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A B S T R A C T

Wood ash (WA), a by-product of biomass combustion, is generated in large quantities, yet its utilization as partial 
replacement of Portland cement (PC) remains limited due to variability in its properties and performance. This 
study investigates the early-age mechanical performance of treated WA as a 20% partial replacement of PC in 
cement mortars. Four types of WA (fly ash, two bottom ash fractions, and a slag fraction) were subjected to five 
sequential treatment routes comprising ball-milling alone, ball-milling followed by water-washing, ball-milling 
followed by slaking, ball-milling followed by calcination, and ball-milling followed by water-washing and 
calcination. Compressive strength was measured at 2, 7, and 28 days, and a Strength Activity Index (SAI) was 
calculated from the compressive strength results to compare the mechanical performance of WA-containing 
mortars. The 75% SAI value specified in ASTM C618 was used as a comparative benchmark, and none of the 
investigated WA mortar mixtures reached this reference value after 28 days of curing. The best-performing 
mixtures were bottom ash-based mortars, with SAI values reaching 65–71% at 28 days. In contrast, ball- 
milled fly ash-based mixtures showed the lowest performance, with early-age compressive strength as low as 
4.1 MPa at 2 days. Overall, the findings indicate limited early-age mechanical performance at a 20% cement 
replacement level. The study provides comparative experimental data on the influence of different treatment 
methods on the early-age mechanical performance of WA.

1. Introduction

The concept of the circular economy has gained momentum as a 
strategic framework for mitigating environmental and resource chal
lenges posed by the linear “take-make-dispose” model dominant in in
dustrial and construction activities [1].

In the built environment, strategies focus on reducing raw material 
extraction, utilizing waste streams, and extending product life cycles 
through reuse and recycling. The construction sector is a major con
sumer of resources and contributor to waste generation, and Portland 
cement (PC), the primary binder in concrete, is a focal point for decar
bonization due to its high raw material demand and energy-intensive 
production process [2,3]. Cement manufacture releases approximately 

900 kg of CO₂ per ton of PC produced, with the industry accounting for 
an estimated 7–8% of global anthropogenic CO₂ emissions [4,5], in 
addition to substantial consumption of limestone, clay, and fossil fuels.

The urgent need for sustainable construction practices has led to 
extensive research into the use of industrial and agricultural by-products 
in cement-based systems. These waste-derived materials are commonly 
explored as partial cement replacement materials aimed at reducing 
clinker consumption and promoting resource efficiency. Wood ash 
(WA), a residue from biomass combustion, has been investigated within 
this context due to its variable chemical composition, which may 
include CaO, Ca(OH)₂, CaCO₃, and calcium silicates, suggesting poten
tial interaction with cementitious systems [6]. The high annual pro
duction of WA—estimated at 18.5 million tons globally, including 2.42 
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million tons in Europe—underscores its availability as a widely 
distributed secondary material stream [7]. Approaches involving 
waste-derived materials aim to reduce resource consumption and divert 
industrial by-products from disposal [3,8].

However, the performance of WA in cement-based systems strongly 
depends on its physico-chemical characteristics, which vary with feed
stock and combustion conditions [9,10]. Undesirable constituents such 
as unburned carbon and soluble salts can negatively affect mortar and 
concrete properties, including workability, setting time, and strength 
development [7,8,11]. To address these challenges, various treatment 
methods—including ball-milling, water-washing, slaking, and 
calcination—have been explored to improve WA quality. Ball-milling 
can reduce particle size, increase specific surface area, and induce 
structural disorder, which may enhance its reactivity and packing 
behavior [12], whereas water-washing removes detrimental soluble 
components [11], slaking can pre-hydrate reactive CaO and reduce 
potential swelling associated with its subsequent hydration [13], and 
calcination can modify WA characteristics and reactivity [14]. Com
bined approaches have also shown promise in improving mechanical 
performance by reducing organics and increasing WA density [15]. 
These treatments aim to modify the physical and chemical characteris
tics of WA, which ultimately govern its behavior in cementitious 
systems.

The performance of WA in cementitious systems is governed not only 
by physical characteristics such as particle size and morphology, but also 
by its chemical reactivity within the cement hydration environment 
[16]. In particular, its behavior can range from inert filler action to 
pozzolanic or hydraulic contribution depending on its amorphous phase 
content, calcium availability, and alkali composition. High levels of al
kali oxides (e.g., K₂O, Na₂O) and sulfates can influence early hydration 
kinetics by accelerating or inhibiting C₃S and C₃A reactions, while sol
uble salts may affect setting behavior and long-term durability. 
Conversely, the presence of reactive calcium-bearing or amorphous 
aluminosilicate phases may enable secondary hydration reactions 
contributing to strength development [17,18]. Therefore, both physical 
packing effects and hydration-related contributions should be consid
ered when interpreting compressive strength trends in WA-cement 
systems.

Despite this body of work, systematic comparative evaluations 
combining multiple WA types and treatment routes under consistent 
experimental conditions remain relatively limited. In addition, 
performance-based indicators such as the Strength Activity Index (SAI) 
reflect combined physical and potential chemical contributions, which 
are not separately quantified in this study. This limits the interpretation 
of the underlying mechanisms behind performance differences and their 
transferability across different studies and mix designs. Furthermore, 
while partial replacement of PC with supplementary materials has been 
reported to reduce global warming potential in concrete depending on 
substitution rate and material [19], and WA at moderate replacement 
levels has shown improved compressive and durability properties in 
some studies [20], comprehensive comparative studies covering multi
ple WA types and treatment methods under unified testing conditions 
are still limited.

A previous study by the authors investigated the performance of a 
single WA type as partial replacement of PC in cement mortars [21]. The 
materials and experimental dataset of the present study are independent 
of that work. The present study extends the previous investigation by 
considering four different WA fractions and systematically evaluating 
five treatment routes within a consistent experimental framework, using 
a common 20% replacement level selected based on previous studies 
reporting favorable performance at similar WA contents. This unified 
comparison enables the treatment responses of different WA fractions to 
be evaluated statistically, providing comparative information that was 
not available from the previous single-ash study. The hypothesis was 
that the effect of WA treatment on mortar performance would depend on 
the type and characteristics of the WA fraction.

In this study, the early-age mechanical performance of cement 
mortars incorporating 20% treated WA as a partial replacement of PC is 
assessed. Four WA types—fly ash, two bottom ash fractions, and a slag 
fraction— were subjected to five sequential treatment routes: ball- 
milling, ball-milling followed by water-washing, ball-milling followed 
by slaking, ball-milling followed by calcination, and ball-milling fol
lowed by water-washing and calcination. Compressive strength was 
measured at 2, 7, and 28 days, alongside water absorption and ultrasonic 
pulse velocity (UPV) tests conducted on 7-day cured cement mortars. 
The SAI was used as a comparative performance indicator. The study 
provides systematic experimental data on the influence of WA type and 
treatment route on early-age mechanical behavior in cement mortars, 
supporting the potential use of WA as a secondary material in cement- 
based systems.

