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Abstract: In recent years the use of biomass for electricity generation in thermal and cogeneration
plants has increased worldwide because it is an environmentally clean fuel whose impact measured
in greenhouse gas emissions is practically zero. However, biomass bottom ash, a waste produced
during combustion, has also increased considerably, which has both a negative economic and
environmental impact, due to landfill transport and management of this by-product. Although
biomass bottom ash has potential characteristics for application in the manufacture of construction
materials, its full-scale application is difficult because of the wide range in physicochemical
properties, depending on the type of biomass burned, such as wood residue, olive waste, waste
paper sludge, cocoa shell, etc., and the type of combustion process in the plant. This study reviews
the influence on the physicochemical properties, mechanical behavior, and durability of different
cement-based materials, such as mortars, concrete, and cement-treated granular material,
manufactured from biomass bottom ash. The previous studies demonstrate the feasibility of
substituting natural materials for biomass bottom ash in cement-based materials, presenting
adequate mechanical behavior and durability properties to comply with the required technical
specifications in different building materials.

Keywords: biomass bottom ash; cement-based materials; eco-efficient concrete; cement-treated
granular materials; eco-efficient mortars

1. Introduction

More and more countries are now generating electricity from the direct combustion of biomass
waste [1,2]. Biomass combustion is considered an important source of energy today, producing 14%
of the world's energy supply [3]. Li et al. [4] estimate the high availability of biomass at 220 billion
tons per year. Other world studies estimate that by 2100, between 25% and 46% of energy from
biomass combustion will be used [5].

Different technologies are used for biomass combustion. Modolo et al. [6] showed the most
appropriate technology for biomass combustion, the so-called fluidized bed, mainly due to its
versatility in the type of fuel it consumes. The technology used influences the characteristics of the
biomass ash produced, with different properties depending on the type of biomass used for energy
generation.

Two main types of ash are produced during energy generation process by biomass combustion:
bottom ash and fly ash.

Bottom ash includes the coarse fraction of ash produced in the grill, in the lower bed, and in the
primary combustion chamber. Normally it is mixed with mineral impurities contained in the biomass
fuel and slag that has not fully combusted, whereas fly ash is the ash fraction with a smaller particle
size, carried by the flue gas, which is collected and precipitated in filters [7,8].

Appl. Sci. 2020, 10, 8026; doi:10.3390/app10228026 www.mdpi.com/journal/applsci


https://core.ac.uk/display/344714936?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Appl. Sci. 2020, 10, 8026 2 of 23

Biomass combustion is considered a clean energy without CO2 emissions, therefore more plant
facilities have been built in recent years [9]. This increase in biomass combustion power plants result
in the amount of ash generated, without having a recycling alternative.

There are different works that have studied the use of biomass fly ash (BFA) as incorporation in
the manufacture of new construction materials. The use of BFA in the manufacture of mortars has
been studied [10-14]; the use of BFA in cements, conventional and self-compacting concrete has also
been studied with positive results [15-17].

However, there are few studies in which biomass bottom ash (BBA) is incorporated into
construction materials; its composition is very heterogeneous [7] so its application is more restricted.
Maschio et al. [11] reported that the use of BBA in cement, mortar, or concrete is feasible. Beltran et
al. [18] studied the mechanical behavior of mortars manufactured with BBA, both reporting
interesting results when analyzing the influence of certain parameters on mechanical behavior and
defining trends and relationships among the different properties. Other authors have studied the
physical, chemical, and mechanical properties of conventional concrete made with BBA [19]. Cabrera
et al. [20] showed the possibility of reusing BBA mixed with natural aggregates and recycled
aggregates for cement-treated granular materials in road bases and sub-bases, and the possibility of
stabilizing soil by reducing the use of lime [21].

The positive results obtained in the different works reveal the possibility of using BBA as an eco-
efficient material, eliminating the negative impact of this waste on landfill.

In this work, a review of previous studies in which biomass bottom ash has been applied in
cement-based materials, mortars, and concrete was analyzed. The different application possibilities
were studied, from the characterization properties of different typologies of BBA, to the revision of
the possibilities of applying them to these cement-based materials, including mechanical properties,
durability, etc.

2. Properties of BBA

2.1. Biomass Research

Different studies report that BBA are heterogeneous mixes of particles, of variable size. Some of
these ashes are cellular, unburned, or partially unburned ashes.

The main aspects that influence the characteristics of BBA are their origin, for example,
herbaceous material, wood, bark, etc. [7]; in addition, combustion technology has a significant
influence [22]. There are different types of biomass boiler and that we are going to detail below. For
example: grill boiler, the operation of this type of boiler consists of circulating the biomass through a
conveyor belt. Fluidized bed boiler, its operation is based on the creation of a fluid of inert material
in suspension. Injection boiler, this technology is based on a high pulverization of the biofuel. Each
type of boiler provides different types of BBAs.

BBA obtained from fir chips burnt in the power plant located in the Italian Region of Venezia
were used by Maschio et al. [11] in mortar fabrication.

Modolo et al. [6] used BBA from the combustion of forest biomass, mainly eucalyptus barks,
collected at the bottom of the bubbling fluidized bed combustor in a plant located in Portugal.

Beltran et al. [18,19], Rosales et al. [21,23], and Cabrera et al. [20,24] used BBA from a thermal
plant in Linares, located in Andalusia, in the south of Spain. Biomass composed of 40% dry mass
olive cake and 60% dry mass wood biomass (poplar, pine, and olive) were burnt by boiler at a
temperature of 403°C.

Lessard et al. [25] utilized BBA from biomass waste burnt on fluidized bed boiler at a
cogeneration plant in Canada [26]. The biomass was compounded by a mix of waste paper sludge
from the paper industry and wood waste.

Fontes et al. [27] studied BBA from a thermal plant located in Ilhéus city, Brazil during the
cleaning of the boilers. The biomass, which is burnt at about 300°C, consisted of wood chips (80%)
and cocoa shells (20%).
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Biomass from the boilers of three Spanish combustion power plant was studied by Medina et al. [28]. Wheat, rye, oat, and corn straw were burnt in two
plants (named S1 and S2) and a mixture of 40% wood biomass and 60% straw waste were burnt in the third plant (S3).
Sklivaniti et al. [29] used BBA from the combustion of olive plants trimmings in a fixed-bed combustion system.

2.2. Phisicochemical Properties

Table 1 shows the main physical and chemical properties of BBA studied by different authors for its application in the manufacture of mortars, concrete,
or cement-treatment granular material.

Table 1. Physical and chemical properties of Biomass Bottom Ash (BBA) by authors.

