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Abstract: The results of this research show that high-alkali biofuel fly ash (BFA) had a significant in-
fluence on the mechanical characteristics, microstructure, porosity, freezing–thawing cycle resistance,
and ASR resistance of cementitious materials. Different amounts of BFA (varying from 0 to 30%) were
used as a substitute for cement in concrete mixes. The impact of substituting cement with BFA on the
cement hydration products was analysed. Slump behaviour, mechanical properties, water absorption,
porosity, freeze–thaw cycles, and ASR resistance were studied. The analysis of the mechanical and
physical characteristics of the developed sustainable concrete revealed that a better structure, higher
compressive and flexural strength and density values, and better freeze–thaw and ASR resistance
as well as lower water absorption values were achieved when as much as fifteen percent of cement
was substituted with high-alkali BFA. The calculations indicate that the substitution of cement with
different quantities of high-alkalinity BFA (from 0% to 30% BFA) increased the SiO2/CaO ratio from
0.32 to 0.51 and the Na2O + K2O/CaO ratio from 0.02 to 0.067 in the composition. An evident
higher quantity of the hydration products, reflected in the reduction of porosity by up to 27%, the
improvement in compressive strength by up to 19.3%, and the calculated freeze–thaw resistance
value of up to 51.50%, was observed when the Na2O + K2O/CaO ratio did not exceed 0.044. The
ASR resistance of the concrete improved with the increase in the Na2O + K2O/CaO ratio. This study
shows that BFA with high alkalinity is beneficial in the development of sustainable building materials.

Keywords: fly ash; ASR resistance; freeze–thaw; sustainable concrete

1. Introduction

Biomass is one of the most important renewable energy sources. Burning biomass,
which is mostly derived from forests, creates solid waste, like slag and ash, which needs to
be managed properly. Both human health and the environment are negatively impacted by
fly ash. As biomass fly ash originates from biogenic material, it has a high carbon content
and is considered a hard-to-utilize waste [1]. Wood-based biofuels represent about 9% of
worldwide energy production [2,3]. With the growing use of biofuel for energy generation,
more waste ash is being generated every year. A crucial initial step in solving the world’s
waste problem is to replace raw materials with waste and use natural resources sustainably.
Biofuel combustion ash can be successfully utilized to produce building materials [4]. Due
to of its chemical, physical, and morphological properties, biofuel fly ash, as a pozzolanic
additive, can be used to substitute part of the cement portion in cementitious materials [5,6].
As pointed out in the literature, various kinds of biomass fly ash derived from waste are
also widely utilized in geopolymer concrete, even considering the various other kinds of
biomass fly ash available [7].

Ash is currently widely used in geopolymers, but it is not sufficient for complete
waste utilization and management. However, the utilization of wood biofuel fly ash in
geopolymers is not widespread due to the low aluminium content in and amorphous phase
of this kind of ash [8]. Therefore, the utilization of biomass fly ash in cementitious materials
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is still relevant. Biomass fly ash is mainly used in binder materials, such as Portland
cement clinker, in the concrete industry [8]. The possibility of using the biofuel fly ash
used in the concrete industry to reduce the CO2 footprint is also important. Studies have
demonstrated the potential application of biofuel fly ash as a renewable waste material
for cement substitution [9]. Nevertheless, the currently applicable specifications of fly ash
exclude biofuel fly ash from being added in concrete because it is not a coal combustion
waste. A large number of studies have been conducted on the use of biofuel fly ash (BFA)
in concrete or mortar [9–34].

The capacity of BFA to bind with calcium compounds makes it a valuable constituent
of cement on par with mineral aggregates. Due to its pozzolanic properties, BFA is used as
an active additive to modify the functional properties of a binder [26]. BFA can be applied
in the manufacture of concrete mixtures and prefabricated concrete elements [33]. For
instance, BFA in porous concrete acts as both a binder and a filler. The developed products
with improved technical characteristics are produced at lower cost [23].

BFA incorporated in concrete as a cement substitute may have a significant effect
on the fresh and hardened cement paste properties. These properties depend on the
burning process, the kind of wood and the pieces of trees turned into biomass, and local
operating conditions [11]. The most frequently examined properties of concrete mixtures
containing 5–45% BFA by weight of cement are rheological properties, heat of hydration,
7- and 28-day compressive strength, porosity, and capillary absorption. Gabrijel et al.
stated that the replacement of up to 15% of cement with very fine BFA accelerated cement
hydration and raised the concrete’s compressive strength by up to 18%, whereas in samples
where cement was substituted with coarser BFA, the heat released more gradually, and
the compressive strength decreased by 5%. Although almost no changes were observed in
capillary absorption values in samples where up to 45% of cement was substituted with
BFA, only the minimum mechanical properties of concrete for use in construction were
achieved. The rheological properties of concrete were found to improve when biomass fly
ash was used as a filler and as a substitute for fine fillers in concrete [16].

The authors of one study compared mortars modified with BFA and coal combustion
waste fly ash and found similar compressive strength values, although their porosity,
water absorption, and water vapour permeability were higher [13]. Mortars wherein
more cement is replaced with BFA usually have higher water demand and significantly
lower compressive strength [12–16,18,34]. Ban and Ramli [22] studied structural concrete
wherein certain parts of cement were replaced with BFA and concluded that BFA raised
the water requirements and decreased the mechanical strength of the concrete, but it had
an insignificant effect on durability and significantly reduced concrete shrinkage. Udoeyo
et al. [21] studied the substitution of biofuel fly ash by up to 30% by weight of cement
in concrete and observed a significant drop in mechanical strength (from 9% to 38%),
especially in the mixtures containing a high amount of BFA. Other authors claim that low
amounts of BFA (added at up to 10% by weight of cement) do not change the mechanical
properties of mortars.

