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Abstract: Energy consumption, because of population development, is progressively increasing. For
this reason, new sources of energy are being developed, such as that produced from the combustion of
biomass. However, this type of renewable energy has one main disadvantage, the production of waste.
Biomass bottom ash is a residue of this industry that currently has not much use. For this reason, this
research evaluates its use as a filler in bituminous mixtures, since this sector also has a significant
impact on the environment, as it requires large quantities of raw materials. With this objective,
first, the physical and chemical properties of biomass bottom ashes were evaluated, verifying their
characteristics for their use as filler. Subsequently, bituminous mixtures were conformed with biomass
bottom ash as filler, and their physical and mechanical properties were analyzed through particle
loss and Marshall tests. The results of these tests were compared with those obtained with the same
type of mixture but with conventional and ophite aggregates. This study confirmed that biomass
bottom ash was viable for use as a filler, creating mixtures with a higher percentage of bitumen, better
mechanical behavior, and similar physical properties. In short, more sustainable material for roads
was obtained with waste currently condemned to landfill.

Keywords: biomass bottom ash; energy production; waste-to-energy; discontinuous grading; bitu-
men emulsion; bituminous mixture; filler; circular economy; sustainable construction

1. Introduction

The development of industry has succeeded in improving the welfare of the pop-
ulation. However, this development has also created a negative environmental impact.
Mainly energy generation, for all industrial sectors, is an activity that has a significant
impact on the environment. Therefore, new forms of renewable energy production are
being developed [1].

Among the new renewable energy sources, such as wind and solar, biomass com-
bustion is one of the most promising [2]. So much so that the European community has
increased the production of thermal and electrical energy from biomass in recent years.
More specifically, Andalucia is the Spanish leader in biomass energy production, with
18 plants and more than 257.48 MW of energy generation [3,4]. However, this type of
energy source has some environmental disadvantages that must be overcome, mainly the
generation of waste [5]. In Spain alone, 120,000 tons of waste are produced annually from
biomass combustion [6], with biomass fly ash and biomass bottom ash being the main
by-products produced, 64 and 36%, respectively [7].

Biomass fly ash has been analyzed by different researchers in order to find new
utilization pathways [8]. The main research carried out is based on the use of biomass fly
ash as a partial substitute for cement [8], as an additive in concrete [9], for the manufacture
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of geopolymers [10], as an element for soil improvement for agriculture (thanks to its
chemical composition) [11], and even for nanotechnology [12]. In most cases, the results
obtained were acceptable, and the reuse of a waste condemned to landfill was achieved.

On the other hand, biomass bottom ash has been investigated to a lesser extent and is
currently an unused waste. Some of the little research that has been carried out has been
based on the incorporation of biomass bottom ash for the manufacture of new materials.
Biomass bottom ash has been used, at the research level, as a partial substitute for cement,
as a concrete additive, and for stabilization of expansive soils in road construction [13]. The
results of these investigations showed a decrease in the density of the final product, due
to the reduced density of the ashes, as well as adequate mechanical properties, due to the
increase in pozzolanic activity as a result of their use [14].

At the same time, the construction sector is currently one of the most polluting sectors,
especially in road construction [15]. This is mainly due to the fact that this activity uses
enormous quantities of raw materials, develops production processes with high temper-
atures that are not optimized, and as a consequence, produces considerable greenhouse
gas emissions [16]. In order to solve this environmental problem, several research projects
have been carried out to modify production processes and use waste as raw materials for
this sector [17].

Research into the improvement of production processes is mainly based on the use
of new techniques to reduce the temperature at which bituminous mixes are formed,
as these are the main element in the production of high-quality, comfortable, and safe
roads [18]. Temperature reduction techniques are mainly based on the use of bitumen
emulsions [19], as the mixes are formed with this binder at ambient temperature, thus
avoiding the heating of the bituminous mix at high temperatures by fossil fuels [20].
At the same time, and with the aim of reducing the extraction of raw materials, waste
has been reused for the formation of bituminous mixtures. These wastes include scrap
tires [21], mining waste [22,23], ceramic waste [24], recycled concrete aggregate [25], steel
slags [26-28], recycled glass [29], etc. Most of the investigations concluded that a detailed
study of the physical, chemical, and mechanical properties of the wastes, as well as a
thorough knowledge of the bituminous mixes, led to end products of similar quality to
those made with conventional materials and techniques.

Based on the above, in this research new bituminous mixtures of discontinuous
grading with bitumen emulsion and biomass bottom ash as filler are developed. The
biomass bottom ash comes from the combustion of almond shells and alpeorujo. In this
way, on the one hand, the production process is environmentally optimized by reducing the
conformation temperature; on the other hand, the use of a waste product, such as biomass
bottom ash, avoids the landfilling of this by-product and avoids the extraction of new raw
materials. As a result, the environmental impacts caused by the preparation of bituminous
mixtures are quantitatively reduced. Moreover, the conformation of discontinuous grading
bituminous mixtures with biomass bottom ash and bitumen emulsion produces bituminous
mixtures that are more economical (by reducing the percentage of raw materials), more
sustainable (by using a high percentage of waste), and safer for drivers (by having a high
void content), capable of providing a high macro texture that increases the friction between
the tire and the pavement.

In order to carry out this research, first of all, the biomass bottom ashes were analyzed
chemically and physically, evaluating the critical points they had as well as the particu-
larities that should be taken into account. Subsequently, different bituminous mixtures
were formed with coarse and fine ophite aggregate, biomass bottom ash, and increasing
percentages of binder, bitumen emulsion. Finally, the physical and mechanical properties
of the discontinuous grading bituminous mixtures formed with biomass bottom ash were
evaluated, comparing the results with the same type of mixture formed with limestone filler
and ophite filler. The results of the three types of mixtures were analyzed, evaluating the
advantages produced by the use of biomass bottom ashes as filler in bituminous mixtures
with bitumen emulsion and discontinuous grading.
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The results showed that the use of biomass bottom ash for the conformation of
this type of bituminous mixture produced an increase in the mechanical strength of the
mixture compared to the use of other fillers such as limestone or bitumen, maintaining
similar physical properties and absorbing a higher percentage of bitumen. In short, it was
possible to prove that the use of biomass bottom ash as a filler in discontinuous grading
bituminous mixtures with bitumen emulsion developed sustainable materials, with better
mechanical properties, with similar physical properties and without the extraction of new
raw materials.