BBA by author Maschio et Modolo et Beltranetal.  Rosalesetal. Beltranetal. Lessard etal. Fonteset Rosalesetal.  Cabrera et Cabrera et Carrascoet Medinaetal. Sklivanitiv et
al. [11] al. [6] (18] [21] [19] [25] al. [27] [23] al. [7] al. [20] al. [30] [28] al. [29]
Wood BI;;):EZ; Olive Waste Olive Waste  Olive Waste Wood Biomass C}Yi\; 050:n d Olive Waste  Olive Waste  Olive Waste  Olive Waste V\(,)};atc’i}:’ Olive
Origin of BBA  Biomass (Fir and Wood and Wood and Wood and Waste and Wood and Wood and Wood and Wood i -
chips) (Bucalyptus Biomass Biomass Biomass Paper Sludge Cocoa Biomass Biomass Biomass Biomass Straw and Trimmings
Bark) Shell Straw Waste
Physical
Properties
Density SSD 2.60 265 1.67 1.86 2.02 231 252 1.97 246 1.82 235 235
(kg/dm3)
Water
Absortion (%) - - 19.00 21.18 199 5.25 - 26.60 20.11 31.99 - -
Size (mm) - - 0-2 0-4 0-2 0-1 0-0.6 0-10 0-10 0-10 0-0.1 0-0.1
Chemical
properties
CaO (%) 48.40 17.15 19.75 16.57 - 237 8.3 239 2348 22.88 29.96 9-12 3141
Si0:2 (%) 14.80 72.18 48.20 55.50 - 448 10.2 52 53.79 46.79 27.87 49-64 6.84
K20 (%) 11.10 5.54 15.78 7.67 - 2 322 18.8 17.20 17.71 2322 - 12.31
MgO (%) 9.90 1.96 3.94 2.64 - 2 15.8 14 1.86 1.52 4.05 - 245
SOs (%) - - - - - 46 13 - - - 0.76 - 0.14
Fex0: (%) - - - - - 4.8 2.8 0.7 1.15 1.29 3.59 - 1.39
ALO:s (%) 3.20 2.29 1.42 5.39 - 11.5 1.6 1.9 0.40 043 4.34 - 2.73
TiOz2 (%) - - - - - - 0.29 0.2 0.08 0.08 0.35 - -
Na20 (%) 1.00 0.88 0.51 0.28 - 1.8 - 0.2 0.26 0.20 0.35 - 0.11
LOI (%) - - - - 1.9 15.3 - 15.50 - - - 42.00
Soluble - - 0.27 0.31 0.47 - - 0.41 0.39 0.35 - - -
Sulphate (%)
Organic matter - 5.26 434 3.06 - - 412 489 485 - - -

content (%)
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BBA particles generally have a lower density and higher absorption than natural materials such
as sand and the particle size varies depending on the type of furnace [7,22,31]; this is due to the
general aspect and morphology of BBA, which usually have angular shapes and rough textures, as
shown in Figure 1.

The chemical composition of BBA varies considerably depending on the combustion
temperatures and type of biomass [32], presenting different phases, which influence the density and
absorption of the particles, which explains the range of values obtained by different authors.

Figure 1. SEM picture of BBA from Cabrera et al. [24].

BBA from forestry biomass and waste from the olive industry usually have high percentages of
CaO and SiO2 [33] and to a lesser extent by magnesium, aluminum, and potassium oxides. The ash
from plants with long reproductive periods, such as trees, have a very different mineral composition
from plants that are harvested several times a year, such as cereals, due to the dynamics of nutrient
flow with the soil. The latter contain higher amounts of oxides particularly potassium and
phosphorus.

In addition, previous studies have verified that the composition of ashes produced at the same
thermal plant are notably homogeneous [22], which contrasts with the data provided by Rosales et
al. [21,23], Beltran et al. [18,19], Cabrera et al. [20,24], and Carrasco et al. [30]. Therefore, it cannot be
said that the ashes generated are homogeneous, as this depends on the plant being analyzed. BBA
can substantially change its composition in different periods of energy production.

The studies analyzed showed that the material or waste from BBA results in a quite different
composition of ashes [21-24]. BBA from waste paper sludge has very high SiO: and CaO value and
Al203 moderate value which is consistent with previous studies by different authors [34].

BBA analyzed by Fontes et al. [27] (generated in the cocoa industry) has a very low value of SiO2
and CaO and a very high K20 and MgO value, which indicates that BBA from cocoa shell and wood
chips are not pozzonalic. The MgO rich composition is consistent with other studies of ash from wood
residues and agricultural crops [32]; in addition, high levels of potassium have also been identified
in other biomass ash from the oleoresin industry [35] and in ash from nutshells with a high lipid
content [36].

According to the X-ray diffraction patterns shown in Figure 2, it can be observed that BBA
analyzed by Cabrera et al. [7] which come from the thermal plant in Linares [7,18,21,30] are composed
of two main elements: calcite (CaO) and quartz (5iOz).
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Figure 2. X-ray diffraction of BBA from olive waste in South of Spain. Cabrera et al. [7].

Similarly, BBA from Olive trimmings analyzed by Sklivaniti et al. [29] present a composition
mainly of Calcite (about 70%) followed by other phases in lesser quantity such as quartz or
Fairchildite (K2CaCOs). BBA analyzed by Medina et al. [28] present high percentages of Calcite and
medium-low quartz value, typical values in BBA obtained from combustion of straw corn [32].

BBA from waste paper sludge show that quartz is the mainly phase, followed by other minerals
such as calcite or anhydrite.

Finally, BBA from cocoa shell and wood chips X-ray diffraction patterns show the main
component of ash was gismondite (CaAl:Si20s.4H20). Other phases such as MgO, Ca:5iOs, and
Mg:P207 were identified to a lesser extent.

Additionally, another important property for its later use as construction material is the
percentage of organic matter. It is important to note that this factor depends directly on the type of
combustion system used by each biomass combustion plant. The amount of organic matter is a
consequence of the combustion efficiency and, in order to reduce this organic matter content, it is
advisable to use raw materials with low density and low moisture [22,37].

This work focuses mainly on a review of the results obtained in the application of biomass
bottom ash to cement-based materials. Unlike fly ash, which has been widely studied, BBAs have
been studied only for application in mortars, concrete, and as a soil stabilizer.

Below, the most relevant results obtained on the application of these wastes in these three
construction materials are presented.

3. Biomass Bottom Ash in Mortars

The use of ash from biomass combustion is conditioned by its physical-chemical properties.
There are not many studies that include the use of BBA in construction materials, especially in
cement-based materials. Analyzing the origin of the BBA, those that have been mainly used in
construction materials are the ones that come from olive waste or other types of trees. The studies
carried out to date have shown the possibility of using BBA with a high silica and calcium content in
the manufacture of cement mortars.
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Maschio et al. [11] worked on the manufacture of mortars using commercial CEM II/B-LL
cement, sand, and bottom ash from spruce chips. Ash was added in various proportions as cement
weight replacement (5%, 10%, 20%, 30%), to study its cementing capacity, pozzolanicity, or
hydraulicity.

