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a b s t r a c t

Wood biomass is a viable alternative to coal, while the ashes generated from biomass combustion appear
as a serious environmental and economic issue. This research focuses on use of wood biomass ashes
(WBA) as a supplementary cementitious material. Fly WBAs, originating from 6 power plants, were used
as collected to replace 5, 10, and 15 wt% of cement in pastes and mortars. Statistical analysis was per-
formed to quantify the effect of WBAs physical and chemical properties on the properties of composites
with different WBA content. Analysis showed significant contribution of alkalis and LOI values on prop-
erties of WBA cementitious composites.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access article under theCCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Even though cement has a key role in meeting the rising global
construction needs, the modern cement industry is facing numer-
ous hardships while trying to reduce energy and raw material
needs, as well as offsetting its carbon footprint. According to the
International Energy Agency [1], the cement industry should be
turning towards boosting energy efficiency and application of
alternative materials, using it as fuel or raw materials. With these
challenges ahead, using supplementary cementitious materials
(SCMs) in order to reduce cement content in concrete is now under
the spotlight [2]. Completing ambitious climate and energy goals
until 2030, which include further reduction of overall greenhouse
gas emissions and fossil fuels dependence, is crucial to ensure a
thorough transformation of the European energy system. In order
to do that, Europe plans to eliminate coal-burning power plants
by 2030, relying on the ability of renewable energy sources to fill
the gap left by the coal cutback. While meeting the target of
renewable energy share of at least 32% by 2030, set by the Direc-
tive 2018/2001, a stable and continuous supply of energy needs
to be enabled by different types of renewable energy such as solar
energy, energy of the wind, geothermal and hydrothermal energy,
bioenergy etc. [3,4]. Precisely, bioenergy and biomass could make a
substantial contribution in establishing low-carbon energy system,
provided that the biomass is produced and used in a sustainable
manner [5,6]. The fact that wood biomass is considered to be a
CO2-neutral source of energy on account of releasing nearly equal
amount of CO2 by burning as it absorbs while growing, places it
among the top biomass-source potentials for energy production
in the EU with a majority share of 59% of all renewables [5,7].
Besides that, a large-scale industrial application of biomass in
energy plants for heat and electricity production is expected to tri-
ple by 2035, compared with the levels from 2008 [8]. Even now,
the expansion of wood biomass power plants is already resulting
in sizeable amounts of wood biomass ash (WBA).

Considering that around 3% of WBA is being generated during
combustion of 1 t of the wood biomass [9], an average electrical
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output of 1.5 MWh/ton of biomass and renewable electric produc-
tion of 483 TWh indicate that around 10 million tons of ashes are
globally produced from using biomass for electricity production
[10–12]. These numbers are a strong indicator of the essential need
for strategic and sustainable management of the waste ashes. Cur-
rent WBA management practice in Europe is largely based on dis-
posing WBAs on landfills as well as using it as soil amendment/
fertilizer, most times without any form of control, which is a para-
mount environmental and economic issue [6,10,13–17]. Due to
lack of disposal sites and the ease of air contamination with fine
particles transported by wind, causing respiratory health problems
to residents near the landfill, the disposal of wood ash in landfills
should be properly managed. Leaching of heavy metals from the
WBA or washing out of landfills during rain, which can lead to con-
tamination of groundwater resources also represents a major prob-
lem [14,18,19]. By adopting the new ‘‘Circular Economy Package”,
which among other things includes the amending Directive
2018/851 on waste and the Directive 2018/850 on the landfill of
waste, European Union is strongly supporting the minimization
of waste landfilling [20,21]. Therefore, planned and responsible
management of the WBA is a very topical issue that requires an
adequate solution. Hence the costs of landfilling will unquestion-
ably rise in future, due to additional disposal sites crisis and strin-
gent EU landfill directives [11]. Therefore, novel concrete
containing waste materials represents a feasible application of
WBA, at the same time solving the problem of industrial waste dis-
posal along with reducing the amount of cement required [18]. To
avoid exceeding the benefits of using this waste material as partial
cement replacement, WBA should be utilized nearby the energy
plant where it originates from, taking into account CO2 emissions
due to transportation [22]. In this respect, it is important to stress
the high variability of WBAs chemical composition, which depends
on the raw material itself. Although research studies reported until
now have demonstrated that WBA can be used in the cement com-
posites [13,23–26], there is still a necessity for a multidisciplinary
and comprehensive approach to fully understand the chemical and
microstructural characteristics of WBA and their impact on proper-
ties of cement composites.

