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Abstract
The growing energy demand, rising production costs, and environmental impacts 
associated with ordinary Portland cement have intensified the search for sustainable, 
low-carbon binders. Lime–pozzolana systems incorporating agricultural waste ashes 
present a viable alternative; however, their development is often based primarily 
on strength results, limiting insight into the role of material structure and reactivity. 
This study comparatively evaluates sugarcane bagasse ash (SCBA) and sawdust 
ash (SDA) as supplementary cementitious materials in lime-based binders, with 
emphasis on linking physicochemical properties to performance. The ashes were 
produced under controlled calcination at 600–700 °C and characterized for oxide 
composition, mineralogy, particle size distribution, specific surface area, and loss on 
ignition. SCBA exhibited a high combined content of SiO₂ + Al₂O₃ + Fe₂O₃ (86.60%) 
and was predominantly amorphous, whereas SDA showed a significantly lower 
content (23.16%), higher loss on ignition (15.33%), and a largely crystalline structure, 
despite possessing a higher specific surface area. Pozzolanic activity was assessed via 
electrical conductivity measurements. The results revealed faster early reactivity for 
SDA, attributed to its higher surface area, while SCBA demonstrated more sustained 
reactivity due to its high amorphous silica content. At 28 days, SCBA–lime mortars 
achieved compressive strengths of 2.98–3.72 MPa, compared to 1.51–2.52 MPa for 
SDA–lime mortars across pozzolan-to-lime ratios of 3:1 to 1:1. Similarly, SCBA mortars 
exhibited higher bulk density (930.6 kg/m³) and lower water absorption (14.14%) 
than SDA mortars (812.4 kg/m³ and 18.14%, respectively). All mixes exceeded the 
minimum strength requirement of 2 MPa for lime–pozzolana binders, although 
they remained significantly lower than the OPC control (48.06 MPa). Overall, SDA 
enhances early-age reactivity, whereas SCBA provides superior long-term mechanical 
performance. These findings establish a clear relationship between material 
characteristics, pozzolanic behavior, and mortar performance, offering practical 
guidance for the selection of locally available agricultural ashes in sustainable 
construction.
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​​1  Introduction
Global demand for cement continues to rise, driven by rapid urbanization, popula-
tion growth, and expanding infrastructure, especially in developing economies. Recent 
industry assessments confirm steady increases in both production and consumption 
worldwide [1]. Ordinary Portland Cement (OPC) remains the primary construction 
binder, yet its production requires substantial energy and carries a heavy environmental 
cost. The manufacture of clinker involves calcining limestone and clay at temperatures 
above 1300  °C, a process that consumes significant amounts of fossil fuel and releases 
considerable carbon dioxide [2]. The cement industry is responsible for about 5–8% of 
global human-generated carbon dioxide emissions while also contributing to resource 
depletion and air pollution. The global construction sector is under growing pressure 
due to the substantial energy consumption, environmental consequences, and carbon 
emissions linked to the production of OPC. These environmental pressures pose a major 
sustainability challenge for the construction sector [3, 4].

In response, research has increasingly focused on reducing dependence on ordinary 
Portland cement without compromising material performance. The increasing impact of 
environmental degradation and greenhouse gas emissions highlights the urgent need for 
sustainable construction materials, with recycling serving as a key strategy in advanc-
ing circular economy objectives [5]. One widely explored strategy involves the partial 
or complete replacement of clinker with supplementary cementitious materials (SCMs). 
Materials including fly ash, ground granulated blast furnace slag, silica fume, and rice 
husk ash have been widely investigated for their ability to reduce energy consumption 
and carbon emissions while also decreasing clinker content and enhancing durability 
[6–9].