Modolo et al. [6] used BBA from forest residues as an aggregate in the formulation of mortars
with a 50% and 100% by weight replacement of commercial sand for BBA. The authors used two
different conditions. On the one hand, it manufactured a series sieving the BBA between 250 and 1000
um, adjusting the particle size curve to that of the commercial sand frequently used in the
formulation of mortars. On the other hand, with the intention of reducing the percentage of soluble
salts, the BBA were washed and sieved.

Beltran et al. [18] studied the mechanical behavior of mortars made with BBA and the influence
of different variables on their production, such as the type of cement (CEM II 32.5 R, CEM I/N-SR),
content of cement (515, 485, and 450 g/L) and the percentage of BBA replacement. Three volumetric
replacement ratios were applied from BBA (0%, 10%, and 20%). Standardized sand and cement were
substituted by BBA. The authors reported that different behaviors were reproduced according to the
type of cement or the type of material replaced; in addition, the BBAs had a low density and high
absorption that was reflected in the variability of the strength of the mortars.

Carrasco et al. [30] studied physicochemical and mineralogical properties of compacted building
blocks made from Portland cement (OPC) and BBA. OPC were replaced by BBA in a range from 10%
to 90%.

Medina et al. [28] designed new cement formulations replacing 10% and 20% of clinker by BBA.
The results drawn by the authors show that the new cement properties are not significantly
worsened, present lesser shrinkage and swelling, and similar mechanical behavior.

Sklivanitiv et al. [29] analyzed the effect of different OPC replacement by BBA (2, 3, 5, 7, and
10wt%) in mortar mixtures, concluding the BBA could be used in recycled cement until 42.5 class
obtained similar mechanical behavior than the mixtures without bottom ashes.

Rosales et al. [21] studied the mechanical and durability properties of mortars made with BBA
using different processing methods; there were a total of eight treatments: raw, crushed, calcined,
without light particles, crushed and calcined, crushed and without particles light, calcined and
without light particles, and finally, crushed-calcined and without light particles.

Cement was replaced with different BBA substitution rates. The results showed significant
improvements in the mechanical properties and durability of the mortars in which some treatments
were applied.

3.1. Dosages

There are different regulations for the manufacture of mortars, the most common being: ASTM
C270-19ael [38], ASTM C305-14 [39], EN 1015-2: 1998 [40], and EN 196-1: 2018 [41].

Maschio et al. [11] used ASTM C305-14 [39] for the preparation of mixes. Modolo et al. [6]
manufactured bricklaying mortars according to EN 1015-2: 1998 [40] and Beltran et al. [18] and
Rosales et al. [21], Sklivaniti et al. [29], and Medina et al. [28] used the EN 196-1: 2018 standard [41].
Carrasco et al. [30] manufactured cement blended according EN-standard 772-16:2011 [42].

The dosage used by these authors is shown in Table 2.

Table 2 shows the different dosages used by some authors. Modolo et al. [6] replaced 10% and
20% of natural sand (NS) with BBA in percentage of dry weight. Beltran et al. [18] used three
volumetric replacement ratios of natural sand (NS) and cement (CEM) with BBA (0%, 10%, and 20%)
and three cement contents (515 g/L, 485 g/L and, 450 g/L). Finally, Rosales et al. [21] made mortars
according to the particle size of the BBA, substituted cement for BBA and used crushed BBA (C)
without light particles (NL), combusted calcined (CO), as well as the combination of all treatments.
Replacements were carried out in volume.
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Table 2. Mortar mix proportions.

Mortar (Sand, Cement, Water, and BBA)

Mixtures CEM BBA Sand Water  Admixture
Modolo et al. [6] Control-1 14 0 20 16.5 0
(Wt% BBA-2 14 CEM-142.5R 10 10 16.5 0
replacement) BBA-3 14 20 45 16.5 0
Control-4 515 0 1541 258 0
BBA-5 515 79 1387 258 1
BBA-6 515 158 1233 258 1.6
Control-7 485 0 1605 243 0.2
Beltran et al. [18] BBA-8 485 82 1444 243 1.8
(8) (vol% BBA-9 485 CEM-I 52.5N / SR 165 1284 243 2.22
replacement) BBA-10 485 32 1541 243 0.4
Control-11 450 0 1682 225 0.5
BBA-12 450 86 1514 225 2.25
BBA-13 450 173 1345 225 3
BBA-14 450 72 1541 225 0.6
Control-15 450 0 1350 225 0
BBA-16 365 53.01 1350 225 1.7
* BBA-17-CO-NL 365 57.86 1350 225 2.7
Rosales et aj' (21] *BBA-18-C 365 53.87 1350 225 19
(8) (vol% *BBA-19-C-CO-NL 3¢5  CLMI525N/SR 60.42 1350 225 3.6
replacement)
BBA-20 280 102.3 1350 225 3.1
* BBA-21-CO-NL 280 111.65 1350 225 4.6
*BBA-23-C-CO-NL 280 116.6 1350 225 5.9
* BBA-CO-NL Mortar with Combusted BBA (Without Lightweight Particles)
*BBA-C Mortar with Crushed BBA
* BBA-C-CO-NL Mortar with Crushed and Combusted BBA (Without Lightweight Particles)
Control-28 450 0 1350 225 0
BBA-29 405 45 1350 225 0
Medina et al. [28] BBA-30 360 90 1350 225 0
(8) (wt% BBA-31 405 CEMI425R 45 1350 225 0
Replacement) BBA-32 360 90 1350 225 0
BBA-33 405 45 1350 225 0
BBA-34 360 90 1350 225 0
Mortar (Cement, Water, and BBA)
Mixtures CEM BBA Water  Admixture
Control-35 100 0 14 0
BBA-36 90 10 5.4 0
BBA-37 80 20 4.77 0
BBA-38 70 30 5.6 0
Carrasco et al. [30] BBA-39 60 40 7.9 0
(Wt% BBA-40 50 CEMII A-L 325 50 8.23 0
Replacement) BBA-41 40 60 9.16 0
BBA-42 30 70 8.54 0
BBA-43 20 80 7.15 0
BBA-44 10 90 8.25 0
BBA-45 0 100 12 0
Control-46 100 0 26.6 0
Sklivaniti et al. BBA-47 98 2 274 0
[29] (Wt% BBA-48 o7 CEMI52.5N 3 28.2 0
Replacement) BBA-49 95 5 29.2 0
BBA-50 93 7 31.75 0
BBA-51 90 10 324 0

3.2. Mechanical Properties

Table 3 shows the compressive strength of mortars made with BBA at different cure ages.
Modolo et al. [6] reported the strength at 7 and 28 days of curing, obtaining a slight increase in the
series that incorporated BBA compared to the Control mortar.

On the contrary, Beltran et al. [18] and Rosales et al. [21] manufactured specimens of 40 x 40 x
160 mm and used EN196-1 [41] standard to obtain the compressive strength values. Both studies
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show that the compressive strength gradually decreased with the incorporation of BBA, mainly
because the pozzolanic activity of BBA is lower than that of cement, this produces a reduction in
strength. However, samples made by Carrasco et al. [30] were manufactured applying uniaxial loads
of 20 MPa during 30s, resulting in a very high compactness specimens which present a better
compressive strength than control sample with a replacement of 50% of OPC by BBA.