2. Materials and methods

The present study investigates the influence of using WA as a 20% 
partial replacement of PC, subjected to five sequential treatment routes 
comprising ball-milling alone, ball-milling followed by water-washing, 
ball-milling followed by slaking, ball-milling followed by calcination, 
and ball-milling followed by water-washing and calcination, on the 
mechanical and physical properties of hardened mortar specimens. The 
SAI, based on compressive strength, was used to compare mortar per
formance. In addition, ultrasonic pulse velocity (UPV) tests and water 
absorption were determined for 7-day cured specimens to further eval
uate early-age material quality and microstructural development.

2.1. WA characterization

The WA were collected from two biomass combustion plants in 
Latvia. The first WA was obtained from the Liepājas Enerģija Ltd. plant 
(Latvia), where the average wood combustion temperature was 
approximately 1000◦C. From this plant, both fly ash (L_Fly) and bottom 
ash were collected. The Liepāja bottom ash was then separated into two 
fractions: a fine ash fraction and a coarse glassy slag fraction. The bot
tom ash was sieved using a 2 mm sieve, with the material retained on the 
sieve collected as the coarse glassy slag fraction (LBC), while the ma
terial passing through the sieve was designated as the fine ash fraction 
(LBF).

The second WA (Oz) was collected from the Ozolnieku KSDU plant 
(Latvia), with an average combustion temperature of approximately 
800◦C. The raw Oz fraction was sieved through a 2 mm sieve to remove 
coarse carbon-rich particles. The as-received WA fractions are shown in 
Fig. 1.

The chemical composition of WA samples was determined using an 
X-ray fluorescence (XRF) spectrometer (Rigaku Supermini200) equip
ped with a 200 W Pd X-ray tube. Measurements were performed under a 
helium atmosphere.

The crystalline phases of WA samples were characterized by X-ray 
diffraction (XRD) using an X-ray diffractometer (Aeris, Malvern Pan
alytical) with CuKα radiation (λ = 1.5406 Å), operated at 40 kV and 15 
mA. Data were collected over a 2θ range of 10–70◦, with a step size of 
0.02◦ and a scan rate of 3◦/min, corresponding to a nominal scan 
duration of 20 min. XRD data were analyzed using PANalytical X'Pert 
HighScore 4.9 software and the International Centre for Diffraction Data 
(ICDD) PDF-2 database. The diffraction patterns were used for qualita
tive identification of the crystalline phases present in the investigated 
WA samples before and after treatment. No quantitative phase analysis 
or Rietveld refinement was performed.

The morphology, structure, and particle characteristics of the ball- 
milled WA samples were examined using a scanning electron micro
scope (SEM) (Thermo Fisher Verios 5 UC). Prior to analysis, the samples 
were coated with a ~10 nm carbon layer using a LEICA EM ACE 200 
coater.

Particle size distribution of the WA samples after the common ball- 
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milling step was determined by wet sieving in accordance with Latvian 
standard LVS EN 933-1:2012 A [22].

Moisture content of the WA samples after the common ball-milling 
step was determined by oven drying at 105◦C for 24 h to constant 
mass. Loss on ignition (LOI) of the WA samples after the common ball- 
milling step was measured at 400, 450, and 1000◦C. For this purpose, 
a known mass of WA was placed in pre-weighed crucibles and heated in 
an air atmosphere at a heating rate of 10◦C/min, held at the target 
temperature for 1 h, and then cooled to room temperature before 
weighing.

For the ball-milled WA samples, the mass fraction of water-soluble 
compounds and the pH of the resulting WA–water filtrates were deter
mined. A 5% WA suspension (5 g WA in 95 g deionized water) was 
prepared and stirred at room temperature for 1 h using a magnetic 
stirrer. The suspension was then gravity filtered, and the pH of the 
filtrate was measured using a Hanna HI991003N pH meter. The 
remaining solid residue was dried at 105◦C for 24 h, and its dry mass was 
determined. The WA dry-mass recovery was calculated as the mass of 
the recovered WA dry residue relative to the initial dry mass of WA, 
expressed as a percentage. The mass fraction of water-soluble com
pounds was then calculated by subtracting the mass of the recovered dry 
residue from the initial dry mass of WA and expressing the difference as 
a percentage of the initial dry mass.

2.2. Materials and mixture designs

In this study, PC CEM I 52.5 N from the local manufacturer Schwenk, 
located in Broceni, Latvia, was used. The PC complied with the European 
standard LVS EN 197-1:2012 [23]. The chemical composition of the PC 
is shown in Table 1. Sand from Sakret Ltd., Riga, Latvia, was used as fine 
aggregate. The sand fraction of 0–2 mm is specifically designed for 
mortar applications with an optimized particle size distribution [21]. To 
ensure consistent workability, the flow of all fresh mortar mixtures was 
maintained within 170–190 mm in accordance with LVS EN 
1015-3:2000 [24]. A commercial superplasticizer (Mapei) was used for 
this purpose, while the water-to-binder ratio was kept constant. The 
flow-table test was performed using 15 jolts, and three replicate mea
surements were conducted for each mortar mixture. The reported flow 
values represent the mean of the three measurements.

Two reference mortar mixtures without WA were prepared to eval
uate the effect of the WA treatment methods. In the first reference 
mixture (REF), only PC was used as the binder. In the second reference 
mixture (REF_Sand), 20% of the PC was replaced with sand, providing 
an approximate inert replacement reference at the same replacement 
level. This mixture served as a reference for comparison with mortars 
containing treated WA.

Five series of mortars containing treated WA were prepared. The WA 
was subjected to five different sequential treatment routes: 

1) In the first mortar series (L_Fly_5, LBF_5, LBC_5, and Oz_5), the WA 
fractions were ball-milled for 5 min at 300 rpm by using a Retsch 
Planetary Ball Mill PM 400 to modify their particle characteristics 
and morphology [25]. Previous studies have shown that 
short-duration ball-milling can effectively modify the physical 
characteristics of WA, including particle size and morphology, while 
maintaining relatively low processing times [12,26].

2) In the second mortar series (L_Fly_5_W, LBF_5_W, LBC_5_W, and 
Oz_5_W), the WA fractions were ball-milled for 5 min at 300 rpm and 
subsequently water-washed to remove water-soluble compounds [8,
27]. A total of 100 g of ball-milled WA was mixed with 1 L of tap 
water, vigorously stirred for 10 min, and then allowed to settle for 12 
h. Approximately 800 mL of the leachate was then decanted. Another 
1 L of tap water was added to the WA slurry and left for a further 12 
h. This procedure was repeated a third time, resulting in a total of 
three washing cycles. After the final decantation, the WA slurry was 
dried at 105◦C for 24 h. For mortar preparation, the 20% replace
ment level of PC by water-washed WA was calculated based on the 
mass of the recovered dried washed ash residue.

3) In the third mortar series (L_Fly_5_S, LBF_5_S, LBC_5_S, and Oz_5_S), 
the WA fractions were ball-milled for 5 min at 300 rpm and subse
quently slaked to mitigate potential expansion associated with free 
lime [28,29]. After ball-milling, the WA fractions were submerged in 
water for 24 h using a water-to-ash mass ratio of 1:1. The resulting 
slurries were then incorporated into the mortar mixtures, with the 
mixing water adjusted to maintain the target water-to-binder ratio. 
The amount of water retained within the slaked-ash slurry was not 
independently quantified, which may have influenced the effective 
free-water content of the mortar mixtures.

