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Abstract: This study explores the application of wood ash (WA) as a partial replacement for
PC in mortar. Three pre-treatment methods were applied to WA to enhance its reactivity,
and it was then incorporated into mortar at two different substitution levels of 10 and
30%. Tests on compressive and flexural strength were conducted on the hardened mortar
samples. All hardened mortar samples containing WA showed a decrease in mechanical
properties compared to the reference sample without WA. The highest compressive and
flexural strength of the samples with WA were observed for those containing 10% of sieved
and slaked WA. The compressive and flexural strength of these samples after 28 days were
56 and 9 MPa, respectively, whereas those of the reference samples were 62 and 10 MPa,
respectively. Based on the results, the best-performing samples on the compressive test
underwent additional testing for freeze–thaw resistance to assess their durability. The mass
loss of the reference sample and that with 10% of sieved and slaked WA after 56 freeze–thaw
cycles was 11,800 and 13,800 g/m2, respectively. The findings revealed that increasing the
proportion of WA typically led to a decline in the mechanical properties of mortar compared
to conventional mixtures. However, with appropriate pre-treatment techniques, the quality
and performance of mortar containing WA were significantly improved, demonstrating its
potential as a sustainable alternative in reducing the carbon footprint of PC production.

Keywords: Portland cement; mortar; wood ash; cement replacement

1. Introduction
Portland cement (PC) is one of the most used materials in the concrete industry [1].

The production of PC is considered highly polluting and emits high amounts of greenhouse
gasses. The production of PC alone emits up to 9% of the total anthropogenic CO2 amount
and depletes a huge amount of natural resources [2]. To reduce the global CO2 emissions,
blended cements have been developed, where some clinker is replaced with other materi-
als [3]. Traditionally, coal fly ash, a by-product of coal combustion in thermal power plants,
has been widely used as a supplementary cementitious material due to its pozzolanic
properties and ability to enhance concrete durability, reduce permeability, and improve
workability. However, with the global shift away from coal-fired power generation driven
by decarbonization efforts and stricter environmental policies, the availability of coal fly
ash has become increasingly constrained. For example, many developed nations, including
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those in the EU and North America, have significantly reduced their reliance on coal for
energy, leading to a scarcity of this once-abundant by-product.

In the last few years, the demand for wood as a renewable energy source has risen to
achieve the goals of the European Green Deal and the 2030 Climate Target Plan. Biomass
as a fuel source is considered carbon-neutral as the amount of carbon dioxide which is
produced by biomass burning equals the total amount of CO2 fixed during the biomass
growth process that occurs through photosynthesis [4]. In total, about 95–97% of the world’s
bioenergy is produced by the direct combustion of biomass, which leads to approximately
476 million tons of biomass ash (BA) generated worldwide annually [5]. Using BA as a
partial PC replacement minimizes the use of non-renewable resources, mitigates greenhouse
gas emissions, and is a good solution for ash management [6]. In parallel, the use of biomass
as a renewable energy source has grown significantly, with biomass combustion now
replacing coal in many heating and power generation facilities. This transition has resulted
in a corresponding increase in the production of BA, including wood ash (WA), rice husk
ash, and sugarcane bagasse ash. These by-products are gaining attention as alternative
supplementary materials (SCMs) due to their environmental benefits and pozzolanic
potential [7].

To address the environmental effects that are related to cement manufacturing, the pos-
sibility of using SCMs to develop sustainable mortars and concrete needs to be emphasized.
The use of WA as an SCM for the partial replacement of cement has economic, technical,
and environmental benefits, such as the conservation of natural resources and a reduction
in greenhouse gas emissions in the cement industry [8]. Partially replacing cement with
WA will contribute to the global demand for carbon-efficient solutions that reduce CO2

