possibility of using this aggregate as an alternative material for pavement in the region.

In addition to the surface layers, studies have been developed to assess the suitability of using
calcined clay aggregates in other pavement layers. A noteworthy study conducted by Barbosa et al.
[15] verified the viability of two soils in Acre: one to produce calcined clay aggregates and another
for soil-aggregate mixtures as the pavement base. The calcined aggregates were subjected to firing
temperatures of 900°C, 1000°C, and 1100°C, and all met the established limits of the current regulation
for use as base materials for pavement. Regarding the addition of calcined aggregates to the soil-
aggregate mixture, it was found that a proportion of 30% (by dry weight) was sufficient to promote
the granulometric stabilization of the lateritic soil deposit used.

Cabral [16], on the other hand, proposed his own methodology for the production of calcined
clay, establishing parameters for the acceptance of the clay used, aiming for the final quality of the
calcined aggregate. In summary, his methodology recommends the use of clays with a plasticity
index higher than 15% and granulometry preferably falling within regions "B," "C," or "D" of the
Winkler diagram.
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Other studies have investigated the thermal behavior of pavements composed of artificial
aggregates. Yinfei et al. [17] studied the use of materials with phase change properties in asphalt
pavements and how the granulation of lightweight aggregates can affect cooling performance. The
results indicate that granulation of lightweight aggregates has a significant impact on the latent heat
storage capacity of asphalt mixtures. Khan et al. [18] investigated the use of lightweight aggregates
(LWA) in asphalt mixtures and base and sub-base layers as a strategy to reduce frost damage in
flexible pavements. The data indicate that the use of LWA in asphalt mixtures and base and sub-base
layers can significantly reduce frost penetration in the subgrade, in addition to exhibiting lower
conductivity and diffusivity and higher specific thermal capacity compared to conventional asphalt
mixtures.

In other branches of the construction industry, studies indicate that the use of structural concrete
with lightweight artificial aggregates can offer significant advantages in terms of weight reduction,
improved thermal and acoustic insulation, as well as lower energy consumption and CO: emissions
during production [19]. However, there are also some limitations and challenges associated with the
use of these aggregates, such as the need for pre-treatment of aggregates, a reduction in mechanical
strength and durability in certain cases, and the lack of standardization and regulations for the use
of alternative materials.

Given the above, while there are numerous studies on the use of artificial aggregates produced
from calcination of clay, there is a lack of research on the use of mining tailings to produce artificial
aggregates for pavement. Therefore, the present study aims to evaluate the use of calcined aggregate,
produced from fine mining tailings, as an alternative material for pavement and proposes the
following hypothesis: the manufacture of calcined aggregate from fine mining tailings and its use as
a constituent material for pavement layers is a viable alternative from a technical perspective.

2. Materials and Methods

The fine tailings used in this research were obtained from the Samarco Mining Company located
in Mariana, Minas Gerais, Brazil. For the physical and chemical characterization of the material, tests
were conducted, including particle size analysis, real density, liquid limit, plastic limits, and Energy
Dispersive Spectrometry (EDS).

In the Energy Dispersive Spectrometry (EDS) test, a high concentration of iron was found in the
tailings, accounting for approximately 65% of the total, as shown in Figure 1. Regarding the particle
size analysis, it was observed that the tailings had a high content of fines (96% passing through sieve
No. 200). According to the Winkler diagram (Figure 2), proposed by Pracidelli and Melchiades [20],
the material falls into region "D." However, it is possible to achieve a satisfactory quality calcined
aggregate falling into region "B" if a higher firing temperature is reached during the calcination
process.
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Figure 1. Result of the mining waste EDS test.


https://doi.org/10.20944/preprints202308.0241.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 August 2023 doi:10.20944/preprints202308.0241.v1

v ) 3 0
AVAVAVAN
/ / /
\/ i

60

/N\ D
 damn ¥
/ N
\
S0

100% 10 0 0 40 100°%

22 0pm Desplastificagdo > 20 pum
Figure 2. Particle size distribution of the ore waste represented in the Winkler diagram.

According to the results of the physical characterization presented in Table 1, it can be observed
that, although the fine waste is usually plastic, the studied waste is weakly plastic, which means, it
has a Plasticity Index (PI) <7. Studies conducted by the Military Institute of Engineering indicate that
to obtain a well-quality calcined clay, it is necessary for its particle size to fall within an acceptable
range and, furthermore, it should have high plasticity, or rather, a Plasticity Index (PI) greater than
15%.

