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Abstract: This manuscript evaluates the technical feasibility of reusing coal ash in the
formulation design of dense asphalt mixes. Physicochemicaland mineralogical properties
of fly and bottom ash matrixes prepared with coal ash were analyzed by scanning
electron microscopy (SEM), X-Ray diffraction (XRD), semi-quantitative spectrometry
by X-Ray fluorescence (XRF) and surface characterization by Nitrogen (N,) adsorption.
Filler fractions under 0.075 mm with 6.0% in weight from an entirely gneissic aggregate
gradation curve taken as reference were compared to identical mixes prepared with fly
and bottom ashes individually and also to a combined sample with 3.0% of each ash
type. Tests on compaction ability with gyratory shear press, resistance to action of water
and to rutting were carried out to compare mechanical performance. The results indicate
that both gneissic and coal ash fillers do not form dipoles of effective electric attractions
to bituminous matrixes, resulting in inert and hydrophilic behavior regarding to action
of water, respectively. Despite surface and morphologic characteristics underlying the
mechanical performance of gneissic fillers, coal ash matrixes have shown, in general,
good technical feasibility to be used in asphalt mixes.
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of the reserves, besides the low cost and price
stability when compared to other fuel sources

Energy supplied by thermo power plants (TPP)
through burning coal is a predominant source
in the current world market, representing from
27% 10 38% of global electricity generation (WCA
2020, BP 2019).

Statistical projections estimate that even
with clean energy production being massively
encouraged, coal will maintain its current global
role until 2040, being overtaken slightly by
natural gas and solar photovoltaic panels. The
main reasons for this coal conundrum are its
large global availability, more than 1 trillion tons,
i.e, capable to attend the current demand for
the next 130 years, and geographic distribution

(IEA 2019).

China, United States of America and
India are responsible for at least 70% of the
global consumption of coal for electric energy
generation (Tiwari et al. 2014). According to
Mangi et al. (2019), it is estimated that the annual
worldwide production of coal ash waste after
combustion is around 600 million tons, of which
approximately 83% comprises a fly ash fraction.

Brazil has 0.7% of world and 42% of South
American coal reserves, all concentrated in the
southern region. Energy generated by Brazilian
TPP represents less than 5.0% of the national
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energy matrix (MME 2020, Tolmasquim 2016).
However, Jorge Lacerda’s Complex (JLC), located
in State of Santa Catarina, taken as study case in
this research, has a non-negligible average coal
consumption ranging from 200 to 330 kilotons
per month, generating from 84 to 138 kilotons of
ashes, depending on the climate conditions for
operation (Rohde 2016).

Fly ash produced in JLC has been largely
repurposed by cement and concrete industries;
bottom ash has no such destination yet,
generating huge accumulation in the deposition
basins. These conditions cause several
difficulties of waste management and ongoing
hazards of groundwater contamination, due to
long-term environmental risk of leaching and
seepage of heavy metals from the ash deposits
through soil layers and into groundwater
reservoirs (Clara 2020).

Several studies have explored the use of
coal ashes in pavement works (Li et al. 2019,
Woszuk et al. 2019, Omrani & Modarres 2018, Le
et al. 2018, 2017, Dwivedi & Jain 2014, in order
to seek solutions for the destination of this
waste in large scale, usually replacing partially
the crushed aggregate particles extracted from
detonated massive rock of quarries with coal
ash.

In the context of large-scale re-purposing
TPP coal ash waste, this study aims to amplify
scientific discussions and points of view on
feasible mitigation of environmental impacts.
Physicochemical and mineralogical properties
of fly and bottom ashes are evaluated, in
comparison to gneissic massive rock particles,
to verify their influence on formulation design
and mechanical performance of dense asphalt
mixes, contributing to provide sustainable
building materials for development of
infrastructure services.

REUSING COAL ASH IN DENSE ASPHALT MIXES

2. MATERIALS AND METHODS
2.1 Materials

Coal ashes produced in JLC are solid waste
created by burning processes in TPP, as a result of
powdered coal combustion at high temperatures
into boilers, thereby producing steam which is
used in electric energy generation (Aquino et
al. 2017).

The existence of distinct temperature
zones inside the steam boilers make the
powdered coal to have, after burning, different
physical, chemical, mineralogical, macro and
microstructural characteristics, in the form of
ashes, being usually classified in two types: fly
and bottom (Leandro 2005, Usmen et al. 1983).

The aggregate gradation determined by
mechanical sieving processes for both fly and
bottom ashes are illustrated in Fig. 1.