A significant effect is observed when 20% of cement is substituted with BFA. The
compressive strength of mortars modified with BFA can increase even when a small
amount of cement is replaced [34]. Rajamma et al. reported a positive influence of biofuel
fly ash on the rheological characteristics of cement paste. The researchers observed a higher
rate of hydration and a shorter setting time [6]. They observed an increase in both earlier
(2- and 7-day) and later (28- and 90-day) strength. It was found that the speed of hydration
and the formation of newly created products depend highly on the content of alkali and
the W/B ratio in the pastes [31]. Biofuel fly ash with high quantities of alkaline compounds
provides extra alkalinity to cement pastes, accelerates the hydration process, intensifies
newly created product formation, and consequently increases the mechanical strength of
the specimens [25].

Biofuel fly ash in a cement mixture lowers the rate of hydration [29] and thus protects
concrete from thermal cracks and stress [30]. Wang et al. [5,13,24] analysed the impact of
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the amount of BFA added on the properties of cementitious pastes, the mechanical strength
of the specimens, and the durability of concrete. They discovered that adding BFA by
weight of cement greatly increased the need for water, prolonged the setting time, increased
the amount of air-entraining additive required, and decreased the concrete’s long-term
durability. However, the effect on chloride penetration, early mechanical strength, and
resistance to cyclic freezing and thawing was insignificant. The authors of [9] stated that
BFA improves the freeze–thaw resistance of concrete.

Wang S. et al. [5] reported that concrete altered with BFA had the same, or even better,
longevity and strength characteristics as ordinary fly ash concrete. Teixeira E. R. et al. [25]
came to a similar conclusion, stating that concrete that contains BFA has carbonisation
resistance similar to that of ordinary fly ash concrete. The addition of fly ash allows for an
increase in the chloride resistance of concrete [26] and shrinkage resistance [27] as well as a
reduction in water absorption [28]. One review [35] highlighted that the optimal quantity
of cement to be substituted depends on the chemical composition of BFA and the quantity
of alkali compounds (K2O and Na2O). As generally indicated in several studies, the content
of K2O and Na2O in BFA does not exceed 5% [4]. There are few studies in which BFA with
higher K2O and Na2O content (up to 10–13%) was used. In order to develop the guidelines
for using BFA in construction concrete, the interdependency of BFA properties and the
characteristics of fresh and hardened concrete should be determined [11]. The data from the
reviewed literature leads one to the conclusion that employing BFA as partial substitute for
cement in construction materials has the potential to minimize the consumption of natural
resources in cement production. BFA is a partially renewable resource: that is why the
utilisation of BFA as a partial substitute for cement offers several environmental benefits,
including supressing CO2 emissions, reducing fuel consumption, and facilitating BFA’s
valorisation [36].

Based on the literature review, it can be concluded that the number of available
byproducts has been rising recently, and this study’s focus is on the binding properties that
can be obtained by substituting cement with byproducts. BFA with a high alkali content,
varying from 0 to 30%, was studied in order to highlight the possibility of applying such
BFA in concrete mixes. However, the effect of highly alkaline BFA on the properties of fresh
and hardened cement paste is still insufficiently studied. This study examines the use of
high-alkali BFA as a partial cement replacement and its impact on a number of concrete
characteristics, including workability, mechanical properties, porosity, structure, durability,
and sustainability. The aim of this study is to determine the potential of high-alkali BFA as
a material for producing sustainable concrete and to ascertain when it is appropriate to use
BFA in place of cement components to lower the cost of concrete.

2. Materials and Methods

The tests were performed using CEM I 42.5 R, which satisfies all standards specified
in EN 197-1 [37]. Figure 1 illustrates the particle size distribution of Portland cement.
The measurements were conducted in the range of 0.10–500 µm. The average size of the
particles was 15.05 µm.

BFA collected in electrostatic precipitators of biomass fluidised bed boilers was used
to modify fine-grained concrete. To increase the percentage amount of BFA used to replace
cement in concrete mix without compromising the properties of the cementitious composite,
sieved BFA with a particle size of less than 100 µm was used [10]. The measurement results
are presented in Figure 2. The sieved BFA particles were approx. 1.5 times bigger than the
cement particles. The distribution of particle size was determined using a Cilas 1090 LD
device. Water was used as a dispersion medium. The content of solids in the suspension
was 12–14%. The particle size of BFA was measured in the interval of 0.04–100 µm. The
average particle size was 23 µm.
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The properties and chemical composition of BFA are presented in Tables 1 and 2.
According to research data [6], BFA is characterized by large amounts of SiO2 and CaO
and lower amounts of Al2O3 and Fe2O3. BFA is expected to participate in pozzolanic
and hydraulic reactions because it consists of more than 10% CaO [10,38]. It should be
mentioned that the BFA used in this study was highly alkaline, since the total K2O and
Na2O oxide content was 8.92.

Table 1. BFA properties.

Properties BFA

Particle density, kg/m3 2757
Bulk density, kg/m3 829

Sand in a fraction of 0/4 corresponding to LST EN 12620:2003+A1:2008 require-
ments [39] was adapted for the tests.

The bulk density of the sand was 1640 kg/m3, and the density of its particles was
2622 kg/m3.