2. Materials and Methods

This section describes the materials used, whether waste or commercial materials,
as well as the tests carried out to characterize the biomass bottom ash and the different
bituminous mixtures.

2.1. Materials

The materials used in this research are mainly biomass bottom ash, limestone filler,
ophite filler, ophite aggregate (coarse and fine), and bitumen emulsion. Biomass bottom
ash is the waste that is evaluated in this research. Therefore, first, its origin and general
characteristics are described. Subsequently, and through different tests, it is analyzed
physically and chemically in depth. The rest of the materials is commercial, so this section
describes their origin as well as their general characteristics.

It should be noted that the biomass bottom ash, the limestone filler and the ophite
material were dried at a temperature of 105 &£ 2 °C for 24 h. In this way, it was possible to
eliminate the humidity in them in order not to induce more variables that could disturb
the final results. Nevertheless, the existence of humidity in the commented materials and
during the industrial process would not be detrimental to the final material, it should
simply be taken into account in order to obtain a quality final product.

In turn, it must be mentioned that the biomass bottom ashes were analyzed over time
to corroborate that their physical and chemical properties remained unaltered. This fact
is essential for the reuse, since if this were not the case, the continuous variability of the
properties would lead to the continuous reformulation of the elements of the final product,
obtaining a process of higher economic cost and, in the worst case, a final product of low
quality or variable quality.

2.1.1. Biomass Bottom Ash

Biomass bottom ash, or BBA, belongs to the biomass power generation industry,
located in the region of Andalucia, Spain. These biomass bottom ashes come from the
combustion of almond shells and alpeorujo.

The ashes have a continuous grading in which mainly small-sized particles are present.
However, larger particles up to 8 mm are also present. Due to the biomass used, the
crushing of the ashes to obtain a quality filler is simple, being a low-cost process due to the
low mechanical resistance of the biomass bottom ash. Consequently, the biomass bottom
ash was crushed and sieved through a 2 mm sieve, obtaining a reduced particle size, which
is shown in the Results section.

2.1.2. Limestone Filler

The limestone filler used to compare the properties of bituminous mixtures made with
biomass bottom ash comes from the region of Andalucia, Spain. This filler is usually used
in bituminous mixtures, due to its small particle size as well as its excellent compatibility
with the binder because of its chemical composition.

Limestone filler is derived directly from the crushing of calcareous rocks. Limestone
is a sedimentary rock composed mainly of calcium carbonate (CaCQOj3), generally calcite,
although it frequently contains traces of magnesite (MgCO3) and other carbonates. It may
also contain small amounts of minerals such as clay, hematite, siderite, quartz, etc., which
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modify (sometimes noticeably) the color and degree of coherence of the rock. This type of
rock is mainly used for construction materials.
The general properties of limestone filler are shown in Table 1.

Table 1. Physical properties of limestone filler.

Test Standard Value/Unit
Particle density UNE-EN 1097-7 [30] 2.62 £ 0.07 t/m>
Bulk density UNE-EN 1097-3 [31] 0.70 + 0.01 t/m3

Plasticity index UNE-EN ISO 17892-12 [32] 4.1+ 0.1%

2.1.3. Ophite Aggregate and Filler

The ophite aggregate is the one used as coarse and fine aggregate in all the bituminous
mixtures conformed in this research. This fact is due to its excellent mechanical strength
and particle shape, so its use in bituminous mixtures of discontinuous grading is excellent,
since the compressive loads are resisted mainly by the friction of the aggregates. In turn,
this type of aggregate also produces an ophite filler, used in this research to compare the
results of mixtures made with biomass bottom ash. The ophite aggregate and filler come
from the region of Andalucia, Spain.

These materials come from the rock called ophite. Ophites are, from a geological point
of view, rocks of a subvolcanic nature coming from magmas that did not fully reach the
surface, solidifying at shallow depths. They have intermediate characteristics between
plutonic and volcanic rocks, so they belong to a special petrographic group. They are
usually found embedded mainly in sedimentary rocks, although they have also been found
in metamorphic and igneous rocks. Ophites are mafic rocks, of basaltic composition and
are composed mainly of silicate minerals called pyroxenes and plagioclase, with some
potassium feldspar, olivine, quartz, or feldspathoids. The way its mineral components are
arranged, that is to say, its texture is called ophitic and consists of presenting a framework
of pyroxene crystals including disoriented tabular crystals of plagioclase.

The main properties of the ophite filler and aggregate are presented in Table 2.

Table 2. Physical and mechanical properties of ophite aggregate and fillers.

Ophite Filler

Test Standard Value/Unit
Particle density UNE-EN 1097-7 [30] 2.71 £+ 0.07 t/m°>
Bulk density UNE-EN 1097-3 [31] 0.65 + 0.02 t/m?3

Plasticity index UNE-EN ISO 17892-12 [32] 22 +0.1%

Ophite aggregate
Test Standard Value/Unit
Resistance to fragmentation UNE-EN 1097-2 [33] 14 + 1%
Resistance to freezing and thawing UNE-EN 1367-1 [34] 0.865 + 0.022%
Polished stone value UNE-EN 1097-8 [35] 57+ 2

2.1.4. Bitumen Emulsion

The binder is one of the main elements in bituminous mixtures. In order to minimize
the environmental effects of the conformation of bituminous mixtures, bitumen emulsion
is used as a binder in this research. The use of this type of binder has a main advantage
over others, which is that it is formed at room temperature, since it is not necessary to raise
the temperature of the bituminous mixture to high temperatures to obtain the mixture.

