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ARTICLE INFO ABSTRACT

Keywords: Wood fly ash (WFA) is a waste material produced in power plants as result of forest residues combustion to
Wood fly ash produce power and heat. In countries like Portugal, this waste is disposed of in landfills. Since this material
Coal fly ash shows pozzolanic characteristics, several studies have been done to evaluate its use as a construction material.
Concrete This work shows an overview of some published results about the effect of the utilisation of WFA, as a sup-
(Sjlj::aeir:ltarb?ﬁlt?,cemem plementary cementitious material, on the durability and quality of concrete. The results showed that the increase

on the wood fly ash content leads to a negative effect on the concrete properties when compared with a con-
ventional concrete. However, the results showed that the behaviour of wood fly ash concrete is very similar to
the coal fly ash concrete, which is the most pozzolanic material used in the world. In terms of durability, it was
verified that WFA improved the most of the durability characteristics with the exception of carbonation re-
sistance. However, more experimental analysis needs to be developed in terms of wood fly ash concrete dur-
ability. Results suggested that using wood fly ash to replace cement is a valuable sustainable option for concrete
production. This manuscript discusses the key factors and attempts to provide new information about the ap-

plication of the wood fly ash on concrete.

1. INTRODUCTION

Portland cement is one of the most used materials in the construc-
tion field (Demis et al., 2014), namely in the concrete industry. Cement
production leads to a large consumption of natural resources and high
emissions of carbon dioxide (CO,) to the atmosphere (Aranda Usén
et al., 2013; Benhelal et al., 2013; Fairbairn et al., 2010). Furthermore,
it is well known that CO, is a contributing factor to global warming.
Some products or residues generated during the activity of various in-
dustrial sectors can react with calcium hydroxide resulting in calcium
silicate hydrates such as the ones formed during cement hydration, thus
having similar properties to Portland cement and are denominated as
pozzolans. Therefore, its utilisation as cement replacement seems to be
a promising solution to minimise these problems (Demis et al., 2014).

Pozzolans are natural or artificial materials containing silica in a
reactive form. These materials have the capacity, in the presence of
moisture, to chemically react with calcium hydroxide at ordinary
temperatures to form compounds that have cementitious properties
(Neville, 1995). Examples of pozzolanic materials are ground granu-
lated blast furnace slag, fly ash from thermal power plant (CFA) and
silica fume. Their functionality has been demonstrated in several stu-
dies in terms of technical, environmental and economic benefits
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(Ahmaruzzaman, 2010; Nochaiya et al., 2010; Sabet et al., 2013). Re-
cent studies show that the utilisation of pozzolanic materials from
biomass can be feasible (Batt and Garg, 2017; Chalee et al., 2013;
Wang, 2015).

Biomass is considered a renewable energy source and is used for
energy production in the European Union. In Portugal, some sectors
such as pulp and paper, furniture and cork are heavy consumers
(Tarelho et al., 2015, 2012). Some of those sectors also use forest bio-
mass residues for heat and power production (Tarelho et al., 2012). The
forest biomass residues are a result of its ongoing work, during the
preparation of feedstock and forest maintenance (Cordeiro et al., 2008;
Tarelho et al., 2015, 2012). Combustion is the most used operation to
produce heat and power using biomass residues as fuel (Barbosa et al.,
2013b). However, during biomass combustion, a high content of ashes
is produced, and this is an issue for biomass valorisation (Tarelho et al.,
2012).

The quantity and quality of ashes produced during biomass con-
version are influenced by the characteristics of biomass, such as: agri-
culture waste, herbaceous biomass, wood or bark (Rajamma et al.,
2009) and by operation conditions (Tarelho et al., 2012). The char-
acteristics of ashes and their management are very important in terms
of operating and environmental aspects (Tarelho et al., 2012). In
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Portugal, fly ash from biomass combustion is classified as solid waste
and is usually managed by disposal in landfill. However, landfill dis-
posal has economic, environmental and sustainable issues. Therefore, it
is important to find other applications for fly ashes from biomass
combustion (Miller et al., 2006; Tarelho et al., 2012).

Using wood fly ash (WFA) as partial cement replacement in con-
struction materials minimises the use of natural resources in cement
production (Tarelho et al., 2015), the mitigation of greenhouse gas
emissions and a better solution for ash management. Some studies
showed good performance when blends of coal and WFA or only bio-
mass ash were used in concrete (Ban and Ramli, 2011; Barbosa et al.,
2013b; Rajamma et al., 2009). However, some technical issues, such as
commercial barriers and concerns about the availability and quantity of
biomass ash are still issues when those ashes are used at industrial le-
vels (Barbosa et al., 2013b).

In this work, a study about the utilisation of WFA with wood origin
as a partial cement replacement and its effect on several aspects related
to concrete such as workability, durability, quality and sustainability
was carried out. The main aim of this study is to understand the pos-
sibility of using this material to produce concrete.

2. Wood fly ash characteristics

The physical and chemical characterisation of fly ashes is important
to understand the benefits of using it (Siddique, 2012). The WFA is
divided into different flows, and this division is made in the places
where they are sampled such as: super-heaters, economizers, and con-
trol devices (cyclones, bag filters and electrostatic precipitator)
(Tarelho et al., 2012). The different flows are usually mixed and
managed together but each one has distinct properties (Capablo et al.,
2009; Liao et al., 2007; Loo and Van Koppejan, 2012; Obernberger,
2009; Tarelho et al., 2015, 2012; Teixeira et al., 2013).

The WFA is influenced by the technology used for biomass com-
bustion, such as: grates, fluidised beds and fixed beds (Girén et al.,
2013; Liao et al., 2007), but also by the type of fuel (biomass) (Girén
et al., 2013; Teixeira et al., 2012; Vassilev et al., 2013a,b, 2010) and
operation conditions (Miller et al., 2006; Steenari and Karlfeldt Fedje,
2010; Tarelho et al., 2012).

This study focuses on WFA with wood origin, because this is the
most produced type in Portuguese industries. In Portugal, this ashes are
a result of thermochemical conversion of a mixture of residual forest
biomass (essentially biomass derived from eucalyptus and pine, but also
in small amounts from acacia) resulting from forest management
practices as logging activities related to the harvesting of wood for the
pulp and paper industries and other industrial wood sectors, and also
from forest maintenance for wildfire prevention (Tarelho et al., 2015).

The WFA were studied in terms of physical and chemical char-
acteristics, by several methods such as XRD, XRF, SEM/EDS. The fol-
lowing sections give the discussion of wood fly ash in terms of physical,
mineralogical and chemical characteristics. During the study a com-
parison with coal fly ash is also made, because this type of ash is the
most used pozzolanic material in concrete production.

2.1. Physical and mineralogical characteristics

Wood fly ash presented an irregular morphology in terms of size and
shape of particles, showing a wide range of particle shape and size
(Fig. 1). Some particles are angular, and have rough textures, some
particles are spherical with some impurities attached to their surface
and some with smooth surfaces (Lessard et al., 2017; Tarelho et al.,
2011).

In terms of density, Berra et al. (2015) studied three type of wood
fly ash and observed that the values for the density varied between 2.35
and 2.76 g/cm®. Rajamma et al. (2015, 2009) observed that for two
wood fly ashes collected in two Portuguese facilities (one collected in a
biomass thermal power plant and the second one collected from a
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biomass co-generation plant) the specific surface area and bulk density
were respectively 40 m?/g, 2.59 g/cm® for one of them and 8 m%/g,
2.54 g/cm3 for the other. Tarelho et al. (2011) studied two wood fly
ashes (one from wood combustion on a fluidised bed reactor and the
other from wood combustion in a grate combustor) and observed spe-
cific surface areas of 13 and 14 m?/g (determined by the BET method)
and a bulk density of 2.23 g/cm®. These results showing that in general
the bulk density of wood fly ashes varied between 2200 to 2800 kg/m>
and the surface area has a higher dispersion that is related with the
combustor equipment (8-40 m?/g).

The physical characteristics of size fractionated wood fly ash were
studied by Barbosa et al. (2013a). It was observed that these ashes
consisted of finer particles and in most of them the mass was separated
in three size ranges: 48% in the 20-50 um range, 36.3% in the range of
50-200 ym and 10.5% in the range of 200-500 um. However, the
particle size of wood fly ash can be significantly different (Barbosa
et al., 2013a; Sarabér and Haasnoot, 2012), because it depends on the
combustion technology and the biomass origin.

Wang et al. (2008c) and Lessard et al. (2017) studied the particle
size distribution of five different types of ashes and the results are
shown in Figs. 2 and 3. They observed that Class C and Class F CFA
according to (ASTM C618-15, 2015) have similar particle size dis-
tribution and most of particles are between 3 to 50 um (Wang et al.,
2008c). However, WFA has particles with a much larger size than the
other fly ashes. Larger sized particles, when compared to cement par-
ticle size distribution, are also observed by Lessard et al. (2017).