Seven batches of sustainable concrete compositions were prepared. Mixing procedure
employed is as follows: dry components, i.e., cement, BFA, and sand, were mixed for 5 min;
then, water was added, and the blend mixed again for 5 min.
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Table 2. Chemical composition of Portland cement and BFA.

Chemical Composition of BFA, Mass %

SiO2 Al2O3 Fe2O3 CaO K2O SO3 Na2O P2O5 MgO MnO2 Cl

41.93 2.70 1.91 30.3 8.43 4.95 0.49 4.75 3.6 0.59 0.38

Chemical composition of Portland cement, mass %

21.76 6.12 3.37 63.5 1.0 0.8 0.3 - 3.15 - -

The batches differed in terms of the content of BFA in the concrete mixture, which
ranged from 0% to 30% by weight of cement substituted. BFA was added into the mixture
in 0; 5; 10; 15; 20; 25; and 30% portions by weight of cement. Compositions of concrete
mixtures are presented in Table 3.

Table 3. Concrete compositions, %, and SiO2/CaO, Na2O + K2O/CaO, and Al2O3/SiO2 ratios in the
cementitious matrix (cement and BFA).

Composition
Designation CEM I, % BFA Content,

% Cement SiO2/CaO Na2O +
K2O/CaO Al2O3/SiO2 Sand, % BFA, % V/R

I 30.77 0 0.320 0.020 0.294 69.23 0 0.47

II 29.23 5 0.353 0.027 0.276 69.23 1.54 0.47

III 27.69 10 0.380 0.034 0.259 69.23 3.08 0.47

IV 26.15 15 0.409 0.043 0.241 69.23 4.62 0.47

V 24.62 20 0.440 0.050 0.223 69.23 6.15 0.47

VI 23.08 25 0.471 0.058 0.206 69.23 7.69 0.47

VII 21.54 30 0.506 0.066 0.188 69.23 9.23 0.47

Using a Bruker X-ray S8 Tiger WD X-ray fluorescence spectrometer, BFA was chem-
ically analysed. Rh target X-ray tube was used, and an anode voltage up to 60 kV and a
current (I) up to 130 mA were employed. Pressed samples were measured in a helium
environment. The measurements were performed using the SPECTRA Plus QUANT
EX-PRESS technique.

The structure of BFA was tested using a scanning electron microscope (SEM JEOL
JSM-7600F). The microscopy parameters were as follows: the voltage applied was 10 kV
and 20 kV, and the distance to the specimen surface ranged from 7 to 10 mm.

The properties of the specimens tested were determined according to applicable
standards: LST EN 12350-5:2019 [40] for the flow of the mixtures, LST EN 12390-7:2019 [41]
for the density of hardened sustainable concrete, LST EN 12390-3:2019 [42] for compressive
strength, and LST EN 12390-5:2019 [43] for flexural strength.

Ultrasonic pulse velocity (UPV) test was carried out following the recommendations
of standard LST EN 12504-4 [44].

The durability of sustainable concrete predicted according to freeze–thaw cycles was
measured based on porosity parameters. Frost resistance factor KF was calculated based on
the assumption that concrete is frost-resistant when the volume of closed pores is higher
than the increased volume of frozen water in capillary pores. Frost resistance factor KF was
calculated using the following equation:

KF =
Pu

0.09 Pa
(1)

where Pu is closed porosity, and Pa is open porosity.
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Using the known value of frost resistance factor KF, the resistance of concrete to
freezing and thawing cycles can be predicted from the function of freeze–thaw resistance
and frost resistance factor KF. Porosities were determined using Scheikins theory [45].

ASR resistance of sustainable concrete was determined using the RILEM AAR-2
method. The test lasted fifty-six days. The cured samples were kept in 1 M NaOH solution
at a temperature of 80 ◦C for fifty-six days. On day 56, the expansion of the specimens was
tested. ASTM C 441 indicates that the expansion limit was 0.1%.

3. Results and Discussion
3.1. Parameters of BFA

Figure 3 presents the BFA X-ray structural analysis results. The X-ray image shows
that quartz (SiO2), which is present in 75% of the sample, is the predominant mineral.
SiO2 usually forms during the burning of biomass at high temperatures [46]. Calcium
oxide (CaO) is the second mineral prevailing in fly ash by content (12.8%). Other minerals
identified in the X-ray analysis were calcite and portlandite, present at 7.0% and 2.8%,
respectively. Similarly, the same minerals, but in different amounts, were found in BFA by
other researchers [47,48].
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The results of the BFA analyses performed using SEM are presented in Figure 4.
Figure 4 shows a great variety of BFA particle forms and sizes; there are also visible soot
particles or pieces of unburned wood.

BFA was found to have the pozzolanic activity of 350 mg of CaO/g ash. It was
discovered that BFA has a significantly larger amount of SiO2, which interacts with the
Ca(OH)2 in the cementitious system to create more hydration products. The mechanical
and physical characteristics of sustainable concrete are enhanced by these reaction products.
After numerous experiments, Quarcioni, a researcher, found the following pozzolanic
activity values of BFA: 279 mg of CaO/g for sugar cane, 622 mg of CaO/g for rice husk,
269 mg of CaO/g for wood, 622 mg of CaO/g for metakaolin, and 755 mg of CaO/g for
silica fume [49].

