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ABSTRACT

The environmental impact associated with the production of Portland cement has intensified interest in sustainable alternatives
such as lime-based binders. However, their application is constrained by low early strength and slow hardening. This study
evaluates rice husk ash (RHA) and sugarcane bagasse ash (SCBA) as pozzolanic additives to enhance the mechanical performance
and durability of lime mortars. Hydrated lime was partially replaced (50%) with RHA or SCBA, and the mortars were air-cured for
28 days. Both ashes satisfied the standard pozzolanicity requirements. RHA exhibited a higher amorphous silica content and
greater reactivity, whereas SCBA demonstrated slower but sustained pozzolanic activity. The incorporation of these pozzolans
significantly improved performance. Compressive strength increased from 0.43 MPa for pure lime to 4.64 and 3.84 MPa for RHA
and SCBA mortars, respectively. Flexural strength improved from 0.17 to 2.70 MPa and 0.97 MPa for RHA and SCBA mortars,
respectively. Water absorption was substantially reduced in the modified mortars, indicating improved pore structure and du-
rability. RHA provided superior strength development and lower permeability, while SCBA offered moderate strength en-
hancement with improved flexibility. These characteristics make both materials suitable for nonstructural applications, including
heritage conservation and restoration. The findings demonstrate that agricultural waste ashes can serve as effective, low-carbon
pozzolanic materials for durable lime-based construction.

1 | Introduction These environmental concerns have driven increasing interest in

low-carbon alternative binders. Lime-based systems have re-

Concrete and mortar remain among the most widely used con-
struction materials due to their strength and adaptability to diverse
environmental conditions [1]. Hydrated lime and cement are
fundamental components in mortar production. Cement-based
mortars are particularly favored because of their rapid setting and
high compressive strength [2]. However, cement production is
highly energy-intensive and a major contributor to global CO,
emissions, arising from both limestone calcination and fossil fuel
combustion. As a result, the cement industry is recognized as one
of the largest sources of anthropogenic CO, emissions [3].

emerged as promising candidates due to their lower embodied
CO,, which results from reduced calcination temperatures and
energy demand compared to Portland cement [4-6]. However,
lime mortars are not intended as universal replacements for
cement. Instead, they are better suited to specific applications
such as heritage conservation, masonry repair, and breathable
construction systems. Their advantages include compatibility
with historic substrates, vapor permeability, and good work-
ability [5, 6]. Despite these benefits, the broader application of
lime mortars is limited by low early strength, slow hardening,
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and reduced resistance to moisture. To address these limitations,
research has focused on enhancing lime-based binders through
the incorporation of pozzolanic materials, fibers, and organic
additives [7, 8]. Pozzolans react with calcium hydroxide to form
strength-enhancing hydrates, improving both mechanical per-
formance and durability.

Several studies have examined how lime binders behave when
blended with both natural and industrial pozzolanic materials.
Traditional pozzolanic materials such as fly ash, silica fume, and
metakaolin have been extensively studied [9-15]. Collectively,
these studies have consistently shown that adding pozzolans
improves the hydraulic behavior of lime-based binders. This
improvement comes from their reaction with calcium hydroxide
to form strength-giving hydrates, while also helping to control
heat release, accelerate early strength gain, and support better
long-term durability [16]. While effective, long-term availability
of industrial byproducts and natural pozzolans is becoming
uncertain due to regulatory constraints and competing industrial
demands [15]. Consequently, attention has shifted toward ag-
ricultural waste materials such as rice husk ash (RHA) and
sugarcane bagasse ash (SCBA), which are abundant, renewable,
and rich in reactive amorphous silica [14, 17].

RHA is widely recognized for its high reactivity and ability to
significantly enhance strength and microstructural densification
in lime-based systems. In contrast, SCBA typically exhibits
slower early-age reactivity but contributes to sustained strength
development over time, particularly when properly processed
through controlled calcination and grinding. Although both
materials have been studied individually in stabilizing lime and
cement systems [14, 17, 18], there are still relatively few directly
comparable datasets produced using the same experimental
conditions. Variations in mix design, curing conditions, and
processing methods have hindered meaningful comparison of
their relative performance. As a result, their relative pozzolanic
efficiency and strength development performance are not yet
well understood. This gap restricts the rational selection of
suitable agricultural pozzolans for sustainable construction ap-
plications. This highlights the importance of carrying out a well-
controlled, side-by-side comparative evaluation.

Accordingly, a systematic comparative evaluation of SCBA and
RHA-modified lime binders is undertaken to clarify their relative
performance in terms of mechanical strength and durability. The
present study comparatively assesses the effects of SCBA and
RHA as individual pozzolanic additives in lime-based mortars
within their appropriate application scope. Instead of in-
troducing a completely new binder system, this study focuses on
generating carefully controlled comparative data using the same
mix designs and curing conditions throughout. It evaluates
compressive strength, flexural strength, and water resistance in
lime mortars modified with RHA and SCBA, with special em-
phasis on SCBA-lime blends, which have been reported less
often in existing research.

By focusing on these complementary performance indicators, the
study moves beyond single-property assessments and supports
more informed material design decisions. By directly comparing
the performance of these two widely available agricultural ashes
under identical experimental conditions, this study contributes
to the current understanding of their pozzolanic efficiency and
practical suitability, thereby supporting more rational selection

of agricultural pozzolans in lime-based construction materials.
Ultimately, this study seeks to provide experimental evidence
that can guide more informed and technically grounded choices
in the design of lime-based mortar materials.