The bitumen emulsion is mainly composed of water and bitumen. Both elements
are immiscible, so it is necessary to carry out a process in which they are homogeneously
mixed and an emulsifier is added to prevent the separation of the aforementioned elements.
The nature of this emulsifier is essential, since it must react with the aggregate of the
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bituminous mixture producing the breaking of the emulsion. When the emulsion breaks,
the bitumen envelops the aggregate, and the water is free to evaporate by natural processes.
Therefore, the chemical nature of the emulsifier and the emulsion must be compatible
with the aggregate for this process to occur. In this case, and due to the fact that the main
element is the ophite aggregate, the emulsion selected is of a cationic nature. This type of
emulsion reacts adequately with the composition of the ophite aggregate.

At the same time, the emulsion must have an adequate breaking time, otherwise
the mixing and spreading times on the infrastructure would be unacceptable. Emulsions
are classified according to their breaking time as fast, medium, and slow. This factor is
mainly conditioned by the percentage of fine aggregate and filler. Specifically, and due
to the fact that the bituminous mixture developed in this research has a discontinuous
grading in which the percentage of fine aggregate and filler is reduced, an emulsion with
medium breaking time was used. If, on the other hand, the percentage of fines is high, an
emulsion with a slow breaking time should be used to allow an adequate mixing time for
coating all the aggregates. In short, the emulsion chosen is a medium cationic emulsion,
designated according to European standards as C60BF3 MBA. However, the compatibility
of this emulsion with the aggregates will be studied in the methodology.

Table 3 shows the general characteristics of the C60BF3 MBA emulsion.

Table 3. Technical details of the bitumen emulsion C60BF3 MBA used.

Characteristics Unit Standard Min. Max.
Original Emulsion
Particle polarity - UNE EN 1430 [36] Positive
Breaking value (Forshammer filler) g UNE EN 13075-1 [37] 70 155
Binder content (per water content) % UNE EN 12846-1 [38] 58 62
Qil distillate content % UNE EN 1431 [39] - 5
Efflux time (2 mm; 40 °C) s UNE EN 12,846 [40] 40 130
Residue on sieving (0.5 mm) Y UNE EN 1429 [41] - 0.10
Setting tendency (7 days storage) % UNE EN 12,847 [42] - 5
Water effect of binder adhesion % UNE EN 13,614 [43] 920 -
Binder after distillation (UNE EN 1431 [39])
Penetration (25 °C; 100 g; 5 s) 0.1 mm UNE EN 1426 [44] - 220
Softening point °C UNE EN 1427 [45] 35 -
Evaporation residue (UNE EN 13074-1 [46])
Penetration (25 °C; 100 g; 5 s) 0.1 mm UNE EN 1426 [44] - 330
Softening point °C UNE EN 1427 [45] 35 -
Stabilizing residue (UNE EN 13074-2 [47])
Penetration (25 °C; 100 g; 5 s) 0.1 mm UNE EN 1426 [44] - 220
Softening point °C UNE EN 1427 [45] 35 -

2.2. Methodology

The methodology followed in this research is based on a series of logically ordered
tests to evaluate the physical and chemical suitability of biomass bottom ash for use as a
filler in bituminous mixtures. Subsequently, different types of discontinuous granulometry
bituminous mixtures are made with bitumen emulsion and biomass bottom ash filler.
Additionally, the same type of bituminous mixture is made with limestone filler and ophite
filler, in order to compare the physical and mechanical properties of the mixtures obtained
through different tests and to objectively analyze the improvements produced by the use
of ashes. The methodology is described in detail in the following sections.
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2.2.1. Characterization of Biomass Bottom Ash

Firstly, it is essential to chemically and physically characterize the biomass bottom ash
in order to analyze, on the one hand, the elements and chemical compounds present in it
and, on the other hand, the physical properties that corroborate its suitability as a filler
in bituminous mixtures. The biomass bottom ash samples for the subsequent tests were
prepared as described in the materials section.

The first of the tests performed is the X-ray fluorescence test, because the biomass
bottom ash comes from a combustion process, and it is assumed that the nature of the
sample will be mainly inorganic. Therefore, the X-ray fluorescence test was performed
with the commercial ADVANT XP+ (AD-VANT’XP+, Thermo Fisher, Waltham, MA, USA)
to detect the presence of the higher atomic weight chemical elements.

It should be noted that the X-ray fluorescence test is an elemental analysis, i.e., it pro-
vides the chemical elements present in the sample as well as the proportion in which they
are found. However, the chemical elements have greater or lesser activity depending on
the chemical compound in which they are combined. Therefore, it is essential to determine
the main chemical compounds present in the sample. These chemical compounds are
determined in this research through the X-ray diffraction test. Powder X-ray diffraction is
a very powerful technique capable of evaluating (identifying, quantifying, and studying)
the crystalline phases present in any type of material, whether natural or synthetic, as well
as determining the crystalline structure of solids. This test was carried out with the equip-
ment model X'Pert PRO of the commercial brand PANalytical (X'Pert PRO, PANalytical,
Malvern, UK).

In turn, the utilization of an industrial waste must avoid environmental pollution
caused by its disposal in landfills. Therefore, in order to evaluate that this fact occurs, in this
research, the biomass bottom ash leachate is analyzed according to the UNE-EN 12457-3
standard [48]. In this way, it is possible to confirm that the concentration of contaminating
elements in the biomass bottom ash leachate are lower than the limits established by the
regulations, and consequently, the use of this waste is viable for bituminous mixtures. For
this purpose, the dry mass used was 0.175 kg, and the following two steps were carried out.
First, a quantity of lixiviant (deionized water) was added to obtain a ratio L/S =2 L/kg,
and then stirred for 6 h at a speed of between 5 and 10 revolutions/minute. Finally, the
sample was filtered through a 0.45 um filter. Secondly, deionized water was added on
top of the previous sample until a L/S ratio = 10 L/kg was achieved. The sample was
then shaken for 18 h and finally filtered through 0.45 pm filters. The sample obtained was
analyzed for the determination of the concentrations of the pollutants. For the analysis of
the leachate, the commercial equipment Agilent 7900 (7900, Agilent, Santa Clara, CA, USA)
was used.