However, declining coal-based power generation, changes in industrial activity, and 
growing transportation distances are affecting the long-term supply, cost, and environ-
mental benefits of these conventional by-products. Scrivener et al. [3]. argue that mate-
rials such as ground granulated blast furnace slag, fly ash, waste glass, and silica fume 
are unlikely to satisfy the growing demand for supplementary cementitious materials in 
cement production. They further contend that ashes generated from agricultural activi-
ties alone would also be insufficient to meet this demand. Consequently, attention has 
shifted toward locally available and potentially sustainable agricultural and industrial 
waste ashes as alternative pozzolanic resources [8].

Among these agro-industrial waste ashes, sugarcane bagasse ash (SCBA) and sawdust 
ash (SDA) have received growing attention. Sawdust ash, produced from timber resi-
dues, shows variable pozzolanic performance depending on the type of biomass, burning 
conditions, and remaining carbon content [8]. Sugarcane bagasse ash, generated dur-
ing sugar processing, can yield highly reactive amorphous silica when properly calcined. 
Numerous studies worldwide have examined sugarcane agro-waste because of its signifi-
cant pozzolanic oxide content. However, the characteristics of SCBA and its optimum 
replacement levels differ considerably across regions. For instance, the combined poz-
zolanic oxides of SiO₂ + Al₂O₃ + Fe₂O₃ have been reported to range widely, from as low 
as 27.2% to as high as 88% [10–11]. Hossain et al. [12]. investigated the incorporation 
of industrial by-products such as SCBA in the production of sustainable construction 
binders. Their study reported improvements in hydration behavior, mechanical strength, 
and microstructural densification. The findings indicated increased pozzolanic reactivity 
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and progressive strength gain, highlighting the capacity of these waste-derived materials 
to contribute to sustainable development and climate mitigation objectives.

Costa et al. [13]. reported that partially replacing Portland cement clinker with SCBA 
improves the mechanical properties of the composite and contributes to a more sustain-
able construction material. Many other investigations have assessed SCBA and SDA sep-
arately as supplementary cementing materials, mainly within ordinary Portland cement 
systems. These studies have reported improvements in strength and durability when 
composition and processing are carefully controlled [9, 14–18]. Nevertheless, studies 
directly comparing these two ashes in lime-based binders under the same experimental 
conditions are still limited.

Furthermore, most previous research has relied heavily on compressive strength mea-
sured at later ages. Although compressive strength is an important indicator, it does not 
fully explain early reaction mechanisms or clarify whether performance depends more 
on surface area, chemical makeup, or the amount of amorphous material. Consequently, 
the links between structure, reactivity, and performance in lime–pozzolana systems are 
not yet fully established. Measuring electrical conductivity in saturated calcium hydrox-
ide solutions provides a rapid way to monitor early pozzolanic activity by tracking the 
consumption of calcium and hydroxide ions in real time. Unlike conventional strength 
testing, this method helps distinguish between rapid surface-controlled reactions and 
slower, chemically governed processes. Despite its potential, few comparative studies 
have combined conductivity-based testing with detailed chemical, mineralogical, and 
mechanical analyses of agricultural ashes in lime-based systems.

This study addresses these gaps through a controlled comparative evaluation of 
SCBA–lime and SDA–lime binders produced under identical calcination and curing 
conditions. The primary objective is to correlate early-age pozzolanic reactivity, quanti-
fied via electrical conductivity, with ash composition, mineralogy, specific surface area, 
and 28-day mortar performance. It is hypothesized that materials with higher specific 
surface area will exhibit faster early-age pozzolanic reactions due to increased reac-
tive surface exposure, and long-term compressive strength will be governed primarily 
by reactive oxide content and amorphous phase availability (as in SCBA), rather than 
surface area alone. By systematically testing these hypotheses and benchmarking against 
OPC mortars, this study advances current SCBA and SDA research beyond strength-
based evaluation, establishes clearer structure–reactivity–performance relationships, 
and provides performance-informed guidance for selecting locally available agricultural 
ashes as sustainable lime-based construction materials.