2 | Methods

2.1 | Sample Preparation

Rice husks were first cleaned through sieving, air separation, and
washing to eliminate larger debris, lightweight contaminants,
and surface dust. They were then left to sun-dry for 2 days and
subsequently dried in an oven at 110°C for 24 h. The sugarcane
bagasse was milled using an HFM 100 grinder (Beijing Grinder
Instrument Co., Ltd., Beijing, China), after which it was also sun-
dried for 2days and oven-dried at 110°C for 24 h. Both the
prepared rice husk and bagasse were then calcined separately at
600°C for 2 h in a muffle furnace (OSK 9540-MK-SP 38351) to
obtain RHA and SCBA. Following calcination, the resulting RHA
and SCBA were allowed to cool gradually for 24h to room
temperature. To optimize the fineness and reactivity of the
pozzolans, the resulting ashes were subjected to a mechanical
grinding process using a laboratory-scale ball mill operated at
a constant speed of 300 RPM for a duration of 30 min. The milling
was conducted at a constant speed to ensure the production of
a fine, homogeneous powder with a particle size below 75 pm,
ensuring uniform dispersion in the mortar mixes.

2.2 | Physical Analysis

The particle size distribution (PSD) of the pozzolans was mea-
sured using a sieve analyzer with a series of sieve sizes (1180, 850,
600, 425, 300, 212, 150, and 75 pm). This procedure allowed for
grading the materials and ensuring they met the required
specifications. The specific surface area (SSA) was determined
using a Brunauer-Emmett-Teller (BET) nitrogen adsorption
analyzer (Gemini 2375 V.).

2.3 | Determination of Lime, RHA, and SCBA
Oxides and Loss on Ignition (LOI)

The chemical composition of the pozzolanic materials and lime
was determined using X-ray fluorescence (XRF) analysis. Mea-
surements were carried out with an MXF-2400 spectrometer
(Shimadzu, Kyoto, Japan). For sample preparation, 0.9 g of each
pozzolan was accurately weighed into a platinum crucible and
mixed with 9.0 g of lithium tetraborate flux. The mixture was
fused in an M4 gas fusion unit for 17 min to obtain a homoge-
neous glass bead. After fusion, the beads were cooled in a des-
iccator and subsequently analyzed using the XRF instrument.
Each cementitious material was tested in triplicate, and the
average values were calculated and reported in Table 1. LOI was
determined for each test sample using three replicate specimens,
following the gravimetric procedure specified in KS EAS 18:1-:
2017 [19]. For each measurement, 1.0 g of each test sample was
accurately weighed and placed in a preweighed, tared silica
crucible. The crucible and sample were heated in a furnace at
975°C for 1h and then allowed to cool in a desiccator. The LOI
was calculated as the percentage mass loss between the initial
and final weights.
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2.4 | Mineralogical Analysis

The mineralogical composition of the lime and pozzolanic ma-
terials was characterized using X-ray diffraction (XRD). Prior to
testing, the samples were oven-dried at 100°C and ground to
a fine powder using an electric grinder and then mounted in
a zero-background silicon sample holder. The goniometer was
calibrated using a silicon reference standard. XRD data were
collected and analyzed with an XRD (SmartLab SE, Rigaku,
Tokyo, Japan). Scanning was performed over a 20 range of
5.00°-80.002°, using a step size of 0.0202° and a step time of 0.5,
under operating conditions of 40 mA and 35kV.

2.5 | Reactivity by Electrical Conductivity

A rapid assessment of pozzolanic reactivity was conducted by
monitoring changes in the electrical conductivity of a saturated
calcium hydroxide solution, following the procedure proposed by
Luxan et al. [20]. In this test, 200 mL of distilled water was placed
in a 500-mL glass beaker and heated on a magnetic hot plate to
40 £ 1°C. Calcium hydroxide was then gradually added until
saturation was achieved. The solution was magnetically stirred
for 2min, after which its initial electrical conductivity was
measured using a conductivity meter (SIBATA Model SC-17 A).
Subsequently, 5.0 g of the pozzolanic material was added to the
saturated calcium hydroxide solution, which was maintained at
40 £1°C, and the suspension was continuously stirred for an
additional 2 min. Electrical conductivity readings were recorded
at 30-min intervals over a period of 4 h. Pozzolanic activity was
evaluated based on the difference between the conductivity of the
saturated calcium hydroxide solution and that of the suspension
containing the pozzolanic material. All measurements were
performed in triplicate, and the results are presented as mean
values along with their corresponding standard deviations.

2.6 | Mix Proportions

The mortar mixtures were prepared using hydrated lime as the
main binder, with agricultural waste ashes serving as supple-
mentary pozzolanic additives. SCBA and RHA were incorporated
as partial replacements for lime in the blended systems, while
a control mixture containing only hydrated lime was also pre-
pared for comparison. All mortars were designed with a binder-
to-fine aggregate ratio of 1:3 by mass. In the blended mortars, 50%
of the lime was substituted by the pozzolanic material, resulting
in binders composed of equal parts hydrated lime and the re-
spective ash (1:1 by mass). This 1:1 replacement ratio was chosen
to provide enough reactive silica and alumina from the pozzolans
while maintaining sufficient calcium hydroxide to support the
pozzolanic reaction. A uniform water-to-binder ratio of 0.50 was
used across all mixtures to ensure consistent workability and
allow for direct comparison of performance. The specific mix
proportions are summarized in Table 2.

In the blended mortars, the binder portion includes both the lime
and the pozzolanic material, with lime replaced by 50% of the
pozzolan by mass. All mix proportions are given relative to the
total binder mass.