2.2 Methodology

Physicochemical and mineralogical properties
of fly and bottom ashes were analyzed under
different conditions by using American Standard
for Testing Materials references (ASTM 2020).
Measured ash parameters were compared to
those of massive gneissic rock particles, chosen
to be the main granular matrix of the asphalt
mix, in order to verify compatibility between
both materials when formingthe same aggregate
gradation.

Filler particles under 0.075 mm were used
to evaluate the pertinent properties, respecting
the proportion of 6.0% in weight with regards
to the aggregate gradation of the asphalt mix
formulation, with specific details presented in
subsection 2.2.4.

Mechanical evaluations were carried out
with a dense asphalt mix formulated by using
Filler-Thompson (1907) method, taking into
account parameters such as compaction ability
with gyratory shear press, resistance to action
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Figure 1. Aggregate gradation of fly and bottom ashes.

of water and to rutting, according to French
standardized procedures (Manuel LPC 2007).

2.2.1. Morphology

Image capture with an optical microscope and
scanning electron microscopy (SEM) procedures
(ASTM E986-04 2017) were performed to evaluate
the morphology of both fly and bottom ashes, in
comparison to gneissic filler particles, focusing
principally on micro- and macro-texture aspects
using Zeiss Primotech and Zeiss EVO MA10
models, respectively.

2.2.2 Mineralogy

Elementary mineralogical compositions and
their respective phase distributions determine
the level of compatibility that particles may
present with regards to good or bad chemical
attraction, which is decisive to provide or not an
efficient adhesion between granular-bituminous
binder systems. X-Ray diffraction (XRD) tests
(ASTM C1721-15 2015, Burnett 1995) were carried
out with a Philips MP1880 diffractometer,
considering a sweep angle of 29 and Ritveld
method for mineralogical quantification of

phases. Semi-quantitative energy dispersive
X-Ray fluorescence spectrometry (XRF) (ASTM
E1621 2013) was carried out with a Shimadzu
EDX 7000 Spectrometer to probe bulk elemental
composition of the matrix mixtures.

All samples were previously submitted to
loss of ignition test (ASTM D7348-07 2007), in
order to eliminate organic components and
water from their original constitutions.

2.2.3 Surface characteristics

These analyses were carried out, in order to
determine physical properties of the particles,
specifically surface morphology, porous volume
and diameter, which can be very useful to provide
suitable anchorage to a bituminous binder
matrix, consequently, improving the mechanical
resistance of the asphalt mix. Nitrogen (N,)
adsorption was used for sample preparation
(ASTM E1829-14 2014) by using a surface analyzer
device from Quantachrome Instruments, model
Quadrasorb-evo.
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2.2.4 Asphalt mix formulation

Determination of the aggregate gradation with
regards the asphalt mix formulation was based
on Fuller-Thompson method (1907) (Egs. 1 and
2) and designed by Barra et al. (2016), fixing
characteristic parameters of the aggregate
gradation curve, such as: maximum diameter,
percent passing through the smallest sieve
mesh opening and gradation exponent.
d

Yop=al—

p=a(5) (1)
- log [%Pun?am} —log (100)

B 0.075 (2)

log ( ]

D 4

where ‘%p’ is the percent passing in
weight; ‘@’ is a constant, taken as 100; ‘d" is the
opening of a given sieve mesh (mm); ‘D’ is the
maximum diameter of the aggregate gradation
curve designed (mm), corresponding to the
sieve opening mesh in which passes 100% of
the particles; ‘n’ is the gradation exponent that
indicates if the aggregate gradation is open
or dense graded; and ‘“%p, ... IS the percent
passing through the smallest sieve mesh
opening with regards the series chosen by the
designer, 0.075 mm in this particular case.

Values in Table | indicate that ‘D’
corresponds to 191 mm and ‘“%p, ..., t0 6.0%.
Therefore, applying these values to the Eq. (2)
a ‘n” of 0.51 is obtained, which means a dense
graded distribution, due to be comprised in the
interval 0.35 < n < 0.55 (FHWA 2006). The choice
of 6.0% for “%p, .., Was based on the research
conducted by Momm (1998), having concluded
that dense asphalt mixes formulated with
%P, 4smm [FOM 5.0% to 7.0% presented better
mechanical performance based on rutting,
stiffness modulus and fatigue resistance tests,

REUSING COAL ASH IN DENSE ASPHALT MIXES

carried out on several aggregate gradations by
using Fuller-Thompson method.