A thermogravimetric examination of BFA revealed (Figure 5) an endothermic reaction
in the 335–412 ◦C temperature interval, where portlandite decomposition takes place.
Another effect of an endothermic reaction, namely, the decomposition of vaterite, was
observed in the temperature interval of 500–740 ◦C. The mass loss during this reaction was
7.81%; decomposition of calcite occurs at a temperature interval of 740–800 ◦C. The total
mass loss was 12.34% [50].
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3.2. X-ray of BFA Modified Hardened Cement Paste

X-ray tests were conducted on hardened cement paste containing 0%, 15%, and 30%
BFA by weight of cement after 28 days of curing. The test results are shown in Figure 6.
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The tests showed that all the specimens contained portlandite, calcite, ettringite, and
CSHs as well as non-reacted cement minerals. Only the amounts of the minerals identified
in the specimens differed. The samples in which BFA substituted for 15% and 30% of
cement showed a reduction in the amounts of portlandite and ettringite. The decrease in
portlandite can be associated with a decrease in the amount of cement and, accordingly, a
significant increase in the SiO2/CaO ratio (from 0.32 to 0.51) in the cement matrix (Table 3).

The decrease in ettringite can be explained both by an increase in the SiO2/CaO ratio
and a significant reduction in the Al2O3/SiO2 ratio (from 0.294 to 1.88) when the amount
of Al2O3 was insufficient for significant ettringite formation. At the same time, a more
intense formation of calcium hydrosilicates (CSHs) was observed in the cement matrix with
BFA. Due to the presence of active SiO2 in BFA, which participates in the reaction with
portlandite, calcium hydrosilicates (CSHs) are formed. It is known that alkali compounds,
which are present in large quantities in BFA, promote the hydration of cement minerals
and the release of Ca ions into a solution [51].

Therefore, despite the decrease in the amount of cement in the cement matrix, a no-
ticeable number of CSHs were formed. Other researchers [52,53] also reported higher
consumption of portlandite in the presence of Si-rich additives. When more cement is
replaced with BFA, the Na2O + K2O/CaO ratio increases threefold (from 0.02 to 0.067).
The calculated Na2O + K2O/CaO ratio in the cement matrix is based on this assumption.
These results indicate that more calcium ions participle in the CSH crystallisation pro-
cess in cement matrix with BFA [54,55]. The pozzolanic activity of BFA can promote the
crystallisation of CSHs [56].

The peaks of quartz are the most intense in the cement matrix with 30% BFA replacing
cement, as the calculated SiO2/CaO ratio was the highest in this specimen (Table 3).

The results show that the samples modified with BFA have a higher level of alkalinity,
and perhaps more CSHs are formed in the pozzolanic reaction of BFA. According to the
authors of [51], a decrease in portlandite can be seen in such cementitious samples in
comparison to control samples.

3.3. Thermogravimetric Analysis of BFA-Modified Hardened Cement Paste

After 28 days of curing, TG/DTG analysis of the samples of compositions I, IV, and
VII was performed (Figures 7–9). The TG/DTG curves show three main effects of the
endothermic reaction, during which the samples experienced significant weight loss. The
mass loss in the temperature range 400–450 ◦C was caused by the release of water [57],
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as ettringite, calcium hydroaluminates, monocarboaluminates, and CSH lose hydrated
water [58,59]. The first endothermic effects in the temperature range of 90–200 ◦C could be
mainly attributed to the decomposition of ettringite (90–150 ◦C) and the decomposition
of calcium silicate hydrates (which generally takes place in the temperature range of
160–200 ◦C). The decomposition of portlandite takes place between 400 and 500 ◦C, while
the decomposition of carbonates occurs above 550 ◦C [60].
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Table 4 presents the weight loss of the samples during heating in various temperature
ranges as determined using the DTG method. The overall weight loss in the specimens
modified with BFA was 2.3% to 3.3% higher than that in the control specimen. Compared
to the control sample, the weight loss in the samples modified with BFA was 2.3% to
3.3% higher.
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Table 4. The weight loss by percentage in samples of different composition determined during the
DTG test.

Sample
Designation

Weight Loss, %, in the Temperature Range Up to the Following Values Cement Content
in Composition, %150 ◦C 200 ◦C 500 ◦C 750 ◦C 1000 ◦C

I 9.1 11.7 4.02 2.04 21.19 100

IV 7.0 10.3 3.78 2.55 19.34 85

VII 5.8 8.1 3.13 2.41 18.13 70

The weight loss of the samples of tested compositions decreased from 9.1% to 5.8% at
temperatures below 150 ◦C. Presumably, the mass loss related to ettringite decomposition
decreases at the temperature interval indicated above. It can be seen that the decrease in
ettringite formation reached 36%, compared to control specimen. This could be linked to
the rising SiO2/CaO ratio and the decrease in Al2O3/SiO2 [61]. These findings correspond
to the data presented in some studies as well as the XRD results (Figure 6).

Within the temperature range of 160–200 ◦C, bound water is released during the CSHs’
decomposition. In this case, the DTG analysis results confirm the XRD results and show
that the substitution of 15% of cement with BFA decreased CSH formation by only 12%,
while the substitution of 30% of cement with BFA decreased CSH formation up to 31%,
compared to the control sample. Such trends in the formation of CSHs suggest that the
Na2O + K2O/CaO ratio of 0.043 had a positive effect on the formation of CSHs in the
sample. The decomposition of portlandite is directly related to the replacement of cement
with BFA [17]. With a higher amount of BFA used as a substitute for cement, the weight
loss decreased from 4.02% to 3.13%.