2.7 | Mortar Preparation

Mortar prisms were prepared and cast following the Kenyan
standard KS EAS 2168-1:2020 [21], with minor modifications

applied. To ensure a homogeneous binder, hydrated lime was
first blended with the pozzolanic additives in the proportions
listed in Table 2. The binder was composed of 1350 g of graded
sand and 450 g of a pozzolan-hydrated lime mixture in a 1:1 mass
ratio. Mixing was carried out in an automatic mortar mixer for
90s. The fresh mortar was then placed into greased three-part
molds with dimensions of 40 X 40 X 160 mm, and each layer was
compacted using 20 strokes of a steel tamping rod. For the first
two days after casting, the specimens were kept in their molds
under high-humidity conditions of about 95 + 5%. After 48 h, the
specimens were removed from the molds and cured at a relative
humidity (RH) of 60 &+ 5% and a temperature of 20 £ 2°C, fol-
lowing the procedures outlined in ASTM C109 [22]. Specimens
were cured in air at around 60% RH to mimic real-world con-
ditions for lime-based mortars, where carbonation significantly
contributes to strength development. This curing approach was
chosen to reflect practical field conditions rather than accelerated
laboratory hydration. All lime mortar specimens were cured
under air conditions for 28 days to promote carbonation. Lime-
based mortars require a long curing period, so it was not possible
to measure strength at 3 and 7 days. Air curing was adopted
because lime-based mortars primarily gain strength through
carbonation, a process that depends on exposure to atmospheric
CO, and sufficient moisture [23]. This curing approach allows
the mortars to harden in a manner that closely replicates their
natural setting behavior since some researchers have suggested
that using noncarbonated lime in mortar mixtures can poten-
tially reduce the mortar’s strength [24].

2.8 | Water Absorption

The water absorption of mortar specimens (40 X 40 X 160 mm)
was determined following BS 1881-122 [25]. Prior to testing, the
specimens were oven-dried at 60 4= 5°C until a constant mass was
achieved and then cooled in a desiccator. The dry mass of each
specimen was recorded as m;. The specimens were then fully
immersed in a sealed container of water for 48 h. To allow
trapped air to escape, the samples were initially placed at an
approximate 45° angle and subsequently positioned vertically to
start the test period. After 48 h, the specimens were removed,
surface water was gently wiped away with a damp cloth, and the
saturated mass was recorded as m,. Water absorption was
expressed as a percentage, calculated using the standard formula
shown in the following equation:

w2 -w1

X 100. 1
w1 W

Wi =

2.9 | Determination of Flexural and Compressive
Strength

The compressive strength of the cured mortar prisms was
measured at 28 days following KS EAS 148-1:2000 [26]. For each
curing condition, three prisms were removed from the curing
environment, and any surface residues were gently wiped off
with a dry woven cloth. After labeling, the specimens were placed
in a compression testing machine. A preliminary vertical load of
50 N/s was applied, followed by continuous loading at a rate of
2400 N/s until failure. The compressive strength was calculated
as the average of the three specimens and reported in MPa. All
tests were performed using a YAW-300 compression testing
machine. Flexural strength tests were conducted according to the
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TABLE 1 | Physical properties (specific surface area and mean par-
ticle size) of the pozzolanic ashes.

Specific Mean
Sample surface area (m?/g) particle size (um)
SCBA 33.2 252
RHA 72.1 225

standards of the EN196-1 [27], using an MTS 809 hydraulic press
(MTS Systems Corporation, Eden Prairie, MN, USA). Mortar
prisms measuring 40X 40X 160 mm were used, with three
samples tested per mix. The mean of the three results was re-
ported as the final flexural strength.

2.10 | Data Analyses

All tests were performed in triplicate, and the reported mean and
standard deviation values were calculated from the three mea-
surements. Statistical comparisons between the mean values of
the cement pastes containing the selected pozzolans were carried
out using an independent two-sample, two-tailed t-test at a 95%
confidence level. Differences were considered statistically sig-
nificant when p < 0.05. The statistical analyses were conducted
in SPSS, and the outcomes were presented using appropriate
statistical tables, as well as line and bar charts.

3 | Results and Discussion

3.1 | Physical Characterization of the Materials

Evaluating PSD and SSA helps to understand the fineness,
grading, and potential reactivity of pozzolanic materials, which
are key factors in their effectiveness as supplementary cemen-
titious materials. Table 1 presents the average particle size and
SSA values for SCBA and RHA.

Particle fineness plays a major role in pozzolanic reaction rates
because a higher SSA provides a more reactive surface and allows
amorphous silica phases to dissolve more quickly [28]. In this
study, the RHA showed a higher SSA than SCBA (72.1 vs.
33.2m?/g) and also had a slightly finer average particle size. With
more exposed surface available for reaction, RHA is therefore
expected to be more pozzolanically active, promoting faster
consumption of calcium hydroxide and contributing more ef-
fectively to strength development. By comparison, the relatively
coarser SCBA particles are likely to react at a slower rate, with
part of their contribution coming from a filler-type effect rather
than chemical reaction [29].

The measured SSA of RHA in this study is higher than the value
reported by Marangu et al. [30], who obtained 51.4 mz/g, but far
below the much larger value published by Cordeiro et al. [29],

42,738 m*/kg. RHA typically has an angular, layered, and highly
microporous texture, which explains its generally high surface
area [31]. Its fine particle size and porous structure increase
contact with other components in the mix, supporting stronger
chemical interaction. Because of this higher reactivity, RHA can
take part more readily in reaction processes and help improve the
performance of cement-based materials [28].