WBA being a complex blend of inorganic and organic matter, its
volume, characteristics and quality fluctuate even more than con-
ventional coal ash, depending on various parameters [27]. The vari-
able chemical composition of WBA differs from that of coal fly ash,
presently a widespread form of Portland cement substitute [28].
Therefore, the existing regulations for using fly ash in cement EN
450-1 [29] can be applied to WBA only as guidelines. Considering
the lack of standardised quality parameters in SCMs usage, demon-
strating that mechanical performance and durability of cementi-
tious composites containing alternative binding materials are not
deteriorated is therefore of utmost importance [11]. Accordingly,
quality control of biomass ash production and application is essen-
tial, even in comparison with coal fly ash, commonly used in
cement and concrete production desipte its chemical oscilations
[13]. Providing a detailed insight on the impact of WBA on
mechanical and durability properties of cement composites is
recognised as the initial step in defining the lacking guidelines
for accepting WBA as a new raw material in the construction sec-
tor. Accordingly, the main objectives of this research were defined
as a need: (a) to show the influence of physical and chemical prop-
erties of WBA used as a partial cement replacement on mechanical
and durability properties of cement composites; (b) to define an
acceptable content of WBA used as a partial cement replacement
which would not impair the quality of cement composites.

Investigation was conducted on fresh and hardened pastes and
mortars with different content of WBAs from separate origin. WBA
utilized in this research were collected from 6 power plants located
in Croatia with different types of combustion technology (grate
combustor, pulverized fuel combustor and bubbling fluidized bed
combustor). Basis for evaluation of mechanical and durability per-
formance of cement pastes and mortars with different content of
WBA as cement replacement (5%, 10% and 15%) was detailed
WBA characterisation presented in [11].
2. Materials and methods

Specimens were produced using cement CEM I 42.5 R, potable
water and standard sand complying to EN 196-1 [30]. Wood bio-
mass fly ash (WBA), collected from six different power plants in
Croatia, was used as partial cement replacement. WBA was col-
lected from October till January, characterization was done from
January till April and finally cementitious composites were pre-
pared in May/June. During the experimental work, WBAs were
sealed in plastic bags and then stored in closed plastic containers.
Summary of chemical and physical properties of WBAs and cement
used, as well as inputs from power plants (average temperature,
biomass and technology used), are presented in Tables 1 and 2.
More detailed characterization of used WBAs (chemical composi-
tion, particle-size distribution, particle morphology, heavy-metal
content and mineralogical composition) is published by Carević
et al. [11]. Particle size distribution of WBAs and cement is pre-
sented on Fig. 1.
2.1. Mix design

Thirty-eight mixes, divided into three groups, were prepared as
follows:

a) Two reference mixes: Cement paste (P0) according to EN 196-
3 [31], with 500 g of CEM I 42.5R and 125 g of water & Mor-
tar (M0) according to EN 196-1 [30], with the mass ratio of
CEN standard sand, CEM I 42.5R and water equal to 3:1:0.5;

b) Group I: 18 paste mixes with six different types and contents
of WBA;

c) Group II: 18 mortar mixes using six different types and con-
tents of WBA.

WBA was used as cement replacement by mass of 5%, 10% and
15%. For preparation of paste mixes, water amount was deter-
mined as a prerequisite to achieve a standard consistence.

Mixes were designated as: a) Pi-5, Pi-10, Pi-15 for pastes, b) Mi-
5, Mi-10 and Mi-15 for mortars, where i is number of the WBA-F
sample. Reference mixes with 0% WBA were denominated as P0
and M0.
2.2. Specimens and test methods

Fresh state properties for both, pastes and mortars, were deter-
mined immediately after mixing. After casting, the specimens were
kept covered at laboratory conditions for 24 h until demoulding, to
prevent water evaporation. After demoulding, the specimens were
in mist room at 20 ± 2 �C and RH � 95%, until testing. Different cur-
ing procedure was followed only for the drying shrinkage testing;
specimens were stored at 20 ± 2 �C and RH 60 ± 10% until testing at
the age of 365 days.

Table 3 shows the standards used for testing the paste and mor-
tar properties. Compressive strength was tested at the age of 7, 28
and 90 days, while drying shrinkage was measured after 1, 3, 7, 14,
28 and 56 days and afterwards monthly until 365 days. Capillary
absorption was tested at the age of 28 days. For testing mortar
properties in hardened state, 3 specimens were prepared per each
mix and per each age.



Table 1
Chemical and physical properties of WBA-F samples and cement.