4) In the fourth mortar series (L_Fly_5_t, LBF_5_t, LBC_5_t, and Oz_5_t), 
the WA fractions were ball-milled for 5 min at 300 rpm and subse
quently calcined at 1000◦C for 1 h in an air atmosphere with a 
heating rate of 10◦C/min to remove unburned and organic compo
nents [14,30]. High-temperature treatment of biomass ashes is 
commonly used to modify ash composition and mineralogy and to 
reduce loss on ignition, typically within the temperature range of 
800–1000◦C. Such treatment promotes the removal of residual 
carbonaceous material and may lead to the partial decomposition of 
carbonate phases, depending on ash composition. Therefore, 1000◦C 
was selected as a representative high-intensity treatment condition 
within the range reported in the literature [17].

5) In the fifth mortar series (L_Fly_5_W_t, LBF_5_W_t, LBC_5_W_t, and 
Oz_5_W_t), the WA fractions were subjected to a combined water- 

Fig. 1. Raw WA used in the study: (a) L_Fly; (b) LBF; (c) LBC; (d) Oz.

Table 1 
Chemical composition of PC.

Compound SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O Cl LOI

Result (w%) 20.0 4.4 3.4 63.0 1.4 2.6 0.4 0.3 0.06 2.3
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washing and calcination [15,31]. First, the WA fractions were 
treated according to the procedure described in the second series. 
Subsequently, the ball-milled and water-washed WA fractions were 
calcined following the procedure described in the fourth series.

A schematic overview of the sequential WA treatment routes is 
presented in Fig. 2.

The mortar compositions and their designations are presented in 
Table 2, normalized to a 1 kg binder basis. In total, 22 mortar mixtures 
were prepared. In WA-containing mixtures, 20% of PC by mass was 
replaced. This replacement level was selected based on previous studies 
reporting favorable performance at similar WA contents [28].

All WA-containing mixtures were designed with a water-to-binder 
ratio (W/B) of 0.48, where the binder is defined as the sum of PC and 
WA. In WA-containing mixtures, partial replacement of PC resulted in a 
water-to-cement ratio (W/C) of 0.60 due to the reduced cement content 
in the binder system.

For the REF_Sand mixture, 20% of the PC mass was replaced by sand 
to provide a non-reactive reference mixture corresponding to the 
replacement level used for the WA-containing mixtures. Thus, compared 
with the REF mixture containing 1.00 kg of PC, the REF_Sand mixture 
contained 0.80 kg of PC and 0.20 kg of additional sand. For consistency 
with the WA-containing mixtures, the 0.20 kg of sand was considered 
part of the 1.00 kg cement-replacement basis when calculating the W/B 
ratio. Accordingly, the REF_Sand mixture had a W/C ratio of 0.60 and a 
W/B ratio of 0.48.

The REF_Sand mixture was included as an approximate inert 
replacement reference to evaluate the effect of replacing 20% of PC with 
a nominally non-reactive material. However, REF_Sand was not inten
ded to fully isolate filler effects, as differences in particle characteristics 
and superplasticizer demand may also influence mortar behavior.

A sand-to-binder ratio of 2.8 was maintained for all mixtures to 
provide comparable aggregate proportions. Since WA replacement was 
performed on a mass basis, differences in specific gravity and particle 
characteristics between WA, PC, and sand may have influenced the 
relative solid volume and packing behavior of the mixtures. Accord
ingly, the investigated mixtures were designed as a screening study of 
different WA types and treatment routes rather than as a fully volume- 
matched experimental design.

To achieve comparable fresh-state workability, the superplasticizer 
dosage was adjusted individually for each mixture. Consequently, the 
admixture content varied among the investigated mortars. Although this 
approach allowed similar flow characteristics to be maintained, differ
ences in superplasticizer dosage may also have influenced hydration and 
strength development. Therefore, the independent influence of 

superplasticizer dosage cannot be completely separated from the effects 
of WA type and treatment and should be considered when interpreting 
the results.

2.3. Ultrasonic pulse velocity and water absorption

Ultrasonic pulse velocity (UPV) measurements were performed using 
an UltraTest GmbH IP-8 system with 25 kHz transducers in a fixed 
transmitter–receiver configuration and a 40 mm transducer spacing. For 
early-age monitoring, fresh cementitious mortars (L_Fly_5 and 
L_Fly_5_W) were selected because they showed the largest difference in 
2-day compressive strength among the corresponding ball-milled and 
ball-milled/water-washed mixtures. This allowed the influence of water- 
washing on early-age structural development to be monitored in greater 
detail using continuous UPV measurements. The mixture compositions 
correspond to those given in Table 2. Three independently prepared 
specimens were tested for each mixture. The fresh mortars were cast into 
cylindrical molds with dimensions of Ø50 mm × 50 mm, lightly com
pacted to ensure uniform distribution and minimize entrapped air, and 
sealed with plastic film to prevent moisture loss. Measurements were 
conducted at room temperature. The transducers were placed in direct 
contact with the specimen surface without the use of coupling gel. 
Continuous UPV monitoring started immediately after casting, with 
measurements recorded at 1-min intervals for 48 h. The results are 
presented as mean UPV values with standard deviations calculated from 
the three independent specimens.

In addition, UPV measurements were performed on all hardened 
mortar specimens at 7 days of curing to assess the developed internal 
structure at early age. The UPV measurements were conducted on 40 ×
40 × 160 mm mortar prisms prepared using the same mixture compo
sitions and proportions as those used for the compressive-strength 
testing (Table 2). The transducers were placed on two opposite longi
tudinal side faces of the prisms, with a 40 mm distance between them. 
Three UPV measurements were then taken at different positions along 
the 160 mm length of each prism: near one end, at the middle, and near 
the opposite end. The cast top and bottom faces were not used for UPV 
measurements. Three independently prepared specimens were tested for 
each mixture. The measurements were conducted at room temperature, 
and a thin layer of coupling medium was applied between the trans
ducers and specimen surfaces to ensure adequate acoustic contact. UPV 
values are reported as mean values with standard deviations calculated 
from the three independent specimens.

Water absorption was determined on mortar specimens cured for 7 
days using the water absorption portion of ASTM C642-21 [32]. Hard
ened specimens were dried at 105◦C for 48 h until constant mass was 

Fig. 2. Schematic overview of the sequential WA treatment routes.
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reached, then cooled to room temperature in a desiccator and weighed. 
The specimens were subsequently immersed in water at room temper
ature for 72 h until constant mass was achieved. Water absorption was 
calculated as the percentage mass increase after immersion relative to 
the dry mass. The same three specimens used for the 7-day UPV mea
surements were subsequently used for the water absorption test.

2.4. Compressive strength of hardened mortar samples

Compressive strength for all mortar samples was determined ac
cording to the LVS EN 196-1:2016 [33]. Mortar samples were produced 
in 40 × 40 × 160 mm molds made of steel. The hardened mortar samples 
were demolded 24 h after production and placed in water. The 
compressive strength measurements were performed after 2, 7, and 28 
days. The compressive test was performed on 62.5 × 40 × 40 mm mortar 
samples with the speed of 0.8 MPa/s using a Controls 3000 kN 
compression machine [21]. Six specimens were tested for each mixture 
and curing age, and the results were reported as mean values with 
standard deviations.