The SSA of the SCBA used in this work (33.29 m?/g) falls within
the range reported by other researchers. For example, Yaseen
[32] reported 30.55 m?/g, while Figueiredo and Pavia[33] mea-
sured 25.64 m*/g for SCBA. Differences in SCBA surface area are
often linked to its variable particle shapes, which can include
angular, prismatic, spherical, and fibrous forms [32]. The surface
area values of the ashes (Table 1) follow the expected trend with
PSD: Finer particles tend to produce higher SSAs. Similar pat-
terns have been documented by Habeeb and Mahmud [31]. In
another study, Habeeb and Fayyadh [34] evaluated three RHA
samples with mean particle sizes of 31.3, 18.3, and 11.5 pm and
measured BET surface areas of 27.4, 29.1, and 30.4 mz/g, re-
spectively. Rasoul et al. [35] also observed increasing BET surface
area with decreasing particle size across four RHA samples. They
emphasized that both SSA and particle size are key factors
influencing pozzolanic reactivity in cementitious systems.

3.2 | Lime and Pozzolana Oxides

The results of the chemical analysis for the hydrated lime, test
pozzolans, and the LOI expressed as a percentage by mass are
presented in Table 3. The primary focus of this analysis was on
the chemical composition and the LOI of the materials.

The combined SiO, + Al,O; + Fe,O; content of RHA was
measured at 95.24%, substantially exceeding the 70% minimum
requirement by ASTM C618 [36]. This high value confirmed the
strong pozzolanic potential of the material. Similar silica-rich
compositions, typically between 88% and 97%, have been widely
reported for properly combusted RHA, particularly when
burning conditions are carefully controlled to avoid silica crys-
tallization [37-39]. SCBA recorded a combined pozzolanic oxide
content of 85.77%, which also comfortably met the ASTM C618
[36] requirements. The chemical composition of SCBA obtained
in this study aligns well with findings reported by Assumptor
et al. [39] and Rodrigues et al. [40], supporting its suitability as
a supplementary cementitious material.

Unlike RHA and SCBA, hydrated lime contains only trace
amounts of reactive silica and alumina and is instead charac-
terized by a very high CaO content. A similar elemental com-
position of hydrated lime has been reported in previous studies
[41, 42]. Lime does not exhibit pozzolanic behavior on its own. Its
primary function in blended systems is to supply calcium ions,
which react with the amorphous silica and alumina present in

TABLE 2 | Mix proportions of mortar constituents (mass ratios relative to total binder content).
Mix ID Hydrated lime SCBA RHA Standard sand Deionized water
Control (L100) 1.0 — — 3.0 0.50
L-SCBA (50/50) 0.5 0.5 — 3.0 0.50
L-RHA (50/50) 0.5 — 0.5 3.0 0.50

Note: All proportions are expressed as mass ratios. The binder-to-aggregate ratio is maintained at 1:3, and the water-to-binder (w/b) ratio is constant at 0.50 across all mixtures

to ensure comparability.
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Chemical composition (wt.%) of RHA, SCBA, and hydrated lime determined by XRF analysis.

TABLE 3

Si02 + A1203 + Fe203

LOI
5.26 £0.02
11.58 £0.02
26.14 +0.02

Na20
0.32 £0.01
1.09 +0.01

K,;0
1.20 £0.02
0.94 £0.02

MgO

CaO
0.70 +0.02
2.59 +0.03
96.46 £+ 0.02

Fe203
0.27 £ 0.01
0.74 £0.02

ALO;
0.50 & 0.01
0.42 + 0.01
1.46 + 0.01

Sio,
94.42 £+ 0.02
84.61 £+ 0.04

Material
RHA

95.24 +0.03
85.77 £ 0.04

SCBA
Lime

RHA and SCBA to form C-S-H and calcium aluminate hydrate
(C-A-H) phases. These hydration products play a central role in
strength development and durability enhancement in lime-based
mortars [43, 44].

ASTM C618 [36] specifies that Class N pozzolans must contain at
least 70% combined SiO, + Al,O; + Fe,O3, while Class F and
Class C pozzolans require a minimum of 50%. The RHA and
SCBA used in this study therefore fall under class N pozzolans.
The chemical composition of biomass ashes is strongly affected
by factors such as soil characteristics, local environmental
conditions, and the quality of the calcination process [45].
Variations in these factors can significantly influence the con-
centration of reactive oxides and, in turn, the pozzolanic effi-
ciency of the ashes. As shown in Table 3, the hydrated lime used
in this study is predominantly calcium-based, with a combined
CaO + MgO content exceeding 80%, in compliance with EN 459-
1 [46] requirements. The chemical composition of the hydrated
lime used in this study is consistent with values reported by Silva
et al. [41] and Al-Attar and Al-Azzawi [42]. The combined
CaO + MgO content of the hydrated lime in the present study
was found to be lower than the values reported by Newton and
Sharp [47] and Padovnik and Bokan-Bosiljkov [48]. This in-
dicates considerable variability in the quality of commercially
available lime products.

The LOI value of 5.26% recorded for RHA suggests a moderate
amount of residual carbon and indicates reasonably efficient
combustion. This value falls within the range commonly re-
ported for RHA in previous studies [38, 39, 49]. By contrast,
SCBA exhibited a relatively high LOI of 11.58%, reflecting
a substantial presence of unburnt carbon, a characteristic fre-
quently associated with this material. Elevated LOI levels are
known to increase water demand and may negatively affect early
strength development unless additional processing measures,
such as finer grinding or recalcination, are applied [29, 50].
ASTM C618 [36] permits fly ash to have an LOI of up to 12%,
while BS EN 197-1 [51] limits LOI to 7%. In the present study,
RHA satisfied both standards, whereas SCBA complied with the
ASTM requirement. The high LOI value observed for hydrated
lime (26.14%) is typical and is associated with the decomposition
of calcium carbonate and the release of CO, during calcination,
as well as subsequent hydration processes. This value is com-
parable to that reported by Padovnik and Bokan-Bosiljkov [48]
but notably lower than the LOI reported by Newton and
Sharp [47].