CEM
I

F1 F2 F3 F4 F5 F6 Criteria according
to EN 450–1

Technology used Grate
combustor

Pulverized fuel
combustors

Pulverized fuel
combustors

Grate
combustor

Grate
combustor

Bubbling
fluidized bed

Average temperature
(�C)

800 700–750 700–750 700–950 800 850

Additive used – – – – – Quartz sand
Type of the biomass

mostly used
Oak,
hornbeam

Beech, oak, hornbeam,
poplar, cherry

Beech, oak,
hornbeam

Beech, oak,
abies, picea

Beech, oak,
hornbeam

Beech, oak,
hornbeam, poplar

P2O5 (mass %) 0.22 2.76 2.60 1.84 1.82 1.35 4.03 � 5
CaO (mass %) 59.80 67.85 48.70 51.90 46.75 16.25 47.35 –
MgO (mass %) 2.01 4.31 4.79 3.75 8.26 4.30 4.71 < 4
TiO2 (mass %) 0.23 0.05 0.15 0.15 0.34 1.17 0.25 –
SO3 (mass %) 3.33 1.26 4.77 3.58 2.73 0.60 3.95 � 3
Na2Oeq (mass %) 1.67 3.71 10.90 6.60 4.63 4.59 4.72 � 5
Pozzolanic oxides

(SiO2 + Al2O3 + Fe2O3)
29.97 5.37 12.29 13.03 28.81 54.68 19.70 � 70

Free CaO (mass %) 2.50 23.50 8.60 13.50 7.30 0.50 8.80 < 1,5
Free MgO (mass %) 0.75 4.00 4.20 3.80 3.30 0.50 4.50 –
Cl- (mass %) 0.04 0.04 0.06 <0.003 0.04 0.04 <0.003 < 0.10
LOI (950 �C) 3.6 19.1 13.4 13,8 3.8 8.3 12.7 � 9
pH 12.86 13.34 13.37 13,25 13.15 12.97 13.22 –
Density (g/cm3) 3.1 2.47 2.59 2,59 2.59 2.63 2.33 –
Bulk density (kg/m3) n/a 0.59 0.38 0,38 0.91 0.61 0.55 –
d50 (lm) 9.6 31 18.2 43,3 71.9 120.7 17.8 –
% passages through

sieve 21.23 lm
70.4 30.17 69.21 14.5 16.14 3.18 5.3 –

Table 2
Heavy metal content in WBA and cement (mass%) [11].

Heavy metal WBA designation

CEM I F1 F2 F3 F4 F5 F6

Zn (mg/kg) 182.4 26 1850 71 98.5 314.7 139
Cd (mg/kg) 0.93 2.42 3.1 1.5 3 2,6 6
Cr (mg/kg) 63.9 20.7 50 26.2 26.1 123 61.7
Ni (mg/kg) 68.7 17.4 79.6 22 12.9 170.3 35.2
Pb (mg/kg) 1.9 <0.04 79.9 5.9 5.9 101.4 37.8
Mn (mg/kg) 617.3 2098 6565 2609 501.4 1660 942
Co (mg/kg) 7.9 <0.04 11.2 4 3.5 26 15.8
Ba (mg/kg) 236.7 1124 588.8 1089 72.7 1437 545
Bi (mg/kg) <0.02 31.5 44.8 24.6 10 2.8 25.2
Sr (mg/kg) 1775.4 492.5 408.5 548.7 46.6 314.7 485
Cu (mg/kg) 30.6 65.9 84.4 44.6 3.5 79.7 56.1
Hg (mg/kg) 0.042 <0.003 <0.003 0.006 <0.003 0.01 0.189

Fig. 1. Particle size distribution of WBA and cement.
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2.3. Statistical analysis of the results

Statistical analysis of the results was performed to quantify the
effect of WBAs physical and chemical properties on the properties
of cement composites with WBA in fresh and hardened state.

To determine the effect of the WBA type and content on the
properties of the composite, it was taken into account that the bin-
der is a mixture composed of two components (CEM I + WBA).
Accordingly, physical and chemical properties of the binder are
expressed with regard to WBA content according to the following
equation:

Xi ¼ Xcem � %=100ð Þcem þ XWBA � %=100ð ÞWBA ð1Þ
where:

Xi - expressed value of observed physical or chemical property
Xcem – value of the physical or chemical property for cement
XWBA – value of the physical or chemical property for used WBA
(%/100)cem – content of cement in the mixture, expressed in
percentages
(%/100)WBA – content of WBA in the mixture, expressed in
percentages
For example, for the P4-5 mixture, the content of free CaO was
determined by taking into account 95% share of free CaO in cement
and 5% share of the same mineral in F4; i.e. 0.95*2,5 + 0.05*7.3 = 1.
615 (%, mass).



Table 3
Test methods for investigation of fresh and hardened state properties of pastes and
mortars.

Property Standard

Standard consistency EN 196-3:2016
Setting time
Soundness
Temperature
Density EN 1015-6:2000/A1:2008
Temperature HRN U.M1.032:1981
Air content EN 1015-7:2000
Consistence by flow table EN 1015-3:2000/A1:2005/A2:2008
Compressive strength EN 196-1:2016
Capillary absorption EN 13057:2003
Drying shrinkage EN 12617 - 4:2003
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Data normality (normal distribution) was verified by using
Shapiro-Wilk test [32]. Based on the results of Shapiro-Wilk test,
i.e. verification that this is not a normal distribution of data, further
analyses were undertaken by using Spearman’s Rank correlation
coefficient [33,34,35] in accordance with the following expression:

rs ¼ 1� 6
Xn
i¼1

d2
i

n n2 � 1ð Þ ð2Þ

where:

rs – Spearman’s Rank correlation coefficient
d – difference between rank values of two observed variables
n – of different series.