emissions and utilize waste, which is consistent with the goals of the Paris Agreement [9].
Research has demonstrated that certain types of BA, when processed and characterized
appropriately, can react with calcium hydroxide, forming calcium silicate hydrates (C-S-H)
like those in PC [10]. This reaction not only helps improve the mechanical properties of
mortars but also addresses the issue of disposing of biomass combustion residues, promot-
ing a circular economy [1,11]. Recent studies reveal that in general, mechanical properties,
such as the compressive and bending strengths of concrete, in which part of cement is
replaced with WA, decrease with an increase in the content of WA. However, it is pos-
sible to maintain or even improve the mechanical properties of concrete containing WA,
compared to conventional concrete, when pre-treatment is applied to WA. Pre-treatment
techniques such as sieving, grinding, washing, calcination, and chemical activation improve
the reactivity and compatibility of WA with PC [12–14]. Several studies have shown that
incorporating pre-treated BA at a replacement level of up to 20% by mass can achieve
comparable or even superior concrete properties while significantly reducing the carbon
footprint associated with PC production [14]. These innovations are paving the way for
more sustainable and resource-efficient practices in the construction industry. In the work
of N. Ristić [15], the compressive strength of concrete samples containing 10% WA was
higher than that of the reference mixture by 1.4% and 3.2% at 28 and 90 days, respectively.
This effect at longer curing ages was attributed to internal curing, which was provided by
WA, and to the higher compactness of concrete due to the reduced amount of free water in
the mixture. Meanwhile, in the work of Z. Yang [16], the compressive strength of all the
concrete samples with WA was reduced compared to the reference sample. Overall, the
use of WA as an SCM to partially replace PC offers the possibility of inserting this waste
into the production chain and an alternative method for the disposal of WA. However,
due to the chemical and physical characteristics of WA that depend on several factors
such as combustion temperature, wood type, furnace type, and burning conditions, before
incorporating WA in mortars, these characteristics should be investigated. According to
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available research, the most optimal replacement percentage for WA is between 5 and 20%,
where the best results are obtained with 10% replacement [14].

To better understand the chemical interaction between WA particles and those of
cement, it is valuable to incorporate techniques such as FTIR and XRD. The FTIR spectrum
results of hardened mortars can be used to characterize compressive strength fluctuations
by determining the peak intensity of the bonds that are responsible for strength [17].
In other studies, the peak intensity changes in the bonds, such as Si-O and O-H, of a
reference mortar and a mortar containing WA were analyzed [18,19]. To assess the degree
of hydration in mortars at different curing times, XRD results can be used [19,20].

In this research, the influence of WA as a partial PC replacement on mortar properties,
such as compressive strength, bending strength, and freeze–thaw resistance, were assessed.
Three pre-treatment methods, including sieving, sieving/slaking, and sieving/grinding,
were applied to WA and used at the same replacement levels of 10 and 30% in mortars in
order to compare the influence of them on mechanical properties. The main aim of this
study is to understand the changes in mortar properties when the same WA is pre-treated
with different methods and used as a partial cement replacement.

2. Materials and Methods
2.1. Wood Ash Characterization

The WA used in the study was collected from the thermal plant Gren Latvia Ltd.
(Jelgava, Latvia). The chemical composition was studied by X-ray fluorescence (XRF).
The crystalline phases of WA were identified by X-ray diffraction (XRD) analysis. The
size and shape of WA were analyzed by using variable pressure scanning electron mi-
croscopy (VP-SEM). In addition, energy-dispersive X-ray (EDX) analysis was performed in
order to characterize the elemental composition of WA. The particle size distribution was
determined by using the sieving method according to the LVS EN 933-1 standard [21].

2.2. Raw Materials and Mixture Designs

In this research, locally manufactured pure PC (>95% of cement) with the brand name
Schwenk (Broceni, Latvia) CEM I 42.5 N, meeting the European Union and Latvian State
standards governing the composition, specifications, and compliance criteria of the cement
(LVS EN 197-1:2012 [22]), was used. The chemical composition of this PC is given in Table 1.
Sand was obtained from the local manufacturer Sakret Ltd. (Riga, Latvia) with a grain size
of 0–2 mm. This sand fraction is specifically manufactured for mortar applications and
has an optimized particle size distribution. To improve workability and reduce cracking,
liquid superplasticizer Vincents Polyline Floormix was used in the same amount in all
mortar samples.

Table 1. Chemical composition of PC.

Compound SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O Cl

Result (w%) 20.9 4.5 4.4 65.2 1.0 2.2 0.7 0.2 0.05

Three mortar series with different WA treatment methods were created, and the
following WA treatment procedures were applied:

(1) In the first mortar series (WA1), the WA sample portion was subjected to sieving
through a 2 mm sieve in order to separate unburnt carbon particles.

(2) In the second mortar series (WA2), the WA sample portion was sieved through a
2 mm sieve and slaked in order to prevent the ash from swelling [23]. To avoid this
phenomenon, WA was immersed in water for 24 h with a water–ash weight ratio of
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1. A WA2 slurry was included in the mixture composition and water adjusted to the
needed amount.