3.3 | Mineralogical Analysis Results

The mineralogical analysis of the precursor materials used in
mortar preparation is shown in Figures 1-3. The figures show
various minerals present in pure hydrated lime, RHA, and SCBA.

Figure 1 shows the XRD pattern of RHA, which is characterized
by a broad diffuse hump with its highest intensity occurring
between 22° and 25°. This feature is typical of amorphous silica
and confirms that the silica present in the RHA is largely
noncrystalline in nature. Comparable diffuse amorphous halos
have been widely reported for highly reactive RHA produced
under carefully controlled calcination conditions, particularly at
temperatures in the range of 600°C-700°C [29, 37, 52]. The lack
of sharp diffraction peaks associated with crystalline silica phases
such as quartz or cristobalite indicates that silica crystallization
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was minimal, suggesting combustion conditions that favored the
formation of reactive amorphous SiO, [37, 53].

These XRD findings are consistent with the chemical compo-
sition results, which revealed a combined SiO, + Al,O5 + Fe,05
content exceeding 95%, meeting the ASTM C618 [36] re-
quirements for natural pozzolans. The dominance of amorphous
silica, together with the high silica content, enhances the re-
activity of RHA with calcium hydroxide released during lime
hydration. As reported by Cordeiro et al. [29], amorphous silica
readily reacts with Ca(OH), to form secondary C-S-H gels,
which contribute to strength development and microstructural
refinement in both lime- and cement-based systems.

In addition, the relatively low LOI value of RHA (5.26%) suggests
limited residual carbon and effective combustion, conditions that
are conducive to the formation of amorphous rather than
crystalline silica. This combination of low crystallinity, high
pozzolanic oxide content, and acceptable LOI helps explain the
enhanced mechanical performance observed in lime mortars
incorporating RHA. By contrast, RHA produced at higher cal-
cination temperatures above 800°C often shows pronounced
crystalline peaks due to silica recrystallization, which leads to
reduced  pozzolanic activity and  poorer  strength
development [49].

The XRD pattern of SCBA presented in Figure 2 is characterized
by a pronounced broad diffuse hump spanning approximately
20 = 15°-35°, which indicates the dominance of an amorphous
phase typical of silica-rich ashes with good pozzolanic potential
[40]. This diffuse background implies that a large fraction of the
silica in SCBA is present in a noncrystalline, disordered state,
a condition that enhances its reactivity in lime- and cement-
based binders. In addition to the amorphous halo, faint crys-
talline peaks are observed at about 20 = 24.4°, 27.6°, 31.2°, and
71.1°. These reflections are mainly associated with quartz (SiO,),
along with minor aluminosilicate phases such as albite or or-
thoclase, as confirmed through phase identification. The weak
intensity of these peaks reflects a low degree of crystallinity,
suggesting that the combustion and subsequent processing
conditions were not severe enough to cause extensive silica
crystallization. Comparable XRD patterns dominated by amor-
phous humps and minor quartz peaks have been widely reported
for SCBA materials that exhibit satisfactory pozzolanic behavior
[29, 40].

The mineralogical characteristics observed in Figure 2 are closely
linked to the relatively high LOI value of SCBA (11.58%). High
LOI values are commonly associated with residual unburnt
carbon, which arises from incomplete combustion and is often
related to moderate burning temperatures that also help to
preserve the amorphous nature of silica [29, 50]. Therefore, the
combination of a dominant amorphous halo and elevated LOI
suggests that the SCBA was produced under combustion con-
ditions that favored the retention of reactive amorphous silica
while leaving a noticeable amount of residual carbon. By con-
trast, SCBA produced at higher combustion temperatures typi-
cally shows lower LOI values but a greater degree of silica
crystallization, evidenced by sharper and more intense quartz
peaks in XRD patterns [50]. Furthermore, the absence of high-
temperature crystalline phases such as cristobalite, tridymite,
and mullite phases that generally form at temperatures above
800°C supports the conclusion that the SCBA was not overburnt.

The XRD and LOI results indicated that the SCBA consists
predominantly of amorphous silica with a measurable amount of
residual carbon, a mineralogical and thermal signature that
aligns well with values reported in the literature.

The XRD pattern of the pure hydrated lime sample in Figure 3
confirms portlandite (Ca(OH),) as the dominant crystalline
phase, as indicated by strong and well-defined diffraction peaks.
The most intense reflection at approximately 21° 26 is widely
recognized as a characteristic feature of hydrated lime systems.
Additional reflections at higher angles further demonstrate the
high crystallinity and phase purity of the material. Minor peaks
corresponding to calcite (CaCO3) suggest partial carbonation
caused by exposure to atmospheric CO, during handling or
curing. This behavior is commonly reported even in freshly
prepared lime-based materials [54]. Similar XRD patterns of pure
hydrated lime have previously been reported by Padovnik and
Bokan-Bosiljkov [48]. This phase composition explains the
typically low early strength and long-term hardening behavior of
pure lime mortars reported in previous studies.

The sharp peak profiles and low background intensity indicate
limited amorphous content and minimal secondary reactions.
This behavior aligns with the findings of Matschei et al. [55], who
reported that pure hydrated lime typically exhibits high crys-
tallinity unless modified with pozzolanic additives, which tend to
introduce broader humps associated with amorphous C-S-H or
C-A-S-H phases. In contrast to lime systems modified with
pozzolanic materials, where portlandite peaks are often reduced
due to its consumption in pozzolanic reactions, the persistence
and high intensity of Ca(OH), reflections in this sample indicate
minimal secondary reaction and confirm the nonhydraulic na-
ture of the binder [16, 55]. This is consistent with the absence of
broad amorphous halos or peaks associated with hydraulic re-
action products, reinforcing the interpretation that the material
remains largely unreacted and reliant on slow carbonation for
long-term strength development.