2  Materials and methods
2.1  Materials

Sugarcane bagasse (SCB) for this study was obtained from Butali Sugar Company Lim-
ited (Kakamega, Kenya). Sawdust was randomly collected from two commercial sawmills 
on the outskirts of Eldoret City, Kenya. To prevent sand contamination, samples were 
carefully collected by putting fresh sawdust ash into the bags. Commercial Ordinary 
Portland Cement 42.5 conforming to KS EAS 18 − 1: 2017 [19] was supplied by Simba 
Cement Company Limited (Nakuru, Kenya) for control purposes. Standard river sand 
was used as fine aggregate for mortar preparation. Deionized water was used throughout 
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the study. Hydrated commercial lime (Ca(OH)₂) conforming to KS EAS 18 − 1:2017 [19] 
was supplied by Laboklin Chimique Company Limited.

2.2  Methods

2.2.1  Sample preparation

Sugarcane bagasse samples were ground using an HFM 100 grinder (Beijing Grinder 
Instrument Co., Ltd., Beijing, China) under dry grinding conditions. The material was 
milled for 15 min at a rotational speed of 300 rpm to achieve a particle size passing a 
90 μm sieve. Sugarcane bagasse samples were rinsed with distilled water to remove sand 
and impurities, then oven-dried at 110  °C for 24 h. Collected sawdust (SD) from local 
sawmills in Eldoret was sun-dried for ten days to reduce moisture content naturally, 
minimizing energy use while preventing thermal decomposition of volatile organics. 
Sand samples were washed with deionized water and sun-dried for two days. Oven-dry-
ing was not required because sand’s low organic content and coarse particle size allow 
adequate moisture removal under ambient conditions without affecting grading or water 
absorption.

2.2.2  Calcination of the pozzolans

The dried SCB was converted into ash through controlled calcination in an air atmo-
sphere in a muffle furnace (Advantec KL-420, Tokyo, Japan) under three separate con-
ditions: 600 °C for 2 h, 600 °C for 1 h, and 700 °C for 1 h. A controlled heating rate of 
approximately 10  °C/min was applied. These conditions were selected to evaluate the 
influence of calcination temperature on pozzolanic reactivity while ensuring complete 
removal of organic matter and avoiding excessive crystallization. The resulting SCBA 
was cooled naturally inside the furnace to room temperature for 24 h and then ground 
under dry conditions using an HFM 100 grinder (Beijing Grinder Instrument Co., Ltd., 
Beijing, China) for 15 min to achieve a particle size passing a 75 μm sieve and stored in 
airtight containers.

The collected sawdust was sun-dried for ten days to reduce moisture content. The 
dried SD was calcined in a laboratory muffle furnace under controlled conditions. Cal-
cination was performed under an oxidizing atmosphere using three different tempera-
ture–time regimes: 600  °C for 1  h, 600  °C for 2  h, and 700  °C for 1  h. A heating rate 
of approximately 10 °C/min was applied to reach the target temperature. After comple-
tion of the calcination period, the ash was allowed to cool naturally inside the furnace to 
room temperature. The resulting SDA was then ground under dry conditions for 15 min 
to pass a 75 μm sieve and stored in airtight containers. These controlled regimes were 
selected to evaluate the influence of temperature and residence time on ash reactivity 
and phase composition.