(3) In the third mortar series (WA3), the WA sample was sieved and ground by using a
planetary ball mill Retsch PM400 (Dusseldorf, Germany) for 10 min at 300 rpm. Before
the milling process, WA3 was dried to avoid the clumping of WA particles.

The mixture compositions of mortar samples and their designations are given in
Table 2. In total, 7 mortar mixtures were prepared. WA was incorporated to replace 10
or 30% by mass of PC. The amount of water and plasticizer was constant in all mixtures
with WA and was not affected by the applied WA treatment method. The sand–PC ratio
increased for the mixtures with a higher WA replacement level from 2.0 to 2.9, while the
total sand–(PC + WA) ratio remained the same (2.0).

Table 2. Mixture compositions of mortar with WA as supplementary cementitious material.

WA% in
Mortars

WA Treatment/
Designation Water–Binder Sand–PC

(Sand–PC + WA)
Plasticizer–

Binder

0% REF 0.4 2.0 (2.0) 0.2

10%
30%

WA1-10%
WA1-30%

0.4
0.4

2.2 (2.0)
2.9 (2.0)

0.2
0.2

10%
30%

WA2-10%
WA2-30%

0.4
0.4

2.2 (2.0)
2.9 (2.0)

0.2
0.2

10%
30%

WA3-10%
WA3-30%

0.4
0.4

2.2 (2.0)
2.9 (2.0)

0.2
0.2

2.3. Hardened Mortar Properties

Compressive and bending strengths for all mortar samples were determined accord-
ing to the LVS EN 196-1 standard [24]. Hardened mortar specimens were produced in
40 × 40 × 160 mm steel molds. The mortar specimens were removed from the molds 24 h
after production and placed in water. Strength tests were carried out after 2, 7, and 28 days.
A three-point bending test was performed with a span of 100 mm and a test speed of
0.5 mm/min by using a WDW-20 20 kN testing machine (Jinan Hensgrand Instrument Co.,
Ltd., Jinan, China). A compressive test on 62.5 × 40 × 40 mm mortar specimens was per-
formed with a test speed of 0.8 MPa/s by using a Controls 3000 kN compression machine.
Freeze–thaw resistance was determined for the mixture WA2-10%. A freeze–thaw test
was carried out according to the Latvian standard LVS CEN/TS 12390-9 requirements [25].
During the freeze–thaw test, five surfaces of a mortar cube of 10 × 10 × 10 cm were covered
with a waterproofing material. The exposed face of the mortar cube was immersed in a
3% sodium chloride solution. The freeze–thaw mass loss was determined after 14, 28, and
56 cycles, with each cycle including 12 h of freezing to −20 ◦C and 12 h of thawing to 20 ◦C.

3. Results
3.1. XRF and XRD Results of WA

In this research, the standards applied to coal ash utilization in mortars were used
as a basis for the characterization of WA [1]. The chemical compositions of the studied
WA are presented in Table 3. The obtained results show a dominant content of SiO2

(49.6%), followed by CaO (20.9%). Many types of biomasses, such as wood, agricultural
residues, and grasses, naturally contain significant amounts of calcium in their structure.
This calcium is absorbed from soil during the plant’s growth and is present in the form of
calcium salts, such as calcium carbonate (CaCO3) and calcium oxalate. During combustion,
these compounds decompose, forming calcium oxide (CaO) in the ash [26].
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Table 3. Chemical composition and LOI of WA.

Compound SiO2 Al2O3 CaO MgO SO3 Na2O K2O Mn2O3 Cl CuO TiO2 BaO PbO SrO ZnO LOI

Result (w%) 49.6 4.4 20.9 4.7 9 1.1 4.5 0.2 0.6 0.02 0.4 0.1 0.03 0.03 0.3 6

The sum of the total amount of SiO2, Al2O3, and Fe2O3 was 55% by mass, which was
lower than the minimal amount of 70% by mass specified by ASTM C 618 [27] and EN
450-1 [28] to be classified as a class F pozzolanic material. According to ASTM C 618, the
WA used in this study falls under class C as the sum of the total amount of SiO2, Al2O3,
and Fe2O3 is between 50 and 70% by mass. Regarding the content of CaO, WA meets the
criteria for class C as the amount of CaO is more than 20% by mass [1]. The WA used was
very rich in alkalis with 1.12% of Na2O and 4.51% of K2O, both by mass, and contained
significant amounts of magnesium oxides, sulfates, and chlorides [1,29]. According to the
European standard EN 450-1, the WA meets the criteria for category B (<7%) in terms of
the loss of ignition (LOI) value [1]. Most of the wood fly ash and coal fly ash blends are
considered by ASTM C618-15, 2015 [30], as class C ashes [1]. The particle size of WA does
not meet any standards (i.e., EN 450 [28], C618−22 [31]) as approximately less than 5% by
mass of particles are retained when sieved on the 45 µm sieve [23].