2.2. Chemical compositions

Table 1 shows that the loss of ignition (LOI) content of wood fly ash
is significantly higher than coal fly ash. As it can be seen a wide range
can be observed for the LOI values for the wood fly ashes (0.5-25.0 %
wt). The LOI content is a very important parameter since it is known
that fly ash with high LOI values may affect the concrete properties. Fly
ashes with high LOI absorbed more water and chemical admixtures, for
example the superplasticizer resulting in increasing the slump loss,
decreasing the air-entraining effect and bleeding and decreasing the
strength of concrete (Berry and Malhotra, 1980; Huang et al., 2013;
Lane and Best, 1982).

Lime and quartz are the oxides at higher concentration in the che-
mical composition of ashes (Table 1) (4.8-52.1%wt of SiO, and
8.5-53.4 %wt of CaO, being once again observed a wide dispersion in
the content of each elements), but several other oxides are present in a
significant concentration such as aluminium, potassium, iron, sodium,
magnesium, chloride and sulphur (Chowdhury et al., 2015; Dahl et al.,
2010, 2009; Esteves et al., 2012; Girén et al., 2013; Liao et al., 2007;
Maschio et al., 2011; Pitman, 2006; Rajamma et al., 2009; Sarabér and
Haasnoot, 2012; Tarelho et al., 2012, 2011; Teixeira et al., 2019;
Vamvuka and Kakaras, 2011; Velay-Lizancos et al., 2017).

The high content of lime is related with the presence of this oxide in
the chemical composition of biomass (Vassilev et al., 2010) that is re-
leased during its combustion. The high content of silicium compounds
is also related to the chemical composition of biomass (mostly with the
inorganic part-ash), but also related with the inert material, e.g. soil
particles, which are fed mixed with biomass during combustion
(Vassilev et al., 2010). The high silica content is explained by the fine
particles from the inert material fed with biomass and in the case of the
bubbling fluidised bed reactor, by the fine particles that belong to the
bed sand, which are carried out with the combustion flue gas and
captured by the control devices (Tarelho et al., 2015, 2012; Teixeira
et al., 2013; Vassilev et al., 2013a, 2010).

WFA has a high content of heavy metals, e.g. Cr, Cd, Pb, Zn, Co, As,
and some of them present organic compounds in their composition, e.g.
PAH, and this has an environmental importance (Barbosa et al., 2013a;
Dahl et al., 2010; Demirbas, 2005; Khan et al., 2009; Loo and Van
Koppejan, 2012; Obernberger, 2009; Pettersson et al., 2008; Tarelho
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Fig. 1. Microscopic aspect (SEM images) of the wood fly ash from fluidized bed (Tarelho et al., 2011).
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Fig. 2. Particle size distribution of fly ashes with different origins: coal (Class C
and Class F), sawdust (SW1 and SW2) and wood (Wang et al., 2008c).
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Fig. 3. Particle size distribution of wood fly ash (WFA), biomass bottom fly ash
(BBA), cement, sand and aggregates (10, 14 and 20 mm) (Lessard et al., 2017).

et al., 2015, 2012).
As a general trend, WFA are different from coal fly ashes, they have
higher content of Ag, B, Br, Ca, Cl, Cu, Ga, Hg, I, Mg, Mn, Mo, Na P, Rb,
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Sr, Te, Zn and K, less Al and more variety on composition and on in-
organic content material. They present higher content/values of dry
water-soluble residue, pH, carbonates, chlorides, oxyhydroxides,
phosphates and water-soluble components. Otherwise, presents lower
contents/values of Al, As, Au, Ba, Be, Bi, Cd, Ce, Co, Cs, Dy, Er, Eu, F,
Fe, Gd, Ge, Li, Ni, a lower ash-fusion temperatures, lower bulk density,
less content of silicates and sulphates-sulphides (Ahmaruzzaman, 2010;
Dahl et al.,, 2012; Demirbas, 2005; Vassilev et al., 2013a,b, 2010,
2014a,b; Wang et al., 2008c).

2.3. Morphology

The elemental chemical analysis and high pH are an indication that
some of the metals presented in WFA may be in the form of basic metal
salts, oxides or hydroxides (Vassilev et al., 2013a). To better understand
the metal forms presented in ashes, some authors (Berra et al., 2015;
Dahl et al., 2012, 2010, 2009; Davidsson et al., 2007; Esteves et al.,
2012; Girén et al., 2013; Maschio et al., 2011; Rajamma et al., 2009;
Saraber and Haasnoot, 2012; Singh et al., 2011; Steenari and Karlfeldt
Fedje, 2010; Tkaczewska and Malolepszy, 2009; Wang et al., 2008a)
carried out X-Ray Diffraction (XRD) analysis on different types of WFA.
The results achieved reported the presence of calcium compounds
(CaO, CayFe,0s, CaCO3, CaS0O,4, CaAl,SiO;, CaMgSi>Og, CaMg(CO3)5),
but also compounds with silica, sodium, magnesium, iron, potassium
and aluminium (SiO,, MgO, Fe;03,Al,05, KAISi3Os, K>SO, KCl,
NaAlSi3;0g, NaAl30g), which confirms the chemical results.

Several ash materials have cementitious properties as they react
with moderate amounts of water (Tosti et al., 2018). Usually, the main
mineral present in WFA are those described before. However when
these ashes react with water, secondary hydrated minerals, such as
ettringite, portlandite and calcite, are formed during the process, but
also can form calcium-silicate-hydrates, aluminate-hydrates and
gypsum (Chaunsali et al., 2018; Eliche-Quesada et al., 2017; Fuller
et al., 2018).

During CaO hydration, portlandite is formed that subsequently re-
acts with CO, present in the air and water to form calcium carbonate
(Maresca et al., 2019). The carbonation of portlandite is the most
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important parameter in the self-hardening properties of WFA, since
some XRD analyses of hardened fly ashes showed a lack of lime and
portlandite in WFA, lesser than when observed in fresh ashes (Maresca
et al., 2017).

The differences among ashes with the same origin can be related to
the combustion system, the characteristics of the fluidising agent and
the system treatment of the gaseous effluents (Barbosa et al., 2013a).
The physical and chemical characteristics of wood fly ash are important
parameters to consider in terms of the valorisation of this material, such
as its application in construction materials.

In next sections the main goal of this study will be discussed: the
influence of wood fly ash on the fresh and hardened properties of
concrete. However, some studies that are related with the use of WFA
on cement pastes and mortars will also be presented. These studies were
chosen taking into account some published literature (Camoes et al.,
2005; Rubio-Hernandez et al., 2012) that shows that the results ob-
tained for the properties of conventional concrete can be predicted with
sufficient accuracy using the results obtained in the corresponding
mortars.

3. Legal framework of wood fly ash application on concrete

WFA has been incorporated into concrete as a substitute for cement
(Barbosa et al., 2013b; Horsakulthai et al., 2011; Omran et al., 2018;
Sata et al., 2007; Siddique, 2012; Wang et al., 2008b,c) mainly due to
its physical and chemical properties. Using of WFA as a partial cement
replacement showed many positive effects on cement mixtures, and
some of these results are summarised in (Ban and Ramli, 2011;
Siddique, 2012). However, there are some WFA that do not have poz-
zolanic properties.

Some types of WFA are incorporated in construction materials,
however there are not adequate standards for using them. Due to this
the standards applied to CFA utilisation in concrete were used as a basis
for WFA incorporation in concrete (ASTM C618-15, 2015; EN 450-1,
2012).

The ASTM C 618 (ASTM C618-15, 2015) showed two classes for
CFA: Class C and Class F. This classification in based on some chemical
and physical requirements. One of the biggest differences between Class
C and Class F is the content of calcium oxide, CFA with CaO less than
7% belong to Class F and with more than 20% belongs to Class C. Most
parameters are the same for the two classes: the difference is in the sum
of SiO, plus Al,O3 plus Fe;O3 (minimum 70% for Class F and minimum
50% for Class C).

The European standard EN 450-1 (EN 450-1, 2012) defines the
chemical and physical properties and conformity criteria for using CFA
in concrete mixtures. The standard divided the ashes into three cate-
gories in terms of LOI (A - <5 %wt, B— <7 %wt and C — 9 %wt). As can
be seen in Table 1 most of the selected biomass ash belongs to category
A, one belongs to category B and another one to category C. However,
there are some types of WFA that have LOI values higher than 9%,
which refers to the last category. In terms of chlorides the content must
not exceed 0.1%w, but most WFA presents higher values (Table 1). On
the other hand, in terms of SO; (=3 %w), MgO (=4 %w) and P30
(=5 %w) the majority of WFA meets the requirement.