3.4 | Reactivity by Electrical Conductivity

Tables 4 and 5 show the average electrical conductivity of RHA
and SCBA, and Figure 4 illustrates conductivity loss over time for
each sample.

Figure 4 presents the changes in electrical conductivity measured
for the lime-RHA and lime-SCBA systems, which provide an
indirect indication of calcium ion consumption during pozzo-
lanic reactions [20]. Comparable trends have been documented
in previous studies by Luxan et al. [20], John [38], and Assumptor
et al. [39]. The reduction in electrical conductivity observed over
time is mainly associated with the gradual depletion of Ca** and
OH" ions in the pore solution as they react with the reactive silica
(Si0,) and alumina (Al,O3) present in the ashes. These in-
teractions lead to the formation of C-S-H and C-A-H, which are
the principal reaction products responsible for strength devel-
opment and improved durability in lime-based systems.

Possible sources of error in conductivity measurements include
the dissolution of ash constituents in water and the presence of
soluble salts, both of which could artificially increase ionic
concentrations and affect conductivity readings [33]. In this
study, however, such effects were negligible. Measurements
carried out on ash-water suspensions showed very low
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FIGURE 1 | XRD pattern of RHA.

conductivity values (< 1 mS/cm) (Tables 4 and 5), and the alkali
and anion contents of the ashes were minimal, as reported in
Table 3. The low conductivity readings for the ash-water sus-
pensions by themselves confirm that the decreases observed are
a result of the lime-ash reactions, rather than the inherent

conductivity of the ashes. Carbonation represents another po-
tential source of error, since atmospheric CO, can react with
Ca(OH), and reduce calcium availability independently of
pozzolanic reactions. To limit this effect, all test suspensions
were tightly sealed during the measurements to minimize CO,
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FIGURE 2 | XRD pattern of SCBA.
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FIGURE 3 | XRD diffractogram of pure hydrated lime.

ingress. In addition, although high residual carbon contents may
hinder lime-ash interactions and interfere with conductivity
results, the ashes used in this study contained relatively low
amounts of carbon.

Both lime-RHA and lime-SCBA systems exhibited a sharp in-
crease in conductivity loss during the first 30 min, followed by
a more gradual decline at later ages. This response indicates
intense early-stage pozzolanic activity followed by sustained
reaction kinetics over time. Similar behavior has been reported
by Walker and Pavia [28] and Figueiredo and Pavia [33], who
observed pronounced conductivity reductions at early reaction
stages. RHA produced a much quicker and more pronounced
drop in conductivity, falling from 7.15 to 2.63 mS/cm within
240 min, while SCBA showed a slower decline, reaching 5.66 mS/
cm over the same duration. This trend suggests that, under the
same test conditions, RHA demonstrates stronger short-term
pozzolanic reactivity than SCBA. This behavior aligns well
with previous studies that attribute the superior pozzolanic
performance of RHA to its high content of amorphous silica and
higher SSA (Tables 1 and 3, Figure 5) [38, 39].

By comparison, the lower but continuous conductivity loss ob-
served in the lime-SCBA system suggests slower reaction ki-
netics, likely influenced by the presence of minor crystalline
phases and relatively inert components. Nevertheless, the steady
decrease in conductivity over time clearly confirms the pozzo-
lanic character of SCBA [39, 56]. XRD results indicated that RHA
is predominantly amorphous (Figure 5), while SCBA consists
mainly of an amorphous phase with small amounts of crystalline
material (Figure 1). Since amorphous silica and alumina are
more soluble and reactive than their crystalline counterparts

| COD 9009222 O,TI2 avicennite
| COD 1001774 CaCI H, Mg O,, tachyhydrite

624

COD 9011336 Al7Ca6016.753 mayenite

[28], these mineralogical differences account for the faster lime
consumption observed in the RHA system. The conductivity
measurements are consistent with the XRD findings and confirm
that both ashes are suitable supplementary cementitious mate-
rials for lime-based binders, with RHA promoting rapid early
reactions and SCBA contributing to sustained pozzolanic activity
over longer periods.

3.5 | Water Absorption

Mortar prisms were subjected to a water absorption test for
a period of up to 48 h. The results are as represented in Figure 6.

Figure 6 shows the water absorption of pure lime, lime-RHA,
and lime-SCBA mortars. The pure lime mortar absorbed the
most water, which reflects its highly porous structure and limited
hydraulic activity [57]. Similar findings have been reported by
Janotova and Slizkova [58] and Brzyski [13]. During air curing,
carbonation in lime creates fine surface pores that make it easier
for water to penetrate, reducing the material’s durability [59].
The inherently porous nature of pure lime mortars allows them
to take up significant amounts of water, which may reduce their
durability by making them more susceptible to freeze-thaw
action and salt buildup, as well as lead to lower early strength and
a slower rate of hardening [60].

Adding agricultural waste pozzolans significantly lowered water
absorption in both lime-RHA and lime-SCBA mortars, showing
improved resistance to water penetration. This improvement
mainly comes from pozzolanic reactions, which consume cal-
cium hydroxide and produce additional calcium silicate hydrate
gels [20]. These gels refine the pore structure, reduce connectivity
between pores, and enhance long-term durability [61, 62].
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0.66

7.1 mS/cm; conductivity of deionized water + SCBA

Electrical conductivity of saturated Ca(OH), solution after addition of SCBA calcined at 600°C for 2 h (initial Ca(OH), conductivity

TABLE 4
mS/cm).