The mineralogical composition of WA varies depending on factors such as the type
of wood, the combustion process, and the combustion temperature. The main crystalline
phases identified were quartz (ref. no. 00-046-1045), anhydrite (00-037-1496), and lime
(00-037-1497) (Figure 1).
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3.2. SEM-EDX Results of WA

The SEM images of the sieved WA before and after ball-milling for 10 min at 300 rpm
are shown in Figure 2. The particles of the sieved WA consisted of irregularly sized and
shaped grains [32], and smaller particles were densely packed due to agglomeration [33].
The shapes of the sieved WA particles were irregular, rounded, and angular. The ball-
milling process reduced the particle size and separated the agglomerated particles [34] and
led to homogenous shapes. Ball-milling for too long can have an adverse effect on particle
size reduction. According to the work of S. Kumar [35], the biggest impact on particle size
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reduction occurs in the first 10 min of grinding, and then the impact decreases. However,
some larger particles were present even after the ball-milling process.
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A SEM-EDX analysis of elements was performed in spot mode. In total, nine dif-
ferent spots of the sieved WA sample (WA1) were chosen and analyzed (Figure 3). It
was concluded that when calculated according to the chemical composition of oxides, the
elemental compositions were consistent with the chemical compositions found via XRF
and the mineral compositions. The elemental compositions of the WA sample are shown in
Table 4.

Table 4. Elemental compositions of WA.

Element
Result (w%)

(a) (b)-1 (b)-2 (c)-1 (c)-2 (c)-3 (d)-1 (d)-2 (d)-3

C 9.4 78.0 13.4 9.9 8.3 8.4 8.9 9.9 17.6
O 50.9 17.0 59.5 50.2 44.0 58.3 50.6 53.2 50.6

Na 0.8 0.1 0.3 1.1 0.3 0.7 0.9 0.6 0.5
Mg 2.0 0.3 0.4 1.8 9.2 0.4 4.7 1.3 1.1
Al 1.1 0.1 0.3 2.0 0.2 0.6 2.6 1.9 0.4
Si 11.5 0.2 20.8 10.3 0.7 23.1 13.1 16.6 0.8
P 0.9 0.0 0.0 1.0 1.1 0.2 0.0 0.7 0.0
S 2.5 0.6 0.9 2.9 5.5 1.4 0.6 1.0 3.4
Cl 0.5 0.3 0.3 0.5 0.5 0.2 0.0 0.3 0.8
K 4.9 1.8 2.1 7.4 6.1 4.0 5.8 6.1 4.3
Ca 13.6 1.4 2.0 11.2 22.9 2.5 5.3 7.0 18.8
Ti 0.3 0.0 0.0 0.2 0.0 0.0 0.3 0.2 1.8

Mn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0
Fe 1.1 0.0 0.0 1.4 0.5 0.2 6.6 1.2 0.0
Cu 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Zn 0.7 0.0 0.0 0.0 0.6 0.0 0.8 0.0 0.0
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particles chosen for elemental composition represented in Table 4; (c) spots of particles chosen for
elemental composition represented in Table 4; (d) spots of particles chosen for elemental composition
represented in Table 4.

The most dominant elements of the WA particles were oxygen, silica, and calcium,
according to the XRD analysis, and they were the main constituents of quartz, anhydrite,
and lime. The obtained quantitative results regarding the elemental compositions had
good consistency with the chemical compositions obtained via XRF. The LOI parameter
indicates the percentage of unburned carbonaceous material [14]. The amount of unburned
carbonaceous material in WA was rather low as the LOI value of the used WA shown in
Table 3 met the European standard EN 450-1 class B (<7%) requirements. Spectrum 1 in
Figure 3b represents a typical unburned carbon particle which is characterized by a rough
surface, high porosity, and high specific area with carbon as its dominant element [31,36].