After analyzing the chemical composition of the biomass bottom ash and evaluating
its chemical suitability for use as a filler in bituminous mixtures, the general physical
properties of the ash were determined to corroborate its suitability.

The first of the grading tests was the determination of the grading curve, since the
ashes will be used as filler in bituminous mixtures and must have a small particle size. This
test, using the laser particle size test technique, can detect particles between 1 and 2000 mi-
crometers in size. The Mastersizer 2000LF (Mastersizer 2000LF, Malvern Instruments,
Malvern, UK) was used for this test.

Subsequently, in order to obtain qualitative information on the surface of the particles,
a scanning electron microscope test was performed on the biomass bottom ash. In this way,
the surface of the ashes could be observed, and thanks to the high magnifications of this
instrument, the presence of micropores that significantly influence the specific surface of
the biomass bottom ashes could be detected. The scanning electron microscope used was a
high resolution (FESEM) MERLIN (Carl Zeiss, Oberkochen, Germany) with EDX and WDX
(Oxford Analytical, High Wycombe, UK) capabilities.

Finally, the main physical properties that make it possible to evaluate the suitability of
a filler, as well as the special care that must be taken in its use, were determined by means
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of three tests. These tests are the particle density test, according to the UNE-EN 1097-7
standard [30], to evaluate whether the ash density is similar to that of a commercial filler;
the kerosene bulk density, according to the UNE-EN 1097-3 [31] standard, to determine
whether the residue is pulverulent; and finally, the plasticity index test, according to
the UNE-EN ISO 17892-12 [32] standard, to determine whether the percentage of clayey
particles is high and could cause subsequent expansivity problems.

2.2.2. Conformation of Bituminous Mixtures and Tests

Once the chemical and physical characteristics of the biomass bottom ash had been
analyzed, the different bituminous mixtures were formed. First, the grading curve of the
bituminous mixtures was established. This grading curve is composed of ophite aggregate
(coarse and fine) and three different types of filler (limestone AOFC, ophite AOFO, and
biomass bottom ash AOFA). These families of mixtures are manufactured in order to
evaluate the goodness of incorporation of biomass bottom ash. The constituent materials
of each family of bituminous mixtures, as well as the acronyms used for their subsequent
mention, are detailed in Table 4.

Table 4. Materials conforming the different bituminous mixtures developed.

Materials AOFC AOFO AOFA

Coarse aggregate Ophite Ophite Ophite

Fine aggregate Ophite Ophite Ophite
Filler Limestone Ophite Biomass bottom ash

The grading curve of the bituminous mixtures developed should be within the grading
envelope established by the Spanish regulations, Order of 2 July 1976 [49]. In order not
to induce more variables that could affect the results, the grading curve used was the
intermediate one of the grading envelopes for the three families of mixes manufactured.
The grading curve of the three families of mixtures is detailed in Figure 1.

DISCONTINUOUS GRADING BITUMINOUS MIXTURE

100 - , -
90
2 80
@ 70 - - —
< /f
& 60 /
< 4
¥ 50 Ili
w
= 40 H — H >
z /
20 = - : iy
2 /5
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r/wd
0.01 01 1 10 100
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Figure 1. Grading curve of the AOFC, AOFO, and AOFA families of bituminous mixtures.

After defining the grading curve, the percentage of bitumen emulsion to be added to
form the bituminous mix is calculated. It should be noted that the percentage of emulsion
corresponds to a percentage of bitumen. This percentage of bitumen is the one that will
exist in the mixture after the bituminous mixtures curing, that is, after the breaking of the
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emulsion, the separation of water and bitumen from the emulsion, and the evaporation
of the water with the acquisition of the final characteristics of the bituminous mixture.
The calculation of the percentage of residual bitumen from the percentage of emulsion is
simple, since knowing the technical characteristics of the emulsion you can calculate the
percentage of bitumen it contains. In this case, the bitumen emulsion used, C60BF3 MBA,
contains 60% bitumen.

To calculate the bitumen percentage of the bitumen emulsion, the empirical formula
provided by ATEB, Technical Association for Bitumen Emulsions [50], in its good practice
guide for this type of bitumen emulsion is used. This formula [50] is based on the specific
surface area of a conventional aggregate and is detailed below:

BR = (K/100) - (1.5A + 2.5B + 4C + 6D + 9E + 12F)

where:

BR = Proportion of residual bitumen on the dry mass of the aggregates.
K = Coefficient of enrichment, the value of which is 1 in the wearing course and 0.9 in
the lower course.
A = Proportion of aggregates retained by the sieve UNE 20 mm.
B = Proportion of aggregates passing through the sieve UNE 20 mm and is retained
by the sieve UNE 8 mm.

e C =Proportion of aggregates passing through the sieve UNE 8 mm and is retained by
the sieve UNE 4 mm.

e D = Proportion of aggregates passing through the sieve UNE 4 mm and is retained by
the sieve UNE 2 mm.

e  E =Proportion of aggregates passing through the sieve UNE 2 mm and is retained by
the sieve UNE 0.063 mm.

e F =Proportion of aggregates passing through the sieve UNE 0.063 mm.

According to the empirical formula detailed above, the percentage of residual bitumen
for the three families of bituminous mixtures is 3.9% over aggregate, corresponding to
an emulsion percentage of 6.5% over aggregate. Once the initial bitumen and bitumen
emulsion percentages were determined, the families of bituminous mixtures were formed
with increasing emulsion percentages of 0.5% from the initial percentage determined. These
mixtures were evaluated by means of the binder drainage test, according to the UNE-EN
12697-18 standard [51]. The purpose of this test is to obtain the percentage of bitumen that
produces binder drainage problems, and consequently, its use would produce problems
in the bleeding infrastructure and plastic deformations with high probability. Therefore,
the first percentage of emulsion of each mix family that produces binder drainage will
be the limiting one, this percentage not being suitable and using as maximum just the
previous one.