2.2.3  Physical, chemical, and mineralogical analysis

Particle size distribution (PSD) was assessed using a conventional mechanical sieve ana-
lyzer in accordance with KS 02 1263 [20]. The analysis was primarily conducted to deter-
mine the percentage of material passing the 90 μm sieve and to verify compliance with 
fineness requirements. It is acknowledged that sieve analysis provides limited resolution 
for ultrafine particles (< 75 μm), and therefore the reported PSD reflects coarse fraction 
grading rather than full submicron distribution. Although sieve analysis was used for 
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grading control, Brunauer–Emmett–Teller (BET) specific surface area (SSA) analysis was 
employed to better capture fineness characteristics of the ashes. This was accomplished 
using a BET nitrogen adsorption analyzer (Gemini 2375 V). The BET surface area was 
determined using the multipoint method over a relative pressure (P/P₀) range of 0.05–
0.30. Elemental composition for both the pozzolans and control OPC was determined 
with an XRF spectrometer (Epsilon 3XLE, Malvern Panalytical, Almelo, Netherlands). 
The mineralogical and amorphous characteristics of the pozzolans were examined using 
X-ray diffraction (Bruker AXS GmbH, Karlsruhe, Germany). XRD characterization was 
conducted on SCBA and SDA samples calcined at 600 °C for 1 h, as these ashes exhib-
ited the most favorable pozzolanic reactivity.

2.2.4  Loss on ignition (LOI)

One gram of obtained raw pozzolans was oven-dried at 110 °C for 1 h, then heated in 
an air atmosphere in a muffle furnace at 1000  °C for 1  h, cooled in a desiccator, and 
reweighed. Percentage loss on ignition (LOI) was calculated according to the procedure 
described elsewhere in the literature [21].

2.2.5  Evaluation of pozzolanic activity

Evaluation of the pozzolanic activity test was carried out using a modified procedure 
of Marangu [22]. A saturated calcium hydroxide solution was prepared by adding 0.8 g 
of Ca(OH)₂ to 200 mL of distilled water in a 250 mL beaker, maintained at 38 ± 1  °C 
on a hot magnetic plate with continuous stirring. The solution’s electrical conductivity 
was measured using a conductivity meter. After the lime-water system stabilized, 5  g 
of ground pozzolana were added and stirred for two minutes. Conductivity measure-
ments were taken every 30 min for 4 h. A pozzolana–water system without lime was also 
tested, and its contribution was subtracted from the lime–pozzolana readings to obtain 
corrected conductivity values. The procedure was repeated for different temperatures 
and calcination times.

To quantitatively classify pozzolanic reactivity, percentage conductivity loss was cal-
culated at defined intervals (30, 120, and 240 min) relative to the initial conductivity of 
the saturated calcium hydroxide solution. Following benchmarks established in previous 
conductivity-based studies on known pozzolans like rice husk ash, sugarcane bagasse 
ash, and metakaolin, the following classifications were adopted: High reactivity: ≥ 30% 
conductivity loss at 30 min, Moderate reactivity: 15–30% conductivity loss at 30 min and 
low reactivity: < 15% conductivity loss at 30 min [11, 21–24].

2.2.6  Molding and curing the test mortar prisms

Mortar prisms were prepared in compliance with the Kenyan standard, KS EAS 2168-1 
[25]. Three mortar prisms measuring 160 mm by 40 mm by 40 mm for each test sample 
were made simultaneously. This was accomplished by using a trowel to mix 1350 g of 
graded sand and 450 g of pozzolana lime mixture (3:1) on a non-porous plate for one 
minute. Only SCBA and SDA calcined at 600  °C for 2 h were used for mortar prepa-
ration because preliminary tests on early-age pozzolanic activity indicated these sam-
ples provided the best balance of reactivity (Table 1). Water was added gradually to the 
pozzolana–lime–sand mixture in a stainless-steel bowl to achieve a workable mortar 
consistency.
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Workability was assessed using the flow table method following KS EAS 148-1 [26], 
with a target flow diameter of 110–120 mm, ensuring adequate spreadability for mold-
ing without segregation. Although detailed rheological characterization (e.g., yield stress 
and plastic viscosity) was beyond the scope of this study, the fresh-state behavior of the 
mortars was indirectly evaluated using flow table measurements. Workability was con-
trolled by adjusting the water-to-binder (w/b) ratio to achieve a consistent target flow of 
110 ± 5 mm for all mixes. This single-point control ensures that variations in mechanical 
performance are primarily governed by the intrinsic properties of the binders, such as 
pozzolanic reactivity and ash morphology, rather than differences in workability.