3.3. Particle Size Distribution of WA

The particle size distribution for sieved WA (WA1) and sieved/milled WA (WA3) was
determined by the sieve analysis procedure conducted using differential sieve weighing.
Before this procedure, both WA samples were dried at 110 ◦C to constant weight. Then,
an equal amount of 200 g of both ash samples was weighed and passed through a series
of sieves of different sizes organized from larger on top to smaller sizes at the bottom.
After sieving the amount of retained particles, each sample was weighed, and the particle
size distribution of the WA samples was determined. The obtained results are shown in
Figure 4. According to Figure 4, the biggest impact of ball-milling occurred in the particle
size range of 125 to 500 µm.
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Figure 4. Particle size distribution of WA1 and WA3.

3.4. Mechanical Strength of Mortar Samples

The compressive and bending strengths of the mortar samples were determined at 3,
7, and 28 days. Figure 5 presents the compressive strength results of the mortar mixtures at
various curing ages (i.e., 3, 7, 28 days). From the results of compressive strength testing,
it was observed that the highest compressive strength among all mortar samples was
recorded in the samples with no cement replacement by WA. With an increase in WA
content, compressive strength tended to be reduced for all mixtures. Out of the three
treatment methods, it was concluded that the best results were obtained for samples with
WA2, although the results of the samples with WA3 were close to those with WA2.
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Figure 5. Comparison of compressive strength of different treatment methods with various amounts
of WA.

The results of bending strength testing exhibited a similar pattern to those of compres-
sive strength testing (Figure 6). Similar to the compressive strength results, the best tensile
strength was for the samples with WA2 and WA3, and the final results between the two
samples were very close.
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Figure 6. Comparison of bending strength of different WA treatment methods with various amounts
of WA.

The reduction in both the compressive and bending strengths of the mortar samples
with WA is attributed to the less dense packaging of WA, which decreases the density of
the cement matrix [1] as the particles of WA are coarser than those of Portland cement, as
well as the lower pozzolanic activity levels of WA [14]. This results in a higher amount of
bigger closed pores that reduce the mechanical properties of the material.

The freeze–thaw test mass loss of the most promising sample WA2 and REF is shown
in Figure 7. The mass loss of WA2-10% was higher than that of the reference sample
(WA-0%) at all cycles. The final mass loss at 56 cycles of WA2-0% and WA2-10% was
11,800 and 13,800 g/m2, respectively. This was attributed to higher water absorption due to
larger open pores that formed due to the poor packing of WA2 particles. The freeze–thaw
resistance of mortar depends on both open porosity and closed porosity [6,37].
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4. Discussion
In this study, the effects of WA on the properties of mortar were investigated. The main

crystalline phases of the studied WA were quartz, anhydrite, and lime. According to ASTM
C 618 and EN 450-1, which are used for coal ash classification, the WA used in this study
met the criteria for the class C classification, which was consistent with other studies where
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WA was used as a cement replacement [1,30,33]. From the XRF and SEM-EDX results,
it was concluded that the main chemical constituents of the WA particles were oxygen,
silica, and calcium. Three different WA pre-treatment methods including sieving, grinding,
and slaking were applied before WA incorporation into mortar. The primary purpose
of pre-treating WA was to enhance the feasibility of WA for developing cementitious
materials [13]. Better results were obtained for the samples WA2 and WA3 which were pre-
treated with sieving/grinding and sieving/slaking, respectively, compared to WA1 which
was only sieved. Both the compressive and bending strengths of all mortar samples with
WA were reduced with an increase in the WA mass content. Similar tendencies with the
increase in WA content were observed in other studies as well [16]. The 28-day compressive
and bending strengths for the reference sample were 62 and 10 MPa, respectively. Better
mechanical results were observed for the samples where WA underwent extra treatment
processes apart from sieving. The best sample containing WA was WA2-10% with 28-day
compressive and bending strengths of 56 and 9 MPa, respectively. The 28-day compressive
test result of WA3-10% was 51 MPa, which was close to that of WA2-10%, whereas the
28-day bending test results of WA3-10% and WA2-10% were almost the same. WA1-10%,
which contained only sieved WA, performed worse in terms of mechanical properties.
The compressive and bending strengths of WA1-10% were 45 and 8 MPa, respectively.
Compared to WA2-10%, the compressive strength of WA1-10% was reduced by 20%. At
the 30% WA replacement level, the absolute compressive and bending strength values
declined compared to the 10% WA replacement level. The mechanical strength distributions
at the 30% WA replacement level between the samples was similar to those at the 10%
WA replacement level. The reduction in the compressive and bending strengths of the
mortar samples containing WA was attributed to the less dense packaging of WA particles,
which decreases the density of the cement matrix [1]. Less dense packaging results in a
higher number of bigger closed pores that reduce the mechanical properties of the material.
Another factor contributing to strength reduction is the presence of unburned carbon
particles in WA [30]. Mortar samples with pre-treated WA showed better compressive and
flexural strengths than those with untreated WA. The highest compressive strength of the
mortar samples with WA was seen in the WA2-10% samples, whereas the highest flexural
strength of the mortar samples with WA was seen in the WA3-10% samples.