Bituminous binder with 30/45 (01 mm)
penetration was used to formulate the dense
asphalt mixes used in this research, comprising
the following contents by weight: 4.22%, 4.54%,
470% and 4.86%. The temperatures adopted for
mixing and compacting procedures were 1552C
and 1459C, respectively, which were determined
after carrying out Brookfield viscosity tests
(ASTM D4402M-15 2015).

The aggregate gradation taken as reference
was entirely formed by particles from crushed
massive gneissic rock (GR), which was compared
to three other variations of the same percent
distribution presented in Table I, but replacing
6.0% crushed rock filler fractions under 0.075 mm
by fly ash (FA), bottom ash (BA) and an equal
combination of 3.0% of both ashes (FBA) (Clara
2020). Rationale for these choices is provided in
section 3.

Table I. Aggregate gradation designed (Barra et al.
2016).

Sie\(e mesh :;::; R::fci:ﬁtd
opening (mm) %) (%)
191 100.0 -
12.7 813 18.7
9.50 701 111
4.76 494 208
220 334 16.6
1.20 245 8.8
0.60 17.2 7.3
030 121 5]
015 85 3.6
0.075 6.0 2.5
B} - 6.0
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The dense asphalt mix described by French
methodology as Béton Bitumineux Semi-Grenus
(BBSG) (Manuel LPC 2007), built as the surface
layer in pavement structures, was taken as a
reference to have its standardized performance
parameters compared to the results of the tests
described in subsections from 2.2.5 t0 2.2.7.

2.2.5 Compaction ability

In field trials, after passing of the paver
finisher machine, asphalt mixes are finished
to the designed grade by pneumatic or roller
compaction units. Each passing of these
machines causes a gradual densification of the
granular arrangement by shear effort.
Considering that compaction temperature
specified in laboratory tests is replicated during
field works, an asphalt mix must present a
compaction ability with regards to air void
percent that cannot present significant decrease
during the first loading cycles. Excess voiding
is indicative of strong sensitivity to fluency
phenomenon, as well as a decrease below
the minimum percent limit established for
its standardized characteristics at the end of
service, generating a fragile material in relation
to support amplitude strains caused by traffic
loading applications (Manuel LPC 2007).
Gyratory compaction shear press test
(NF EN 12697-31 2007) provides a quantitative
measure of compaction ability from a slow
and isothermal process under low static
compression effort. The test is performed by
a shear gyratory movement applied in one the
faces of a cylindrical specimen that spins its
axis of symmetry (Fig. 2). The minimum height of
the specimens is set to stop in 150.0 mm for a
fixed diameter of same value, whereas the force
applied must range from 10 kN to 12 kN, resulting
in a vertical strength of 0.6 MPa. Rotation angles

REUSING COAL ASH IN DENSE ASPHALT MIXES

(~) are 12 and 0.829 in internal and external
parts of the specimens, respectively.

Starting from a loose material, the air
void percent is continuously calculated by Eq.
(3) during the test at each turn of the axis of
symmetry. The compaction ability of an asphalt
mix is quantified by comparison with the average
result of 3 specimens for each formulation
to a given standardized percent range for a
fixed number of turns defined according to its
characteristics, i.e., equal or above 11% at 10
turns and from 4.0% to 9.0% after 80 turns to
BBSG.

%‘L’ZIDD{M] (3)
Mg

where ‘%v’ is the air void percent for a
given number of turns; ‘h(ng)’ is the height of
the specimen at each complete turn; *h_. " is
the height set for the specimen to reach at the
end of the test, 150.0 mm, specifically for tests
performed for this research.

2.2.6 Resistance to action of water

Road asphalt surface layers suffer constant
action of water from rainfall during their service
lives and, as described in subsection 2.2.5, the
asphalt mixes have air voids in their internal
structure.

When water gets into these air voids, as its
surface tension, i.e.,, molecular concentration,
is stronger than the interface tension formed
by aggregate-bituminous binder system contact
zone, theresultisagradual removal ofthe coating
binder from the surface of the particles, causing
stripping phenomenon that triggers the asphalt
mixes to drastically reduce their mechanical
performance, causing formation of potholes and
direct contact with non-bituminous substrates,
and rapidly decreasing the bearing capacity of
pavement structures (Hefer et al. 2006).
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h_,.: minimum height for 0% air voids
h: height for a given turn
F: axial force
Fc: shear force
o inclination angle

Figure 2. Mechanical principle of the gyratory shear compaction press (Manuel LPC 2007).