However, Rosales et al. [21] used different treatments to incorporate BBA with very positive
results from the mechanical behavior point of view.

Medina et al. [28] and Sklivaniti et al. [29] reported a drop in the mechanical behavior due to the
replacement of OPC by BBA, nevertheless, that drop is more obvious in the samples made by
Sklivaniti et al. [29] probably due to the differences between the dosages.

Finally, Machio et al. [11] reported that the 5% incorporation by weight of BBA did not affect
compressive strength compared to the reference mortar, although a higher percentage of BBA
decreases the mechanical properties significantly.

Table 3. Compressive strength.

Compressive Strength (MPa)

Days
1 7 28 90 180
Mortar (Sand, Cement, Water, and BBA)
Control-1 - 6.8 10.2 - -
Modolo et al. [6] BBA-2 - 7.5 10.2 - -
BBA-3 - 7.8 10.3 - -
Control-4 27.83 51.22 58.26 60.12 -
BBA-5 2491 41.5 49.95 52.12 -
BBA-6 21.2 36.65 43.59 45.25 -
Control-7 26.26 50.5 54.89 57.25 -
BBA-8 21.98 36.42 46.37 48.47 -
Beltran et al. [18] BBA-9 19.24 31.32 37.96 39.98 -
BBA-10 22.72 40.74 52.06 54.14 -
Control-11 24.41 47.39 50.74 52.44 -
BBA-12 18.7 34.17 43.01 45.85 -
BBA-13 18.19 289 37.9 40.25 -
BBA-14 21.02 41.89 45.54 47.69 -
Control-15 20.31 48.29 58.03 62.09 -
BBA-16 10.08 19.54 25.12 28.46 -
*BBA-17-CO-NL 15.58 27.06 33.21 38.87 -
*BBA-18-C 11.01 29.56 36.18 41.87 -
Rosalesetal- 211, ppa19.c.CONL 1908 4412 5196 5434 -
BBA-20 5.26 17.51 20.63 2347 -
*BBA-21-CO-NL 15.54 25.49 30.47 34.36 -
*BBA-22-C-CO-NL  17.06 39.42 47.28 49.64 -
Control-23 - - 78 - 83
BBA-24 - - 82 - 56
Machio et al. [11] BBA-25 - - 74 - 49
BBA-26 - - 66 - 38
BBA-27 - - 57 - 34
Control-28 - - 68.22 - -
BBA-29 - - 65.35 - -
BBA-30 - - 58.35 - -
Medina et al. [28] BBA-31 - - 64.26 - -
BBA-32 - - 59.01 - -
BBA-33 - - 67.84 - -
BBA-34 - - 58.17 - -
Mortar (Cement, Water, and BBA)
Control-35 - - 58.11 - -
BBA-36 - - 66.58 - -
BBA-37 - - 63.46 - -
BBA-38 - - 63.44 - -
BBA-39 - - 61.63 - -
Carrasco et al. [30] BBA-40 - - 61.11 - -
BBA-41 - - 54.16 - -
BBA-42 - - 45.82 - -
BBA-43 - - 39.30 - -
BBA-44 - - 29.86 - -
BBA-45 - - 12.41 - -
Control-46 18.6 454 59.1 - -
BBA-47 13.4 37.3 479 - -
st BB e % s
BBA-50 14.2 33.3 42.6 - -

BBA-51 15.1 32.1 40.05 - -
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The use of BBA in the manufacture of mortar increases the porosity, as a consequence of porosity,
decreases density and reduces mechanical strength. The different studies agree that the negative
effect on mechanical properties is due to the content of organic matter content present in BBA.

In general, BBA produce mixes of greater consistency, thus requiring higher water content. In
order to maintain the water/cement ratio, the use of superplasticizers is required to reduce water
demand. Additionally, the setting time increases with the incorporation of BBA.

The influence of biomass bottom ash is lower in mortars made with CEM-I. It can be concluded
that the incorporation of up to 20% of BBA in the manufacture of mortars reduces its mechanical

behavior values between 30% and 50% compared to a reference mortar made with natural aggregates
and cement (Figure 3).

Comparative of compressive strength (MPa)

0
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Figure 3. Comparative of compressive strength (Modolo et al. [6], Beltran et al. [18], Rosales et al. [21],
Machio et al. [11], Medina et al. [28], Carrasco et al. [30], Sklivaniti et al. [29]).

However, it has been shown that with a calcination treatment the mechanical properties can be
improved, mainly by the reduction of organic matter content [22]. This factor could be avoided if the

electricity generation plants by means of biomass combustion were more efficient in their combustion
and thus eliminate a higher percentage of organic matter.

4. Biomass Bottom Ash in Concrete

In recent years, some authors have studied the manufacture of concrete with BBA due to its
potential use as a substitute for materials such as natural sand or cement.

Beltran et al. [19] studied the mechanical and durability properties of nonstructural concrete
made with BBA from olive waste and recycled aggregates. Nine batches were made, divided into
three groups depending on the percentage of substitution of natural sand by BBA (0%, 3%, and 6%)
and the type of coarse aggregate used (natural aggregate, recycled concrete aggregate, or mixed
recycled aggregate). In addition, a super-plasticizer additive was added, due to the high water
absorption of the BBA, in order to maintain the workability. The results shown indicate a worse
mechanical and durability behavior of the concrete made with BBA and recycled aggregates than the
concrete made with natural aggregates. However, the series manufactured with BBA and natural
aggregate, shows compressive strength values of up to 35MPa with 6% substitution of NA by BBA,
and acceptable durability values, which indicates the real possibility of using this by-product in
concrete manufacturing.

Lessard et al. [25] analyzed the feasibility of manufacturing roller-compacted concrete (RCC)
and paver-compacted concrete (PCC) made with BBA from the combustion of waste from the paper
industry and wood biomass. BBA was used as a replacement for natural sand in three different
percentages (0%, 50%, and 100%) in both types of concrete. Furthermore, to the six mixes were added
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a water-reducing agent and an air-entraining agent, in order to control the workability properties of
fresh concrete. The properties of fresh and hardened concrete properties were studied for both types
of concrete, RCC and PCC. It was observed that compactness is an essential factor in the manufacture
of RCC and PCC with BBA, since its use implies a high demand for water to maintain adequate
workability and reduce porosity.

Fontes et al. [27] studied the manufacture of conventional concrete made with BBA from cocoa
shell and wood chips as a replacement of cement. The concrete was manufactured using BBA with
two treatments: sieved, to remove larger particles than 600 pum and sieved and crushed (GBBA), to
obtain a higher degree of fineness. With both processes, concrete made with substitutions in two
percentages of BBA (5% and 10%) were analyzed. The physical properties and mechanical behavior
of the concrete were studied, observing how the composition of the ashes and their low puzzolanity
have a great influence on them.