The results clearly show that the partial substitution of cement with pozzolanic ad-
ditives accelerates portlandite consumption and CSH development [62]. In the process
of carbonate decomposition, the control sample lost 2.04% of its weight. The amount of
CaCO3 in the specimens was also affected by the amount of cement present in the system,
and it tended to decline as the samples produced continuously less Ca(OH)2, allowing it
to react with atmospheric CO2. The presence of BFA increased the CaCO3 amount and
possible additional formations. It is known that the quantity of pozzolanic additives in a
sample has a significant impact on the amount of CaCO3 [63].
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The comparison with the control composition showed that even with a lower cement
amount in the composition, pozzolanic additives, such as BFA, support higher levels of
cement hydration and CSH creation. BFA hinders the formation of ettringite, but when
the SiO2/CaO ratio varies between 0.32 and 0.41 and the Na2O + K2O/CaO ratio varies
between 0.032 and 0.043, it promotes CSH formation to a certain extent.

3.4. SEM Analysis of BFA-Modified Hardened Cement Paste

XRD tests of the cement matrix were supplemented with microstructure analysis.
The microstructure was analysed with SEM at 10,000× magnification. Figures 10–12
show SEM images of hardened cement paste containing different amounts of LMP ash
replacing cement. Portlandite and CaCO3 clusters, calcium hydrosilicates (CSHs) and well-
crystallized coarse ettringite (AFt) needles are shown in Figure 10. Large accumulations of
CSHs are shown in the specimen where 15% of cement was replaced with BFA (Figure 11).
Portlandite and ettringite can also be observed.
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Figure 11. Hardened cement matrix microstructure with 15% of cement substituted with BFA.

Less-crystallized ettringite and large portlandite crystals, which are formed in water-
filled pores, are shown in the cement matrix, where 30% of cement was substituted with BFA
(Figure 12). The same CSHs were identified, but their accumulations are not as pronounced
as those in the specimen where 15% of cement was replaced by BFA.

The SEM analysis results confirm the XRD and DTA analyses results and that the ratio
of alkali, calcium, silicon, and aluminium greatly influences the ratio of hydrates formed as
well as the cement hydration process.
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3.5. Properties of Concrete

The workability tests revealed that a higher amount of BFA in the mixture reduced
the slumps from 171 to 130 mm. Although the median size of the particles of BFA is
greater than the size of cement particles, BFA has a lower bulk density than the density of
cement. BFA fine particles have a large specific surface area, and this induces high water
requirements. As the water-to-binder ratio was kept constant, the slump started decreasing.
The same tendencies were reported in [64,65]. The compositions of the concrete mixtures
are presented in Table 5.

Table 5. Slump flow of concrete mixture (mm).

Batches I II III IV V VI VII

Slump flow, mm 171 170 169 166 165 140 130

The results of the hardened cement paste density and ultrasonic pulse velocity tests
are presented in Figure 13. The measured density of the control specimen was 2215 kg/m3.
The highest densities of 2230 kg/m3 and 2223 kg/m3 were found in the concrete samples
wherein 10% and 15% proportions of cement were substituted with BFA. Such an insignif-
icant increase in density can be explained by the cement dilution effect when a denser
structure is formed as a result of different particle sizes, better particle size distribution,
and the development of new products [22].
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Figure 13. Density and UPV of sustainable concrete with BFA.
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However, the density of concrete started decreasing when a cement portion of more
than 15% was substituted with BFA. The specimen wherein 30% of cement was substituted
with BFA had the lowest density. The tests showed that 20% of cement can be substituted
with BFA without a critical reduction in concrete density.

Figure 13 illustrates the results of the UPV test. The control sample had a UPV value
of 4301 m/s. The samples wherein 10%, 15%, and 20% of cement was substituted with
BFA had the highest UPV values of 4394 m/s, 4390 m/s, and 4310 m/s, respectively. These
tests also confirm that a better concrete structure is formed when 5% to 20% of cement is
substituted with BFA.

The flexural strength tests showed that the concrete samples wherein 10% of cement
was substituted with BFA had the highest flexural strength of 7.4 MPa. The control samples
had a flexural strength of 6.9 MPa (Figure 14), which increased by 7.25% when 10% of
cement was substituted with BFA. The results presented in Figure 14 show that with the
increase in the BFA amount by up to 20%, the flexural strength reaches the value of control
sample’s strength.
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Figure 14. BFA-modified sustainable concrete’s flexural and compressive strengths.

This result contradicts the results of a study [16] wherein cement was replaced with
up to 30% of BFA. The researchers found that with the growth in the BFA content in the
cement matrix, the flexural and compressive strength dropped. It is worth mentioning that
the above-mentioned study used fly ash with low alkali content (up to 3.5%). When the
BFA amount was increased to 30%, the flexural strength value reduced to 5.9 MPa, i.e.,
14.5%, compared to the control specimen.

The compressive strength values are presented in Figure 14. The compressive strength
of the control sample was 48.7 MPa. A 19.3% growth in compressive strength to a maximum
value of 58.1 MPa was observed in the samples with 10% BFA by weight replacing cement.
With an increase in the BFA amount in the concrete specimens up to 20%, the compressive
strength still remains higher than that of the control samples and reaches 50 MPa. It
is important to note that the compressive strength results obtained in this study are up
to 20–30% higher than those indicated by another author who used low-alkali BFA as a
substitute for cement [13,35,47] and they are up to 10–20% higher than those indicated by
another author who used ash with low alkaline content. The compressive strength started
decreasing with the increase in the BFA amount to 30% and then dropped to 35 MPa. These
results indicate that BFA may give extra alkalinity to the pastes. When the SiO2/CaO ratio
varies in the range of 0.32–0.41 and the Na2O + K2O/CaO ratio does not exceed 0.043, the
alkalinity factor is beneficial for the growth in the compressive strength of cement-based
materials. Similar observations were made by other authors [25].
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3.6. Durability Analysis

The results of water absorption tests conducted using completely dry specimens of
sustainable concrete are presented in Figure 15. When up to 20% of cement was substituted
with BFA, the water absorption of the samples tended to reduce. However, when more
cement (up to 30%) was substituted with BFA, water absorption increased. These results
correlate with the density results (Figure 13) and indicate that at a lower BFA content, the
structure of concrete is denser due to better particle size distribution.
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Figure 15. Water absorption of sustainable concrete modified with BFA.