2.5. Statistical analysis

Statistical analysis was performed to determine whether the 
observed differences in compressive strength among the investigated 
mortar mixtures were statistically significant. Analyses were conducted 
separately for each curing age (2, 7, and 28 days), using the six replicate 
measurements obtained for each mixture. For each curing age, a one- 
way analysis of variance (ANOVA) was performed with mortar 
mixture as the factor. When the ANOVA indicated statistically signifi
cant differences among the mixture means, Tukey's honestly significant 
difference (HSD) post-hoc test was applied for pairwise comparisons. 
Statistical significance was evaluated at a significance level of α = 0.05. 
The results of the Tukey HSD analysis are presented as compact letter 
groupings, where mixtures sharing at least one letter are not signifi
cantly different, whereas mixtures that do not share any letter differ 
significantly at the 5% significance level. All statistical analyses were 
performed using R version 4.6.1 in RStudio.

3. Results and discussion

3.1. XRF and XRD of ball-milled WA

XRF results are shown in Table 3, while the XRD patterns of the 
investigated ball-milled WA samples are presented in Fig. 3. The L_Fly_5 
sample exhibits reflections attributable to arcanite (K₂SO₄; PDF 00-044- 
1414), calcite (CaCO₃; PDF 00-005-0586), and quartz (SiO₂; PDF 01- 
089-1961). The Oz_5 ash exhibits reflections attributable to quartz, 
lime (CaO; PDF 01-082-1690), and calcite. The LBF_5 and LBC_5 samples 
show similar XRD patterns, with reflections attributable to quartz 
together with pseudowollastonite (CaSiO₃; PDF 01-074-0874).

The identified crystalline phases demonstrate differences in the 
initial mineralogical composition of the investigated WA. These initial 
mineralogical characteristics provide a reference for evaluating the 
changes induced by water-washing, slaking, and calcination.

3.2. SEM images of ball-milled WA

The SEM images of WA after the first treatment procedure (5 min at 
300 rpm ball-milling) are shown in Fig. 4. The L_Fly_5 sample (Fig. 4a) 
exhibits a more fragmented particle appearance compared with the 
other investigated ashes, although agglomeration of particles is also 
observed. The LBF_5, LBC_5, and Oz_5 samples (Fig. 4b–d) consist of 
irregularly shaped particles with smaller fragments attached to larger 
particles [34]. Surface pores are observed in LBF_5 and Oz_5 (Fig. 4b,d), 
whereas LBC_5 (Fig. 4c) exhibits a comparatively smoother particle 
surface [35]. The SEM images reveal differences in the particle 
morphology of the investigated ashes depending on the WA type.

3.3. Moisture content and LOI values of ball-milled WA

WA can absorb ambient moisture due to its relatively high surface 
area and porosity [7]. The amount of physically adsorbed water was 
determined as the difference between the initial mass of the WA sample 
and the mass after drying at a temperature slightly above the water 
evaporation point. The same principle is applied in the determination of 
loss on ignition (LOI). At higher temperatures, mass loss is associated 
with processes such as the decomposition of organic matter, the release 
of chemically bound water, and the decomposition of calcium and 

Table 2 
The compositions of cement mortars.

Series Treatment Sample 
designations

PC 
(kg)

WA 
(kg)

Sand 
(kg)

Water 
(kg)

Super- 
plasticizer (g)

Super- 
plasticizer (%)

Slump flow (mm)

Reference 1 None REF 1.00 0.00 2.80 0.48 11 1.1 181
Reference 2 None REF_Sand 0.80 0.00 3.00 0.48 19 2.4* 178
1 Milling L_Fly_5 

LBF_5 
LBC_5 
Oz_5

0.80 0.2 2.80 0.48 37 
20 
18 
20

3.7 
2.0 
1.8 
2.0

182 
177 
179 
182

2 Milling + washing L_Fly_5_W 
LBF_5_W 
LBC_5_W 
Oz_5_W

0.80 0.2 2.80 0.48 33 
15 
15 
15

3.3 
1.5 
1.5 
1.5

183 
184 
175 
173

3 Milling + slaking L_Fly_5_S 
LBF_5_S 
LBC_5_S 
Oz_5_S

0.80 0.2 2.80 0.48 33 
15 
15 
18

3.3 
1.5 
1.5 
1.8

176 
183 
180 
178

4 Milling + calcination L_Fly_5_t 
LBF_5_t 
LBC_5_t 
Oz_5_t

0.80 0.2 2.80 0.48 31 
15 
13 
15

3.1 
1.5 
1.3 
1.5

187 
181 
180 
189

5 Milling + washing + calcination L_Fly_5_W_t 
LBF_5_W_t 
LBC_5_W_t 
Oz_5_W_t

0.80 0.2 2.80 0.48 29 
15 
13 
15

2.9 
1.5 
1.3 
1.5

179 
180 
175 
177

Note: Superplasticizer dosage was calculated relative to the binder/replacement basis. For WA-containing mixtures, this basis was PC + WA (1.00 kg total), whereas 
for REF_Sand, the dosage was calculated relative to the PC mass (0.80 kg), as quartz sand is a non-cementitious material.
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magnesium carbonates [36]. The moisture content and LOI values of 
L_Fly_5, LBF_5, LBC_5, and Oz_5 are given in Table 4.

The highest mass loss was observed for L_Fly_5, which may be 
associated with the relatively high porosity and specific surface area 
commonly reported for wood fly ash [37] as well as a potentially higher 
content of organic matter and volatile fractions commonly present in fly 
ash [38]. The lowest moisture content and LOI values were observed for 
LBC_5.

3.4. Mass percentage of water-soluble compounds and pH of the filtrate

The mineralogical and chemical composition of wood biomass ashes 
can vary depending on several factors, such as wood species, combustion 
method, and temperature [8]. The presence of water-soluble compounds 
in WA influences the pH of WA–water filtrates. The mass percentage of 
ball-milled WA dry-mass recovery, water-soluble compounds, and the 
pH of filtrates obtained after 1 h of stirring are presented in Table 5.

Fig. 5 shows water-soluble salts obtained by drying the leachate of 
L_Fly_5 after the water-washing procedure.

The obtained salts consisted of white flakes (Fig. 5a). The SEM image 
(Fig. 5b) revealed the presence of hexagonal plate-like crystals. These 
water-soluble salts accounted for 44.4% of the total mass of L_Fly_5, 
while the corresponding L_Fly_5 dry-mass recovery after washing was 
55.6%.

Table 3 
Chemical composition of L_Fly_5, LBF_5, LBC_5 and Oz_5.

Compound SiO2 CaO Al2O3 SO3 Fe2O3 K2O MgO P2O5 MnO Na2O Cl ZnO

L_Fly_5 4.2 26.2 1.5 21.4 1.3 23.8 6.4 6.1 0.8 2.2 3.2 2.5
LBF_5 49.6 24.2 5.6 2.8 1.8 6.8 3.4 3.6 0.3 1.2 0.3 0.1
LBC_5 60.1 19.6 5.9 0.3 1.6 5.2 3.5 1.9 0.3 1.4 0 0
Oz_5 15.4 56.6 1.8 2.1 1.4 7.4 9.7 4.9 0.2 0 0.1 0.1

Fig. 3. XRD patterns of L_Fly_5, Oz_5, LBC_5 and LBF_5.

Fig. 4. SEM images of: (a) L_Fly_5; (b) LBF_5; (c) LBC_5; (d) Oz_5.

Table 4 
Moisture content and LOI values of ball-milled WA.