Rosales et al. [23] worked on the possibility of manufacturing lightweight recycled concrete
(LRC) with BBA (from olive cake and wood biomass) and mixed recycled aggregates, taking
advantage of the lower density of these materials than natural aggregates. Several mixes were made
with different substitutions of natural aggregates and lightweight aggregates by BBA and mixed
recycled aggregates (MRA), in order to study the workability, mechanical behavior, and durability
of the LRC. The results showed a decrease in the characteristics of the concrete made with BBA and
MRA; however, all the series manufactured with the different dosages presented compressive
strength values within the limits established by the Spanish regulation, (EHE-08) [43] for lightweight
structural concrete.

4.1. Dosages and Mix Proportions

In this section the concrete mix proportions of the different types of concrete made with BBA,
such as nonstructural concrete [19], conventional concrete [27], roller-compacted concrete (RCC), and
paver-compacted concrete (PCC) [25] or lightweight concrete (LRC) [23], were analyzed.

The proportions of materials used in the manufacture of concrete (dosage) are a fundamental
parameter to achieve the appropriate workability, mechanical behavior, and durability properties
depending on the type of concrete to be manufactured. Table 4 shows the different dosages used by
the authors.

The Bolomey method was used by Beltrdn et al. [19] to determine the mix proportions. Nine
batches were produced with three types of aggregates (natural aggregates, mixed recycled
aggregates, and recycled concrete aggregates) and three percentages of replacement of natural sand
by BBA (0%, 3%, and 6%). The amount of cement (300 kg/m?), the water-cement relation (w/c ratio
0.6), and the slump (80-90 mm) were constant for all the mixes manufactured. The total water shown
in Table 4 corresponds to the sum of the water determined by the w/c ratio plus the water required
for saturation of RA and BBA.
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Table 4. Concrete mix proportions by authors.

Cement BBA RA Natural Sand Coarse Aggregate Lightweight Aggregate Water Additive

Mixes
kg/m?

Beltran et al. [19]

Control-1 300 0 0 819 1109 - 180 3
BBA-2-NG 300 24.6 0 794 1109 - 183 3.9
BBA-3-NG 300 49.2 0 770 1109 - 186 45
BBA-4-RCA 300 0 985 868 0 - 228 3
BBA-35-RCA 300 26 985 842 0 - 231 3.9
BBA-6-RCA 300 52 985 816 0 - 234 45
BBA-7-MRA 300 0 942 846 0 - 226 3
BBA-8-MRA 300 26 942 820.5 0 - 229 3.9
BBA-9-MRA 300 52 942 795 0 - 232 45

Lessard et al. [25]

Control-10-RCC 300 0 - 931 1171 - 96 2.1
BBA-11-RCC 296 373 - 375 1314 - 95 2.1
BBA-12-RCC 296 615 - 0 1423 - 95 2.1

Control-13-PCC 300 0 - 924 1186 - 111 2.1
BBA-14-PCC 300 368 - 368 1275 - 111 2.1
BBA-15-PCC 300 606 - 0 1381 - 111 2.1

Fontes et al. [27]

Control-16 393 0 - 668.1 1139.6 - 192.6 0
BBA-17 372.9 19.6 - 667.3 1138.3 - 192.3 0
BBA-18 352.8 39.2 - 666.5 1136.9 - 190.4 2.4
BBA-19 3729 19.6 - 667.3 1138.3 - 191.7 0.9
BBA-20 352.8 39.2 - 666.5 1136.9 - 190.3 2.5

Rosales et al. [23]

Control-21 300 0 0 710.3 494.2 108.7 180 2.8
BBA-22 300 1633 0 497.2 4942 109.7 180 33

BBA-23-MRA 300 163.3 217.8 498.2 247.1 110.7 180 3.3
BBA-24-MRA 300 163.3 4355 499.2 0 111.7 180 4

BBA-25-MRA 300 86.1 3219 609.5 247.1 72.5 180 34
BBA-26-MRA 300 292.3 3219 497.2 2471 54.4 180 3.9

Three RCC and three PCC mixes were made by Lessard et al. [25] with BBA as replacement of
natural sand in different percentages (0%, 50%, and 100%). The mix proportions were made according
to the maximum density curve equation developed by Fuller and Thompson. This method achieves
a continuous particle size distribution that reduces the number of voids and increases the
compactness of the mixes, which is a fundamental parameter in roller-compacted and pavement-
compacted concrete. The amount of cement, 300 kg/m?, was kept constant but with slight variations
due to the Fuller-Thompson equation. A water cement ratio (w/c) of 0.32 for RCC and 0.37 for PCC
were used to maintain a slump of 25 and 45s respectively, measured in Vede time (VBTs).

Five concrete mixes were made by Fontes et al. [27] with two types of BBA (as received and
milling) and two cement replacements (5% and 10%). The water-binder (cement + BBA) ratio (w/b
ratio 0.49) and the slump (180 + 20 mm) was the same in all mixes manufactured.

Six batches of lightweight concrete were made by Rosales et al. [23] in two series applying the
Bolomey method to calculate the mix proportions. In series one, a substitution of 30% of natural sand
by BBA was kept constant and replacement of natural coarse aggregate by MRA was varying. In
series two, natural aggregates and lightweight aggregates was replaced by BBA in two percentages
(15% and 55%) and MRA, according to the particle size. The amount of cement (300 kg/m?), the water—
cement ratio (w/c ratio 0.6), and the slump (85 + 5 mm) were constant in all the mixes.

4.2. Fresh, Physical, Mechanical, and Durability Properties of Concrete Made from BBA

This section presents the experimental evidence and results obtained by the different authors.
Fresh concrete properties, physical and mechanical properties of hardened concrete and durability
properties are shown as follows:
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Table 5 shows the standards used by the authors to determinate each property.
Table 5. Different standards used by author to determinate each property.
Author Compressive Splittin Water
/Standard Workability P Flexural Strength P 5 Absorption
Strength Strength .
Used /Density
Beltran et al. EN 12390-3:2009 EN 12390-5:2009 EN 12390-7:2009
[19] EN 12350-2:2009 [44] [45] [46] - [47]
Lessard et al. ASTM C39/C39M-  ASTM C78/C78M- ASTM C642-13
EN 12350-2:2 44 -
[25] 350-2:2009 [44] 14 [48] 10 [49] [50]
Fontes et al. ABNT NBR NM ABNT NBR 5739 ABNT NBR 7222  ASTM C642-13
[27] 67:1998 [51] [52] (53] [50]
Rosales et al. EN 12390-3:2009 EN 12390-5:2009 EN 12390-7:2009
EN 12350-2:2i 44 -
[23] N 12350-2:2009 [44] [45] [46] [47]

4.2.1. Workability

As shown in Table 6, the workability was kept practically constant in concretes with a w/c ratio
greater than 0.49, due to the use of super plasticizing agents. However, in the RCC and PCC, due to

their low w/c ratio, linear workability losses were observed with the increase in BBA content,

exceeding the recommended limits according to previous studies [54] for dry cast concrete.