Values of the Spearman’s Rank correlation coefficient can range
from �1 to + 1 and are indicative of the intensity or strength of the
relationship between two values which are in correlation. In the
discussion, only dependencies with correlation coefficient value
greater than 0.5 were considered. The moderate correlation corre-
sponds to a correlation coefficient equal to ± 0.5 to ± 0.69, high cor-
relation from ± 0.7 to ± 0.89 and strong correlation from ± 0.9
to ± 1.00 [34,36].

Further, to detect which of the investigated WBA has the ability
to fulfil the set criteria, the desirability functions were used. The
desirability functions reflect the levels of each response in terms
of minimum and maximum desirability. A desirability function
(dj) varies over the range of 0 � dj � 1. Individual responses are
described using following equations, where the maximized indi-
vidual response is defined by:

dj ¼
Yj �minf j

maxf j �minf j

" #t

ð3Þ

or the minimized individual response by:

dj ¼ maxj � Yj

maxf j �minf j

" #t

ð4Þ

where dj, Yj, min fj and max fj are the individual desirability func-
tions, the current, the lowest and the highest values of jth response
included in the optimization [37]. The power value t is a weighting
factor of the jth response.

By using an overall desirability function (D), which presents the
geometric mean of the individual desirability functions (dj), the
multi-objective optimization problem can be solved:

D ¼ d1 � d2 � d1 � . . . . . . . . .� dmð Þ1
m ð5Þ

where m is the number of the responses. The maximum value of D
gives the optimum solution.
Determined individual and overall desirability functions were
used to summarize the influence of investigated WBAs on both
pastes and mortars properties.
3. Results

3.1. Effect of WBA on cement paste properties

Cement paste properties for mixes prepared with different
types and content of WBA are shown in Table 4. Water amount
presented represents the water quantity needed to achieve stan-
dard consistency of cement paste. Temperature, initial and final
setting, as well as soundness were further tested on cement pastes
with standard consistency.

The results (Table 4) show that mixes with WBA have an
increased water requirement, with an average increase of 10%
compared to the reference mix. Increased water requirement fol-
lows the increase of WBA content in the mix, which is in line with
conclusions shown in [38,39]. This is especially true for ashes des-
ignated as F2 and F3. Fast loss of workability was observed for
pastes during mixing, and an increase of F2 content to 15% results
in an increase of water requirement of up to 53%.

Increased temperatures compared to the reference mix were
recorded for all pastes with WBA, and this is especially the case
for mixtures with F1, F2 and F3. Maximum increase of temperature
of up to 5 �C was recorded for these mixtures.

Although it is a widely accepted fact that higher paste temper-
atures in fresh state lead to quicker setting [40], this trend was not
observed for the pastes containing WBA. Test results for the initial
and final setting show that the presence of WBA in the mixture
affects the delay in the start and the end of the setting, compared
to the reference (P0) mix. This is especially pronounced for pastes
containing WBA designated as F1, F2, F3 and F4, in all tested
shares.

Due to high content of the free CaO and free MgO in the compo-
sition of the WBA, soundness was tested according to EN 196-3
[31], Table 4. Based on the soundness test results, all tested cement
paste mixes met the criteria of maximum distance between the
ends of the needles of Le Chatelier’s rings of 10 mm, complying
to EN 450-1 standard [29].
3.2. Effect of WBA on mortar properties

Replacing cement with WBA leads to increased pore content in
fresh mortar. However, it must be pointed out that the greatest
(maximum) increase of 13.8% compared to the reference mortar
was seen in mortars with lowest WBA content (Fig. 2a–c). Mortars
with ash designated as F1, F2, F3 particularly stand out in this
regard. Further increase of WBA content in mortar does not have
any significant effect on the pore content in fresh mortar.

Consistency of mortars decreases proportionally to the WBA
content in mixes; specifically, the mortar consistency on average
decreased by 8, 16 and 32% for 5, 10 and 15% of cement substituted
by WBA, respectively (Fig. 2d–f). Loss of workability as a conse-
quence of using WBA is in line with current research on the same
topic [13,14,24,24,39,41–48]. Significant decrease in workability
was observed for M2 mortar where the loss of workability was
19, 38 and 44% compared to the M0 mix. Decrease in workability
cannot be attributed to the increase in temperature of fresh mortar
due to the fact that the greatest temperature increase was
observed for mixtures with 15% WBA content in the total cement
mass, and it amounts to only 3% compared to the reference M0
where temperature was 22.3 �C.