Subsequently, and in order to evaluate the compatibility of the bitumen with the
bitumen emulsion, the coating test was carried out according to the NLT-196/84 stan-
dard [52], for all the emulsion percentages studied above and for the three families. In
this way, the percentage of aggregate covered by the emulsion can be evaluated. This
simple test provides important qualitative information on the expected behavior of the
bituminous mixture.

Once the viable emulsion percentages were determined for the three asphalt mixtures
(AOFC, AOFO, and AOFB), these being the maximum emulsion percentages that do not
produce binder drainage problems, the different families of mixtures were formed with this
emulsion percentage and the defined particle size. It should be noted that the maximum
percentage that does not produce binder drainage problems has been selected as the
optimum emulsion percentage. This is because the binder, together with the filler, produces
the mastic of the bituminous mixes. This mastic is in charge of coating the aggregates and
supporting the repeated tensile loads. Consequently, a higher percentage of bitumen will
create a more elastic and better-quality mastic for a longer working life.
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The test samples manufactured for the subsequent tests, from each family and with the
maximum percentage of bitumen emulsion, were Marshall test samples. These test samples
were manufactured with the established percentages of each material and according to the
standard UNE-EN 12697-30 [53], being compacted with 50 blows per face. Subsequently,
the test samples were subjected to a curing process to eliminate water from the bitumen
emulsion. This process consisted of curing for 2 days at a temperature of 75 - 2 °C and
5 more days at a temperature of 90 & 2 °C, confirming that there was no binder runoff
during curing.

After curing, the test samples were stripped and subjected to a series of physical tests
to determine the general physical properties of the families of bituminous mixtures made
with limestone filler, ophite, and biomass bottom ash. The first test samples were tested for
maximum density, according to standard UNE-EN 12697-5 [54]; bulk density, according to
standard UNE-EN 12697-6 [55]; and voids content in the mixture, according to standard
UNE-EN 12697-8 [56].

Subsequently, in order to determine the resistance of the bituminous mixtures to
fracture and aggregate pull-out, the particle loss of porous asphalt specimens was tested
in accordance with standard UNE-EN 12697-17 [57] for all families of mixtures. In turn,
in order to evaluate the influence of water on the bituminous mixture and, consequently,
to determine the compatibility between the aggregate and the emulsion, the same type of
test was carried out with immersion in water at 45 4= 1 °C for 24 h, according to standard
NLT-362/92 [58].

In this way, the quality of the mastic conformed with the filler and bitumen of the
emulsion could be determined. However, due to the incorporation of high percentages of
bitumen, the problem of plastic deformations in the infrastructure can occur. To avoid this
and to quantify the resistance of the mix at high temperatures, the Marshall test was carried
out in accordance with the UNE-EN 12697-34 standard [59]. This test consists of subjecting
the manufactured samples of each family to a temperature of 60 & 2 °C for a determined
period of time and then testing them in indirect traction to determine their resistance.

Finally, the results obtained from the different families of bituminous mixtures (AOFC,
AQOFO, and AOFA) were compared, obtaining the differences between the physical and
mechanical properties and, consequently, the suitability of biomass bottom ash as a filler
for bituminous mixtures.

3. Results

The results of the tests mentioned in the methodology, as well as their discussion, are
shown in the following sections.

3.1. Characterization of Biomass Bottom Ash

First, the chemical and physical characterization of the biomass bottom ash was carried
out. As mentioned above, biomass bottom ash is a mainly inorganic material. Therefore, it
is essential to perform the X-ray fluorescence test in order to identify the chemical elements
of higher atomic weight that exist in the sample. The X-ray fluorescence test results, in the
form of oxides, in the biomass bottom ash from this research, and other biomass bottom
ashes that are derived from similar biomass [60], olive-pruning remains and vegetable-fat
wastes, are shown in Table 5.

The X-ray fluorescence test reflects a high percentage of potassium. This is to be
expected, taking into account that the biomass bottom ash analyzed comes from the
combustion of almond shells and alpeorujo. This high percentage of potassium conditions
further research into the use of ash as a fertilizer. At the same time, elements such as
calcium, silicon, magnesium, and phosphorus are substantially present in the sample.
These chemical elements are common in the biomass bottom ashes analyzed by different
authors [60] and do not pose a problem in themselves; moreover, they will condition the
desired cementitious characteristics of the ashes corroborated in different investigations.
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In addition, there are also percentages of sulfur and chlorine, which were subsequently
analyzed by leachate tests to determine whether contaminating leachates are produced.

Table 5. X-ray fluorescence results of biomass bottom ash from this research and biomass bottom ash
from the combustion of olive-pruning remains and vegetable-fat wastes [60].

U SN |

Compound BBA, Wt. % BBA [60], Wt. %
K,O 45.2 +0.25 16.47 £ 0.19
CaO 8.98 +£0.14 2529 +0.22
SiO, 8.96 +0.14 26.21 +0.22
SO;3 6.43 + 0.12 0.420 4+ 0.021

Cl 472 +£0.11 0.1750 + 0.0087
MgO 4.04 £0.1 7.58 £0.13
P,05 3.56 + 0.09 6.03 +0.12
ALOs 1.64 +0.06 454 £0.10
Fe, O3 0.864 4+ 0.043 1.97 + 0.07
Na,O 0.623 £+ 0.031 0.274 4+ 0.024
ZnO 0.197 4+ 0.0098 0.0099 + 0.0021
TiO, 0.0728 + 0.0036 0.240 4+ 0.012

SrO 0.0533 + 0.0027 0.1340 + 0.0067
MnO 0.0312 + 0.002 0.1010 + 0.0050
Rb,O 0.0237 + 0.0037 -

NiO 0.0221 + 0.0016 0.0277 £ 0.0015
CuO 0.0207 + 0.0021 -
Cr,O3 0.0105 =+ 0.002 0.0137 4+ 0.0018

It should be noted that chemical elements have greater or lesser activity, and even
produce lesser or greater contamination, depending on the chemical compound in which
they are combined. Therefore, it is essential to determine the chemical compounds present
in the sample. This analysis is carried out by means of the X-ray diffraction test, reflecting
the results shown in the diffractogram in Figure 2.