Table 6. Mechanical properties of concrete mixes by authors.

Flexural Strength

Mixes Workability = Compressive Strength (MPa) (MPa) Absoorption Densi:y
(mm) 7 days 28 days 90 days 28 days (%) (g/em’)

Beltran et al. [19]

Control-1 90 29.8 443 485 59 5.7 2.36
BBA-2-NG 80 29.6 37.7 422 49 5.9 2.34
BBA-3-NG 80 27.5 35.4 39.8 4.7 6.3 2.33
BBA-4-RCA 90 26.5 35.9 40.8 4.9 6.5 2.18
BBA-5-RCA 80 24.5 33.3 39.7 4.6 6.9 2.18

BBA-6-RCA 75 22.8 30.1 34.2 45 7.6 2.17
BBA-7-MRA 80 229 32 37.3 4.4 6.7 2.10
BBA-8-MRA 85 22.2 30.4 34.9 4.3 7.2 2.14
BBA-9-MRA 80 21.7 27.7 30.5 4.1 7.7 2.14
Vee-Bee Test
Lessard et al. [25] VBT (s)

Control-10-RCC 37 38 42 49 8.3 - 2.39
BBA-11-RCC 57 31.5 35 40 5.6 - 2.36
BBA-12-RCC 70 25 29 30.5 4.8 - 2.33

Control-13-PCC 25 39 475 52 7.5 3.8 2.46
BBA-14-PCC 37 32 38 39.5 7.2 49 2.41
BBA-15-PCC 60 335 41 435 6.9 6.1 2.38

Fontes et al. [27] (mm) (365 days)

Control-16 180 +20 22.3 33.7 40 2.53 (Splitting) 5.1 2.40
BBA-17 180 + 20 24.3 27.8 33.8 2.14 (Splitting) 4.8 2.40
BBA-18 180+ 20 23.2 25.6 - 2.02 (Splitting) 4.4 2.40
BBA-19 180 +20 22.6 25.3 - 2.37 (Splitting) 44 2.40
BBA-20 180 +20 22.7 27.3 - 1.89 (Splitting) 45 2.40

Rosales et al. [23] (mm)

Control-21 80 25.9 31.6 37.6 44 8.8 1.80

BBA-22 85 20.4 28 33.9 4.2 9.7 1.69
BBA-23-MRA 85 19.6 26.7 325 4.1 11.1 1.64
BBA-24-MRA 80 18.7 21.3 26.1 3.8 12.7 1.57
BBA-25-MRA 80 19.8 27.1 33.2 4.2 10.9 1.79
BBA-26-MRA 90 16.3 20.4 22.3 3.8 12.3 1.81

4.2.2. Water Absorption and Density

Analyzing the density values shown in Table 6 by the different authors, it can be observed that

the substitution of natural sand for BBA does not significantly affect the densities of the concretes,
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decreasing the density by 3% with a 6% substitution in nonstructural concretes. In RCC and PCC,
where the compactness is greater than other types of concrete, an even lesser influence is observed,
registering a 5% drop decrease in density with a 100% substitution of NS by BBA.

It is also appreciated that the greatest decrease in density is associated with the combination of
BBA with MRA as substitutes for natural sand and coarse aggregate, which allowed Rosales et al.
[23] to manufacture lightweight concrete by replacement until 50% of lightweight aggregates while
the same density values are maintained.

According to the results of Fontes et al. [27], the substitution of OCP by BBA does not affect the
density of the samples.

Relative to water absorption, there is an increase in water absorption for all natural sand
substitutions with an increase in the amount of BBA, due to the greater absorption of BBA particles
and the greater porosity of the concrete manufactured with BBA. The use of ashes in concrete
generally results in increased porosity of the specimens [55]. On the contrary, it is verified that the
substitution of OPC by BBA implies an increase in water absorption, due to the low hydraulic
reactivity of the ash used and the absorption of the BBA.

4.2.3. Compressive, Flexural and Splitting strength

For all the samples analyzed by the different authors, the incorporation of BBA in concrete
manufacture implies a worse mechanical behavior than reference control samples without BBA. This
decrease in the values of compressive, flexural, and tensile strength varies depending on the type of
concrete manufactured, aggregates used, and type of BBA replacement (cement or natural sand).

As shown in Figure 4, there is no proportionality between the decrease in compressive strength
and the amount of BBA incorporated, with drops ranging from 15% strength for 3% replacements in
nonstructural concrete to 31% with 100% sand replacement by BBA in RCC. The high drop in
compressive strength values in RCC is probably due to the lower w/c ratio and the higher absorption
of the BBA than NS, which decrease the compactness of the samples reducing their mechanical
behavior, in addition to the reduction of the pozzolanicity of the biomass ashes with respect to the
cement. Although BBA has hydraulic properties, it cannot be assimilated to cement, which leads to a
reduction of strength in concrete. Similar behavior is observed in flexural strength (Table 6), which
shows lower values in RCC samples than in PCC.
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Figure 4. Comparison of compressive strength at 28 days with respect to reference concrete by authors
[19,23,25,27].

In contrast, the samples of lightweight concrete made with 30% BBA show a drop of 11% for
compressive strength and 3% in flexural strength values, likely due to the higher w/c ratio and the
lower influence of the compactness on this type of concrete.
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Finally, the drop in compressive and flexural strength values shown in concrete manufactured
by Fontes el al. [27] is due to the substitution of a hydraulic binder for a material without pozzolanic
properties.

4.2.4. Durability Properties

To measure the durability of recycled concrete made from BBA, the authors analyzed in this
work applied different standards or experimental tests.

Beltran et al. [19] and Rosales et al. [23] studied the durability of concrete through the penetration
of water under pressure test, according to EN 12390-8 [56], and the drying shrinkage measurements,
according to ASTC C157 [57]. Table 7 shows the results obtained by the authors.

Table 7. Durability properties of hardened concrete.

Mixes Water Penetration at 28 Days (mm) Shrinkage at 90 Days (um/m)

Beltran et al. [19]

Control-1 36.6 276
BBA-2-NG 61.5 446
BBA-3-NG 75.3 479

BBA-4-RCA 65.5 381
BBA-35-RCA 79.3 439
BBA-6-RCA 102.6 471
BBA-7-MRA 70.7 445
BBA-8-MRA 86.7 500
BBA-9-MRA 112.6 510

Rosales et al. [23]

Control-21 65.7 434
BBA-22 70.5 448
BBA-23-MRA 77.9 485
BBA-24-MRA 84.6 524
BBA-25-MRA 75.6 467
BBA-26-MRA 82.4 531

Water penetration under pressure was measured at 28 days and the negative effect of BBA
incorporation is observed in all samples. However, this increase was more pronounced in
conventional nonstructural concrete, with increases of 69% and 110% for substitutions of 3% and 6%,
respectively, compared to the 7% increase for a BBA replacement of 30% in lightweight concrete,
likely, due to the higher porosity of reference lightweight concrete made with lightweight aggregates.