Sample Moisture (105◦C, 24 h), % LOI (10◦C/min, air), %

400◦C 450◦C 1000◦C

L_Fly_5 0.5 1.0 1.3 8.9
LBF_5 0.1 0.3 0.3 3.4
LBC_5 0.02 0.1 0.1 1.1
Oz_5 0.6 0.5 0.5 5.8
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The highest water solubility was observed for L_Fly_5, whose soluble 
compounds likely contributed to the highest pH value of the filtrate 
among all WA. Ottosen et al. [8] reported a total solubility of 28.0% for 
fly ash. Wood biomass fly ash often contains higher amounts of sodium 
and potassium compounds, which are frequently water-soluble and 
contribute to increased alkalinity in WA–water systems [39]. The higher 
soluble mass fraction of L_Fly_5 may also be associated with a greater 
content of organic compounds [37], which are typically more abundant 
in fly ash than in bottom ash and exhibit high water solubility [38]. In 
contrast, LBC_5 showed the lowest water solubility and filtrate pH. Vu 
et al. [40] reported an average water solubility of 6.9% for wood ash, 
which is comparable to the values of 5.0% and 6.8% obtained for LBF_5 
and Oz_5, respectively, in this study. The pH values of LBF_5 and Oz_5 
were 12.0 and 12.3, respectively, with the slightly higher pH of Oz_5 
attributed to its higher CaO content. Similar trends in solubility and pH 
have been reported in previous studies, where fly ash exhibits higher 
values than bottom ash [8,37,38]. Comparable pH values of 12.1 and 
12.3 were also reported by Rahman et al. [41] for 4% and 6% WA–water 
suspensions, respectively.

3.5. Particle size distribution of ball-milled WA

The particle size distribution of L_Fly_5, LBF_5, LBC_5, and Oz_5 was 
determined using a wet sieving procedure based on differential sieve 
weighing. A 100 g sample of WA was passed through a series of sieves 
with different mesh sizes under a water flow. After sieving, the material 
retained on each sieve was dried at 105◦C for 1.5 h and weighed. The 
particle size distribution results are shown in Fig. 6.

L_Fly_5 exhibited the finest particle size, with all particles passing 
through the 0.063 mm sieve. The particle size distributions of the bot
tom ash samples LBF_5, LBC_5, and Oz_5 were similar. The most pro
nounced milling effect was observed for LBC_5, which had the coarsest 
initial particle size (Fig. 1). Similar particle size distributions have been 
reported in other studies using sieving methods [42,43].

3.6. Effects of treatment methods on WA mineralogical composition

Fig. 7 shows the changes in WA XRD patterns for each WA type 
subjected to the investigated sequential treatment routes, including 

initial ball-milling followed by water-washing, slaking, calcination, or 
combined water-washing and calcination. The XRD measurement 
duration was 20 min.

The L_Fly_5 sample (Fig. 7a) exhibits reflections attributable to 
arcanite (PDF 00-044-1414), together with calcite (PDF 00-005-0586) 
and minor quartz (PDF 01-089-1961). Following water-washing of the 
ball-milled ash (L_Fly_5_W), reflections attributable to arcanite become 
less apparent, which is consistent with the dissolution of water-soluble 
sulfate-bearing phases. Following slaking of the ball-milled ash 
(L_Fly_5_S), the XRD pattern is generally comparable to that of the 
corresponding ball-milled sample L_Fly_5. Following calcination of the 
ball-milled ash (L_Fly_5_t), calcite reflections are no longer observed, 
while reflections attributable to wollastonite (CaSiO₃; PDF 01-076- 
0186) are detected. Following water-washing and subsequent calcina
tion of the ball-milled ash (L_Fly_5_W_t), reflections attributable to lime 
(PDF 01-082-1690) and wollastonite are observed.

The LBF_5 and LBC_5 samples (Fig. 7b,c) exhibit similar XRD pat
terns, with reflections attributable to quartz together with minor pseu
dowollastonite (CaSiO₃; PDF 01-074-0874). Following water-washing or 
slaking of the ball-milled ashes, no substantial qualitative changes are 
observed in the detectable crystalline phases. Following calcination, 
with or without prior water-washing, reflections attributable to geh
lenite (Ca₂Al₂SiO₇; PDF 01-079-1726) are observed, while quartz re
flections remain present.

The Oz_5 sample (Fig. 7d) exhibits reflections attributable to quartz 
and lime, together with calcite. Following water-washing of the ball- 
milled ash (Oz_5_W), lime reflections are no longer observed, which is 
consistent with hydration of CaO during contact with water. Following 
slaking of the ball-milled ash (Oz_5_S), reflections attributable to por
tlandite (Ca(OH)₂; PDF 01-078-0315) are observed, while lime 

Table 5 
Water-soluble compound mass% and the pH of the filtrate.

WA WA dry-mass recovery, 
%

Water-soluble 
compounds, %

pH of 
filtrate

L_Fly_5 55.6 44.4 12.9
LBF_5 95.0 5.0 12.0
LBC_5 97.4 2.6 11.6
Oz_5 93.2 6.8 12.3

Fig. 5. Images of water-soluble salts separated from L_Fly_5: (a) camera image; (b) SEM image.

Fig. 6. Particle size distribution of L_Fly_5, LBF_5, LBC_5, and Oz_5.
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reflections are no longer detected. Following calcination, with or 
without prior water-washing, reflections attributable to wollastonite are 
observed. Minor portlandite reflections are also detected after calcina
tion, which may be associated with hydration of residual CaO during 
cooling.

3.7. Influence of water-washing on early-age UPV development and 
stiffening behavior of wood fly ash mortars

UPV is a non-destructive technique used to monitor changes in the 
internal structure of cementitious materials. As hydration progresses, 
the formation and interconnection of hydration products generally in
crease the stiffness and continuity of the solid skeleton, resulting in 
higher ultrasonic wave velocities. Therefore, UPV provides indirect in
formation on setting, stiffening, and early-age microstructural 
development.

The UPV curves of REF, REF_Sand, L_Fly_5, and L_Fly_5_W are shown 
in Fig. 8, illustrating the evolution of internal structural development in 
the mortars during the early curing period. The REF mixture exhibits the 
most rapid increase in UPV, with a steep initial rise within the first hours 
and a plateau of approximately 4100–4200 m/s after ~36–48 h, 
consistent with the development of a relatively continuous and stiff in
ternal structure. REF_Sand follows a similar trend but with slightly lower 
UPV values throughout the testing period, stabilizing at a lower final 
plateau of approximately 3900–4000 m/s. This difference may be 
associated with the different mixture composition and lower PC content 
in the REF_Sand system.

In contrast, L_Fly_5 shows significantly delayed and reduced UPV 
development, with a gradual and nearly linear increase over time and no 
clear inflection point, reaching approximately 2200 m/s at 48 h. The 
lower UPV values are consistent with a less developed and less contin
uous internal structure at early age. A similar influence of wood fly ash 
on UPV development has been reported in previous studies [44,45]. 
However, these studies evaluated UPV at selected curing ages, whereas 

the present study continuously monitored UPV during the early-age 
period, providing a more detailed description of its development over 
time. This behavior may be related to the high content of water-soluble 
alkali and sulfate compounds present in the wood fly ash, which may 
affect the early development of the cementitious matrix.