Fig. 4 compares the calcium content with the sum of oxides (SiO, +
Al,03+ Fe,03) for wood fly ash and compares it with coal fly ash. Most
of the WFA and CFA blends are considered by the (ASTM C618-15,
2015) as Class C ashes. One important parameter is the sum of SiO, plus
Al,05 plus Fe,;03 in which the standard requirement is minimum 70%,
and it can be seen in Fig. 4 that most WFA does not meet the require-
ment.

It can be seen that the classification of wood fly ash by the European
and American standards is very complex. Some WFA is considered as
Class C, but the diversity of wood fly ashes in terms of oxides or calcium
content does not allow their classification by the standards used for
classification of ashes to produce concrete. The classification of WFA
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Fig. 4. Relationship between calcium oxide content and the sum of oxides for
several WFA (in black) and a comparison with coal fly ashes (in blue) based on
(Berra et al., 2015; Chowdhury et al., 2014; Esteves et al., 2012; Illikainen et al.,
2014; Koukouzas et al., 2007; Mahmoudkhani et al., 2007; Maschio et al., 2011;
Rajamma et al., 2012, 2009, 2015; Ruiz et al., 2017; Sarabér and Haasnoot,
2012; Shearer et al., 2011; Steenari and Lindqvist, 1997; Steenari et al.,
1999a,b; Tkaczewska et al., 2012; Tkaczewska and Malolepszy, 2009; Vamvuka
et al., 2008; Wang et al., 2008c). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

leads to important issues as wood fly ashes showed a wider variation in
the composition than coal fly ash, but generally the wood leads to the
production of Class C fly ash (Wang et al., 2008c).

4. Influence of wood fly ashes on the microstructure of concrete
binder

The microstructure influences the mechanical behaviour of the
concretes. Rajamma et al. (2009) studied the composition of pastes
made from cement and ashes after 28 days of curing by XRD and
thermal analysis (TG/DTA). The main peaks that they observed were
calcium hydroxide, calcium aluminium hydrate and calcium silicate,
but they also found ettringite, calcite and silica. This result indicated
that WFA influenced the phase formation in the mixture. The XRD re-
sults were corroborated by the thermal analysis, which showed three
peaks related to the decomposition of calcium silicate hydrated and
ettringite (135-185°C), and calcium hydroxide decomposition
(525-575 °C). Pastes with ashes presented a decrease in the intensity of
the calcium-hydrate (CH) peak. This was due to the fact that the CH
produced is a function of the relative content of alite and belite con-
tained in cement (Rajamma et al., 2009). The variation in CH indicates
the amount of calcium silicate gel formed. The pozzolanic reaction is
also responsible for the decrease in the CH. Firstly, the pozzolanic re-
action occurs between amorphous siliceous materials and portlandite
and forms calcium silicate hydrate (Rajamma et al., 2009). The ratio
between calcium/silicate and the water molecules is according to the
stoichiometry of the elements presents in the reaction (Rajamma et al.,
2009). The third peak was related to the thermal decomposition of
calcium carbonate (800 °C).

Maschio et al. (2011) observed in a semi-quantitative analysis of fly
ashes from the combustion of chips, in a small power plant, that those
ashes mostly contained calcite, diopside, lime and periclase. The pre-
sence of diopside did not significantly change the behaviour of the
samples when compared to the reference mortars. This fact was related
with the ratio of (CaO + Mg0)/SiO, in those compounds that was si-
milar to cement (Maschio et al., 2011; Matjie et al., 2008). The high
content of CaO and MgO present in ashes may improve the strength
resistance of the concrete or mortars with respect to the reference
provided that the silica present in ashes is higher than the silica present
in cement (Maschio et al., 2011; Papadakis, 2000). The presence of
calcium carbonate may alter the hydration heat because it allows a
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Table 2

X-ray diffraction intensity of Ca(OH), and C3S during hydration of cement and a
blend of cement and coal-wood fly ash mixtures.

Adapted from (Tkaczewska and Matolepszy, 2009).

Sample X-ray diffraction intensity of (%)

Ca(OH), (34.1°20 Cu Ka)  C3S (34.4°20 Cu Ka)

At 28 day At 180 day At 28 day At 180 day
Control 100.0 100.0 100.0 100.0
20% of cement replacement  82.8 66.8 85.2 82.7
40% of cement replacement  65.8 35.9 70.2 64.0

faster reaction of CsS that leads to the formation of carbosilicates and/
or carboaluminates. However, it may not lead to better mechanical
strength than the pure C3S. WFA has a high content of metals and
during the production of construction materials it can be dissolved in
water in the ageing materials (Maschio et al., 2011).

A comparison of the influence of coal-biomass blended fly ash and
only coal fly ash on the cement hydration was made by (Tkaczewska
and Matolepszy, 2009), in terms of unreacted Cs3S content (by XRD
analysis) and in terms of the estimation of cement microstructure (by
SEM-EDS analysis). In terms of XRD analysis (Table 2), it was observed
that the intensity of the Ca(OH), peak in the presence of coal-wood fly
ash was higher than for coal fly ash mixtures, and this was due to the
lower reactivity of coal-wood fly ash with Ca(OH),. Mixtures with coal-
wood fly ash presented a lower degree of C3S hydration in comparison
to coal fly ash mixtures (Tkaczewska and Matolepszy, 2009). The
scanning microscope analysis showed that the incorporation of coal-
wood fly ash in cement changed the content and the morphology of
calcium silicate hydrates (C-S-H). The pore content of C-S-H increased
and this was due to the coarse grinding of these ashes and due to its low
pozzolanic activity (Tkaczewska and Matolepszy, 2009). The analysis
reported a higher CaO/SiO, molar ratio of C-S-H in mixture with coal-
wood ash than the mixture with coal fly ash, which can be due to dif-
ferent degrees of polymerisation of silicate anions in mixture with coal-
wood fly ash. Therefore, the C-S-H is less amorphous and the perme-
ability of water and aggressive solution to the core of the specimen of
coal-wood fly ash is increased (Tkaczewska and Matolepszy, 2009).

5. Fresh state rheological behaviour of wood fly ash concrete

The fresh properties of wood fly ash concrete such as workability,
setting time, fresh rheology and heat of hydration are discussed in the
following paragraphs.

5.1. Workability and consistency

Some studies (Ban and Ramli, 2011; Berra et al., 2015; Coelho,
2010; Wang et al., 2008b; Yang et al., 2016) showed that the using WFA
as a partial cement replacement material interferes in the workability of
concrete (Table 3).

Slump is a measure of concrete consistency and shows the existence
of variations in the uniformity of the mixtures (Neville, 1995). This
characteristic and the workability are important due to the fact they are
responsible for the utility and transportation of concrete (Aitcin, 2008).
The slump values of concrete decrease as cement is replaced by WFA,
being this decrease more significantly for higher cement replacement
contents (20 and 30 wt%) (Yang et al., 2016). A partial cement re-
placement by those ashes decreased the mix workability, and it was
more distinct at the higher ash content. Several authors attributed this
to the shape of the particles and the higher specific surface area of ash
porous, compared to cement particles (Barathan and Gobinath, 2013;
Berra et al., 2015; Shearer et al., 2011; Wang et al., 2008b). The de-
crease on the slump is also due to the high unburned carbon in wood
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ash that absorbed water, which reduced the free water content in the
mixtures (Yang et al., 2016).

However, the amount of superplasticizers, need to maintain a given
slump for a constant water to cement rate, increased with the increase
of cement replacement by WFA. This increase was due to the ash par-
ticles’ angular shape, irregular shape and high porosity and due to their
high loss-on-ignition. This led to an increase in the water requirement
and consequently in the high dosage of superplasticizers to maintain the
same workability as the reference concrete (Abdullahi, 2006; Barathan
and Gobinath, 2013; Berra et al., 2015; Kara et al., 2012; Rajamma
et al., 2015; Shearer et al., 2011; Wang et al., 2008a).

5.2. Water demand and consistency

The cementitious materials blended with cement are less reactive
than plain cement during setting and early hardening. Hence, it is im-
portant to know the amount of water needed for each mixture, because
the early strength and permeability of the concrete are a function of the
reactions that occurs during the early hydration of the portion of ce-
ment present in the binder (Aitcin and Mindess, 2011). The amount of
water is very important in the fresh state of concrete mainly due to the
fact of controlling: the rheology of the fresh concrete, the position of the
binder particles in the mixture, the initial solubility of the different
ionic species of the binder, the electrical and thermal conductivity of
the fresh concrete, creating the cohesion that makes concrete workable
while decreasing the segregation (Aitcin and Mindess, 2011; Neville,
1995).