The dry shrinkage measurements indicate that the concrete with higher BBA replacement have
higher shrinkage values, negatively affecting durability.

The permeability of PCC samples was measured by Lessard et al. [25] through electrical
resistivity at 28 and 90 days. According to the results obtained, all the samples showed low values of
electrical resistivity between 89 and 146 kQ.cm, therefore, the permeability was also very low,
indicating that the concrete has a low potential of ion-chloride penetration or other corrosive agents.

The stiffness damage test (SDT) was carried out by Fontes et al. [27] in order to analyze the
possible expansive reactions caused by the alkali-silica components present in the BBA, which
generate micro-cracking in the concrete, reducing the mechanical properties.

The SDT was carried out applying compression load cycles, in order to obtain the load-discharge
curve for each concrete, since the analysis of surface area of hysteresis loops is related to the potential
alkali-silica reaction damage.
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The stress—deformation relationship did not show a significant increase in the hysteresis area of
the BBA5 sample compared to the REF sample, indicating that there were no expansive reactions
after 365 days.

4.3. Discussion

Despite the fact that BBA is a heterogeneous material with properties that depend on the type of
biomass and combustion process, it has certain common characteristics, such as low density, high
absorption of particles, and a rough and porous appearance, which give concrete with natural sand
substitutions for BBA similar characteristics, such as decreased in workability and slight decrease in
density, greater absorption of water and porosity, decrease in mechanical behavior, such as
compressive, flexural, and tensile strengths and modification of durability properties, but which vary
depending on the type of concrete manufactured and the dosage.

On the contrary, for BBA substitutions for cement, the physical properties such as water
absorption and porosity are due to a possible refinement of the concrete structure.

RCC and PCC are the typologies most affected by the substitution of NS by BBA, due to the low
w/cratio and the high absorption of BBA, which implies a reduction in workability outside the limits,
in addition to the disorder in the particle-size distribution caused by BBA negatively affecting
compactness, which is a determining parameter in this type of concrete, reducing mechanical
behavior.

In contrast, lightweight concrete shows a better adaptation to the substitution of natural
aggregate and lightweight aggregate for BBA, due to the similarities between expanded clay and
BBA.

Although there is a reduction in mechanical properties and durability, it is within the limits for
the execution of lightweight structural concrete, also ensuring the necessary density values.

5. Biomass Bottom Ash in CTGM (Soil Cement) and Soil Stabilization

Cement-treated granular materials (CTGM) or also called cement soil, are homogeneously
compacted mixes of soil or granular materials, cement and water, widely used in structural pavement
layers [58].

In the last decade, many studies have been carried out on the use of CTGM incorporating
industrial by-products. The most used waste has been recycled aggregate from construction and
demolition waste. Xuan et al. [59] reported on the properties of CTGM manufactured with recycled
aggregate and different percentages of cement, while Perez et al. [60] carried out research based on a
real application in road base construction, using recycled aggregates of different composition such as
CTGM.

The incorporation of other industrial by-products such as steel slag, ash from power plants, blast
furnaces as raw material for the manufacture of CTGM or to stabilize marginal soils are being studied.
Sarkkinen et al. [61] used biomass fly ash as a binder for road stabilization.

However, there are very few studies in which BBA is used as CTGM or for soil stabilization.
Cabrera et al. [20], studied the possibility of using BBA as a raw material mixed with natural
aggregates and recycled aggregates as a road base or sub-base. They reported physical, chemical, and
mechanical parameters with very satisfactory results in some of the dosages used. In 2018, Cabrera
et al. [24] presented an experimental investigation of stabilization of expansive soils by removing
lime and incorporating BBA. The results showed significant improvements in the mechanical
behavior of the studied mixes.

5.1. Dosages

A total of 15 mixes were manufactured by the different authors analyzed. The proportions are
summarized in Table 8, indicating the percentage by weight of each material that makes up the mix.
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Cabrera et al. [24] made five mixes of stabilized soil. Four of them with different percentages of
BBA added (0%, 15%, 50%, and 100%) and a mix with a replacement of 5% of expanded clay soil
(ECS) by quicklime, in order to establish a reference mix.

Six mixes were produced by Cabrera et al. [20] varying the percentage of BBA replacement (0%,
15%, and 30%) and the percentage of cement added: 3% in series one (S1) and 5% in the second series
(52).

Finally, due to the lack of development of cement-treatment granular materials with BBA, four
mixes made by Sarkkinen et al. [61] varying the binder/soil ratio and the proportions between cement
and BFA used in the binder composition were analyzed, in order to be compared with the results
obtained by Cabrera et al. [20]

BFA used by Sarkikinen et al. [61] which come from the combustion of wood biomass in an
energy plant in Finland, present higher CaO values indicating a possible greater strength
development of treatment materials due to the potential hydraulic reactions which is consistent with
other studies conducted with BFA from wood biomass [62].

Table 8. Proportions of mixes design by authors.

ECS Quicklime (QL) BBA NA BFA OPC Soil

Mixes
wt.%
Cabrera et al. [24]
ECS-1 100
BBA-2 100
ECS + BBA-3 50 50
ECS + BBA-4 85 15
ECS + QL-5 95 5
Cabrera et al. [20]

Control-6 0 97 3
BBA-7-NA 15 82 3
BBA-8-NA 30 67 3

MRA-9 0 9 5
BBA-10-MRA 15 80 5
BBA-11-MRA 30 65 5

Sarkkinen et al. [61]

BFA-12 14 3 83

BFA-13 13 3 83

BFA-14 21 3 75

BFA-15 8 4 88

5.2. Experimental Methods and Results

This section shows the results of the laboratory tests carried out by each author on the stabilized
soil with BBA, cement treatment granular material with BBA, and cement treatment granular soil
with BFA in order to analyze the effect of the BBA in soil and natural aggregates with and without
cement and establish a comparison between the BBA and BFA effects on mechanical properties of
CTGM.

Cabrera et al. [20,24] performed the moisture-density test, according to EN 103 501-94 [63]
(Proctor Modified Test), in order to obtain the optimal moisture content to ensure the maximum dry
density. Once the optimal moisture content and maximum dry density value had been obtained, all
samples were compacted using a vibrating hammer in a cylindrical mold, filling in three layers. The
compressive strength was measured according to NLT-305-90 [64].
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Sarkkinen et al. [61] made the mixes according to EN 12390-1 [65], filling cube molds which were
compacted using a vibrating table. The water content was varied and adapted so all the samples
could be made applying that method. The compressive strength was measured according to EN
12390-3 [45].

Table 9 shows the density of all samples analyzed and the compressive strength of cement
treatment materials.

Table 9. Compressive strength and density of all mixes by authors.