Duriez test (NF EN 12697-12 2008) was
carried out by applying a double-piston axial
compression force of compaction with constant
load of 6.0 tons during 5 minutes. A total
amount of 24 specimens were molded for each
formulation. After the molding process, half
of the sample set was submitted to a vacuum
saturation process at a constant pressure of
0.05 MPa for 2 hours prior to submersion in
water (r), while the other half was subjected to a
climatic chamber with air moisture controlled in
50% + 10% (R), with both procedures carried out
at 182C over 7 days.

After the environmental conditioning
period, r and R sample sets were tested by
application of axial compression force, yielding
r/R average values, in which a ratio > 0.70 (70%)
must be obtained for BBSG. An overview of the
experimental setup for Duriez test is illustrated
in Fig. 3.

2.2.7 Rutting resistance

For carrying out a rutting resistance test (NF
EN 12697-22 2007), pairs of asphalt mix slabs
were molded for each formulation tested in a
pneumatic compaction machine with 180.0 mm
(width), 500.0 mm (length) and 100.0 mm
(thick). After 15 resting days to provide suitable
time for the bituminous binder to anchor on
the aggregate particles, each pair was in turn

subjected to a machine test, whereby a single
wheel axle load runs the same path in a back
and forth movement at a constant cycle of 1 Hz
and 60°C (Fig. 4).

For BBSG tests, samples were subjected to
sequences of 100, 300, 1000, 3000, 10000 and
30000 cycles (N). The results after 30000 cycles
can be interpreted as follows with regards to
rut depths: < 5.0% is qualified as an asphalt mix
capable of withstanding heavy and channeled
traffic (class 3); 51% < x < 7.5% it is suitable for
traffic where loading intensities are not very
strong, but can present severe thermal gradient
(class 2), i.e., 5°C during the winter and 30°9C
during the summer, for instance, and; > 7.5%
indicates ability to withstand traffic with low
intensity and not subjected to hot temperatures
or severe thermal gradients (class 1).

3. RESULTS AND DISCUSSION

3.1 Morphological characteristics

Fly and bottom ashes were observed with
optical and scanning electron microscopes.
Morphological characteristics are discernible
in images (Fig. 5), whereby it is possible to
verify a spongy aspect of the fly and bottom
ashes, with presence of particles with spherical
macrotexture, especially in fly ash samples. A
subangular macrotexture and rough microtexture
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Figure 3. Overview of Duriez test: (a) double-piston compaction, (b) vacuum saturation process and, (c) rupture
procedure.

is notable in both ashes, and more prominent in
bottom ashes. The analogous scenario does not
occur for gneissic rock particles, which provide
whole samples with subangular macrotexture
and rough microtexture.

According to Mainganye et al. (2013), the
predominant sphericity of fly ash particles
(Fig. 5a) can be attributed to covering by an
amorphous layer formed during relatively
sudden cooling after a combustion process.

Fused clay minerals generate vitreous
spherical particles, high incidence of gaseous
inclusions, i.e., forming vesicular (spongy)
structures (Fig. 5b), during application of oxygen-
gas flame. Vesicular structure indicates the
critical role of temperature in the development
of particle morphology in relation to the
heating zone inside steam boilers; less spongy
formations are due to lower temperatures in
the bottom, whereas spherical forms indicate
incidence of higher temperatures in the upper
furnace region (Wat & Thorne 1965), confirming
the statements of Leandro (2005) and Usmen et
al. (1983) cited in subsection 21 and the images
shown in Figs. 5a and 5b.

Regarding gneissic particles, because
of their metamorphic origin, many sinuous
planes are formed during the cooling process

of rock formation, producing massive structure
with rough microtexture over the faces. A
predominant subangular macrotexture is due
to the crushing process in the quarries, causing
oriented ruptures along the cleavage angles
(Mukherjee 2015).

Another important aspect concerning
both ashes was remarked during this research:
particles above 0.075 mm are friable, i.e,, easily
crumbled, principally those of bottom ash.

This scenario was verified after have been
assessed the soundness of these particles by
Sodium Sulfate attack (ASTM C88M-18 2018),
in which was verified high sensitivity to
fragmentation, even by pression exerted between
the fingers, with a consequent reduction in the
original size, checked later by sieving process,
presenting loss of mass around 25% to 30%
when compared to the range 3% to 5% obtained
from crushed gneissic rock particles. Increased
friability is likely due to vesicular structures
being less resistant to chemical and physical
forces than massive ones.