The incorporation of WFA leads to an increase in the amount of
water required to produce pastes with a desired consistency (Rajamma
et al., 2015, 2009). Rajamma (2011) and Coelho (2010) observed in-
teresting findings in their studies, with 10% replacement of cement by
wood fly ash in the total binder's weight. The consistency and the water
demand were similar to that of plain cement mixture, but with higher
percentages of replacement, the water demand increased. Water de-
mand has increased proportionately with the increase in cement re-
placement by biomass ashes (expressed as a percentage of the total
binder's weight) (Ban and Ramli, 2011).

Wang et al. (2008c) studied the water demand of different concrete
mixtures using different supplementary materials (coal fly ash classes C
and F, sawdust and wood fly ash). They observed that all samples had
similar or lower water demand than pure cement mixtures, except for
wood mix. The lower water demand of carbon fly ash mixtures is an
advantage over plain cement mixtures and is due to the high-tem-
perature treatment producing less porous and finer spherical particles
having a filling effect on the mixtures. This led to an increase in the
fluidity of fresh concrete and reduces the water demand (Freeman et al.,
1997; Lane and Best, 1982; Ravina and Mehta, 1986; Wang et al.,
2008c).

A summary of the effect of WFA on the consistency and water de-
mand of concrete can be seen in Table 4 and is explained by the phy-
sical properties of ashes. The high surface, high organic content (LOI)
and irregular shape allows for adsorption of water by the ash particles
in the mixing and because they are hygroscopic by nature, they lead to
higher water demands and issues with consistency (Rajamma, 2011;
Wang et al., 2008b).

5.3. Fresh rheology

Fresh rheology explains the plastic state of fresh concrete and this
property has been described in various studies (Artelt and Garcia, 2008;
Ban and Ramli, 2011; Cordeiro et al., 2009; Emoto and Bier, 2007;
Kovler and Roussel, 2011; Maschio et al., 2011; Modolo et al., 2013;
Ponikiewski and Gotaszewski, 2014; Sfikas et al., 2014; Siddique, 2004;
Stark, 2011; Yammine et al., 2008). Rajamma et al. (2015) studied the
rheological behaviour of mortars with 0, 10, 20 and 30 %wt of cement
replacement by two wood fly ashes. Fresh rheology was evaluated in a
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Table 3
Wood fly ash influence on concrete workability.
Application % Of cement replacement Influence of wood fly ash Compared with  Spread flow/Slump  Ref.
(mm)
Concrete 10, 20 and 30 %wt - wood ash to partially replace cement slightly reduced the slump  Portland (w/b = 0.42) Yang et al.
(by less than 50.8 mm) cement 101.6-108 (2016)
Mortars 10, 20 and 30 %wt — Up to 10% the consistency of mortar is not visible; Portland (w/b = 0.55) Rajamma et al.
- above 20 %wt the slump values decreased significantly cement 90-120 (2015)
(w/b = 0.60)
105-150
(w/b = 0.65)
110-150
Paste 15 and 30 %wt at a fixed w/b ratio, the WFA decreased the mix workability;this Portland - Berra et al.
effect was more pronounced at the higher ash content (30 wt.%); cement (2015)
Concrete 20, 30 and 40 %wt - wood ash contributed more to workability; Coal fly ash (w/b = 0.49) Kara et al.
— slump of wood ash was 1,5-2 times greater; 20 %wt-160 (2012)
— due to wood ash particle size, shape, and chemical composition 30 %wt-125-140
- increasing on wood ash the slump values decrease; due to water 40 %wt-115-145
absorption by the ashes
Mortar 25 %wt (blend of WFA + CFA, — Wood fly ash decreased the slump values; Coal fly ash - Shearer et al.

with the WFA increasing on the

blend) percentage addition of WFA;

the percentage reduction in mortar flow is greater than the

(2011)

— However, the resulting mortar flows are still high in comparison
to the cement-only mix indicating the positive CFA properties
outweigh the negative properties of the WFA.

Viskomat PC Rheometer (Rajamma et al., 2015). The testing time was
from 15 to 60 min, depending on the ash content. The authors esti-
mated the yield stress and the plastic viscosity from Bingham's model
(Fig. 5). The authors reported that it was not possible to test this
parameter on mortars with 30% of ashes, because torque was in-
sufficient to overcome the yield stress and plastically deform the ma-
terial. Another interesting result was the fact that torque increased at a
constant rate directly dependent on the biomass ash fraction. The au-
thors reported that a desirable fluidity was found when the amount of
water added to the mixture was enough to fill the pores, which avoided
intense interparticle friction of solid particles. This was contrary to
what WFA particles do to the system as those particles tend to absorb
water molecules, reducing the amount of free water and acting as a
lubricant for the movement of solid particles (Rajamma et al., 2015).
This leads to an increase in the particle friction and the plasticity of
mixtures reduces.

As can be seen in Fig. 5, the viscosity of the different mixtures tends
to decrease and the differences between the mortars were attenuated.
However, the yield stress increased after 5min of testing and the
mortars with ashes were stiffer than cement mortar. Usually, the plastic
viscosity depends on the volume of solid particles and their packing
density. On the other hand, yield stress is related to the flocculation and
the strength of the forces responsible for flocculation and represents the
initial resistance to the flow (Senff et al., 2012, 2009; Struble and Lei,
1995).

Maschio et al. (2011) studied the influence of replacing cement by
WFA (in an equivalent mass of 5, 10, 20 and 30 wt%) on the rheological
behaviour of mortars. The authors observed that the presence of these
ashes had modifications in the rheological behaviour when compared to
the reference blend. They verified that the apparent viscosity of sus-
pensions with 30% of wood fly ash was slightly superior to that the
same mixtures but with coal fly ash. They concluded that those changes
were due to the presence of KCl and K,SO, in the ashes, which led to the
precipitation of gypsum and portlandite during the beginning of mix
hydration. However, 10 %wt of cement replacement by wood fly ash
leads to better rheological properties of mortar, with lower yield stress
and lower viscosity (Skripkiunas et al., 2017).

Even though, the studies presented are about mortar, similar con-
clusions can be taken for concrete, since the influence of wood fly ash
on the fresh rheology of concrete will mostly affected by the fresh be-
haviour of the binder part.
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5.4. Setting times

The initial and final setting times are significant for practical ap-
plications of cement-based materials. Those times are an indicator of
the workable state of the concrete fresh mix (Al-Mulali et al., 2015).
Some studies showed that the utilisation of wood fly ash blended with
cement as binder delayed the cement setting and this effect increased
with the increase in the level of cement substitution by ashes (Table 6)
(Ban and Ramli, 2011; Rajamma et al., 2015, 2009; Wang et al., 2008c).
Berra et al. (2015) observed a little retarding effect on the setting due to
the substitution of cement by wood ashes. The amount of biomass af-
fects the setting time (Table 5), and the delay in setting time is higher
when it uses a higher dosage. It is known that with the increase of alkali
elements and the organic matter present in ashes there is a higher ab-
sorption of water by the ashes in the mixtures and the setting times
usually increase (Rajamma et al., 2009). On the other hand, if there are
some materials in the mix with low sulphur content but with high po-
tassium content, such as the WFA, the setting times tend to increase
(Hewlett, 2004).

Several studies have shown that various types of WFA (alone or
blended with coal fly ash) present results within the range of the results
from coal fly ashes, indicating that despite the fact that wood fly ash
leads to a delay in the setting times, there is no disproportionate impact
on the concrete strength development (Hewlett, 2004; Ravina and
Mehta, 1986; Wang et al., 2008c; Wesche, 2004).

5.5. Heat evolution

The heat evolution indicates the rate of the exothermic hydration
reaction of concrete binder (Aitcin and Mindess, 2011; Neville, 1995).
Determining the heat evolution is important to detect and record some
modifications induced by the presence of WFA (Hewlett, 2004).

The evaluation of the effect of fly ashes from biomass conversion on
the hydration behaviour was studied using calorimetric analysis by
Rajamma et al. (2009). The authors showed that the highest tempera-
ture of hydration was observed in the sample containing only cement.
The hydration process in all samples reached a steady temperature of
approximately 24 °C within 3 days. The authors observed that the hy-
dration peak of samples with WFA was reached early than for the
samples composed only with cement. They also observed that the heat
of hydration decreased with the increase on the biomass ash content,
indicating a reduction in the hydrating phases for the ash replaced
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Fig. 5. Rheological behaviour for the different mortars with different percentages of cement replacement by wood fly ashes (WFA). Legend: (a) torque, (b) plastic

viscosity — h, (c) yield stress variation — g (Rajamma et al., 2015).

Table 5
Setting times of cement pastes.
Adapted from Berra et al. (2015).