L_Fly_5_W exhibits a clear difference compared with L_Fly_5, 
showing higher UPV values and a more pronounced increase during the 
later stages of testing (around 30–36 h), reaching approximately 3000 
m/s at 48 h. This difference indicates a faster increase in UPV during the 
early-age period after water-washing. The observed improvement may 
be associated with the removal of water-soluble compounds during 
washing, although UPV measurements alone do not allow the specific 
contribution of individual compounds or hydration processes to be 
established. The slightly lower superplasticizer dosage used for 
L_Fly_5_W (3.3% compared with 3.7% for L_Fly_5) may also have 
contributed to the difference in early-age UPV development and should 
therefore be considered when interpreting the effect of water-washing.

Fig. 7. XRD patterns of ball-milled WA samples and samples subjected to subsequent treatments: (a) L_Fly, (b) LBF, (c) LBC, and (d) Oz.

Fig. 8. Evolution of UPV in REF, REF_Sand, L_Fly_5, and L_Fly_5_W mortars.
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3.8. Water absorption and UPV of 7-day cured mortars

The water absorption and UPV of 7-day cured mortars are shown in 
Fig. 9 and are used to assess differences in internal structure and water 
transport properties. In general, higher UPV values are associated with a 
more continuous and stiffer internal structure, while higher water ab
sorption reflects greater accessible porosity. The reference systems REF 
and REF_Sand exhibit the highest UPV values and the lowest water ab
sorption, suggesting comparatively lower internal porosity and greater 
structural continuity. In contrast, the ball-milled fly ash mortar (L_Fly_5) 
shows the lowest UPV and the highest water absorption, which may 
indicate a relatively more porous and less developed internal structure 
(Fig. 9a). Water-washing of the fly ash (L_Fly_5_W) resulted in an in
crease in UPV and a reduction in water absorption, suggesting improved 
matrix continuity and lower accessible porosity. This observation is also 
consistent with the early-age UPV results (Fig. 8), which showed higher 
UPV values for L_Fly_5_W. The XRD results provide additional context 
for this difference, as the arcanite reflections observed in L_Fly_5 became 
less apparent after water-washing (Fig. 7a), suggesting the removal of 
water-soluble sulfate-bearing phases. Thus, the compositional change 
identified by XRD is consistent with the higher UPV and lower water 
absorption observed for L_Fly_5_W, although the XRD and UPV results 
alone do not establish a direct causal relationship between the removal 
of these phases and the measured properties.

The LBF, LBC, and Oz systems (Fig. 9b–d) show relatively small 
differences in both UPV and water absorption among the applied 
treatments, showing less pronounced differences in the measured 
properties compared to the fly ash system. Although minor variations 
are observed, no clear systematic relationship between treatment type, 
UPV, and water absorption can be identified. This relatively limited 
response is also consistent with the XRD results, which showed no 
substantial qualitative changes in the detectable crystalline phases of 
LBF_5 and LBC_5 following water-washing or slaking (Fig. 7b,c). For the 
Oz system, water-washing resulted in the disappearance of the lime 
reflections in the XRD pattern (Fig. 7d), which may reflect hydration of 
CaO during contact with water; however, this change was not 

accompanied by a pronounced difference in UPV or water absorption 
among the treatments. Nevertheless, the bottom ash mortars generally 
exhibit lower water absorption and higher UPV values than L_Fly_5, 
suggesting a more continuous and less porous internal structure.

The results indicate that water-washing produced the most pro
nounced changes in UPV and water absorption for the fly ash system, 
whereas its effect on the bottom ash mortars was comparatively limited.

3.9. Mechanical strength of hardened mortar samples

The compressive strength of the hardened mortar specimens was 
determined at 2, 7, and 28 days. To evaluate the influence of treated WA 
on mortar performance, the SAI was calculated based on compressive 
strength results. The SAI provides a comparative measure of the 
contribution of WA to the mechanical performance of the mortars. The 
SAI values were calculated using Eq. (1) [14]. 

SAI (%) =
fc− WA

fc− REF
⋅100% (1) 

where: 

• fc− WA is the average compressive strength of mortar specimens 
containing WA;

• fc− REF is the average compressive strength of reference mortar 
specimens without WA.

The compressive strength values of the hardened mortar specimens 
at 2, 7, and 28 days, together with the corresponding standard de
viations, percentage increase between curing ages, and Tukey HSD 
grouping letters, are presented in Table 6. The reported compressive 
strength values represent the average of six individual measurements for 
each mixture and curing age, while the standard deviations were 
calculated from these six measurements and represent the experimental 
variability within each mixture.

To assess whether mixture composition significantly affected 

Fig. 9. UPV and water absorption of 7-day cured mortars.
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compressive strength, one-way analysis of variance (ANOVA) was per
formed separately for each curing age (2, 7, and 28 days). The ANOVA 
results are summarized in Table 7. The degrees of freedom (DF) are 
reported for the mixture effect and error term, respectively. A statisti
cally significant effect of mixture composition was observed at all 
investigated curing ages (p < 0.001). Therefore, pairwise comparisons 
were subsequently performed using Tukey’s honestly significant differ
ence (HSD) test at a significance level of α = 0.05. Mixtures sharing the 
same letter are not statistically significantly different, whereas mixtures 
assigned to different letter groups exhibit statistically significant dif
ferences in compressive strength.

The compressive strength of REF at 2, 7 and 28 days was 33, 45 and 
56 MPa, respectively. Across all mixtures, none of the specimens reached 
compressive strength values comparable to those of REF.

The SAI values were calculated using the mean compressive strength 
of the REF mortar at each curing age as the reference value. For each 
WA-containing mixture, the SAI was calculated individually from the six 
measured compressive strength values, while the corresponding mean 
strength of the REF mortar was used as the denominator. The error bars 
shown in Figure 10 represent the standard deviation of the six calculated 
SAI values.

Figure 10 presents the strength activity index (SAI) of the hardened 
mortar mixtures at curing ages of 2, 7, and 28 days.

After 28 days, REF_Sand reached 63% of the compressive strength of 
REF. Among the WA-containing mixtures, LBF_5 and Oz_5 exhibited the 
highest compressive strength values (38.1 and 39.4 MPa, respectively), 
both belonging to Tukey HSD group b, whereas REF_Sand and LBC_5 
were assigned to group c (Table 6). These results indicate statistically 
higher compressive strength for LBF_5 and Oz_5 compared with 
REF_Sand, while LBC_5 showed comparable performance. Correspond
ingly, these mixtures exhibited SAI values of 69%, 65%, and 71% for 
LBF_5, LBC_5, and Oz_5, respectively (Fig. 10b–d). The results suggest 
that these specific ball-milled bottom ash mixtures exhibited compara
tively higher performance under the investigated conditions. The higher 
strength may be related to differences in their intrinsic characteristics; 
however, the individual contribution of factors such as particle packing, 
chemical composition, and reactivity was not directly quantified in the 

present study.
In contrast, most fly ash-containing mixtures exhibited lower 

compressive strength than the highest-performing bottom ash-based 
mixtures (Fig. 10a). The fly ash mixtures were generally assigned to 
lower Tukey HSD groups, indicating statistically lower strength than 
LBF_5 and Oz_5. Among the fly ash mixtures, L_Fly_5 exhibited the 
lowest early-age compressive strength (4.1 MPa at 2 days). Reduced 
early-age performance of wood fly ash has also been reported in previ
ous studies and may depend on ash origin, composition, and processing 
conditions. In contrast, Fořt et al. [46] reported a substantially higher 
SAI value (87% at 28 days) for wood fly ash at 20% cement replacement, 
which the authors associated with a higher content of reactive SiO₂ and 
Al₂O₃. The lower performance of L_Fly_5 may therefore be related to 
differences in the intrinsic characteristics of the investigated ash.