Reduced potential friability is the primary
reason for having selected both fly and bottom
ash particles under 0.075 mm for replacing
gneissic fillers in the asphalt mix formulation
designed for this research, accounting for
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Figure 4. Rutting test during (a) slab compaction procedure and (b) the test itself.

52.6% (fly) and 17.8% (bottom) of the aggregate
gradation of these materials produced in JLC
premises (Fig. 1).

3.2 Elemental quantification by X-Ray
fluorescence (XRF)

Silicon, Aluminium and Iron are predominant
elements that constitute the chemical
composition of both coal ashes and of gneissic
particles, representing together more than 80%
of each sample tested (Table Il). The observed
elemental composition reveals a strong
electronegative characteristic of both materials.

The percent values obtained for loss of
ignition were 1.634% (fly ash), 4.747% (bottom
ash) and 2.290% (gneissic particles). Leaching
and solubilization tests were carried out with
the same coal ash from JLC (Oliveira et al. 2012)
and with gneissic filler particles (Goncalves
2000), both being classified as non-hazardous
Type II, according to Brazilian environmental
regulations (ABNT NBR 10004 2004). Confirmed
laboratory results indicate that each of the
tested materials are authorized for use in public
works throughout Brazil.

Carnin et al. (2005) performed leaching
tests in asphalt mix formulations with reuse of

foundry sands containing similar chemical and
mineralogical compositions in relation to coal
ash and gneissic fillers of this research. As a
result, it was found that the coating generated
by the bituminous binder encapsulates the
aggregate particles, not allowing them to be
carried by water or other fluids, and thereby
avoiding seepage through soil structures and
direct contact to groundwaters.

Analogously, use of the same binders
infers that coal ash and gneissic fillers would
also become encapsulated and impervious to
leaching out of trace elements within the fillers.

3.3 Measurement of mineralogical components
by X-ray diffraction (XRD)
Diffractograms illustrated in Fig. 6 were recorded
from fly and bottom ashes. The crystallized
components of both ashes are equivalent, being
formed essentially by Mullite, Quartz and small
probable presence of Hematite. Anorite, Biotite,
Albite and Quartz are the main crystalline forms
observed in the gneissic massive rock particles.
The presence of Mullite in fly and bottom
ash compositions likely results from thermal
reactions that occur inside steam boilers
during the combustion process. Quartz is
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Figure 5. Images captured
by optic microscope (left)
and SEM amplified 300
times (right) of (a) fly ash,
(b) bottom ash and (c)
gneissic rock particles.

an inherent characteristic of geological coal
formation, and does not fuse in the burning
process at TPP. Hematite and Magnetite arise
in small percentages due to Iron Sulfide
oxidation typically found in burned samples
(Rohde et al. 2006). For gneissic particles, the
major concentration of Biotite results from a
strong participation of silicates (Quartz, Mica),
particularly from the iron-magnesian subgroup,
containing also Potassic Feldspar (Albite — Na;
Anorthite - Ca; ALCaD,,,,0,,,,) (Mukherjee 2015).

Based on the observed mineralogical
characteristics, all the materials analyzed are
considered as felsic, i.e,, with high acidity, due
to expressive concentration of silicates. XRD
results are also consistent with XRF analyses
performed. Furthermore, the silicates presented
in fly and bottom ashes are similar to the mineral

composition of natural aggregates used in road
construction, such as gneiss (Forteza et al. 2004,
Xie et al. 2016).

In general, coal ashes are aluminum-silicate
minerals comprised mainly of amorphous and
crystalline phases (Table I11), in which the first
is formed by small powdered particles with
pozzolanic properties, containing vitreous and
spherical characteristics, and the second by
geological minerals (Querol et al. 2002).

Results in Table Il indicate that the
amorphous phase represents more than
70% of fly and bottom ash compositions. The
amorphic fraction infers that despite having
predominant pozzolanic behavior, the intense
electronegativity does not result in effective
affinity to materials with the same chemical
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characteristics, such as materials commonly
used for bituminous binders.

3.4 Surface characteristics

The results presented in Table IV indicate
that despite both coal ashes having vesicular
structure with similar average porous diameters,
bottom ash samples have more porous volume
concentration than fly ashes, due primarily to a
smaller specific area and to lower temperatures
in the lower areas of the steam boilers. The
composite sample bottom/fly reveals a balance
between characteristics of the individual
species.