Results of compressive strength testing performed in accor-
dance with EN 196-1:2016 [30] standard with different WBA con-



Table 4
Influence of type and content of WBA on cement paste properties.

Mix designation WBA content (%) Water amount (g) Temperature of paste (�C) Initial setting time (min) Final setting time (min) Soundness (mm)

P0 0 141.5 21.3 195 255 4
P1-5 5 147.6 25.5 265 295 5
P2-5 5 149.3 24.2 265 295 0.5
P3-5 5 147.6 25.8 265 295 3
P4-5 5 147.7 22.4 245 305 0
P5-5 5 143 21.9 190 250 2.5
P6-5 5 144 23.5 195 255 4.5
P1-10 10 154 24.6 295 325 0
P2-10 10 182 26.3 225 315 2.5
P3-10 10 155.1 23.9 230 290 1
P4-10 10 141.1 24.8 235 265 3
P5-10 10 146.1 24 185 245 2.5
P6-10 10 147.6 22.6 200 230 2.5
P1-15 15 161.1 25.2 250 310 8.5
P2-15 15 217 24.8 305 365 2
P3-15 15 166 25.2 215 335 2.5
P4-15 15 141.5 24.5 245 275 2
P5-15 15 151.1 23.2 200 230 4
P6-15 15 157.7 25.7 210 270 3

Fig. 2. Influence of WBA on properties of mortar based on WBAs type and content: a, b, c) Air content, d, e, f) Consistence (by flow table) and temperature (black line). ** red
dashed lines in Figures a, b, c) represent air content of reference mix and in Figures d, e, f) flow value of reference mix.
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tent are shown in Fig. 3. Compressive strength values for the sam-
ples with WBA have been compared to the strength of the refer-
ence mix (M0).

In all mixes, compressive strength after 7 days has decreased by
4.17% (M5-10) up to 30.04% (M2-15), i.e. on average by 12, 15 and
22% for mixes in which the cement was replaced with 5, 10 and
15% of WBA, respectively compared to the reference mortar. At
the age of 28 days, in mortars with 5 and 10% WBA content, com-
pressive strength remains the same or is increased by up to 11.78%
(M6—5), except for the M2 specimen, whose compressive strength
is up to 11.23% lower for the M2-5 mix i.e. 16.75% lower for M2-10
mix. Compressive strength of all mixes with 15% WBA content has
decreased by 9.82% (M5-15) i.e. by 25.10% (M1-15) compared to
the reference mix at the age of 28 days. After 90 days, compressive
strength of specimen with 5% WBA has increased (M1-5, M4-5,
M6-5) or decreased by 1.81% (M5-5) to 6.05% (M3-5), whereas
other samples with 10 and 15% WBA content register a drop in
the range from 1.26% (M4-10) to 30.69% (M1-15).

Slower strength rate at early age is observed over time for mixes
with WBA. Slower rate of strength increase for the mixes contain-
ing WBA can be attributed to the pozzolanic reaction [38,43,49],
but can also be explained by hydraulic properties of WBA. For
example, the authors [50,51] obtained compressive strength of
20 MPa by testing specimen obtained by mixing ground wood bio-
mass ash, peat and water (self-hardening), which confirms the con-
tribution of WBA to the increase of compressive strength [52].

Capillary absorption coefficient was determined for each stud-
ied type and WBA content, Fig. 4. Reduction of capillary absorption



Fig. 3. Compressive strength of mortars of the following ages: a) 7 days; b) 28 days; c) 90 days.

Fig. 4. Influence of WBA type and content on value of capillary absorption coefficient.

Fig. 5. Influence of WBA content and type on drying shrinkage of mortar during 365 days.

6 I. Carević et al. / Construction and Building Materials 256 (2020) 119450
coefficient for 6.04% and 3.25% is observed with an increase of WBA
content by 5 to 10%, compared to the reference mix (M0). At 15% of
WBAs’ content, an average increase of 2.27% in capillary absorption
compared to the reference mix (M0) is observed. The aforemen-
tioned is in accordance with [49]. However, mortars with 5 and
10% WBA have lower capillary absorption values, whereas increase
of WBA content up to 15% has a negative effect on the capillary
absorption for all mixes except M6-15.

According to [14,24,53], partial replacement of cement with
WBA decreases the values of drying shrinkage. It is considered that
lower values of shrinkage are recorded since WBA acts like a filler
rather than a binder. The same results are shown on Fig. 5, where
three different contents of WBA replacement for cement (5, 10 and
15% by mass of cement) and different technologies of biomass
combustion are observed. In all cases the drying shrinkage was
reduced when compared to the control mortar (M0) during the
period of 365 days. Based on the obtained results it is possible to
conclude that partial substitution of cement with WBA (5, 10 and
15% by mass of cement) contributes to an average reduction of
overall deformation for 20, 21 and 24% relative to the control mor-
tar after 365 days. Results presented on Fig. 5 are shown using log-
arithmic trendline.
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4. Discussion

Properties of WBA composites are greatly dependent on the
physical and chemical properties of WBA. For the purpose of gain-
ing a better understanding of the testing results, a statistical anal-
ysis of the effects of chemical and physical properties of WBA was
carried (Tables A.1 & A.2).