The ball-milling followed by water-washing treatment resulted in a 
substantial increase in the compressive strength of L_Fly_5 at all inves
tigated curing ages. Compared with L_Fly_5, the compressive strength of 
L_Fly_5_W increased from 4.1 to 20.3 MPa at 2 days, from 17.2 to 27.2 
MPa at 7 days, and from 22.4 to 33.3 MPa at 28 days. The two mixtures 
were assigned to different Tukey HSD groups at all curing ages, con
firming that the differences in compressive strength were statistically 
significant. The improvement associated with washing may be related to 
changes in the soluble fraction; however, this mechanism requires 
further verification. The XRD results provide additional context for this 
observation, as the reflections attributable to arcanite became less 
apparent after water-washing of L_Fly_5 (Fig. 7a), suggesting the 
removal of water-soluble sulfate-bearing phases. However, this XRD 
observation alone does not establish that the removal of these phases 
was responsible for the observed increase in compressive strength.

The ball-milling followed by calcination treatment did not result in a 
consistent increase in compressive strength compared with the other 
investigated treatment routes. This suggests that the applied thermal 
treatment conditions did not provide a measurable improvement in WA 
contribution to strength development. Similar observations regarding 
the limited benefits of thermal treatment of biomass ashes have been 
reported previously [14,47].

The effect of ball-milling followed by slaking was generally limited 
and did not result in a consistent improvement compared with ball- 
milling followed by water-washing. The influence of slaking depended 
on the ash type and curing age, with some slaked mixtures showing 
comparable performance to their water-washed counterparts, while 
others exhibited statistically different strength values according to 
Tukey HSD analysis. The higher 28-day compressive strength observed 
for Oz_5_S compared with Oz_5_W may be related to the intrinsic char
acteristics of this ash, including its relatively high CaO content, which 
can participate in hydration and carbonation processes in CaO-rich 
biomass ash systems [48]. However, this mechanism was not directly 
evaluated in the present study.

The combination of ball-milling followed by water-washing and 
calcination did not consistently improve compressive strength compared 
with the corresponding treatment routes involving ball-milling alone or 
ball-milling followed by water-washing, slaking, or calcination. At 28 
days, the combined ball-milling followed by water-washing and calci
nation treatment resulted in statistically lower compressive strength 
than the corresponding ball-milled mixtures for all four ash types ac
cording to Tukey’s HSD test. Compared with the corresponding mixtures 
subjected to ball-milling followed by water-washing, the combined 

Table 6 
Compressive strength of mortar mixtures and Tukey HSD grouping.

Sample Compressive strength (MPa)

2 days 7 days 28 days

REF 33.0 ± 0.6ᵃ 45.1 ± 0.5ᵃ 55.6 ± 0.7ᵃ
REF_Sand 18.1 ± 0.8ᵉᶠᵍʰⁱ 31.1 ± 0.7ᵇ 35.0 ± 0.9ᶜ
L_Fly_5 4.1 ± 0.5ˡ 17.2 ± 0.8ˡ 22.4 ± 0.7ʲ
L_Fly_5_W 20.3 ± 1.1ᶜᵈ 27.2 ± 1.0ᵉᶠ 33.3 ± 0.5ᵈ
L_Fly_5_S 13.3 ± 0.8ᵏ 19.1 ± 1.2ᵏ 23.6 ± 0.7ⁱʲ
L_Fly_5_t 17.4 ± 0.5ᵍʰⁱʲ 19.1 ± 0.7ᵏ 24.1 ± 0.5ⁱ
L_Fly_5_W_t 16.2 ± 0.9ʲ 17.0 ± 0.6ˡ 20.2 ± 0.6ᵏ
LBF_5 19.8 ± 0.5ᶜᵈᵉ 30.5 ± 0.6ᵇᶜ 38.1 ± 0.8ᵇ
LBF_5_W 19.7 ± 1.1ᶜᵈᵉ 28.3 ± 0.6ᵈᵉ 35.3 ± 0.6ᶜ
LBF_5_S 19.8 ± 0.5ᶜᵈᵉ 26.2 ± 0.4ᶠᵍ 31.1 ± 0.9ᵉᶠᵍ
LBF_5_t 18.7 ± 0.8ᵈᵉᶠᵍʰ 25.2 ± 0.8ᵍʰ 31.1 ± 0.6ᵉᶠᵍ
LBF_5_W_t 18.4 ± 0.5ᵉᶠᵍʰ 24.9 ± 0.7ᵍʰ 31.3 ± 0.4ᵉᶠᵍ
LBC_5 19.8 ± 1.1ᶜᵈᵉ 30.3 ± 0.3ᵇᶜ 35.9 ± 0.3ᶜ
LBC_5_W 19.6 ± 1.7ᶜᵈᵉ 27.4 ± 0.4ᵉᶠ 32.3 ± 0.7ᵈᵉ
LBC_5_S 18.1 ± 0.8ᵉᶠᵍʰⁱ 24.1 ± 0.9ʰⁱ 30.9 ± 0.8ᵉᶠᵍ
LBC_5_t 16.6 ± 0.9ⁱʲ 22.1 ± 0.4ʲ 31.5 ± 0.5ᵉᶠ
LBC_5_W_t 16.9 ± 0.7ʰⁱʲ 23.2 ± 0.5ⁱʲ 30.1 ± 0.7ᶠᵍ
Oz_5 21.0 ± 0.7ᶜ 31.2 ± 0.6ᵇ 39.4 ± 0.6ᵇ
Oz_5_W 19.1 ± 0.8ᵈᵉᶠᵍ 27.9 ± 0.6ᵉ 30.0 ± 0.9ᵍ
Oz_5_S 22.8 ± 0.5ᵇ 29.3 ± 0.7ᶜᵈ 35.5 ± 0.9ᶜ
Oz_5_t 19.3 ± 1.1ᶜᵈᵉᶠ 24.1 ± 0.7ʰⁱ 28.3 ± 0.6ʰ
Oz_5_W_t 17.5 ± 0.5ᶠᵍʰⁱʲ 22.1 ± 0.3ʲ 30.3 ± 0.8ᶠᵍ

Note: Values are presented as mean ± standard deviation (n = 6). Different 
superscript letters within the same curing-age column indicate statistically sig
nificant differences according to Tukey’s HSD test (α = 0.05). Statistical com
parisons were performed separately for each curing age.

Table 7 
One-way ANOVA results for differences in compressive strength among mortar 
mixtures at different curing ages.

Curing age DF (Mixture, Error) F-value p-value

2 days 21, 110 196.0 <0.001
7 days 21, 110 517.0 <0.001
28 days 21, 110 686.0 <0.001
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treatment resulted in statistically lower strength for L_Fly and LBF, 
whereas the differences were not statistically significant for LBC or Oz. 
Thus, the combined ball-milling followed by water-washing and calci
nation route did not provide a consistent strength advantage over the 
other treatment routes under the investigated conditions.