The lowest water absorption was observed in the batch of samples wherein 5% and
10% of cement was substituted with BFA. In contrast to the control sample, there was a
4–6% reduction in water absorption. With a further increase in BFA by weight in the cement,
the water absorption increased. However, the water absorption of the samples wherein
20% of cement was substituted with BFA remained lower than that of the control sample.
The same trends were observed in another study [15,66].

Open, closed, and total porosity values were determined by testing the specimens.
Figure 16 presents the obtained data.
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Figure 16. Porosity of sustainable concrete modified with BFA.

The closed porosity was observed to increase from 1.6% to 2.3% with the increase
in cement substitution with BFA up to 15%. This trend corresponds to the density and
water absorption results of the specimens tested. Researchers have found [67] that concrete
specimens modified with BFA develop a denser microstructure through a significant
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reduction in pores and thus have greater mechanical strength (compressive, tensile, and
flexural) and a higher modulus of elasticity. According to the authors of [48], a lower
content of BFA may promote the development of closed pores in the structure due to a
more intensive hydration process and the filling of pores with newly formed products.
BFA-modified concrete can have a denser microstructure and significantly fewer pores and
thus greater mechanical strength (compressive, tensile, and flexural) and a higher modulus
of elasticity.

When up to 20% of cement was substituted with BFA [48], the closed porosity reached
2.0% but remained higher than that of the control specimen. The smallest closed porosity
readings were found in the samples wherein 25% and 30% of cement were substituted
with BFA.

The open porosity of the specimens reduced and reached 6.5–7.0% when the content
of cement substituted with BFA was increased to 10–15%. When cement replacement
reached 30%, the open porosity of the specimens increased to 8.6%. The authors of one
study noted [51] that the inclusion of BFA in the mortar compositions tested influenced
the pore distribution significantly. The study presented in [47], which was carried out
with similar compositions, showed that the sample’s total porosity reached 21–26% when
less-alkaline BFA was used for the study. This comparison illustrates the significance of
alkaline content in the used BFA. With the increase in cement substitution with BFA, the
volume of 0.01 mm–0.1 mm and 0.1 mm–1 mm diameter pores increased to more than
twice that of the control samples. A highly variable pozzolanic material particle form
may increase the number of small pores and alter samples’ total porosity according to the
researchers who authored [25].

The lowest total porosity was found in the samples wherein 10–15% of cement was
substituted with BFA as a result of the ratio of closed and open pores.

3.7. Analysis and Forecast of Sustainability of Concrete Samples Modified with BFA

Results on the freeze–thaw resistance of concrete modified with BFA were reported
only in a few investigations [20,25]. These results demonstrated that the presence of BFA
does not influence the decrease in specimen mass because of higher possible air entrainment
in the specimens with BFA [68].

The frost resistance criterion was determined according to the research methodology
presented in [50] to forecast the durability of concrete, i.e., resistance to cyclic freezing and
thawing. The frost resistance criterion is presented in Table 6, and the predicted resistance
to cyclic freezing and thawing is provided in Figure 17.

Table 6. Frost resistance criterion of sustainable concrete.

Batches I II III IV V VI VI

Frost resistance criterion 2.10 2.48 3.07 2.69 2.11 1.98 1.80

Frost resistance is largely determined by porosity, i.e., pore type, the pores’ sizes and
distribution, and the structure of the pore space of the material [69]. The authors of [70]
state that pores are traditionally categorized by their diameter into three categories: reserve
(more than 200 microns, in which water is not retained), hazardous (from 0.1 to 200 microns,
in which water freezes inside), and safe (less than 0.1 microns, in which water does not
enter and hence does not freeze inside during the winter). The addition of fly ash can
increase frost resistance because it introduces a growing number of pores of 10–100 µm in
diameter and open micropores less than 1 µm in diameter. In [71], it was demonstrated
that the level of mechanical degradation increased with the increase in pore volume above
20 nm.

The concrete incorporating 20% BFA had less permeability and, therefore, had superb
resistance to cyclic freezing and thawing (the samples withstood 300 cycles of freezing
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and thawing at temperatures ranging from 18 to +4 ◦C and de-icing salt scaling deteriora-
tion) [72].
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Figure 17. Frost resistance in a number of freezethaw cycles of sustainable concrete modified
with BFA.

The porosity tests showed that the closed porosity of the specimens increased when
the SiO2/CaO ratio varied in the range of 0.32–0.41, but the Na2O + K2O/CaO ratio did
not exceed 0.043. These findings correspond to the frost resistance criterion calculation
results. When the Na2O + K2O/CaO ratio in the composition did not exceed 0.043, the frost
resistance criterion assumed values of 2.48, 3.07, 2.69, and 2.11. These results show that the
samples wherein 10% of cement was substituted with BFA have a frost resistance criterion
value that is 46.1% higher than the value of the control samples.