Gneissic particles present porous volume
concentration similar to those in bottom ash,
but almost double the average porous diameter
and specific area. These aspects are attributed to
a severe thermal gradient faced over geological
process of environmental cooling during
metamorphic rock formation (Mukherjee 2015)
and to crushing works, which produce smaller
particles than those precipitated inside steam
boilers.

Porous characteristics of all particles helps
to provide good surface physical anchorage to
the bituminous binders.

3.5 Mechanical performance of asphalt mixes

Prior results based on French methodology
(Manuel LPC 2007) considered for evaluating the
asphalt mix formulations establishes a rejection
criterion over all performance levels, i.e., if
a single formulation does not reach a result
within a given standardized limit, it cannot be
forwarded to the next level, and so on.

So, as the BBSG was taken as the parametric
formulation for this research (section 2.2.4), the
following order of tests was carried outaccording
to standardized protocol: compaction ability,

REUSING COAL ASH IN DENSE ASPHALT MIXES

resistance to action of water and resistance to
rutting.

The asphalt mixes are designated by
abbreviations, in order to simplify identification
in the charts, such as: GR for the aggregate
gradation formed entirely by gneissic rock
particles; FA and BA for replacing 6.0% gneissic
filler fractions (< 0.075 mm) by fly ash and
bottom ash, respectively; and FBA for replacing
6.0% gneissic filler fractions (< 0.075 mm) by
an equal combination of 3.0% of both fly and
bottom ashes.

3.5.1 Compaction ability

Only GR formulations were all measured above
the standardized thresholds (Table V; Fig. 7), a
result of less sensitivity to the first loading cycles
(10 turns) and suitable conformity of the granular
arrangement at the end of the test procedures
after 80 turns. Subangular macrotexture and
rough microtexture of the gneissic particles
(Fig. 5¢) are directly responsible for superior
performance, due to formation of effective
friction angles during the accommodation of
the particles, which provide shear resistance
capable of withstanding the mechanical forces.

In all cases, the air void percent decreases
with the increase of asphalt binder content, due
not only to the progressive contraction of empty
spaces, but also due to generation of more
lubrication of the particles, reducing their shear
resistance and, consequently, the compaction
ability.

BA formulations presented air void contents
close to those of GR, especially for the smallest
bituminous binder contents (4.22% and 4.54%),
which is attributed to major participation of
subangular and rough particles (Fig. 5b) when
compared to FA (Fig. 5a).

However, the presence of spherical and
smooth particles, even with small concentration
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Table Il. Chemical composition of the coal ashes and gneissic particles.

Element Symbol Fl)(/;)s h Bottom ash (%) Gneissic particles (%)
Silicon Sio, 60.258 58.91 58100
Aluminium /-\l203 19.865 19.624 13.400
Iron Fe,0, 7.214 6.999 9.200
Potassium K,0 4.600 4.298 1.800
Calcium Cao 2.874 1.785 6.300
Titanium Tio, 1.603 1.539 0.800
Sulphur SO, 0.806 0.609 0.100
Zirconium Zr0, 0102 0.217 <0100
Vanadium V.0, 0.089 0126 -
Chromium Cr,0, 0.077 0.086 <0100
Zinc n0 0.073 0.044 -
Manganese MnO 0.040 0.041 0.200
Rubidium Rb,0 0.028 0.035 -
Strontium Sro 0.027 0.028 0100
Yttrium Y,0, 0.020 0.027 -
Lead PbO 0.017 0.008 -
Sodium NaO, 0.673 0.018 3.300
Chlorine cl - - 0100
Phosphorus PO, - - 0.200
Magnesium MgO - - 4.200
Loss of ingnition - 1.634 4747 2.290
Table Ill. Phases of coal ash mineralogical compositions.
Phase Mineral (% iFrllyv:il;ht) (;oit:?lv";iAg:;)
Amorphous - 74 75
Quartz 9 12
Hematite (Fly) /
Crystalline Magnetite (Bottom) ! 2
Mullite 16 M
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Table IV. Surface characteristics of the coal ashes and gneissic particles.

Specific area

Sample
P (m?/g)
Bottom ash 1.454
Fly ash 6.311
Bottom/fly 3933
Gneissic particles 3.052
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Figure 6. Diffractograms of (a) fly ash, (b) bottom ash and (c) gneissic particles.

in BA samples, contributes to reduce the shear
resistance and air void percent during the first
loading cycles and for the highest bituminous
binder contents (4.70%). Air void compression is
stabilized towards to the end of the compaction

process at 80 turns, but sometimes not enough
to eliminate a given formulation, as occurred
with a binder content of 4.86%.