Based on previously published data, the freeze–thaw mass loss was shown to not be
significantly affected by the WA content, even up to 40% by mass [6]. This is contrary to
the results obtained in this study. The freeze–thaw mass loss of WA2-10% was higher than
that of the reference sample, possibly due to higher porosity. The freeze–thaw mass loss at
56 cycles for the reference sample and WA2-10% was 11,800 and 13,800 g/m2, respectively,
which accounts for an extra 14% of mass loss compared to the reference. This was attributed
to higher water absorption due to larger open pores that formed due to the poor packing
of WA2 particles. The freeze–thaw resistance of mortar depends on both open porosity
and closed porosity [37]. Another aspect that could reduce the freeze–thaw resistance of
mortar is associated with the constituents present in WA. Anhydrite and lime can cause the
swelling of the cement matrix and be easily damaged by freezing and thawing. The high
alkali content in WA can also contribute to a reduction in freeze–thaw resistance [6].

According to studies that focus on the life cycle analysis (LCA) of sustainable building
materials and the circular economy of biomass ash, it can be concluded that incorporating
biomass ash into mortars and concrete can significantly reduce the emissions of overall
carbon dioxide and greenhouse gasses [38–40]. These findings suggest that although
WA has promising mechanical potential when properly processed, its durability under
environmental stress requires further optimization. Importantly, incorporating WA into
cementitious systems can significantly reduce reliance on Portland cement, lowering carbon
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emissions and promoting the circular use of biomass waste. Future work should focus on
enhancing durability, scaling up mixing designs for 3D printing applications, and exploring
combined SCM systems to balance mechanical performance and long-term durability in
sustainable construction materials.

5. Conclusions
The importance of finding new cementitious supplementary materials in the cement

industry has brought attention to wood biomass ash. The increasing availability of WA
has started to pique the interest of large industries. This study highlights the feasibility
of using wood ash as a supplementary cementitious material in mortar production. The
application of wood ash in cement compositions remains a challenge to be investigated as
the following conclusions can be drawn from this research:

1. According to the pozzolan standards used for the classification of coal ash, the WA
used in this study met the criteria of the class C classification in terms of the total
amount of 55% of SiO2, Al2O3, and Fe2O3; a CaO amount of 21%; and a loss on
ignition value of 6% and 5% by mass of particles retained on the 45 µm sieve.

2. The most notable impact of ball-milling wood ash occurred in the particle sizes of 125
to 500 µm. Outside this particle size range, the ball-milling impact was unnoticeable.

3. Both the compressive and bending strengths of all mortar samples containing wood
ash were reduced with an increase in the wood ash mass content compared to the
reference sample. The compressive and bending strengths of the reference sample
after 28 days were 62 and 10 MPa, respectively. The best-performing sample with
wood ash was WA2-10%, with 28-day compressive and bending strengths of 56 and
9 MPa, respectively, while the worst-performing sample was WA1-30%, with 28-day
compressive and bending strengths of 32 and 6 MPa, respectively.

4. Among the three treatment methods, WA2 (sieved/slaked) and WA3 (sieved/ground)
showed significant improvements in mechanical performance compared to WA1 (only
sieved), with WA2-10% demonstrating the highest compressive strength and WA3-
10% exhibiting the best flexural strength. The better mechanical properties of the
mortar samples with WA2 were attributed to the complete water absorption of WA.
The mechanical improvement in WA3 was attributed to its denser mortar matrix due
to a finer particle size.

5. At 56 freeze–thaw cycles, the mass loss of the WA2-10% sample was 13,800 g/m2,
whereas that of the reference was 11,800 g/m2, which is 14% lower compared to
WA2-10%. The higher freeze–thaw mass loss of WA2-10% was attributed to bigger
pores on the exposed surface of the sample.
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