In the case wherein the proportion of BFA was increased to 20%, the frost resistance
criterion value approached the value of the control samples. Authors have also noted [73]
the importance of better Ca/Si and Na/Si ratios for improving the frost resistance of
concrete. Frost resistance improves with a higher Na/Si ratio. The effect of the SiO2/CaO
and Na2O + K2O/CaO ratios is also reflected in the number of calculated freeze–thaw
cycles (Figure 17). Samples of Batch III were expected to withstand the highest number
of freeze–thaw cycles because the numbers of cycles they withstood was 51.5% higher in
comparison to the control samples. When the percentage of BFA was increased to 15%, the
samples of Batch IV still had a 30.3% higher frost resistance value compared to the control
samples. When 20% of cement was substituted with BFA, the number of freeze–thaw
cycles withstood by the test samples became equal to the number of cycles withstood by
the control samples. The frost resistance started decreasing with a further increase in fly
ash content.

The alkali–silica reaction (ASR) is known to cause numerous forms of damage in
concrete structures when OH ions react with the alkali ions (K and Na) present in an
interstitial solution of cementitious materials in humid conditions. The result of this
interaction is the creation of a hygroscopic gel. This gel absorbs water and expands, thus
leading to the cracking of concrete. As a result, concrete’s durability and mechanical
qualities decline [10,74,75]. The purpose of this research was to analyse the effect of the
substitution of cement with highly alkaline BFA on the ASR resistance of concrete. The
ASR resistance test results are shown in Figure 18; these were obtained after the samples
were stored for 56 days in a 1 M NaOH solution at 80 ◦C.
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Figure 18. Expansion of BFA-modified durable concrete.

The control sample underwent an expansion of 0.12%. The expansion began to
decrease when the BFA amount increased. When 5% of cement was substituted with BFA,
the expansion of the specimen was 0.08%; at 10% replacement, the expansion was 0.06%; at
15% replacement, the expansion was 0.05%; at 20% replacement, the expansion was 0.04%;
at 25% replacement, the expansion was 0.03%; and at 30% replacement, the expansion
was 0.01%. The results obtained using the ASTM C 441 test method indicated that after
56 days, the critical expansion limit was 0.1%. It was clearly seen that with a higher BFA
content in the mixture, the expansion of the specimens decreased. The results of our study
are confirmed by other studies [10], the main purpose of which was to determine BFA’s
tolerance to ASR damage. The researchers investigated cement-based composites wherein
20% and 30% proportions of cement were substituted with BFA. Visual inspection of the
samples showed that the samples consisting of 20% and 30% BFA resisted ASR. With
the growth in the cement substitution level, a significant reduction in the expansion of
the samples was estimated. Additionally, it was concluded that using BFA as a cement
substitute mitigates the damaging effect of ASR even better than coal fly ash.

The aforementioned result was achieved because BFA is more alkaline than coal fly
ash [5,76]. These findings further confirm that BFA with higher alkalinity has a greater poten-
tial to be utilised in construction materials. In general, it can be concluded that higher BFA
substitution levels in compositions lead to the production of more ASR-resistant concrete.

4. Conclusions

This study revealed several key aspects of the sustainability of concrete wherein
cement was substituted with high-alkali BFA: strength, porosity, and resistance to cyclic
freezing and thawing and to ASR.

The following conclusions were drawn regarding the level of cement substitution with
BFA in the concrete composition and the Na2O + K2O/CaO, SiO2/CaO, and Al2O3/SiO2 ratios:

1. The chemical analysis and fineness tests of BFA revealed that SiO2, CaO, and K2O
are the main chemical components of BFA. SO3, P2O5, and MgO are present in lower
amounts, and the amounts of other components are not significant. BFA has an
average particle size of 23 µm. The pozzolanic activity of BFA was found to be 350 mg
of CaO/g ash.

2. With a significant increase in the SiO2/CaO ratio (from 0.32 to 0.51) due to cement
substitution with up to 30% of BFA, the crystallisation of portlandite and ettringite
decreased. The decrease in ettringite can be influenced by the Al2O3 amount in the
cement matrix. With the increase in cement substitution with BFA up to 30%, the
Al2O3/SiO2 ratio decreased from 0.294 to 1.88.

3. The pozzolanic nature of BFA and its numerous alkaline compounds ensured the
crystallisation of CSHs in the cement matrix. BFA decreases the formation of ettringite,
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but when the SiO2/CaO ratio varies between 0.32 and 0.41 and the Na2O + K2O/CaO
ratio varies between 0.032 and 0.043, it promotes CSH formation to a certain extent.
The replacement of 15% of cement with BFA decreased CSH formation by only 12%,
whereas the replacement of 30% of cement with BFA decreased formation by up to
31%, compared to the control specimen. Through the replacement of up to 30% of the
cement portion with BFA, the Na2O + K2O/CaO ratio increased up to threefold (from
0.02 to 0.067) and maintained sufficient formation of calcium silicate hydrates (CSHs).

4. When there was extra alkalinity, namely, the Na2O + K2O/CaO ratio in the cement
matrix was not higher than 0.043, and the SiO2/CaO ratio varied in the range of
0.32–0.41, the concrete had a better structure, the highest density, better closed porosity,
higher compressive strength, and can resists the highest number of freeze thaw cycles.
Compared to the control samples, the compressive strength increased by up to 19.3%
and the calculated number of freeze and thaw cycles increased to 51.5 and by 30%
when 10–15% of cement was replaced with BFA.

5. It was found that expansion of the samples decreased with a higher amount of BFA
in the mix. The lowest expansion of hardened mortar of 0.01% was observed after
56 days of storage of the samples in a 1 M NaOH solution at 80◦ C, when up to
30% of cement was substituted with BFA. The obtained results allow us to conclude
that the substitution of cement with BFA suppresses the damaging ASR effect in
sustainable concrete. High-alkali BFA has a beneficial effect on the development of
new cementitious materials.