To create a cement mortar with a uniform consistency, mixing was then carried out 
for an additional 4 min using a trowel. The prepared mortar mixture was carefully placed 
into grease-lubricated molds and compacted using a laboratory vibrating table for 2 min 
to remove entrapped air. A curing environment with a relative humidity of greater than 
90% was used to store the prisms. In the curing room, the prisms were covered with 
a flat, impermeable layer of polyethylene paper. After a 24-h period, the prisms were 
demolded, labeled for identification, and allowed to cure in the air for 28 days at 23 ± 2 °C 
and 65 ± 5% relative humidity. Air curing was employed because lime cement does not 
solidify in water, and it takes a long time to cure; therefore, the 3- and 7-day strengths 
could not be estimated [11]. The process above was repeated with 450 g of pozzolana-
lime mixes in ratios of 2:1 and 1:1.

The pozzolana-to-lime ratios of 3:1, 2:1, and 1:1 were selected based on both chemical 
and practical considerations. Chemically, varying the ratio enables evaluation of different 
levels of calcium hydroxide availability for the pozzolanic reaction, with higher pozzo-
lana content (3:1) representing a more demanding condition for reactive silica consump-
tion. Practically, these ratios are consistent with traditional lime mortar practices, where 
binder proportions are adjusted according to the reactivity of supplementary materials. 
Similar ranges have also been widely used in studies on agricultural ashes, providing a 
reliable basis for comparison [11, 21]. For reference purposes, OPC mortar prisms were 
also made; however, this time the OPC was mixed with sand alone, and they were cured 
in water for 28 days.

The curing regimes were selected to suit the optimal development conditions of each 
binder system. OPC mortars were water-cured to promote continuous hydration of the 
silicate phases, whereas lime-based mortars were air-cured at 23 ± 2 °C and 65 ± 5% rela-
tive humidity. Air curing is necessary for lime–pozzolana systems to enable carbonation 
through atmospheric CO₂ uptake and to minimize the leaching of calcium hydroxide 
prior to completion of the pozzolanic reaction. Therefore, comparisons between the two 
systems reflect their performance under respective optimal curing conditions and are 
not strictly equivalent due to the differing curing mechanisms. A total of 36 pozzolana-
lime mortars and 9 OPC mortars were prepared.

Table 1  Percentage conductivity loss (%) of SCBA and SDA under different calcination conditions
Time 
(min)

SCBA 
(600 °C–1 h)

SCBA 
(600 °C–2 h)

SCBA 
(700 °C–1 h)

SDA 
(600 °C–1 h)

SDA 
(600 °C–2 h)

SDA 
(700 °C–1 h)

30 21 24 14 63 65 69

120 26 31 23 65 72 78

240 30 34 28 64 71 75
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2.2.7  Bulk density

The bulk densities of the mortar prisms were determined according to the requirements 
of BS 1881 [27]. After 28 days of curing, the samples were dried at 60 ± 2 °C until their 
mass remained constant. The mass (m₀, kg) of the specimen was determined after it had 
cooled down to room temperature (25 °C). The dimensions of the mortar prisms were 
measured, and bulk volume was calculated using the geometry approach (multiplying 
the length, breadth, and height of the specimens). The final dry density of the mortar 
was calculated as a mass-to-volume ratio.

2.2.8  Water absorption

The testing procedure for water absorption capacity followed the guidelines of BS 
1881 − 122 [28]. Before immersion, the 28-day cured mortar samples were placed in a 
ventilated oven at a temperature of 60 ± 5  °C and dried until they reached a constant 
weight. After drying, they were allowed to cool in a desiccator, and the dry mass of each 
sample was recorded as m₁. The samples were then immersed in a sealed container filled 
with water for 48 h. During immersion, the specimens were inclined at an angle of about 
45° to help release any trapped air bubbles. Once submerged, they were positioned ver-
tically, marking the start of the test. After the 48-hour immersion period, the samples 
were removed, gently wiped with a damp cloth, and their saturated mass was measured 
and recorded as m₂. The result of this test is the percentage of water absorbed by the 
samples, which is determined using Eq. 1.