The statistical analysis determined moderate to strong correla-
tion between the water requirement and setting time with regard
to chemical composition and physical properties of the WBA
(Table A.1). Increased water requirement in mixes with WBA is
linked to the morphology of the WBA [13,54–56,58], high porosity
[23,55], large specific area of the particles [57,58], large content of
unburned particles [59,60], high content of free CaO [61,62] and
other chemical parameters of the WBA [57], Figs. 6 and 7. Further-
more, increase in water requirement is a consequence of high alkali
content due to the fact that additional alkali ions accelerate alumi-
nate hydration by decreasing the release of Ca2+ ions from the gyp-
sum, thereby causing decreased efficiency of gypsum action during
aluminate hydration [63,64], Fig. 7a). Similar mechanism is a con-
sequence of increased content of free CaO and free MgO [65]. Addi-
tionally, presence of organic matter (increased LOI values) is
conducive for significant absorption of water molecules, decreas-
ing the amount of free water required for achieving desired work-
ability [39,59], Fig. 7b). Larger content of alkalis and magnesium
oxide in the binder [14,46,47,58,69,66] and low content of poz-
zolanic oxides contributes to the delay in setting, especially for
pastes with increased WBA content (Fig. 7c–e). Delay of the initial
setting can be a consequence of an increased content of heavy met-
als [67–70]. According to [71], the delay happens due to the con-
version of metal hydroxides into new metal hydroxyl
compounds; due to this, there is a significant consumption of cal-
cium and hydroxide ions, which causally delays the creation of C-
Fig. 6. Micrographs of WBAs (magn
S-H gel and portlandite. It is known that amphoteric metals such as
zinc, led and tin are used as setting retardants [71]. Also, higher
values of loss on ignition (LOI) can, as a consequence, lead to
delayed setting [72].

However, WBA content used as a cement substitute in this
paper is still sufficiently low for the potentially ‘‘negative” chemi-
cal composition of WBA to be ‘‘overpowered” by a larger content of
cement. This is especially confirmed by testing of soundness of
pastes containing WBA where all tested pastes have met the crite-
rion of maximum distance between the ends of the needles of the
Le Chatelier rings in accordance with the standard EN 450-1 [29],
despite the fact that the values of free CaO values for all used
WBAs, with the exception of WBA 5, are greater than limit values
according to the referred standard (<1.5% for free CaO, and <4%
for MgO). One of the explanations would be that WBA was sta-
bilised in period between ash collecting and mixing as reported
by [73]. Namely, chemical reactions when WBA is in contact with
water and CO2 from the air are resulting in the formation of Ca
(OH)2 and of CaCO3 [74,75]. Lime is sensitive to atmospheric mois-
ture and carbon dioxide [76–78] and therefore its stabilization
could show the alteration in the mineralogy structure of the mate-
rial [73,74,79]. This however has a positive influence of the com-
posite volume stability, since higher contents of free CaO induce
swelling and cracking. It is likely that transportation and storage
of the WBA before reaching the concrete plant contributes to its
stabilization. Results in this research are in line with [73] where,
all tested cement composites satisfied the volume stability test
after WBA stabilization (maximum free CaO content in stabilized
WBÁ samples were 20.49%).

Statistical analysis of test results showed a correlation between
the free CaO and compressive strength of mortar at early age,
Table A.2. With an increase of WBA and free CaO content, early-
age strength decreased in accordance with [62,80,81]. Content of
ification SEM_MAG = 3500x).



Fig. 7. Effect of chemical characteristics and WBA content on workability: a) alkali content, b) LOI content, and paste setting time: c) free CaO content, d) free MgO content, e)
pozzolanic oxides content, f) alkali content.
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free CaO does not have a significant impact on compressive
strength of older specimen. However, compressive strength also
decreases with the increase in the content of alkalis in the WBA
composition [63,64,82], Fig. 8 a). At the same time, increase in
the content of pozzolanic oxides has the opposite effect, Fig. 8b).
This is confirmed by the compressive strength analysis, where
mixes with WBA designated F4, F5 and F6 attain greatest compres-
sive strength values, particularly for 15% WBA content, and these
are precisely the ashes with the greatest pozzolanic oxide (F5) con-
tent and chemical composition which is very similar to cement (F4
and F6). In capillary absorption testing, there is a noticeable depen-
dency with the alkali values and particle size median (d50 is the
value from which 50% of particles are smaller), Fig. 8c) and d),
i.e. greater values of alkalis and larger particles lead to increase
in capillary absorption.