Electrical conductivity (mS/cm)

Time
(min)

240
5.66 £ 0.050

60 90 120 150 180 210
5.93+£0.033 5.89 £0.028 5.84 £0.034 5.80 £0.049 5.73 £0.040

6.02 £ 0.037

30
6.28 £0.011

7.15 £ 0.005

Average

Similar reductions in water absorption and durability improve-
ments resulting from the addition of agricultural waste additives
have been widely observed in lime-pozzolana systems with RHA
and SCBA [49, 63, 64].

Among the composite mortars, lime-RHA showed the lowest
water absorption, which aligns with its higher pozzolanic re-
activity. The high content of amorphous silica in RHA promotes
extensive lime consumption and the formation of dense C-S-H
networks, effectively refining the pores and limiting water
movement through the mortar. This pore refinement explains the
superior durability of lime-RHA mortars [65]. The lime-SCBA
mortar absorbed slightly more water than lime-RHA. This is
likely due to the porous and irregular shape of SCBA particles,
which increase capillary porosity and water retention, especially
at early ages [66]. Minor crystalline and inert phases in SCBA also
slow down pozzolanic reactions, leading to less effective early-
stage pore refinement compared with RHA [50]. These water
absorption trends are consistent with the mineralogical and
reactivity analyses in this study and demonstrate that both ashes
effectively improve the durability of lime-based mortars.

3.6 | Compressive Strength Performance

The compressive and flexural strength results for the mortar
mixes used in this study are summarized in Table 6 and Figures 7
ands.

The pure lime mortar had a very low 28-day compressive strength
of just 0.43 MPa, reflecting the slow strength development typical
of air-lime binders. These binders rely on carbonation, a gradual
reaction controlled by CO, diffusion and moisture, which limits
early and mid-term strength gain [67]. Low early-age strengths
for pure lime mortars have been widely reported [67, 68].
Apostolopoulou et al. [69] reported 0.2-4.5MPa for hydrated
lime mortars. The results of the present study are within the
ranges reported in this study. Nevertheless, the compressive
strength measured for the pure lime mortar in this study was
considerably lower than the values reported by Kaya et al. [8].

Figure 7 shows a clear increase in compressive strength when
lime is mixed with agricultural waste ashes compared to pure
lime mortar. The L-RHA mortar achieved a compressive
strength of 4.64 MPa, which was notably higher than the value
measured for the L-SCBA mortar (3.84 MPa). An independent t-
test verified that this difference is statistically significant (#(4)
=32.07, p < 0.0001). Adding pozzolanic materials greatly im-
proved the strength of pure lime mortar. The lime-RHA mortar
attained 4.64 MPa, a more than tenfold increase, while L-SCBA
achieved 3.84 MPa. This boost is a result of pozzolanic reactions
between the amorphous silica in RHA and SCBA and the calcium
hydroxide from lime hydration. This reaction produces extra
C-S-H gels that densify the microstructure and reduce porosity
[13, 58, 62]. The resulting denser structure not only strengthens
the mortar but also enhances durability by lowering water ab-
sorption, as seen in Figure 6, where RHA mortars had the least
water uptake, followed by SCBA mortars.

The superior performance of L-RHA is linked to its higher
content of reactive amorphous silica and finer particle size
(Table 3, Figure 5), which enable faster and more efficient
pozzolanic reactions [53]. SCBA mortars, though slightly weaker,
still show significant improvement over pure lime, as their
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0.37

7.15 mS/cm; conductivity of deionized water + RHA =

Electrical conductivity of saturated Ca(OH), solution after addition of RHA calcined at 600°C for 2 h (initial Ca(OH), conductivity

TABLE 5
mS/cm).

Electrical conductivity (mS/cm)

Time
(min)

240
2.63 £0.110

60 90 120 150 180 210
3.69£0.113 3.37+£0.139 3.07 £0.141 2.85+0.103 2.73 4+ 0.106

4.03 +0.108

30
4.49 +0.085

7.15 £ 0.005

Average

pozzolanic reactions continue at a slower pace due to coarser
particles, minor crystalline phases, and higher residual carbon
(Table 3, Figure 1) [29]. The reduced water absorption in both
ashes indicates that the denser C-S-H network effectively blocks
capillary water pathways, improving long-term durability. The
combined gains in compressive strength and lower water ab-
sorption show that incorporating RHA and SCBA overcomes the
natural limitations of pure lime. RHA provides rapid strength
development and low permeability, while SCBA supports sus-
tained long-term improvements, making both suitable for non-
structural applications such as masonry mortars and
rendering [56].

3.7 | Flexural Strength Performance

The flexural strength test for control and pozzolana-lime prisms
is shown in Figure 8.

Figure 8 illustrates the flexural strength development of pure
lime mortar in comparison with L-RHA and L-SCBA composite
mortars. Pure lime mortar showed very low flexural strength
(0.17 MPa), indicating its limited capacity to resist tensile and
bending stresses. This response is typical of nonhydraulic lime
binders, which gain strength slowly through carbonation,
maintain a highly porous structure, and offer minimal resistance
to crack formation and propagation [67, 68].