	
W = m2 − m1

m1
× 100� (1)

Bulk density and water absorption measurements were performed on mortar specimens 
prepared using SCBA and SDA calcined at 600 °C for 2 h.

2.2.9  Compressive strength determination

The analysis of compressive strength of all the mortar prisms was conducted in com-
pliance with the requirements of KS EAS 148-1 [26]. The compressive strength of the 
cured specimens was determined using a universal testing machine for compression 
(SSC-546, Instron, Norwood, USA) in accordance with standard testing procedures. The 
mortar prism was oriented lengthwise in the compressive machine so that its end face 
overhangs the platens or auxiliary plates by around 10 mm and is centered on the plat-
ens of the compressive equipment within ± 0.5 mm. Over the course of the load applica-
tion, the load was gradually increased at a rate of 2400 ± 200 N/s till fracture. For each 
test regimen, results were obtained in triplicate. The value of compressive strength was 
determined and reported in MPa.

2.3  Data analyses

All tests were conducted in triplicate, and the mean and standard deviation values were 
obtained from triplicate measurements in Microsoft Excel. The compressive strength 
results of the SCBA–lime and SDA–lime mortars were compared statistically using 
independent two-sample t-tests at a 95% confidence level (α = 0.05). The remaining data 
are reported as mean values with their corresponding standard deviations, without 
applying further inferential statistical analyses.
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The results were presented pictorially in statistical distribution tables and line and bar 
graphs as appropriate.

3  Results and discussion
3.1  Physical characterization of the materials

The results for specific gravity, mean particle size distribution (PSD), and BET specific 
surface area values for SCBA, SDA, and OPC are presented in Table 2. Table 2 shows 
that OPC exhibits the lowest BET specific surface area compared to SDA and SCBA, 
reflecting its dense particle structure and compact clinker phases. Previous investiga-
tions have shown that agro-industrial ashes typically possess a relatively high specific 
surface area. This characteristic is largely associated with their porous morphology and 
significant amorphous phase content, which together contribute to improved pozzolanic 
reactivity [29, 30]. Consistent with these reported trends, the SCBA and SDA examined 
in the present study also displayed comparatively high SSA values, aligning well with 
observations documented in the literature.

Among the ashes, SDA possesses a higher SSA than SCBA. Higher SSA facilitates early 
pozzolanic reactions by enhancing dissolution rates and improving contact with calcium 
hydroxide, promoting faster formation of secondary cementitious phases. Accordingly, 
the lower SSA of SCBA may limit its early-age reaction relative to SDA [30]. However, 
pozzolanic performance also depends on chemical composition and silica reactivity [31]. 
Despite its lower SSA, SCBA demonstrates strong long-term pozzolanic potential due to 
its high amorphous silica content. XRD analysis (Fig. 1) confirmed that SCBA contains 

Table 2  Physical properties of RHA, SCBA, and OPC
Sample Specific gravity Specific Surface Area (m²/g) Mean particle size (µm)
OPC 2.9 0.90 365

SCBA 2.0 33.29 252

SDA 1.8 83.14 207

Fig. 1  Combined XRD patterns of SCBA and SDA
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a substantial proportion of amorphous silica inferred from the broad hump between 
approximately 15° and 35° 2θ, supporting sustained pozzolanic activity and improved 
long-term strength development.