Compressive Strength (MPa)

Mixes Density (g/cm3) BBA (%)

7 days 28 days
Cabrera et al. [24]
ECS-1 - - 1.69 0
BBA-2 - - 1.33 100
ECS+BBA-3 - - 1.53 50
ECS+BBA-4 - - 1.58 15
ECS+QL-5 - - 1.56 0
Cabrera et al. [20]

Control-6 1.86 2.31 2.23 0
BBA-7-NA 2.67 4.3 1.92 15
BBA-8-NA 2.52 3.26 1.77 30

MRA-9 2.52 3.55 2.26 0
BBA-10-MRA 4.12 6.47 1.95 15
BBA-11-MRA 3.52 448 1.79 30

Sarkkinen et al. [61]

BFA-12 3.8 5.2 2.16 14

BFA-13 3 5.3 2.2 13

BFA-14 3.9 8.7 2.06 21

BFA-15 2.5 5 2.09 8

Density values are related to the compaction of the samples, so under optimal conditions of
moisture and compactness CTGM with BBA made by Cabrera et al. [20] present lower density values
than the reference samples, likely due to the lower density of BBA which reduces the total content of
cement in a meter cubic of mix. However, no relationship was observed between BBA content and
density in the mix made by Sarkinnen et al. [61], because the compactness conditions were not
optimal.

In addition, stabilized soil with BBA has no significant variances present in density values
compared to the reference value obtained in the sample stabilized with quicklime.

Analyzing the compressive strength values, the soil treated samples made by Sarkkinen et al.
[61] show a reduction in strength properties with the increase in BBA caused by the uncontrolled
compactness and moisture conditions; however, the incorporation of BBA together with cement had
positive effects indicating the potential to manufacture binder from BFA.

On the contrary, the samples manufactured by Cabrera el al. [20] show a significant
improvement in strength properties due to the incorporation of BBA in both series, with increases of
25% on average between 7 and 28 days.

In addition, analyzing the stress—strain relationship obtained from strength test which were
carried out on the mixes, the modulus of elasticity was determined. The elastic properties of a cement-
treated soil allow estimating the bearing capacity of a pavement since higher elastic modulus implies
a better traffic load distribution, generating less distortion which guarantees an adequate structural
behavior of the road over its lifetime.

Figure 5 shows the results of compressive strength and modulus of elasticity obtained by
Cabrera et al. [20].
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Figure 5. Comparative between compressive strength and modulus of elasticity. (Modified from

Cabrera et al. [20]).

According to the results, a similar effect was observed in both series. For an incorporation of
15% of BBA, the compressive strength and the modulus of elasticity improved compared to the
reference samples, although the mixes made with a percentage of BBA of 30% presented similar
values of compressive strength and worse results in modulus of elasticity.

Finally, stabilized soil with BBA has no compressive strength value, since the mixes do not have
any cement content, so the bearing capacity was measured by the CBR test, according to EN 103 502-
95 [66]. The results of the CBR index under soak and un-soak conditions are shown in Figure 6, and
as observed, the bearing capacity of samples which were made with BBA were better than the soil
stabilized with lime, probably due to the high CaO content which reduces plasticity and free swelling,
improving the mechanical behavior of the soil.
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# 4 day soaked 2.30 28.01 33.70 19.75 4.67

5.3. Discussion

Figure 6. CBR values of stabilized soil. (Plotted from Cabrera et al. [24]).

The physicochemical properties of BBA and BFA condition the mechanical behavior of stabilized
soils and cement-treated soils.
The stabilizing potential of ash with a high CaO percentage, generally over 20%, has been
observed, which is consistent with previous studies [40], reducing free swelling and soil plasticity,
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thus improving its load-bearing capacity, as indicated by the positive results obtained by Cabrera et
al. [24].

The pozzolanic activity of biomass ash is known to depend on Si + Fe + Al and CaO content, but
also on other factors such as the specific surface area, organic matter content, and crystalline structure
of the phases, for which BFA generally have been considered more reactive than BBA. Sarkkinen et
al. [61] showed that the use of BFA with high contents of Si + Fe + Al (50-70%) mixed with cement
improves the properties of the binder, on the contrary, no positive results were obtained regarding
the development of compressive strength.

However, Cabrera et al. [20] obtained very positive results with incorporation of 15% BBA
together with incorporation of 3% and 5% cement, with increases in the compressive strength and
modulus of elasticity of the samples tested, which implies that the use of BBA with a lower theoretical
potential of pozzolanic reactivity can improve the mechanical behavior of the soil under optimal
compaction and moisture conditions.

6. Conclusions

Based on the literature reviewed in this work, the feasibility of using BBA from different origins
and with different treatments has been analyzed for application in cement-based materials such as
mortars, concrete, or CTGM. It has been demonstrated that the characteristics of materials
manufactured with BBA have improved and worsened, due to the variability in the properties of the
ash and the different processes of manufacture used by each author.

The following conclusions are obtained from the analysis of the literature:

(1) The results from mortar manufactured with BBA indicate that:

The main components of the BBA are 5iO2 and CaQO, these values are appropriate to produce
pozzolanic reactions and have a positive cementitious capacity.

The use of BBA in the manufacture of mortar increases porosity, as a consequence of porosity,
decreases density and lowers mechanical strength. The different studies agree that the negative effect
on mechanical properties is due to the content of organic matter present in BBA.

(2) The results from concrete manufactured with BBA indicate that:

Previous research reports that concrete made with BBA present worse mechanical behavior than
control samples, although the values are enough to ensure the minimum requirements established
by the different standards.

Concrete with lower water to binder ratio are the type most affected by the BBA incorporation,
due to the high water absorption which reduces the workability and decrease the mechanical
behavior.

BBA with high alkali elements contents such as K20 has no negative effects on the durability
properties of concrete.

(3) The results of the cement treatment granular material manufactured with BBA indicate that:

BBA with high CaO contents has stabilizing properties to use in expansive soils, improving the
bearing capacity of the soils.

BBA with high Si + Fe + Al and CaO content with cement improve the mechanical behavior of
the treated soil.

The compaction process and moisture content determine the development of compressive
strength of soils treated with BBA.

The real possibility of using BBA in cement-based materials for its application in civil
engineering has been demonstrated, promoting a circular economy model in which waste from the
generation of energy from biomass is used reducing or eliminating its deposit in landfills.
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7. Future Research Lines

After analyzing the current state of development of cement-based materials manufactured with
BBA, some aspects of future research are listed below:

To study the physical-chemical properties of different BBAs produced in different treatment
plants. The influence of the origin of the material and the combustion system on the final properties
acquired by the waste will be identified. In this way, a relationship will be sought between the source
material, combustion system, BBA properties, and the most appropriate use for them.

Mechanical behavior comparative study of cement-based materials manufactured with different
BBA typologies, and long-term (12-24 months) durability analysis.

Long-term microscopy studies (12-24 months) to analyze the evolution of the internal structure
of cement-based materials manufactured with BBA.
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