6. Several recommendations, based on the conducted research, may be presented to
manufacturers:

- Smaller BFA particles are more involved in the cement hydration process;
- Higher-alkali-content BFA, due to the fact that hydration products fill con-

crete pores, has a positive effect on concrete’s resistance to freeze–thaw cycles
and ASR;

- The possibility of increasing the amount of alkali in the different types of BFA
may be considered in future research.
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31. Jaworska, B.; Stańczak, D.; Tarańska, J.; Jaworski, J. The Influence of Cement Substitution by Biomass Fly Ash on the Polymer–

Cement Composites Properties. Materials 2021, 14, 3079. [CrossRef]
32. Pera, J.; Ambroise, J. Influence of different polymers on the properties of cementitious matrices. In Proceedings of the 10th

International Congress on Polymers in Concrete—ICPIC’01, Honolulu, HI, USA, 21–24 May 2001.
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34. Carević, I.; Baričević, A.; Štirmer, N.; Šantek Bajto, J. Correlation between physical and chemical properties of wood biomass ash

and cement composites performances. Constr. Build. Mater. 2020, 256, 119450. [CrossRef]
35. Teker Ercan, E.E.; Andreas, L.; Cwirzen, A.; Habermehl-Cwirzen, K. Wood Ash as Sustainable Alternative Raw Material for the

Production of Concrete—A Review. Materials 2023, 16, 2557. [CrossRef] [PubMed]
36. Tarelho, L.A.C.; Teixeira, E.R.; Silva, D.F.R.; Modolo, R.C.E.; Labrincha, J.A.; Rocha, F. Characteristics of distinct ash flows in a

biomass thermal power plant with bubbling fluidised bed combustor. Energy 2015, 90, 387–402. [CrossRef]
37. LST EN 197-1:2011; Cement—Part 1: Composition, Specifications and Conformity Criteria for Common Cements. The National

Standards Authority of Ireland (NSAI): Dublin, Ireland, 2011.

https://doi.org/10.1016/j.renene.2010.06.027
https://doi.org/10.1016/j.conbuildmat.2011.06.075
https://doi.org/10.3390/ma14237164
https://doi.org/10.15255/CABEQ.2015.2231
https://doi.org/10.1016/j.fuel.2007.05.026
https://doi.org/10.1016/j.chemosphere.2011.06.070
https://www.ncbi.nlm.nih.gov/pubmed/21762950
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001899
https://doi.org/10.1016/j.compositesb.2015.03.019
https://doi.org/10.1016/j.conbuildmat.2014.11.052
https://doi.org/10.1007/s41062-021-00602-0
https://doi.org/10.3390/ma14071632
https://doi.org/10.1061/(ASCE)0899-1561(2006)18:4(605)
https://doi.org/10.1016/j.resconrec.2011.02.002
https://doi.org/10.5604/01.3001.0010.8228
https://doi.org/10.1016/j.fuel.2007.05.027
https://doi.org/10.1016/j.wasman.2019.05.044
https://www.ncbi.nlm.nih.gov/pubmed/31279394
https://doi.org/10.1016/j.conbuildmat.2014.06.071
https://doi.org/10.1016/j.fuel.2017.06.133
https://doi.org/10.1515/sggw-2016-0007
https://doi.org/10.4467/2353737XCT.17.135.6886
https://doi.org/10.3390/ma14113079
https://doi.org/10.3390/ma14216578
https://doi.org/10.1016/j.conbuildmat.2020.119450
https://doi.org/10.3390/ma16072557
https://www.ncbi.nlm.nih.gov/pubmed/37048856
https://doi.org/10.1016/j.energy.2015.07.036


Buildings 2023, 13, 3015 20 of 21

38. Lothenbach, B.; Scrivener, K.; Hooton, R.D. Supplementary cementitious materials. Cem. Concr. Res. 2011, 41, 1244–1256.
[CrossRef]

39. LST EN 12620:2003+A1:2008; Aggregates for Concrete. Lithuanian Standards Board: Vilnius, Lithuania, 2008.
40. LST EN 12350-5:2019; Testing Fresh Concrete—Part 5: Flow Table Test. Lithuanian Standards Board: Vilnius, Lithuania, 2019.
41. LST EN 12390-7:2019; Testing Hardened Concrete—Part 7: Density of Hardened Concrete. Lithuanian Standards Board: Vilnius,

Lithuania, 2019.
42. LST EN 12390-3:2019; Testing Hardened Concrete—Part 3: Compressive Strength of Test Specimens. Lithuanian Standards Board:

Vilnius, Lithuania, 2019.
43. LST EN 12390-5:2019; Testing Hardened Concrete—Part 5: Flexural Strength of Test Specimens. Lithuanian Standards Board:

Vilnius, Lithuania, 2019.
44. LST EN 12504-4; Testing concrete—Part 4: Determination of Ultrasonic Pulse Velocity. Lithuanian Standards Board: Vilnius,

Lithuania, 2019.
45. Scheikin, A.E.; Dopschic, L.M. Cement Concrete with High Frost Resistance; Stroyizdat: Leningrad, Russia, 1989.
46. Cabrera, M.; Galvin, A.P.; Agrela, F.; Carvajal, M.D.; Ayuso, J. Characterisation and technical feasibility of using biomass bottom

ash for civil infrastructures. Constr. Build. Mater. 2014, 58, 234–244. [CrossRef]
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