In general, it can be concluded that statistically, the impact of
certain heavy metals is moderately significant. Current research
show that ‘‘storing” waste materials in cement composites can lead



Fig. 8. Compressive strength of mortars at different ages compared to: a) alkali; b) pozzolanic oxides; Capillary absorption compared to: c) alkali; d) WBA size; Drying
shrinkage compared to: e) free CaO.

I. Carević et al. / Construction and Building Materials 256 (2020) 119450 9
to a change in cement composite properties, as for example it can
affect the setting time or compressive strength [67,68,83,84],
depending on the type of metal. For example, compressive strength
decreases [67,83,84] with increased content of zinc in cement com-
posites. Although during hydration heavy metals can become
immobilized in cement matrix of the C-S-H gel or form new com-
pounds for WBA applications in the construction sector, it is neces-
sary to investigate the ecological impact of cement composites
with WBA with the leaching test. In addition to impact on com-
pressive strength, according to Table A.2, the impact of certain
heavy metals (Zn, Cr, Ni, Pb and Co) on shrinkage was observed:
increase in the content of aforementioned heavy metals also
increases shrinkage although the total shrinkage value is still smal-
ler compared to the reference mix (M0). At the same time,
increased content of free CaO in WBA lead to a decrease in total
shrinkage which is in line with the assumptions shown in [13],
Fig. 8e).

Finally, optimal types and content of WBA have been confirmed
by desirability functions, while taking into account all tested mor-
tar properties. Eight factors were considered for selecting the opti-
mal WBA type and content: water requirement, final setting,
consistence, compressive strength (7, 28 & 90 days), coefficient of
capillary absorption and drying shrinkage. These factors were used
to calculate individual desirability functions. Water amount, final
setting, temperature, coefficient of capillary absorption and drying
shrinkage were minimized, while consistence and compressive
strength were maximized. The individual and overall desirability
functions are shown in Table A.3 and Fig. 9.

Analysis of the desirability indexes confirmed that WBAs desig-
nated as F6, F4 and F3 can be used as a SCMs in mortar with con-



Fig. 9. Desirability index for investigated mortars.

10 I. Carević et al. / Construction and Building Materials 256 (2020) 119450
tent up to 15% by mass of cement. Desirability analysis shows that
other investigated ashes did not show a potential to be used as a
SCMs if replacement level of cement is above 10%, in accordance
with their physical and chemical characteristics. Mix M1-15 had
a low desirability level for compressive strength of 28- and 90-
days age due to exceptionally high value of LOI (19.1%) and free
MgO (4.0%), which affected the minimum values of compressive
strength. Alkalis had shown significant effect on the setting time
and workability (Fig. 7), and in accordance with the above, mix
M2-15 has the lowest value of desirability index for fresh proper-
ties (water requirement, workability and setting time). Despite the
fact that F5 ash is rich in pozzolanic oxides and has physical and
chemical properties similar to fly ash from coal, according to the
previously published research [11] is best ranked WBA with high
potential as a cement substitute. Its physical properties (coarser
particles compared to the cement) showed that if they are used
in a content greater than 10%, a negative impact on capillary
absorption is observed. Due to the high potential of F5, an addi-
tional mechanical processing – grinding is recommended before
it is used in cementitious composites.

Literature [85] claims that combustion temperature can reach:
a) <900 �C in fluidized bed combustor, b) 1000–1200 �C in the grate
combustor, and c) around 1600 �C in pulverized fuel systems. Free
CaO is usually formed at temperatures higher than 900 �C [74] and
its negative effects on long-term properties of cementitious com-
posites have been elaborated previously. Based on the values of
free CaO in the WBA samples, it can be concluded that tempera-
tures in the furnace were higher than reported in Table 1. Per-
formed desirability analysis clearly showed the benefits of
specific combustor types. WBA designated with F6, coming from
fluidized bed combustor, has the optimum behaviour for all three
WBA shares. This can be associated with combustion temperatures
<900 �C and the fact that this technology uses additive as a bed
material, in this case quartz sand, can have beneficial effect on
chemical composition of the WBA contributing with a high content
of SiO2 [57,85,86] comparing to other combustion technology.
WBA from grate combustor follows this trend, while the lowest
composite quality is determined for F2 and F3 coming from the
pulverized fuel systems. Those ashes also have the highest alkali
content, respectively 10.90% and 6.60%. As it can be seen from this
research, alkalis have biggest influence on the tested properties of
cementitious materials with WBAs (workability, setting time, com-
pressive strength, capillary absorption).