The same reasoning can be applicable to
FA, but in the opposite sense, with predominant
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Table V. Air void content of the asphalt mixes in comparison to standardized thresholds.

Binder content

Asphalt mix
P (%)

4.22

4.54
GR
4.70

4.86
4.22

4.54
BA
4.70

4.86

4.22
FA
4.54

422
FBA 454

4.70

presence of spherical and smooth particles,
where only a single formulation FA 4.22% met
standardizedthresholds.ForFBA,anintermediary
behavior was observed in relation to BA and
to FA, with better compaction ability than FA,
apparently due to insertion of BA particles,
culminating with formulations FBA 4.22% and
4.54% meeting standardized thresholds.

3.5.2 Resistance to action of water

Experimental results highlight the strong
electrical repellence of chemical elements from
granular and bituminous binder matrixes, which
produces a weak interface tension that is not
capable of resisting deleterious attacks of water,

Number of turns
10 80
Air Void (V)
V. 240%
v, 21%
V__ $9.0%
15.90 8.40
14.00 6.50
13.05 520
12.80 410
14.45 8.35
12.95 6.45
11.00 410
11.00 3.93
11.00 4.30
8.45 3.30
1210 490
11.85 4.25
9.70 175

leading to stripping of the binder coating as
indicated in Fig. 8.

The origin of stripping is likely due to
repellence caused by the electronegative
characteristic of the minerals in both matrixes,
caused principally by predominant joint
presence (> 80%) of Silicon, Aluminium and
Iron for aggregate particles, as presented in
Table I, whereas the bituminous binder used
in this research is formed by more than 80%
Carbon (Leite & Menezes 2003). In addition, the
prominent concentration of amorphous phase
(> 70%) in both fly and bottom ash samples, as
presented in Table I, has decisive influence on
the non-formation of a strong dipolar attraction
to the Carbon atoms in the binder.
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Figure 7. Evolution of the compaction ability of asphalt mixes.

To solve this problem, chemical additives
must be used to modify the bituminous binder
original matrix, and limestone or hydrated lime
added to aggregate gradation, in order to input
electropositive elements in the formulation to
generate dipolar attraction to the Carbon atoms
in the binder. However, none of these solutions
were adopted during this research, in order
to avoid influencing the true behavior of the
materials.

Stripping of the asphalt binder significantly
reduces the mechanical resistance of asphalt
mixes, which can result in losses near the
maximum acceptable standardized threshold of
30% (Fig. 9).

The experimental values of r/R ratio confirm
the decisive role of particle morphology in
the mechanical resistance of asphalt mixes,
as described in section 3.51, particularly
considering that formulation GR presented the
smallest losses when compared to the others. In

the same sense, observed results also verified
that BA overcomes FA, which is less resistant
than FBA.

It is important to remark that, in general,
better r/R ratios were obtained as the asphalt
binder content increased for all formulations.
It follows that the smallest contributor is the
air void volume for a given specimen, making
it more difficult for the water to penetrate and
lodge in the interstitial structure of the material,
thus, reducing the effective deleterious action
of water at the interface of granular-asphalt
binder system.

However, it should also be noted that the
increase of bituminous binder content reduces
the shear resistance of the asphalt mixes, as
demonstrated in section 3.51.

3.5.3 Rutting resistance
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Figure 8. Removal of the asphalt binder coating due to
deleterious action of water.

All asphalt formulations presented rut depths
below 5.0% after 30000 cycles, except BA with
4.70% of asphalt binder content in weight, which
was measured at 7.01% (Fig. 10). The majority of
tested asphalt mixes conform to class 3, i.e., the
noblest for BBSG per standardized thresholds,
whereas BA 4.70% conforms to class 2.

Under conditions of similar bituminous
binder content and taking into account the
morphological aspects of granular particles
in the various asphalt mixes, it is evident that
formulation GR was assessed as possessing
traits consistent with the trends indicated
in subsections 3.51 and 3.5.2, i.e., the best
mechanical performance in general while
FA presented the worst result. BA and FBA
formulations reached similar rut depths after
30000 loading cycles, despite the latter having
demonstrated less resistance to shear forces
along the rutting evolution curves, due to higher

REUSING COAL ASH IN DENSE ASPHALT MIXES

presence of spherical and smooth particles
provided by FA, consistent with the results of
compaction ability tests.

A lubricant effect was also observed for all
formulations relating to rut depth increase, as
verified by compaction ability testsasa reduction
of air void percent and shear resistance.