Zincite 2516 %
K2C03*1.5H20  1.70°
Sylvite 871%

Hydroxilapatite ~ 8.83 %
Int Amor 37.31%

Ao e T L T T T
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Figure 2. Results of X-ray diffraction of biomass bottom ash.

The diffractogram of the biomass bottom ash shows a high content of amorphous or
non-diffracting material. The main phases identified are silicates, potassium carbonate,
sylvite, and arcanite. The silicates present seem to be responsible for providing the cemen-
titious characteristics of the biomass bottom ashes corroborated by different investigations.
In addition, the existence of potassium carbonate ensures the dimensional stability of the
ashes, with no expansivity problems. This is because the expansivity occurs during the car-
bonation process and not afterwards. The existence of sylvite and arcanite coincides with
the results obtained in the X-ray fluorescence test, since previously a significant percentage
of chlorine and sulfur could be observed.

The last of the chemical tests is the leachate test, since although there are no significant
percentages of heavy metals in the biomass bottom ash, there are other elements such as
sulfur and chlorine that must be controlled in order not to cause significant environmental
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problems. The results of the leachate test, carried out according to the standard mentioned
in the methodology, are shown in Table 6.

Table 6. Concentration of chemical elements in biomass bottom ash leachate compared to regulatory
limits, UNE-EN 12457-3 standard.

Element BBA, ug/kg Maximum Limits, ug/kg
Ba 182 +5 17,000
Cd 2+1 9
Cr 2+1 500
Mo 1+1 500
Ni 9+1 400
Pb 1+1 500
Se 2+1 100
\Y 3+1 1300
Zn 12+1 1200
As 2+1 500
Cu 9+1 2000
Hg - 10
Sb 1+1 60

Chloride 134,000 £ 3000 800,000

Sulfates 86,000 £ 3000 377,000

The leachate test shows that the concentration of the pollutant elements set is below
the limits established by the Spanish-European regulations for waste [61]. It should be
noted that the chlorine and sulfur elements detected in the X-ray fluorescence and X-ray
diffraction tests have resulted in reduced leaching of chlorides and sulfates. Heavy metals
are found in low concentration, mainly because these elements are difficult to find in the
biomass used.

Once the physical properties of the biomass bottom ashes were analyzed, the physical
properties of the ashes were determined. The first of the tests carried out was the determi-
nation of the grading curve by means of the laser particle size test. The grading curve of
the biomass bottom ash, after treatment, is shown in Figure 3.

BIOMASS BOTTOM ASH GRADING CURVE

100

80 - | | [/
/
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40
30 H

20 //
10 o’
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0.1 1 10 100 1000
PARTICLE SIZE, pm

% OF MATERIAL PASSING

Figure 3. Biomass bottom ash grading curve.

The grading curve of biomass bottom ash represents a continuous grading. Particles
smaller than 0.063 mm represent a percentage higher than the 70% established by European
regulations, and there are no particles larger than 2 mm. Therefore, and based on the
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grading curve analyzed for the biomass bottom ash, it can be stated that the grading curve
of the ashes after treatment is suitable for use as a filler in bituminous mixtures.

Subsequently, in order to characterize the surface of the biomass bottom ashes at high
magnifications and to provide valuable qualitative information, the ashes were analyzed by
scanning electron microscopy. The images obtained from the scanning electron microscope
are shown in Figure 4.

¢

-
h |
L e ‘ 4
Sy HV det |mode WD mag B HFW curr
s 5.00 kv ETD|SE  10.2mm 12000 x 17.3 pm | 0.40 nA

Figure 4. Scanning electron microscope images of biomass bottom ash at different magnifications in the secondary option.

(a) 3000X. (b) 12000X.

Scanning electron microscope images of biomass bottom ash reflect a very irregular
ash surface. Micropores and cavities abound on the surface of the ashes, which have a
significant influence on the higher specific surface area. The existence of a higher specific
surface conditions a higher bitumen absorption in bituminous mixtures. As a result, a
higher quality mastic is formed, capable of enveloping the aggregates and making possible
the tensile strength of the bituminous mix. In turn, a higher percentage of bitumen also
conditions a longer service life, since there is a higher proportion of mastic capable of
withstanding repeated traffic loads.

On the other hand, in order to fully determine the physical properties of the biomass
bottom ash, particle density, bulk density in kerosene, and plasticity index tests were
carried out, according to the standards mentioned in the methodology. The results of these
tests are shown in Table 7.

Table 7. Density and plasticity tests for the fine portion of biomass bottom ash.

Test Standard Value/Unit
Particle density UNE-EN 1097-7 [30] 2.54 4+ 0.07 t/m3
Bulk density UNE-EN 1097-3 [31] 0.45 4+ 0.01 t/m3
Plasticity index UNE-EN ISO 17892-12 [32] No plasticity

The particle density of biomass bottom ash is similar to that of a commercial filler,
2.65 t/m3. Therefore, it is not necessary to correct the volumetric dosage of ash as a
filler, and its incorporation is similar to that of other conventional materials. The bulk
density in kerosene, although complying with the limits established by the regulations,
shows the high specific surface area of biomass bottom ash compared to other commercial
fillers, which obtain bulk densities around 0.7 t/m3. This lower density, as detailed above,
influences a higher percentage of bitumen absorption, since a greater mass of binder is
necessary to cover the entire specific surface of the biomass bottom ash. This fact, far from
being a problem, leads to the creation of a higher quality mastic, due to the cementitious
properties of the ashes and the higher percentage of bitumen, conditioning a higher tensile
strength of the bituminous mix under repeated traffic loads, fatigue. Finally, the plasticity
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index shows the non-existence of clayey particles that could cause subsequent expansivity
problems, since the result is null. This is to be expected if one takes into account the
cementitious properties of biomass bottom ashes corroborated by different authors.