Mix Initial setting time (min) Final setting time (min)
PC (control) 290 450
15% WFA1 360 460
30% WFA1 350 490
15% WFA2 290 520
30% WFA2 500 800
15% WFA3 270 650
30% WFA3 620 960

to its particles, which were coarser than coal fly ash and led to a de-
crease in the density of cement matrix (Tkaczewska and Matlolepszy,
2009).

In Portugal, the utilisation of forest residues and woody biomass for
the production of heat and power is widely used. Therefore, it is very
important to understand the applicability of the ashes produced during
forest residue combustion, as a cement replacement. Some studies were
done using these types of ashes, are reported in Coelho, Barbosa et al.
(2013b), Coelho (2010), Rajamma et al. (2009) and showed a decrease
in the compressive and flexural strength with the increase in the fly ash
percentage. The authors concluded that a partial replacement of cement
by WFA can be done at a level of up to 20% in order to maintain an
acceptable mechanical strength. However, substituting cement with
10% of WFA provided the best results for mechanical strength. Fur-
thermore, Barbosa et al. (2013b) also studied the relationship between
the curing period and the compressive strength and observed that WFA
delayed the hydration process for the curing time studied (60 and 90
days) (Table 7). The authors verified that during the curing period, the
concrete with a lower replacement level of cement had the highest
compressive strength values.

The literature shows that for different particle sizes of ashes and for
different percentages of cement replacement, the values for compres-
sive strength change (Table 7). On the other hand, for a replacement of
high content of cement by WFA, the values of compressive strength
were lower than the reference mixes.

The comparison between the compressive strength of concrete for a
plain cement concrete and mixes with different percentages of cement
replacement by wood fly ashes, for different curing ages is shown in
Fig. 6. It can be seen that the compressive strength of concrete decrease
with the increase in the content of WFA as cement replacement mate-
rial. These results could mean that the pozzolanic activity in wood ash
is more limited to a certain extent than for example coal fly ash, due to
the fact that wood fly ash has particles with large size. However, the
results showed that the behaviour of wood fly ash is similar to the coal
fly ash, which show the possibility of using this material as a cement
replacement material on concrete without comprises the quality of
concrete. Fig. 6 suggests that the best results overall were obtained with
addition of wood fly ash until 20 %wt of cement replacement.

6.2. Porosity

One of the ways to determine the open porosity of concrete is by the
water absorption test. During the water absorption test, the water will
occupy the outside connected empty spaces present in dry concrete.
Thus, the water absorption by immersion analysis provides a measure
of the open pore volume or open porosity of hardened concrete
(Ganesan et al., 2008; Ottosen et al., 2016). Lessard et al. studied the
effect of cement substitution by wood fly ash (0, 10, 20 and 30%) in the
water absorption and air voids of paver-compacted concrete. The au-
thors reported that the use of WFA did not show significant changes in
water absorption, with values between 3.5 and 4.3%. However, a
slightly increase in the water absorption with an increase in cement
replacement was noted. This increase is due to the formation of a
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Table 6
General trends of wood fly ash impacts on fresh concrete properties.
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Concrete properties Influence of fly ash

Ref.

Slump

shape, and chemical composition
Water demand

and chemical composition

Milling the wood ash minimises its impact on water demand

Fresh Rheology Wood fly ash has influence on the fresh rheology

Depends on wood fly ash mineral composition, its fineness, particle size distribution/granulometry and

amount;

Wood fly ash at 10 %wt replacement level does not affect the workability
The increase on % of wood fly ash, the values of slump decrease. Due to due to wood ash particle size,

Water demand increases with the wood fly ash content. Due to due to wood ash particle size, shape,

Rajamma et al. (2015)

Kara et al. (2012), Rajamma et al. (2009), Shearer
et al. (2011)

Rajamma et al. (2015), Rissanen et al. (2018),
Wang et al. (2008c,b)

Rissanen et al. (2018)

Maschio et al. (2011), Rajamma et al. (2015)
Skripkiunas et al. (2017)

10% of cement replaced by wood fly ash, leads to better rheological properties: not only lower yield

stress and lower viscosity

> 30% of wood fly ash leads to an increase on the fresh rheology

Setting time
concrete strength development
Heat evolution

Wood fly ash lead to a retardation on the setting times does not have a disproportionately impact on

The coal-wood fly ashes retard cement hydration, prolonging the induction period and lowering the

Maschio et al. (2011)

Hewlett (2004), Ravina and Mehta (1986), Wang
et al. (2008c), Wesche (2004)

Tkaczewska and Matolepszy (2009)

heat evolution main peak more than fly ash from bituminous coal combustion.
For coal-wood fly ashes, the summarised heat of hydration is significantly lower than that for cement
without additive. The difference reaches 21.0% at 28 h and 20.5% at 72h

Formulations containing lower amounts of wood fly ash hydrated faster, with a similar heat of

hydration to pure cement paste

Rajamma et al. (2009)

cementitious matrix, which was more porous and less homogeneous
(Lessard et al., 2017). Similar results were found in Nagrockiené and
Daugéla (2018).

Udoeyo et al. (2006) measured the water absorption capacity of
concrete made with WFA obtained from wood waste burning. Wood
waste fly ash of pre-treated timber of 5-30% by weight of cement was
added as a supplement to the concrete mixture. They observed an in-
crease in the water absorbed with the increase in ash content and si-
milar results were observed in Torkaman et al. (2014). At 5%, the water
absorption content was 0.4% which increased to 1.05% at 30% of wood
waste content (Udoeyo et al., 2006). It is important to mention that the
values observed by the authors are far less than the maximum accepted
for the construction materials (10%) (Chowdhury et al., 2015). These
variations on the results (in later curing ages) are mainly due to the
decrease of hydrated compounds content and are due to latent hydra-
tion of WFA when reacting in the presence of Ca(OH), (Rajamma,
2011).

Rajamma (2011) studied the porosity and the pore diameter by
mercury intrusion porosimetry (MIP). The results showed an increase in
the total porosity with the increasing of WFA replacement, although the
median pore diameters decreased. The mean diameter decreased due to
the finer particle inclusion (since the wood fly ash was sieved at 75 pm
before incorporation on mortars) which acted as a better packing filling
effect. However, the porosity increased due to the lesser net hydration
in the WFA incorporated mortars (Rajamma, 2011). The authors re-
ported that by the end of 720 days the differences between the samples
in terms of porosity were insignificant.

Tkaczewska and Matolepszy (2009) studied the porosity of coal-
biomass cement pastes using the mercury intrusion porosimetry
method. The authors studied two cement replacement fractions, of 20
and 40% by mass. The utilisation of coal-biomass ash in cement in-
creases the total porosity of pastes at 180 days as compared to the
control paste (only cement as a binder). This result is endorsed to
coarser fineness of the coal-wood fly ashes and to its low pozzolanic.
The authors reported that this fly ash is less effective in reducing the
average pore diameter and this is the result of worse packing of its
coarse particles and a small amount of amorphous C-S-H resulting by
the pozzolanic reaction (Chindaprasirt et al., 2005; Tkaczewska and
Matolepszy, 2009).

The relation between compressive strength and porosity is pre-
sented in Fig. 7. At 28 days of curing, a polynomial relation exists be-
tween compressive strength and hardened concrete porosity, with a
correlation coefficient of 0.902. This result showed that the

compressive strength is a function of porosity. Therefore, it can be seen
that with the increase in the percentage of wood fly ash will result in
increasing the porosity and reducing the compressive strength.

6.3. Coefficient of air permeability

Cheah and Ramli (2012) studied the intrinsic air permeability va-
lues of hardened mortar using an air permeability cell in accordance
with the method proposed by Cabrera and Lynsdale (1988). The tests
were done in mortars with different percentages of high calcium wood
fly ash for two curing ages (28 and 90 days) as it can be seen in Fig. 8.
The authors reported that at 28 days there was a decrease in the degree
of air permeability for mortars containing high calcium wood fly ash
(HCWFA) relative to the reference mortar, and the mortars with 5% of
HCWA exhibited the lowest values. The values of air permeability in-
creased gradually with the increase in cement replacement by HCWFA.
This is probably due to the dominating effect of micro-filler action of
wood fly ash particles. This contributes to the refinement of pore
structures of wood mortars at an early age. Furthermore, an increase in
HCWA content and a corresponding reactive silica amount did not
contribute to a reduction in intrinsic air permeability of mix at 28 days
of curing (Cheah and Ramli, 2012).