Although differences in compressive strength were observed among 
the investigated treatment routes, the contribution of other mixture- 
related factors should also be considered when interpreting these re
sults. In particular, the superplasticizer dosage was adjusted individu
ally to achieve comparable fresh-state workability and therefore varied 
between mixtures. Furthermore, WA replacement was performed on a 
mass basis, while the investigated WA materials differ from PC in terms 
of specific gravity and particle characteristics, which may have influ
enced the effective solid volume and particle packing behavior within 
the mixtures. Consequently, the observed differences in compressive 
strength should be interpreted as the combined effect of WA charac
teristics, treatment route, and mixture design parameters rather than 
being attributed exclusively to the applied treatment.

The 75% strength activity index requirement specified in ASTM 
C618 for fly ash and natural pozzolans was used only as a comparative 
benchmark to contextualize the performance of the investigated WA 
mixtures, since ASTM C618 was developed for conventional supple
mentary cementitious materials and no dedicated internationally 
recognized standard currently exists for the use of biomass ashes as 
supplementary cementitious materials. The compressive strength mea
surements in the present study were performed according to LVS EN 
196-1:2016; therefore, the investigated WA mixtures were not evaluated 
for compliance with ASTM C618 requirements, and the comparison with 
the 75% threshold should be interpreted only as an indicative reference 
value rather than a demonstration of ASTM C618 compliance. After 28 
days of curing, none of the investigated WA-containing mixtures 
reached this comparative benchmark.

A comparison with previous studies further highlights the relatively 
limited contribution of the investigated WA to compressive strength 
development. In the present study, SAI values ranged approximately 
between 12% and 71% at 20% PC replacement, with all mixtures 
remaining below the 75% threshold specified in ASTM C618. In 
contrast, higher performance has been reported in the literature 
depending on WA type and treatment conditions (Table 8). For example, 

Tiegoum Wembe et al. [42,43] reported SAI values of up to 91% at 28 
days for ground WA, while Teker Ercan et al. [12] achieved SAI values of 
up to 96% following short-duration ball-milling. Similarly, Rosales et al. 
[15] reported SAI values exceeding 100% for treated olive biomass 
bottom ash.

The comparison with previous studies indicates that the performance 
of WA as a partial replacement of PC is highly dependent on both the 
intrinsic characteristics of WA and the applied treatment method. In the 
present study, none of the investigated sequential treatment routes 
resulted in a consistent improvement in early-age compressive strength. 
The results suggest that the observed behavior is governed by the 
combined effects of cement dilution and the limited contribution of the 
investigated WA to early-age strength development. At the applied 
replacement level of 20%, the reduction in cement content likely plays a 
dominant role in early-age performance, while the applied treatments 
were not sufficient to offset this effect. Consequently, the studied ashes 
appear to provide a limited contribution to strength development within 
the first 28 days of curing.

Since compressive strength was evaluated only up to 28 days, any 
potential contribution to later-age strength development remains 
unverified. Therefore, the present findings should be regarded as a 
screening-level assessment of early-age performance rather than a 
definitive evaluation of long-term suitability as partial PC replacements. 
The study did not include calorimetry, FTIR, or TGA analyses; thus, 
mechanistic interpretations are based on compressive strength, water 
absorption, UPV results, and literature evidence.

3.10. Engineering context and limitations of the study

The present study provides a comparative laboratory-scale assess
ment of WA as a partial replacement for PC in mortar systems. The 
investigated WA fractions and sequential treatment routes were evalu
ated based on compressive strength development up to 28 days, SAI, 
UPV, and water absorption. The results demonstrate that the investi
gated WA fractions showed different performance depending on their 
origin and processing history, with differences in chemical composition 
and mineralogy potentially contributing to their behavior in cement- 
based systems. From an engineering perspective, WA may be relevant 
for further investigation in non-structural cement-based products, low- 

Fig. 10. SAI of hardened mortar specimens containing treated WA: (a) L_Fly; (b) LBF; (c) LBC; (d) Oz.
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strength concretes, mortars, and other binder systems where moderate 
mechanical performance and reduced PC consumption are desired. 
Previous studies have investigated WA as a partial PC replacement in 
mortar [6,18], as well as its use in application-oriented products such as 
paver blocks and roof tiles [50]. The potential valorization of WA in 
cement-based materials is also consistent with broader bioeconomy and 
circular-economy approaches, where biomass-derived residues are 
redirected towards value-added applications [51].

The results obtained in this study should be interpreted as a 
screening-level evaluation of WA performance under controlled labo
ratory conditions rather than as a demonstration of practical engineer
ing applicability. Although some bottom-ash-based mixtures showed 
comparatively higher mechanical performance, the investigated mate
rials were assessed only at a single replacement level of 20% PC and up 
to 28 days of curing. Furthermore, the 75% SAI value specified in ASTM 
C618 was used as a comparative benchmark, and none of the investi
gated WA mixtures reached this reference value. Therefore, no struc
tural or non-structural application of the investigated WA materials has 
yet been validated based on the present results.

Further research is required before WA can be considered for prac
tical implementation in cement-based products, particularly regarding 
long-term strength development, durability, dimensional stability, 
environmental performance, and application-specific requirements. 
Consequently, the main contribution of this study is the systematic 
comparison of different WA fractions and sequential treatment routes, 
providing guidance for future optimization and application-oriented 
research rather than direct validation of construction use.

4. Conclusions

This study evaluated the early-age mechanical performance of 
cement mortars incorporating wood ash (WA), including fly ash and 
bottom ash, as a 20% Portland cement replacement. The investigated 
WA was ball-milled prior to application, with additional treatments 
including water washing, slaking, calcination, and combined wash
ing–calcination. The following key conclusions can be drawn: 

• All mortars containing WA exhibited reduced compressive strength 
compared to the reference system, indicating limited early-age per
formance under the investigated conditions.

• The observed strength performance was comparable to that reported 
in some previous studies on biomass- and wood-ash-containing 
cement-based mortars, although higher strength or SAI values have 
also been reported under different material and treatment 
conditions.

• Wood bottom ash-based mixtures showed the best performance 
among all tested materials, with 28-day SAI values of approximately 
65–71% obtained for ball-milled wood bottom ash (LBF_5, LBC_5, 
and Oz_5).

• For the wood fly ash, water-washing increased compressive strength 
and UPV while reducing water absorption, coinciding with reduced 
prominence of arcanite reflections in the XRD pattern of L_Fly_5_W.

• The XRD, UPV, water absorption, and compressive-strength results 
showed generally consistent trends among the investigated treat
ment conditions, although the present measurements do not estab
lish direct causal relationships between these observations.

• The results of this study should be interpreted as early-age feasibility 
screening of WA in cement-based systems, while long-term strength 
development and durability performance remain outside the scope of 
this study.

• Further research should focus on extended curing periods to assess 
long-term performance, as well as more intensive mechanical acti
vation, alternative thermal conditions, and chemical pre-treatment 
of WA to further enhance its performance in cement-based sys
tems. In addition, durability-related investigations, including resis
tance to chloride ingress, freeze-thaw resistance, and alkali–silica 
reaction, are required to fully evaluate the long-term applicability of 
WA in cementitious materials.
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