Based on the results of the chemical and physical characteristics of biomass bottom
ashes, it can be affirmed that their use as filler in bituminous mixtures is acceptable
according to Spanish-European regulations.

3.2. Conformation of Bituminous Mixtures and Tests

After analyzing the chemical and physical properties of the biomass bottom ash, the
different bituminous mixtures were made with the three types of filler defined in Table 4
and with the particle size detailed in Figure 1. The bituminous mixtures were made with
increasing percentages of 0.5% of emulsion from 6.5% on aggregate, fixed by the ATEB
equation, up to the production of binder drainage. The results of the binder drainage test
are shown in Table 8.

Table 8. Binder drainage test for different bituminous mixes (AOFC, AOFO, and AOFA) with increasing emulsion percentages.

% of Bitumen Emulsion on Aggregate

Famlly 6.50% 7% 7.50% 8% 8.50% 9%

AOFC Acceptable Acceptable Unacceptable Unacceptable Unacceptable Unacceptable
AOFO Acceptable Acceptable Unacceptable Unacceptable Unacceptable Unacceptable
AOFA Acceptable Acceptable Acceptable Acceptable Acceptable Unacceptable

The results of the binder drainage test show that the bituminous mixtures made with
limestone filler (AOFC) and ophite filler (AOFO) absorb a maximum percentage of bitumen
emulsion of 7% of aggregate, 4.2% of bitumen, without causing bleeding problems. On the
other hand, the bitumen emulsion mixture made with biomass bottom ash filler (AOFA)
absorbs a higher percentage of bitumen emulsion, that is, 8.5% of aggregate, or 5.1% of
residual bitumen. This fact corroborates the results of the bulk density tests in kerosene
and scanning electron microscopy, which showed a higher specific surface area of the
ashes. This higher percentage of bitumen will condition a better tensile behavior of the
bituminous mixture made with biomass bottom ash; however, plastic deformations should
be evaluated to prevent the higher percentage of bitumen from causing this problem.

Subsequently, the coating test was carried out to determine the compatibility of the
aggregates with the emulsion. Initially, the coating test was performed for the AOFA mixes
up to the acceptable percentage determined above and immediately above. The images of
the coating test are shown in Figure 5.

The coating test of the asphalt mixtures made with biomass bottom ash filler (AOFA)
shows how the complete covering of the aggregate by the emulsion occurs from a percent-
age of 8%, corroborating the existence of a higher specific surface area of the ashes and,
consequently, the need for a higher percentage of emulsion.

The coating test for the families of bituminous mixtures made with limestone filler
(AOEFC) is shown in Figure 6.

The coating test for the AOFC bituminous mix shows that from the initial emulsion
percentage of 6.5% there is a complete covering of the aggregate by the emulsion, accepting
only an increase in emulsion percentage of 0.5%. The coating tests for this family and for
all the emulsion percentages evaluated are acceptable.

Finally, the coating test for the bituminous mixture made with ophite filler is shown
in Figure 7.
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Figure 5. Coating test of bituminous mixtures conformed with ophite coarse and fine aggregate and biomass bottom ash
filler AOFA. (a) 6.5% residual bitumen, (b) 7% residual bitumen, (c) 7.5% residual bitumen, (d) 8% residual bitumen, (e) 8.5%

residual bitumen, and (f) 9% residual bitumen.

a)

b)

1cm
s 4

Figure 6. Coating test of bituminous mixtures conformed with ophite coarse and fine aggregate and limestone filler AOFC.
(a) 6.5% residual bitumen, (b) 7% residual bitumen, (c) 7.5% residual bitumen.

The coating test of the bituminous mixture made with ophite filler shows, like the
one made with limestone filler, that the coating of the aggregate by the emulsion is ad-
equate in all percentages. Consequently, the same conclusions can be obtained as those
detailed above.

Based on the results obtained, test samples of Marshall type bituminous mixtures
were conformed with the maximum emulsion percentages that did not produce bleeding of
bitumen, since, as could be seen with the coating test for all these emulsion percentages, the
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covering of the aggregate by the emulsion was optimal in the three families. The bitumen
emulsion and residual bitumen percentages are shown in Table 9.

c)

1cm
s 4

Figure 7. Coating test of bituminous mixtures conformed with ophite coarse and fine aggregate and ophite filler AOFC. (a)
6.5% residual bitumen, (b) 7% residual bitumen, (c) 7.5% residual bitumen.

Table 9. Optimum percentage of emulsion and residual bitumen for AOFC, AOFO, and AOFA

bituminous mixes.

Family % Emulsion on Aggregate % Bitumen on Aggregate
AOFC 7 4.2
AOFO 7 4.2
AOFA 8.5 51

Once the optimum bitumen emulsion percentages were defined for each family of
bituminous mixtures, several test samples of each family were manufactured with the
grading defined in Figure 1 and the percentage of binder determined in Table 9. These
Marshall type test samples were manufactured and cured according to the procedure
described in the methodology. The test samples from each family were physically and
mechanically characterized, showing the results for the tests detailed in the methodology
shown in Table 10.

Table 10. Physical and mechanical tests of the different families of specimens made with the three fillers, AOFC, AOFO,

and AOFA.
Test Standard AOFC AOFO AOFA
Bitumen emulsion, % - 7 7 8.5
Bitumen, % - 4.2 4.2 5.1
Maximum density, kg/ m3 UNE-EN 12697-5 [54] 2640 + 65 2641 £ 65 2625 + 62
Bulk density, kg/ m3 UNE-EN 12697-6 [55] 2461 + 88 2460 + 87 2453 + 87
Void content, % UNE-EN 12697-8 [56] 6.77 +0.25 6.87 £ 0.24 6.57 + 0.23
Particle loss, % UNE-EN 12697-17 [57] 83+3 89+3 93 +4
Particle loss with immersion, % NLT-362/92 [58] 76 £2 80+ 3 86+ 3
Marshall Resistance, N UNE-EN 12697-34 [59] 7671 £ 274 8598 + 280 10,325 + 368

As can be seen, the density of the bituminous mixtures conformed with ophite filler
(AOFO) is higher than that of the other bituminous mixtures, but very similar to the
bituminous mixtures conformed with limestone filler (AOFC). This is due to the fact that
the density of the ophite filler is higher than that of the other aggregates and that the
percentage of filler in the mixture is very small, so that the mixture with limestone filler
obtains similar results. In turn, the bituminous mixture conformed with biomass bottom
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ash filler (AOFA) has a lower maximum density than the other two types of mixtures, due
to the lower density of the ashes and the higher percentage of binder.