A decrease in the air permeability on the mortars with 5-15% of
high calcium WFA was also observed, but an increase in mortars with
20 and 25% of cement replacement was observed. For mortar with
5-15% of wood fly ash, there was a presence of fine factions of ashes in
the aggregate-cement paste interfacial transition zone, which resulted
in a significant enhancement in the quality of the zones. Therefore,
degrees of continuous pores of mortar were reduced in that order that
results in a lower level of mix permeability. For a higher cement re-
placement, dilution of cement content in the mix results in a lower rate
of hydration and microstructure development of cement paste (Cheah
and Ramli, 2012).

The linear regression equations were plotted (Fig. 8) for wood fly
ash mortars from which the behaviour of air permeability can be in-
terpolated. The two trend lines have positive slope indicating that with
the increase in cement replacement by wood fly ash, the coefficient of
air permeability increased. Being the explanation for this behaviour
described in the last paragraphs. The correlation coefficients at 28 and
90 days were found to be 0.93 and 0.87 respectively.

The relation between compressive strength and the coefficient of air
permeability is presented in Fig. 9. As can be seen, just at 28 days of
curing, a linear relation exists between compressive strength and
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Fig. 8. Intrinsic air permeability of mortars with various wood fly ash content.
Adapted from Cheah and Ramli (2012).
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hardened mortar coefficient of air permeability. For 90 days, there is a
polynomial relation between these two properties. The correlation
coefficient at 28 and 90 days was found to be 0.95 and 0.74 respec-
tively. As it can be seen the negative slope is an indication that with the
increase of air permeability coefficient (due to the increase on the wood
fly ash content — Fig. 8) the compressive strength decreases. This was
expected since it is known that a more porous concrete has less com-
pressive strength (da Silva and de Brito, 2015; Ramezanianpour and
Malhotra, 1995). Another important observation is that with the in-
crease on the curing, the coefficient of air permeability decrease. This
shows that the continuous moist curing of concrete is essential to
achieve the lowest air permeability and a higher compressive strength
(Parrott, 1995; Ramezanianpour and Malhotra, 1995).

Besides the study presented in this point is related with mortars,
similar general conclusions can be taken for concrete, since the influ-
ence of wood fly ash is focused in the binder part and this is considered
in mortar formulations. Therefore, it can be reported that in general the
increase on the wood fly ash content leads to a more permeable con-
crete and a less resistance concrete.

6.4. Durability properties

6.4.1. Electrical resistivity
The results of the electrical resistivity are associated to the effect of
the overall reduction of the pore size (Ban and Ramli, 2011;
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Horsakulthai et al., 2011). Its measure is an important instrument to
study the hydration reaction (Rajamma et al., 2015). The electrical
resistivity of pastes with different cement substitutions by two types of
WFA was studied by (Rajamma et al., 2015). The authors observed a
similar behaviour for all pastes in terms of electrical resistivity. In-
itially, this parameter increased due to the formation of ettringite. After
that, they reported a constant rate until a second stage. This second step
was coincident with the final setting. The important observation was
that the reference paste (only with cement) showed higher resistivity
values and a faster increase upon curing when compared to the pastes
with wood fly ashes. This was due to the fact of a faster setting on
cement pastes. A retardation of electrical resistivity on pastes con-
taining higher fly ash content was noted (Rajamma et al., 2015).

The electrical resistivity also gives some indications about the per-
meability of concrete and the probability of corrosion in reinforced
concrete (Lessard et al., 2017; Velay-Lizancos et al., 2017). Lessard
et al. (2017) studied the resistivity on paver-compacted concrete at 28
and 91 days of age by applying an electrical current through two
electrodes attached to the concrete specimen ($100 X 300 mm cylin-
ders) ends. The results showed that WFA concrete is classified as having
very low permeability, according to the ACI Committee 222 (Miyandehi
et al., 2016), with values in the range of 58 and 146 kQ cm (Lessard
et al., 2017). One important observation reported by the authors was
that with the increase in the cement replacement by WFA a decrease in
the electrical resistivity was noted. One of the explanations for this fact
is that these concretes (with WFA) are less dense with porous cement
matrix. They concluded that despite the decrease in this test, concrete
with WFA is resistant to the penetration of chloride ions and aggressive
agents (Lessard et al., 2017).

In general, the wood fly ashes strongly affected the evolution of
electric conductivity at the early ages (Velay-Lizancos et al., 2017), but
with the increase on the curing of concrete the wood fly ash concrete
are classified as very low, in terms of permeability.

6.4.2. Resistance to chloride penetration and diffusion

One important issue related to the durability of concrete structures
is the ingress of chloride ions, which can lead to the corrosion of steel
reinforcement (Chindaprasirt et al., 2007; Wesche, 2004). Steel re-
inforcement corrosion can occur when a certain threshold value of
chloride concentration in the interface between the reinforcing bars and
the cementitious matrix is exceeded causing the disruption of the steel's
protective passive film. This value is dependent on the type of material
and environmental factors, such as water/cement ratio, curing condi-
tions and the testing date (Alonso et al., 2000; Chindaprasirt et al.,
2007; Thomas, 1996; Wang et al., 2008b).

The literature shows that the introduction of pozzolanic materials
improves protection against chloride-induced corrosion of steel re-
inforcement, mainly because it reduces the permeability and diffusivity
of concrete (Bijen, 1996; Chindaprasirt et al., 2007). Wang et al.
(2008b) studied the rapid chloride permeability of concrete with wood
fly ash, coal fly ash type C and type F and blends (80% of coal ash type
C or coal ash type F and 20% of biomass) according to ASTM C 1202-
91. The authors observed that WFA mixes had similar charges to those
that passed through the pure cement mix, the class C fly ash had a lower
permeability than WFA mixes, class F fly ash had the lowest perme-
ability and the blend coal type C-biomass ash presents permeability
between the mixes of their resource (WFA and class C CFA). The au-
thors reported that due to the fact of wood fly ash having a larger
particle size and higher alkalis, wood mixes have the highest perme-
ability among all fly ash concrete (the blend ashes had permeability
values between the concretes only with wood ashes and the concrete
with only coal fly ashes). Class C has higher equivalent alkali than Class
F, and this was the reason for a higher permeability in Class C concrete
than Class F. Moreover, similar results were found in (Alhozaimy et al.,
1996). These results can also be due to the fact that the aluminates
presented in the coal fly ash adsorb the chlorides to the surfaces of fly
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ash particles forming chloroaluminates, which leads to a decrease in
free chloride. In other words, coal fly ash has a greater chloride binding
capacity (Jensen and Prattt, 1989).

Similar results were observed by (Omran et al., 2018; Pavoine et al.,
2014), concrete with wood fly ash presents lower permeability than a
conventional concrete. But it was observed that with the increase on
curing age, the permeability of wood fly ash concrete decreased.
Leading to the conclusion that with highly finer particles, lower density,
and higher pozzolanic reactivity. The wood fly ash increased the vo-
lume of binder matrix and refined the pore network that made the
microstructure of concrete denser and less permeable (Omran et al.,
2018).

The binding capacity of chlorides in hydrated cement paste affects
the transport rate of chlorides in concrete and the amount of chlorides
required to initiate active corrosion (Sandberg, 1999). The aluminate
and ferrite phases present in the binder are able to bind chlorides by
forming chloroaluminate hydrates and chloroferrite hydrates, but the
latter are considered less important because they have high solubility
and slow rate of formation (Jensen and Prattt, 1989). Coal fly ash ce-
ment blends have a greater chloride binding capacity when compared
with normal cement, mainly because of the adsorption of chlorides to
the surfaces of fly ash particles (Worthington et al., 1988) and the
chlorides are incorporated into the aluminate-rich pozzolanic products
of fly ash cement blends, removing a large quantities of chlorides from
the aqueous phases (Jensen and Prattt, 1989). Some studies using other
biomass fly ashes than wood (Chalee et al., 2013; Cruz-Yusta et al.,
2011) showed that WFA has similar behaviour to coal fly ashes. How-
ever, it is not very well described in the literature if WFA presents a
similar chloride binding capacity to coal fly ash or similar to those
biomass fly ashes (rice husk and olive fly ash).

6.4.3. Carbonation

Carbonation is the chemical reaction between the CO, present in the
air with the calcareous components of hardened cement paste (Wesche,
2004). Fly ashes react with Ca(OH), to form similar C-S-H phases as
the hydrates. The calcium hydroxide is consumed and the alkalinity of
material decreases, but this consumption depends on the amount of
reactive silica present in fly ash and on the duration of hydration
(Wesche, 2004). Ramos et al. (2013) studied the resistance to carbo-
nation of mortars with 10 and 20% of WFA as a cement replacement.
The authors reported that the carbonation depth for blended cement
mortars was greater than for the plain cement mortar. The carbonation
increased with the increase in the biomass ash content, which is similar
to the trend of other pozzolanic materials. They suggested that this
result is due to CH reduction and consequent pH reduction. Cheah and
Ramli (2012) studied the carbonation depth of mortar containing high
calcium wood fly ash as a cement replacement (5-25%). The results
showed that 5% of wood fly ash contributed to the reduction in the
average depth of the carbonation zone compared to mortar made only
with cement. For the other cement substitutions, the carbonation depth
was higher than for the control mortar and varied proportionately with
the cement replacement level. This behaviour is consistent with the
results achieved by (Batt and Garg, 2017; Khan and Lynsdale, 2002).