Table 1. Physical characterization of the waste.

Test Result
Liquid Limit (%) 20
Plastic Limit (%) 14
Plasticity Index (%) 6
Real Density (g/cm3) 3,93

After the characterization of the reject, an attempt was made to model the aggregate by
extruding it using an electric pug mill. However, this attempt was unsuccessful as the equipment got
clogged - possibly due to the low plasticity of the reject. Therefore, in order to increase the Plasticity
Index (PI) and enable the molding of the aggregates, a mixture of clay and reject was used.

The clay was supplied by Ceramica Marajo, located in the region of Tangua-R], and its physical
characteristics are presented in Table 2.

Table 2. Physical characterization of the clay.

Test Result
Liquid Limit (%) 39
Plastic Limit (%) 22
Plasticity Index (%) 17
Real Density (g/cm3) 2,60

The EDS test on the clay (Figure 3) showed the predominant presence of silica, followed by
aluminum, indicating that the clay used in the research is a mineral clay from the Kaolinite group
(AI2Si205(OH)4).
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Figure 3. Result of the EDS test on pure clay.

Loss on ignition tests were also conducted to evaluate the potential of the materials to produce
calcined aggregate. The test involved molding a cylindrical specimen measuring 4 cm in length and
1.5 cm in diameter, then calcining it at a temperature of 760°C for 15 minutes. After calcination, the
specimen underwent boiling for 15 minutes in a pressure cooker.

For the clay-waste mixture, the chosen percentage of waste for the study was 15% by weight, the
highest percentage that allowed the successful extrusion of the mixture. This mixture exhibited a
liquid limit of 32.6%, a plastic limit of 20.5%, a plasticity index of 12.1%, and a real density of 2.80.
The representation of the mixture's particle size distribution on the Winkler diagram, as shown in
Figure 4, indicated that the mixture falls into the "C" region of the diagram, demonstrating suitable
ceramic potential.
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Figure 4. Particle size distribution of the clay-waste mixture represented on the Winkler Diagram.].

The extrusion of the clay-waste mixture was carried out using an electric extruder with a
hexagonal cross-section of 1 cm per side, and the moisture content for extrusion of both the pure clay
and the mixture was 22%, close to the plasticity limit. The hexagonal-shaped nozzle was made of
acrylic to ensure precision in the section dimensions through laser cutting and to provide a finished
aggregate. After extrusion, the bar was cut into aggregates ranging from 5 mm to 15 mm in length,
as shown in Figure 5.
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Figure 5. Extrusion through an acrylic nozzle and cutting of the aggregates.

Two groups of samples were created, the "M" samples, referring to the clay-reject mixture, and
the "A" samples, consisting only of pure clay, as shown in Figure 6. Subsequently, the aggregates
were dried outdoors on metal trays for a period of seven days.

A1000 A1100 M1000 M1100
(a) (b)

Figure 6. Samples produced in this study: (a) Samples from group A; (b) Samples from group M.

The calcination was carried out in a muffle furnace with four temperature stages: 800°C, 900°C,
1000°C, and 1100°C, with a heating rate of 30°C/min, a dwell time of 30 minutes, and furnace
shutdown for cooling.

X-ray diffraction (XRD) tests were performed at CETEM (Mineral Technology Center) using a
Bruker-D4 Endeavor equipment under the following operating conditions: Co Ka radiation (40 kV/40
mA); goniometer speed of 0.02° 20 per step with a counting time of 0.5 seconds per step, and data
collected from 4 to 80° 20 using a LynxEye position-sensitive detector. Qualitative spectrum
interpretations were made by comparison with patterns in the PDF02 database ICDD [21] using
Bruker DiffracPlus software.

In order to assess the technical capability of using calcined clay-reject aggregate, the acceptance
criteria recommended by the DNER-EM 230 [22] standard were adopted. This standard defines the
characteristics of coarse synthetic aggregates made from calcined clay for use in road construction.
The following tests were conducted: unit weight (DNER-ME 152 [23]), loss of mass after boiling
(DNER-ME 225 [24]), abrasion resistance (DNER-ME 222 [25]), shock loss of mass in the Treton
apparatus (DNER-ME 399 [26]), real density (DNER-ME 093 [27]), water absorption, and apparent
density (DNER-ME 081 [28]).
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3. Results and Discussion

As seen in the graph illustrated in Figure 7, there is a reduction in water absorption with
increasing temperature, indicating an increase in the amount of liquid phase resulting from the
reaction of fluxing elements.