5. Conclusion

The overall aim of this paper is to quantify the influence of
physical properties and chemical composition of WBA on mechan-
ical and durability properties of cementitious composites. Specific
aim is to define an acceptable content of WBA, based on aforemen-
tioned WBAs characteristics, as a prerequisite for using WBA as a
new rawmaterial in construction industry. Based on the performed
tests and the analysis, the following was concluded:

� Increase of WBA content in mixes is accompanied by an
increased water requirement, i.e. loss of workability, when
compared to a mix without WBA. In addition to the morphology
of the WBA particles, alkali, LOI and content of heavy metals has
the most significant impact on the consistency of pastes and
mortars. Therefore, in WBA designated as F2, a significant con-
tent of alkali (10.90%), heavy metals (9765.3 mg/kg) and LOI
(13.45%) was observed, due to which mixes with WBA desig-
nated as F2 showed the greatest loss in workability. Unlike
the pastes, the impact of free CaO and free MgO to workability
of mortars is partially annulled by the use of aggregates.

� Although higher temperatures of pastes in fresh state have been
observed, which are usually associated with accelerated setting,
it was established that presence of WBA in mixes affects the
delay of the initial and final setting. Although the general trend
is indicative of delayed setting, setting time greatly depends on
the type and content of the used WBA.

� In all mixes withWBA, a slower strength increase was observed.
However, compressive strength increases over time; so that the
compressive strength of specimens made with 5 and 10% con-
tent of WBA, at the age of 28 days, is comparable to the strength
of the reference mix. After 90 days, mixes with 5% WBA desig-
nated as F6, F4, F1 achieved compressive strength greater than
the reference mix.
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� Mortars with 5 and 10% WBA have lower capillary absorption
values, whereas increase of WBA content up to 15% has a nega-
tive effect on the capillary absorption for all mixes except M6-
15.

� Additional positive impact is evidenced by reduced shrinkage of
samples with WBA compared to the reference mix without
WBA.

When interpreting the results, it should be kept in mind that
each chemical and physical property which could affect the prop-
erties of the cement composites was analysed individually. Based
on the results showed in the paper, the authors consider the 10%
of WBA to be an acceptable content with which a part of cement
in mortars can be substituted without a significant degradation
of characteristics. Additional increase in WBA content would
require processing of WBA, such as sieving and/or washing with
water, which would reduce the content of alkalis and unburned
particles.
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Table A.2
Correlation matrix of tested properties of fresh mortar, properties of hardened mortars and physical and chemical properties of WBA.

*Statistically significant values are marked in red, and the correlation interpretations are marked as follow: moderate correlation (from ± 0.5 to ± 0.69) was
marked yellow, high correlation (from ± 0.7 to ± 0.89) was marked green and strong correlation (±0.9 to ± 1.00) was marked blue.
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Table A.3
Individual and overall desirability functions used for the optimization.

Mix designation Individual desirability functions Overall
desirability
function

Water
amount (g)

Final setting
time (min)

Consistence
(mm)

Compressive strength (MPa) Coefficient of
capillary absorption
(kg/m2 h�1/2)

Drying
shrinkage
(mm/m)

7 days 28 days 90 days

M0 0.99 0.81 1.00 1.00 0.68 0.73 0.61 0.00 0.00
M1-5 0.91 0.52 0.75 0.78 0.97 1.00 0.95 0.75 0.81
M1-10 0.83 0.30 0.66 0.20 0.77 0.66 0.69 0.88 0.56
M1-15 0.74 0.41 0.53 0.06 0.00 0.00 0.75 1.00 0.00
M2-5 0.89 0.52 0.56 0.58 0.38 0.67 0.55 0.54 0.57
M2-10 0.46 0.37 0.16 0.42 0.23 0.39 0.60 0.21 0.32
M2-15 0.00 0.00 0.00 0.00 0.09 0.07 0.43 0.36 0.00
M3-5 0.91 0.52 0.83 0.60 0.96 0.59 0.66 0.45 0.67
M3-10 0.82 0.56 0.74 0.46 0.78 0.50 0.50 0.37 0.57
M3-15 0.67 0.22 0.56 0.17 0.34 0.41 0.64 0.67 0.41
M4-5 0.91 0.44 0.88 0.46 0.91 0.83 0.94 0.68 0.73
M4-10 1.00 0.74 0.78 0.48 0.67 0.70 0.85 0.88 0.75
M4-15 0.99 0.67 0.64 0.29 0.32 0.61 0.53 0.72 0.55
M5-5 0.97 0.85 1.00 0.62 0.92 0.69 0.59 0.32 0.71
M5-10 0.93 0.89 0.59 0.86 0.67 0.60 0.54 0.41 0.66
M5-15 0.87 1.00 0.39 0.43 0.41 0.38 0.00 0.21 0.00
M6-5 0.96 0.81 0.93 0.65 1.00 0.90 0.91 0.44 0.80
M6-10 0.91 1.00 0.93 0.57 0.85 0.71 1.00 0.62 0.81
M6-15 0.78 0.70 0.74 0.63 0.24 0.33 0.94 0.86 0.60
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