At higher levels of cement replacement by WFA, there are more
amorphous silica minerals for a reaction with Ca(OH), produced from
the hydration reaction of cement, forming calcium silicate hydrated gel
leaving less quantity of free Ca(OH), in hardened mix (Cheah and
Ramli, 2012). Therefore, less quantity of CO, is needed for the reaction
with Ca(OH), to produce CaCO3 (Neville, 1995). The mortars with 5%
of WFA had less carbonation depth, most probably due to low pozzo-
lanic activity and due to an inadequate quantity of amorphous silica
and low permeability of the mix. The authors confirmed this conclusion
by the chemical analysis of the 5% wood fly ash mortar (Cheah and
Ramli, 2012).

It is known that the replacement of cement by high volume of coal
fly ash increases the carbonation of concrete (Hussain et al., 2017).
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Fig. 10. Relationship between carbonation depth and percentage of cement
replacement by WFA.

Usually, this is due to the consumption of Ca(OH), in the pozzolanic
reaction even before the initiation of carbonation (Hussain et al., 2017).
In the blended concretes, the reactions which involve un-hydrated
constituents and calcium hydrate, which result in the calcium carbonate
and hydrated silica as products of the reaction are also important
(Richardson, 2003). The hydrated calcium silicate is dissolved when the
pH value and the calcium ions concentration drops due to the con-
sumption of Ca(OH),. The monosulphate and ettringite decomposes at
pH of 11.6 and 10.6, respectively. Then, the calcium ions bind to CaCO3
leaving only some ions in the form of silica gel (Lagerblad, 2005). This
leads to a lower CaO/SiO, content in concrete. To compensate these
issues, some authors (Filho, 2002; Reis et al., 2014) use a commercial
hydrate lime (calcium hydroxide) in the binder composition to provide
more alkalinity to the concrete solution achieving good results. Using
WFA at a lower concentration improves in terms of carbonation re-
sistance, as shown in Cheah and Ramli (2012), and this could be due to
the fact that WFA gives extra alkalinity (an extra calcium content) to
the concrete mixture.

The relation between carbonation depth and the percentage of ce-
ment replaced by wood fly ash is reported in Fig. 10, for two curing
ages with two water/binder (w/b) ratios. At the two ages a linear re-
lation exists between the content of wood fly ash and the carbonation
depth, being the correlation coefficient 0.95 and 0.80 for 28 and 90
days, respectively. It can be observed that in general, with the increase
in the percentage of WFA as cement replacement will result in in-
creasing on the carbonation depth of concrete while carbonation depth
decrease with curing age and increase with w/b ratio. It can be ob-
served that the slopes of %WFA-depth relationship at 28 and 90 days
were almost equal, but at 90 days a slightly lower tendency was noted.
This shows that the rate of increase of carbonation depth with wood fly
ash percentage seems to be higher at early ages. This may be attributed
to curing, since a longer curing leads to a higher hydration of cement, a
higher pozzolanic effect of WFA, a smaller porosity, a reduction on
permeability and therefore to a more compact microstructure, which
leads to a lower velocity of carbonation penetration for later ages
(Teixeira et al., 2019; Thomas and Matthews, 1992).

6.4.4. Freezing and thawing resistance

Only a few studies showed results about the behaviour of freezing
and thawing resistance of concrete with the incorporation of WFA.
Wang et al. (2008b) studied the durability of WFA concrete in terms of
freezing and thawing resistance according to ASTM C666. The results
showed a less or equal weight loss of all concrete than the control plain
cement concrete. This mainly suggested that the impact on freezing and
thawing behaviour is reduced and these results are in accordance with
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other studies (Helmuth, 1987; Wesche, 2004). The authors reported
that the weight gain phenomena should be related to the water gain of
samples in the test machine that loses a great deal of moisture during
the 26-day exposure to air to be compensated by the ASTM standard of
2 days in a fog room prior to testing (Wang et al., 2008b).

The authors (Wang et al., 2008b) showed that the presence of fly
ash does not appear to have a significant impact on the freezing and
thawing behaviour with a proper amount of air entraining agent (AEA),
however these ashes have a greater impact on the amount of AEA
needed to meet the specifications of the ASTM standard. The results
allow the authors to divide the concrete mixes into two different
groups: (1) CFA Class F and WFA - Class F had a minimum AEA re-
quirement and (2) WFA, WFA - Class C, CFA Class C and pure cement
has the lowest AEA requirement of the study developed. These results
show that with the similar amount of air content all ashes perform well
and similarly in terms of the freezing and thawing resistance to that of
the pure cement concrete.

The study of the effect of WFA on the freezing and thawing re-
sistance of concrete was done by Thomas et al. (1999). In this study, the
resistance was evaluated by the changes in the relative dynamic mod-
ulus, pulse velocity and change in length. The wood fly ashes were used
as 5, 8 and 12% of cement replacement (Chowdhury et al., 2015;
Siddique, 2012). The authors did not report a significant effect of the
freeze-thaw cycles (300 cycles) on the relative dynamic modulus of
concrete mixes. Therefore, they concluded that the incorporation of
WFA did not affect the relative modulus. Otherwise, no significant ef-
fect was observed on pulse velocity, and the results of the values were
similar to those obtained for the reference plain concrete (Chowdhury
et al., 2015; Siddique, 2012; Thomas et al., 1999). Similar results were
observed by (Nagrockiené and Daugéla, 2018; Omran et al., 2018).

The main conclusion that can be taken is the incorporation of wood
fly ash on concrete does not affect the ability of concrete to resist to
freezing and thawing.

6.4.5. Acid and sulphate resistance

The harmful action that involves sulphate ions is defined by a sul-
phate attack (Neville, 2004). The utilisation of pozzolans and cement as
binder in concrete revealed an improvement in the resistance against
the sulphate attack (Hossain et al., 2016; Huang et al., 2016; Sahoo
et al., 2017).

There is no information about the effect of several types of WFA in
the sulphate resistance of concrete,

The acid resistance of a wood blended cement concrete mix was
studied by (Aye and Oguchi, 2011). Two sets of concrete specimens
with mix proportions of 1:2:4 and water to binder ratio of 0.65 were
manufactured. The first one contained only cement as the binder and
the other contained 15% of cement replacement by wood fly ash. The
hardened specimens were immersed in 20% of nitric acid. A loss in the
mass of specimens was observed, but after 9 weeks a slight increase on
the mass, was observed due to the absorption of water. After 10 weeks
of testing, an absorption decrease in mass was registered for both types
of concrete. However, the loss of mass was more significant in concretes
made only with cement (Aye and Oguchi, 2011; Chowdhury et al.,
2015).

6.5. Alkali silica reaction

Inside the concrete some internal expansive phenomenon can occur,
namely alkali aggregate reaction (AAR) (Esteves, 2010). One particular
reaction, the alkali-silica reaction (ASR), is the origin of several pro-
blems in concrete structures (Esteves, 2010).

The hydroxyl ions react with the potassium and sodium ions pre-
sented in the interstitial solution of concrete. The reaction allows the
formation of an alkaline hygroscopic gel (Ichikawa, 2009; Reis and
Silva, 1996), which absorbs water and expands. The expansion and
water absorption originate some internal stresses in concrete and this
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promotes its cracking. This leads to a decrease in the mechanical re-
sistances and in the durability of concrete (Esteves, 2010).

The alkali-silica reaction has been studied by several authors
(Fernandes et al., 2004; Garcia-Diaz et al., 2006; Hou et al., 2004; Reis
and Silva, 1996). All the studies pointed out three mandatory condi-
tions for that reaction to occur: (i) existence of reactivity aggregates, (ii)
high alkalinity on interstitial solution and (iii) high humidity (Esteves,
2010; Esteves et al., 2012; Reis and Silva, 1996). This reaction does not
affect the concrete if one or more of those conditions were not verified.
Several other factors can play an important role such as: the porosity of
concrete, the external temperature and the alkalis introduced by mi-
neral additives or chemical admixtures or water (Davraz and Giindiiz,
2008; Esteves et al., 2012; Ramachandran, 1998).