—4—GROUPA —i—GROUPM

20.0%
18.0%
16.0%
14.0%
12.0%
10.0%
8.0%
6.0%
700 800 900 1000 1100 1200

TEMPERATURE (°C)

WATER ABSORPTION (%)

Figure 7. Water absorption of the aggregates.

According to the methodology to produce calcined clay proposed by Cabral [16], the water
absorption of the aggregate cannot exceed 18%, which makes the use of calcined aggregate from both
Group A and Group M unfeasible at the burning temperature of 800°C. Therefore, the tests for bulk
density, abrasion resistance, real and apparent density were not conducted at the burning
temperature of 800°C.

Regarding the testing results of the tests for loss of mass in the Treton apparatus (Figure 8), they
were satisfactory for all burning temperatures in both groups, as the loss of mass did not exceed the
limit of 60% established by Cabral [16].
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Figure 8. Loss of mass due to shock in the Treton apparatus.

Regarding the loss of mass after boiling, at the end of the tests, it was observed that both the clay
(Group A) and the reject (Group M) did not show any visible change in volume or consistency, as can
be seen in Figure 9.
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Figure 9. (a) Samples before the boiling test; (b) After the boiling test.

As the test results (Figure 10) showed, they were adequate for all temperature levels in both
groups, being lower than 10%, as established by the DNER-ME 225 standard [24].
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Figure 10. Mass loss due to boiling.

Furthermore, according to the graph illustrated in Figure 10, there is an apparent plateau of mass
loss after boiling between temperatures of 900°C and 1000°C, indicating a similar behavior trend to
the curves found by Cabral [16].

The results of bulk density for Group M showed higher values than Group A, as illustrated in
Figure 11. All samples obtained values within the limit established by the DNER-ME 230 [22]
standard (bulk density > 0.88 g/cm?®). However, Ledbetter ef al. [29] observed in the field, during the
execution of surface treatment with synthetic aggregate, that lightweight aggregates degrade faster
in the wearing course layers. In this regard, the use of a denser aggregate, such as the synthetic
aggregates obtained from the clay-reject mixture, may mitigate this reported issue.
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Figure 11. Mass units.
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Regarding the abrasion test, the "Los Angeles" abrasion values exceeded the maximum limit of
45%, established by the DNER ME 230 [22] standard, in all samples, except for the sample of calcined
clay-reject aggregate with a burning temperature of 1100°C (M1100), as shown in the graph illustrated

in Figure 12.
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Figure 12. Abrasion wear Los Angeles.

1200

The X-ray diffraction test, in qualitative form, showed that the clay used in the clay-reject
mixture belongs to the group of kaolinite, confirming the results obtained by EDS. The X-ray
diffraction test also allowed us to verify that the increase in temperature led to changes in the
chemical composition of the clay, while the reject maintained its initial chemical composition.
Detailed results for both analyzed groups are presented in Table 3.

Table 3. Physical characterization of the clay.

Group Sample Present Elements Crystal structure
* Quartz (S5i O2) * Hexagonal
* Hematite (Fe2 O3) * Rhombohedral H. Axes
A800 * Halloysite (OH8 Al2 Si2 O3) * Monoclinic
* Goethite (Fe O OH) * Orthorhombic
* Albite (Na Al Si3 O8) * Triclinic
* Quartz (S5i O2) * Hexagonal
A900 * Hematite (Fe2 O3) * Rhombohedral H. Axes
* Halloysite (OH4 Al2 Si2 O5) * Hexagonal
* Orthoclase (K0,58 NaOO0,42 Al Si3 O8) * Triclinic
A1000 ) * Quartz (Si 02? * Hexago‘ne.ll
Orthoclase (K Al Si3 O8) * Monoclinic
A1100 *.Quartz (Si O?_.)
* Mullite (AI(Al69 Si1.220)
* Quartz (51 O2) * Hexagonal
* Pargasitic hornblende ((Na,K)0,72 (Ca,Fe)2 .
M800 i (Mg, Fe, Al)5 (Si, Al)§ 022 OH2) " Monoclinic
* Halloysite (OH8 Al2 Si2 O3) * Hexagonal
* Microcline ((K0,95Na0,05) Al Si3 O8) * Triclinic
M * Quartz (Si O2) * Hexagonal
* Pargasitic hornblende ((Na,K)0,72 (Ca,Fe)2 * Monodlinic
M900 (Mg Fe,Al)5 (51,A1)8 O22 OH2)
* Halloysite (OH8 Al2 Si2 O3) * Monoclinic
* Orthoclase (K0,59 Ba 0,19 Na0,22 (Al1,18 * Monoclinic
Si2,82 O8)
M1000 * Quartz (Si 02) * Hexagonal
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* Pargasitic hornblende ((Na,K)0,72 (Ca,Fe)2
(Mg, Fe,Al)5 (5i,Al)8 O22 OH2)
* Hematite (Fe2 O3) * Rhombohedral H. Axes
* Orthoclase (K0,59 Ba 0,19 Na0,22 (Al1,18
5i2,82 O8)
* Quartz (5i O2)
* Mullite (Al (Al69 Si1.220)