Flexural strength results also indicated a clear gap between the
L-RHA mortar (2.70 MPa) and the lime-SCBA mortar (0.97
MPa). Statistical testing confirmed that this difference is highly
significant (#(4) = 129.5, p < 0.0001). The inclusion of pozzolanic
materials led to a substantial improvement in flexural strength.
L-RHA achieved the highest value of 2.7 MPa, representing an
increase of more than one order of magnitude compared with
pure lime. This enhancement is mainly attributed to the high
proportion of reactive amorphous silica in RHA, which reacts
with calcium hydroxide to form secondary C-S-H phases. These
products improve interparticle bonding, refine the pore struc-
ture, and increase resistance to crack initiation and growth under
bending loads [13]. The strong flexural performance of L-RHA
indicates the formation of a more cohesive and crack-resistant
matrix, making it particularly suitable for masonry mortars,
plasters, and renders, where flexural behavior strongly in-
fluences serviceability and durability.

The lime-SCBA mortar developed a flexural strength of 0.97
MPa, which, although lower than that of lime-RHA, still rep-
resents a marked improvement over pure lime. The compara-
tively lower performance can be linked to reduced pozzolanic
reactivity arising from partially crystalline silica (Figure 2),
relatively higher residual carbon content (Table 3), and possible
competition between carbonation and pozzolanic reactions un-
der air-curing conditions. In such environments, carbonation
may consume calcium hydroxide that would otherwise partici-
pate in pozzolanic reactions, thereby limiting early strength
development [70]. Nevertheless, SCBA still contributes to mi-
crostructural densification and progressive durability gains at
later curing ages.

When compressive and flexural strengths are considered to-
gether, lime-SCBA mortars show lower ductility than pure lime,
as indicated by a higher compressive-to-flexural strength ratio.
Lime-RHA exhibits the highest ratio, suggesting the densest and
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least ductile microstructure. This behavior is particularly im-
portant for historic masonry applications, such as rendering,
plastering, and repointing, where mortars must accommodate
minor movements caused by thermal changes, moisture varia-
tions, or settlement without cracking in order to ensure long-
term durability [71].

The mortar specimens used for durability and mechanical
testing were cured in air at approximately 60% RH to simulate
realistic service conditions for lime-based mortars, where

carbonation is the primary hardening mechanism. However,
such conditions are not ideal for pozzolanic reactions, which
require sufficient moisture to enable the dissolution of reactive
silica and alumina and the transport of ions within the pore
solution [71]. Reduced moisture availability limits these pro-
cesses, thereby slowing the formation of strength-enhancing
phases such as calcium silicate hydrate (C-S-H) and calcium
aluminate hydrate (C-A-H). This effect is particularly pro-
nounced for SCBA, which inherently exhibits slower reaction
kinetics.
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FIGURE 6 | Water absorption (%) of pure lime (L100) and pozzolan-modified (L-RHA and L-SCBA) mortars after 28 days of air curing. Error bars
represent the standard deviation of triplicate measurements (n = 3).

TABLE 6 | Mechanical performance (compressive and flexural strength) of lime and pozzolanic-blended mortars at 28 days.

Binder ratio
Mortar samples Lime:pozz:sand Test age (days) Compressive strength (MPa) Flexural strength (MPa)

Control (L100) 1:0:3 28 0.43 +0.06 0.17 £0.01
L-RHA (50/50) 1:1:3 28 4.64 +0.03" 2.70 £0.01*
L-SCBA (50/50) 1:1:3 28 3.84 +0.03" 0.97 £0.01"

Note: Values represent the mean of three specimens (n = 3) and the standard deviation. Asterisks (*) indicate statistical significance compared to the control (p < 0.05) based
on a two-tailed t-test.
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FIGURE 7 | Compressive strength (MPa) of control (L100) and pozzolan-modified (L-RHA and L-SCBA) lime mortars after 28 days of air curing.
Error bars represent the standard deviation of three replicates (n = 3).

In addition, carbonation and pozzolanic reactions may compete compared to those achievable under moist or high-humidity
under air-curing conditions, as carbonation consumes calcium curing. Nevertheless, the selected curing regime provides a re-
hydroxide that would otherwise participate in pozzolanic re- alistic assessment of in-service performance. Future work should
actions [70]. Consequently, the mechanical and durability include comparative studies under different curing conditions to
properties reported in this study are likely conservative  better quantify the combined effects of carbonation and
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FIGURE 8 | Flexural strength (MPa) of control (L100) and pozzolan-modified (L-RHA and L-SCBA) lime mortars after 28 days of air curing. Error

bars represent the standard deviation of triplicate measurements (n = 3).

pozzolanic activity and to identify optimal curing strategies for
lime-pozzolan systems.

4 | Conclusion

Based on the results of this study, the main conclusions can be
summarized as follows:

« Both RHA and SCBA exhibit strong pozzolanic character-
istics, as confirmed by their chemical composition and
reactivity.

« RHA demonstrates higher reactivity due to its greater
amorphous silica content and finer particle size, while SCBA
shows slower but sustained pozzolanic activity.

« The incorporation of both ashes significantly enhances
compressive and flexural strength compared to pure lime
mortars.

» RHA achieves superior mechanical performance and lower
permeability, whereas SCBA provides moderate strength
improvement with relatively improved flexibility.

« Water absorption is substantially reduced in modified
mortars, indicating improved pore structure and durability.

The overall performance of lime-pozzolan systems is gov-
erned by the interplay between material composition, mi-
crostructure, and reactivity.

« Lime-RHA mortars are more suitable for applications re-
quiring higher strength and reduced permeability, such as
masonry mortars and renders.

« Lime-SCBA mortars are better suited for heritage conser-
vation and restoration works, where compatibility and
flexibility are essential.

Further studies should investigate long-term durability
under aggressive environments (e.g., sulfate attack, acidic
environments, and carbonation).

« Future research should also include comprehensive life
cycle and cost analyses to fully quantify environmental and
economic benefits.

« Environmental and economic impacts should be quantified
through life cycle and cost analyses.
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