The reaction results from cement reactivity with the badly crystal-
lised silica aggregates This silica has a disorderly structure, and for that
reason is non-stable in an alkaline environment mainly due to its high
superficial area (Esteves, 2010). In comparison, the crystalline silica has
an ordered structure, involving atoms or ions which occur in an orderly
and periodic form in space. This silica is more stable in alkaline en-
vironments, mainly because its superficial area is lower (Esteves, 2010).

The presence of alkalis in cement is a result of each raw material,
and these alkalis are in sulphate, silicate and aluminate forms (Esteves,
2010; Fernandes et al., 2004). These compounds are presented in the
cement surface or inside its structure (Esteves, 2010). The alkalis pre-
sent in the surface are more available to react or suffer dissolution
during the cement hydration. The alkalinity of concrete can be in-
creased, not only by the cement, but also through the mixing water
(Esteves, 2010; Reis and Silva, 1996).

Esteves et al. (2012) studied the incorporation of 20 and 30% of
WFA from Portuguese industrial plants, in mortars. The main aim was
to test the ability of the wood fly ash to resist damage by an alkali silica
reaction. They observed that mortar containing 20 and 30 %wt of WFA
resisted to the alkali silica reaction. They found a significant reduction
in the expansion of mortars, and this expansion decreased with the
increase of cement replacement content. The substitution of cement by
WFA improves the mitigation of ASR (Esteves et al., 2012; Wang and
Baxter, 2007), even better than when it is used coal fly ash as a cement
replacement material. This is due to the fact of WFA having more al-
kalinity than coal fly ashes (Wang and Baxter, 2007).

As it can be seen in Fig. 11, there is a linear relation (R? > 0.99)
between the expansion and the % of cement replacement by wood fly
ashes, for the two studied wood fly ash. In general, it can be verified
that with the increase of the wood fly ash content on the mixture leads
to a production of a more resistant to ASR concrete.

0.60
0.55
0.50
0.45+
0.40 4

0.35

0.30 4

0.25

0.20

®  WFAT1: y=-0.006x+0.52 R*=0.996

015 B WFA2: y=-0.007x+0.52 R*=0.999

0.10-

10 15 20 25 30 35
% of cement replacement by wood fly ash

0 5

Fig. 11. Relationship between expansion by ASR reaction and percentage of
cement replacement by WFA.
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6.6. Sustainability of wood fly ash concrete

The utilisation of wood fly ash as a cement replacement material in
construction industry can be an excellent environmental choice.
Cement production is one of the main man activities that generate high
amounts of CO, emissions, where each tonne of cement produced
generates about 950kg of CO, (Israde-alc, 2019; Shi et al., 2011).
Therefore, wood fly ash utilisation on this industry save costs for ash
disposal (Fuller et al., 2018; Lisbeth et al., 2016), decrease energy re-
quirement (for cement clinker production) and decrease greenhouse gas
emission (by cement clinker substitution) (Ukrainczyk et al., 2016).

The utilisation of wood fly ashes as a cement replacement material
can guarantee the sustainability of construction industry. Life cycle
analysis (LCA) is often used to evaluate the environmental performance
of materials (Hossain et al., 2017; Wang et al., 2016; Xu and Shi, 2018;
Yang et al., 2017). LCA can estimate the potential impact on humans
and on the environment and can also identify areas with improvement
potential (Celik et al., 2015; Teixeira et al., 2019). Understanding the
environmental impact of concrete with wood fly ash is related to the
study of economic and ecological characteristics of materials (WBCSD
and IEA, 2009).

Teixeira et al. (2016) studied the environmental performance of
concrete with 20, 49 and 60% wood fly ash as a cement substituent. The
wood fly ash was originated by the combustion of forest residues on a
pulp and paper industry. The authors made a comparison with a con-
ventional concrete and with concrete with same cement replacement
percentages but with coal fly ash. It was studied several environmental
indicators, like as: Global Warming, Ozone Layer Depletion, Acidifica-
tion Potential, Eutrophication Potential, Formation Potential of Tro-
pospheric ozone and Abiotic Depletion Potential of Fossil Resources.
They observed that with the increase on the wood fly ash percentage,
the values of the environmental indicators decreased. Concluding that
concretes made with wood fly ash had a better environmental perfor-
mance than concrete with coal fly ash or/and with cement. Same au-
thors made a different study and they observed similar results (Teixeira
et al., 2019). The utilisation of blended cements on concrete production
lead to several environmental advantages that include reduced CO,
emissions, reduces fuel consumption and lead to material valorisation
of the supplementary cementing materials (Naik and Moriconi, 2005).

Kara et al. (2012) estimated the energy consumption of concrete
with cement substitution by wood fly ashes. They reported that the use
of wood fly ash as a construction material is beneficial in terms of
landfills and reducing CO, emissions to atmosphere. The embodied
energy, which is the total amount of non-renewable primary energy
required for all the direct and indirect processes related to the creation
of building, its maintenance and end-life, is very low on its used wood
fly ashes, being lower than other types of biomass fly ashes and coal fly
ash (Gonzélez-kunz et al., 2017).

Besides the quantifiable benefits of LCA, wood fly ash concrete also
shows a good performance in terms of ecotoxicological properties.
Barbosa et al. (2013b) studied the influence of WFA on the leaching and
ecotoxicological properties of concrete, using water or marine eluates.
The pH of eluates with water was around 10. This indicates the release
of some oxides from concrete to water, but this finding was the same for
concrete with cement and/or WFA. However, when marine eluates
were used, the pH did not change. The results showed low concentra-
tions of chemical elements on the eluates, using fresh water or a marine
solution. Similar results were found in (Siddique, 2012). The emission
of chemical elements was similar or lower than those verified for the
reference concrete. In terms of ecotoxicological levels, it was observed
that the ecotoxic levels were reduced and were similar to the plain
cement concrete.

7. Conclusions

Wood fly ash has been used as a partial cement substitute, as a
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pozzolanic material. It presents several compositions and properties
because, this ash is influenced by several parameters, such as com-
bustion technology, operation conditions and the place where it is
collected. Wood fly ash has more variety in terms of composition and
inorganic material content than coal fly ash. However, the similarity to
the chemical and physical properties of Class C fly ash shows that it can
be used as a partial cement replacement.

The utilisation of WFA affects the workability of concrete, because it
results in an increase in the amount of water required to a desirable
consistency, an opposite behaviour to when coal fly ash is used. The
consistency is also affected by the particle size of ashes and by the
amount of partial cement replacement. Moreover, the initial and final
setting times of fresh mixture concrete are retarded when WFA is in-
corporated. As a result of the changes in the workability and con-
sistency promoted by the incorporation of WFA in concrete, an influ-
ence on the rheological properties of concrete results.

The heat of hydration of concrete binders is influenced by fly ash
and it was observed that an increase in the amount of wood fly ash
leads to a decrease in heat. This showed that the hydration phase in
materials with cement replaced by wood fly ash also decreases too. In
this case, the decrease on the heat could be an advantage, because it
could prevent the occurrence of a cracking phenomenon.

Using WFA slows down the hydration reactions and provokes some
modifications in the rheological behaviour and microstructure of con-
crete. WFA leads to an increase in the open porosity and a decrease in
the air permeability of the hardened concrete. However, some electric
resistivity tests showed that mortars with wood ashes are classified as
having very low permeability. There was no decrease in the non-hy-
drated cement and portlandite amount and an increase in the C-S-H gel
present in the concrete did not occur for a long period of curing, when
compared to the reference concrete.

The study on the mechanical strength of concrete with wood fly ash
showed that this parameter is dependent on the percentage of cement
replacement and the curing time. In general, WFA addition decreases
the compressive strength. However, good results can be achieved.

In terms of durability, some authors observed an increase in the
chlorides penetration but others observed a decrease in this parameter
when WFA was used. The decrease in this parameter was observed
when wood fly ash was used mixed with another pozzolanic material as
a cement replacement, and in this case the synergetic behaviour of the
two materials was better than when wood fly ash is only used.
Furthermore, in terms of carbonation, it can be concluded that only
when a small amount of wood fly ash is used in construction materials,
there is more resistance to carbonation than in mixtures made only with
cement as binder or better resistance than coal fly ash concrete.

Wood fly ash leads to concretes with a more resistance to alkali-
silica reactions. On the other hand, the presence of WFA on concrete
does not have a different behaviour to the reference concrete in terms of
freezing and thawing resistance, neither a significant influence in its
leaching. However, in terms of environmental performance, wood fly
ash concrete presents better results than plain cement concrete.

In short, this work shows that it is possible to use WFA as a partial
cement replacement at least with similar results to coal fly ash, the most
traditional pozzolanic material, in terms of durability and quality of
concrete. Therefore, by using WFA, at an industrial level of concrete
production, some issues can be solved, such as the decrease in energy
and raw material consumption related to cement production. Moreover,
a more sustainable option in wood fly ash management can be applied.
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