Rutting resistance also appears to be
influenced by specific area, porosity and size
of the filler particles, an observation that is
consistent with the findings of Muniandy et al.
(2012).

Data presented in Table IV and in Fig. 10
indicate the asphalt mixes that presented filler
fractions with smaller specific areas and bigger
porous volume achieved the best rutting results,
providing greater resistance to loading cycles
and better anchorage of the bituminous binder
to the granular surface, respectively.

The only exception to the general
relationship was observed for the gneissic filler
particles (GR), because despite possessing larger
specific area than BA, some characteristics
such as predominant subangular macrotexture
and rough microtexture, and including a larger
average porous diameter, contribute to superior
results than the other formulations.

The conservative design criterion regarding
the use of 6.0% filler particles under 0.075 mm
was also associated with superior results,
due to reduced influence of spherical and
smooth granulars in the aggregate gradation
arrangement, particularly those from coal ash
fractions. In general, a robust specification of
less than 10% filler particles in asphalt mix
aggregate gradation design has been confirmed
by numerous studies (Hamidi & Motamed
2019, Zulkati et al. 2012, Momm 1998). Based on
experimental observations and assessment of
the physicochemical characteristics of the JLC
coalashes, itisevidentthatinferior results would
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1,0 Figure 9. Ratio r/R
B GR of Duriez test with
0.9 - standard deviation
0,8 T BA of mean (SD) + 2.0%
L . FBA  to4.0%.
0,7
HFA
0,6 -
g 0,57
o
0,4~
0,3+
0,2
0,1 -
0,0
422 4.54 4.70 4.86
Asphalt binder content (%)
likely be obtained if higher filler concentrations Si0,, ALO, and Fe,0,, which implies a

had been adopted.

4. CONCLUSIONS

The physicochemical properties of coal wastes
from thermo power plant (TPP) fly and bottom
ashes were analyzed in comparison to crushed
gneissic massive rock particles, in the context
of filler material for asphalt mix used in
infrastructure design. Experimental results were
analyzed to determine relationships between
physicochemical properties and the mechanical
performance of dense asphalt mix formulations
using coal ashes and gneissic particles as filler
fractions. The following conclusions can be
drawn from the experimental campaign:
Based on the XRF analyses presented in
this study, and results from associated
studies (Oliveira et al. 2012, Carnin et al.
2005, Goncalves 2000), fly and bottom
ashes, as well as the gneissic particles,
are non-hazardous materials and in
conformity with Brazilian environmental
regulations. Additionally, more than 80%
of the mineral composition consists of

An Acad Bras Cienc (2021) 93(Suppl. 4)

- The

strong electronegative characteristic;
Mineralogical characterization (XRD)
revealed that fly and bottom ashes are
predominantly amorphous, and the
typical crystalline phase is formed by
Si0, in mineral forms of Quartz, Mullite,
Hematite and Magnetite, being the
primary constituent of coal ashes;
characteristic influence of
electronegative elements makes both
gneissic and coal ash fillers not receptive
to formation of dipole attractions to
bituminous binders, allied to the inert
behavior of the ashes provided by
the predominant amorphous phase,
promoting bad chemical bonding and
stripping phenomenon, as confirmed by
the Duriez tests. However, these issues
can be easily mitigated in designing
mixtures with suitable electropositive
chemical additives or derivatives of CaO
in the formulation, such as limestone or
hydrated lime;

Compaction ability and rutting tests
demonstrated that despite surface
texture and morphological characteristics
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Figure 10. Rutting evolution of the asphalt mixes.

being more favorable to mechanical
performance of gneissic fillers (GR), the
coal ashes have presented, in general,
very interesting potential for use as
raw material with regards to asphalt
mix formulation design, especially the
bottom ash (BA) and fly/bottom ash
combination (FBA), highlighting the first,
while fly ash (FA) solely did not present
good mechanical performance;

6.0% of filler particles in aggregate
gradation curve have demonstrated
to be suitable for the major part of
the formulations for mix properties
concerning mechanical performance.
Otherwise, the assumed risks of failure are
very high if a higher percent is adopted,
due to variability of their characteristics,
principally morphology.

Based on these findings, the technical
feasibility of reusing coal ashes in asphalt
mix formulations has been demonstrated,
with coal ash being a direct and safe
contribution to preserve the environment,
mitigating the impact derived from

thermal power plant activities while
providing sustainable building materials
to develop infrastructure services.
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