* Monoclinic

* Monoclinic

M1100

The feldspar present in the clay, in the forms of Orthoclase and Albite, plays a crucial role by
acting as flux during the calcination process, reducing the material's porosity [30].

According to Santos [31], the kaolinite, also present in the clay, undergoes transformations in its
chemical composition when exposed to temperatures between 500°C and 900°C, converting into
metakaolinite, and between 900°C and 1550°C, transforming into mullite.

Halloysite has an identical chemical composition to kaolinite, but it contains an additional layer
of easily dehydratable water molecules. This mineral, when heated, loses the additional layer of water
molecules, and returns to the original form of kaolinite [32].

As for the Pargasitic hornblende, present in the calcined aggregates of Group M, it is one of the
main minerals of the amphibole group. According to Peroni [33], amphibole is one of the main rock-
forming minerals.

In summary, Table 4 presents the results of the absorption tests, mass loss by Treton impact,
mass loss after boiling, bulk density, and Los Angeles abrasion.

Table 4. Results of the tests conducted on the calcined aggregates.

Treton Mass Unit Los Angeles
Group Sample Absorption Boiling Loss ’ Abrasion (LA)
shock loss (g/cmd) o

Res. Standard Res. Standard Res. Standard
AS800 18.81% 50.3% 3.21% <10% - - - -
A900 16.21% 4344% 2.52% <10% 099 >0.88 55.66% <45%

A A1000 11.68% 39.91% 2.38%  <10% 1.03 >0.88 54.11%  <45%
A1100 9.28% 34.71%  1.1% <10% 1.07 >0.88 47.66%  <45%
M800 18.46% 51.93% 6.16%  <10% - - -

M M900 17.04% 4591%  2.9% <10% 1.02  >0.88  54.4% <45%

M1000 12.86% 39.81% 2.61%  <10% 1.1 >0.88 50.12%  <45%
M1100 7.68% 31.67% 0.82%  <10% 116 >0.88 41.63%  <45%

The water absorption results and shock loss tests using the Treton apparatus, when compared
with the limit values expressed in the methodology proposed by Cabral [16], obtained satisfactory
results for firing temperatures starting at 900°C. It is evident that the increase in temperature
contributes to the reduction of water absorption in the aggregates, due to the sintering of the fluxing
materials present in the clay.

According to the standard DNER-EM 230 [22] - Coarse synthetic aggregates of calcined clay -,
all the results fit within the established limits, except for the abrasion loss. Only sample M1100
showed a result below the maximum limit set in the standard (41.6% < 45%). Furthermore, according
to DNER-ES 227 [34], the calcined clay-reject aggregate at a firing temperature of 1100°C can be used
in pavement construction both as material for asphalt concrete bases and as material for flexible
pavement bases.

4. Conclusions

This article studied the feasibility of using synthetic coarse aggregates obtained from a waste-
clay mixture in pavement layers. From the results, the following conclusions can be drawn:

doi:10.20944/preprints202308.0241.v1
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The production of aggregates solely from the waste material in an electric pug mill is not
possible, probably due to the low plasticity of the waste, which hinders its conformation during
extrusion.

The mining waste has the potential for use in a mixture with clays to produce synthetic calcined
aggregates, showing improvement in Los Angeles abrasion values compared to pure clay. It
transforms a clay that was initially unsuitable as raw material for calcined clay aggregates into a
suitable material for such use. Thus, the objective of the study was achieved, and the initial hypothesis
was validated.

Suggestions for future work, it is recommended to:

Evaluate the environmental aspects of using these aggregates in pavement layers.

Assess potential environmental impacts due to the eventual release of toxic components
resulting from material degradation over time.

Study the expansion of the aggregate before conducting any experimental section.
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