The bulk density of the bituminous mixtures is the density taking into account the air
voids in the mixture. In this case, the three bituminous mixtures obtain very similar results,
highlighting the lower density of the mixture conformed with biomass bottom ash (AOFA).
This density reflects that the compactibility of the bituminous mixtures is similar, so it will
directly influence the voids content of the bituminous mixture.

Consequently, the void content of the three families of bituminous mixtures is similar,
since the variations in the results obtained are minimal. This fact reflects that the incorpo-
ration of a higher percentage of emulsion in the mixture with biomass bottom ash filler
(AOFA), as well as its lower density, does not negatively influence the production of a
more closed bituminous mixture. Therefore, it can be stated that with these conditions, the
AOFA bituminous mixture manages to obtain physical properties similar to traditional
bituminous mixtures, since the void content is the most important physical property to
be taken into account. This fact derives from the fact that the percentage of voids in the
mix influences drainage, pavement friction, and even noise absorption. However, this high
void content can cause cracking of the bituminous mix, and even the aggregates to pull
out if the mastic formed is not of sufficient quality to hold the coarse aggregates together.
Therefore, it is essential to carry out the particle loss test to corroborate that there are no
problems of this type. In addition, in order to evaluate the mastic under adverse conditions
and the effect of water on the bituminous mix, the same particle loss test was performed
after immersing the test samples in water at a temperature of 45 + 1 °C for 24 h.

Spanish regulations stipulate that the particle loss test results must be less than 25% to
be acceptable; consequently, all families of bituminous mixtures provide adequate results
with and without immersion. The lower percentage of particle loss of bituminous mixtures
made with biomass bottom ash filler is noteworthy. This is because the higher percentage of
emulsion that is capable of absorbing the ashes, as well as the cementitious characteristics
corroborated by different authors, leads to the creation of mastic of a higher quality capable
of enveloping and holding the aggregates together.

However, a higher percentage of bitumen can condition the production of plastic
deformations in the bituminous mix. This is totally unacceptable and would render the
infrastructure unusable. To avoid the production of plastic deformations, the Marshall test
was carried out on all the families of bituminous mixtures.

The Marshall stability or resistance of the family of bituminous mixtures made with
biomass bottom ash filler (AOFA) is higher than that obtained with the other types of
filler, indirectly reflecting the cementitious characteristics of the biomass bottom ash. Con-
sequently, the higher percentage of bitumen of the AOFA family, absorbed by the ashes,
develops better fracture behavior and plastic deformations than the other commercial
fillers, providing in turn a higher resistance to repeated traffic loads thanks to a higher
quality mastic. It should be noted that all the samples have acceptable Marshall resistance
values, since the values obtained are higher than the 7.5 kN established by the standards.

In short, it can be stated that bituminous mixtures of discontinuous grading with
bitumen emulsion and biomass bottom ash have a higher percentage of bitumen, allowing
a better performance in the particle loss test, greater Marshall stability, and physical
properties similar to those obtained with commercial fillers.

4. Conclusions

The results of the tests mentioned in the methodology lead to a series of partial
conclusions that converge in the verification of the final hypothesis. The final hypothesis of
this research is the study of the viability of biomass bottom ashes as filler in bituminous
mixtures of discontinuous grading and bitumen emulsion. Therefore, we proceed to define
the partial conclusions:

e  The chemical composition of biomass bottom ash reflects that it is a mainly inorganic
material, with a low percentage of organic matter. The main chemical elements are
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potassium, calcium, silicon, sulfur, chlorine, magnesium, and phosphorus, these
elements being usual in other types of biomass ashes.

e The main chemical compounds of biomass bottom ash are silicates, potassium car-
bonate, sylvite, and arcanite. These compounds are responsible for the cementitious
properties discussed by different authors.

e  The biomass bottom ash leachate test showed a low concentration in the leachate of
heavy metals, as well as carbon and sulfur. Consequently, their use in bituminous mix-
tures is acceptable without producing environmental pollution problems, especially
when the ashes are coating by bitumen.

e  The grading of the biomass bottom ash after treatment is suitable for use as a filler in
bituminous mixtures.

e  The particle density and bulk density in kerosene of the biomass bottom ashes are
acceptable according to the standards, highlighting the higher specific surface area
of the ashes reflected in the bulk density and scanning electron microscope test. In
addition, the ashes do not show plasticity.

e  The bituminous mixtures conformed with biomass bottom ash filler obtain similar
physical properties, void content, to mixtures conformed with limestone filler and
ophite filler.

e  The mixtures conformed with biomass bottom ash have a lower particle loss due to
the existence of a quality mastic that coats the aggregates and holds them together
under tensile loads.

e  The Marshall test showed that bituminous mixes with biomass bottom ash have higher
strength and, consequently, better plastic deformation behavior, even with a higher
percentage of bitumen, than mixes with ophite filler and limestone filler.

Based on the partial conclusions, it can be stated that biomass bottom ash has accept-
able chemical and physical characteristics for use as a filler in bituminous mixtures. In
addition, its use as a filler in discontinuous grading bituminous mixtures with bitumen
emulsion develops a quality mastic capable of providing better tensile strength, better
behavior to plastic deformations, higher bitumen absorption, and physical properties
similar to traditional mixtures. At the same time, it should be noted that the use of a waste
product that is currently unused for the conforming of bituminous mixtures avoids the
deposition of this by-product in landfills, avoids the extraction of new raw materials, and
creates sustainable materials for construction.
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