The specific surface area of the SCBA sample investigated in this study (33.29 m²/g) is 
in close agreement with values reported in previous studies. For instance, Yaseen [32] 
documented an SSA of 30.55 m²/g, while Pavía and Figueiredo [30] reported a value of 
25.64 m²/g for SCBA. In contrast, the SSA obtained in the present work is considerably 
higher than the 2.9 m²/g reported by Nayak et al. [33]. Such discrepancies in SSA values 
may be attributed to differences in particle morphology, as SCBA particles can occur 
in diverse shapes, including angular, prismatic, spherical, and fibrous forms [32]. Varia-
tions in SSA reported by Jittin and Bahurudeen [34] further underscore the influence of 
calcination, grinding, and processing on ash fineness and reactivity. SSA increases with 
decreases in mean particle size.

3.2  Chemical analysis results

Table 3 summarizes the average oxide composition and loss on ignition of SDA, SCBA, 
and OPC, expressed as mass percentages. The pozzolanic potential of a material is 
largely determined by the combined content of SiO₂, Al₂O₃, and Fe₂O₃, which react with 
calcium hydroxide to form cementitious hydration products. SCBA exhibited a high 
combined oxide content of 86.60%, meeting the requirements of KS EAS 18 − 1 [19] 
and ASTM C618 [35]. The XRF results in Table 3 indicate a clear chemical distinction 
between the two agro-waste ashes. The high silica content of SCBA enhances its capac-
ity for sustained pozzolanic reactions with the lime binder. The pozzolanic oxide content 
of SCBA determined in this study falls within the range commonly reported for properly 
processed SCBA in the literature. Previous studies indicate that, under comparable cal-
cination conditions, these values generally vary between 78% and 89% [11, 30, 32].

In contrast, SDA showed a much lower combined oxide content of 23.16%, below the 
thresholds specified for conventional pozzolans. Literature reports for SDA’s combined 
oxide contents are highly variable, ranging from 13.03% to 88.32% [36–42], reflecting 
differences in biomass source, species, growth conditions, and combustion methods. 
The SDA used in this study lies toward the lower end of this spectrum. High MgO con-
tent can cause volumetric instability and microcracking [43]. However, in this study, 
MgO levels in SCBA, SDA, and OPC were all below 5%, reducing this risk. Total alkalis 
(Na₂O + K₂O) were below 1.5% for all materials, consistent with acceptable limits and 
minimizing the potential for alkali-related cracking [44]. OPC’s alkali content of 0.6% is 
within typical commercial ranges.

SCBA’s LOI complied with ASTM C618 [35], indicating minimal residual carbon and 
satisfactory workability. Similar LOI values have been reported for properly calcined 
SCBA. SDA, however, had a high LOI of 15.33%, likely due to unburnt carbon and resid-
ual organics, consistent with other studies of incompletely combusted biomass [45]. Ele-
vated LOI can negatively affect workability and pozzolanic reactivity. The elevated LOI 
and lower combined oxide content in SDA indicate that its role in the mortar matrix is 
partly physical, acting as a filler and nucleation site, and partly chemical, whereas SCBA 
functions as a more effective supplementary cementitious material. OPC’s LOI was 
below 5%, in line with KS EAS 18 − 1 [19] and typical commercial cement values.
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The XRF results (Table 3) provide a fundamental basis for interpreting the observed 
mortar performance. The high content of reactive oxides in SCBA classifies it as a 
high-quality pozzolan in accordance with ASTM C618 [35], promoting the formation 
of dense calcium silicate hydrate (C–S–H) gels. In contrast, although SDA contains a 
lower proportion of pozzolanic oxides, its XRF profile indicates a heterogeneous mineral 
composition that, together with its high specific surface area, contributes to the rapid 
initial conductivity loss observed during the early stage of the reactivity tests. These 
findings suggest that SDA primarily enhances early-age reactivity, while SCBA supplies 
the chemical composition necessary for long-term strength development and structural 
integrity.

3.3  Mineralogical analysis results

Although sugarcane bagasse and sawdust are plant-derived, calcination removes their 
organic matter, yielding predominantly inorganic ashes. The mineralogical composition 
of these ashes strongly affects their pozzolanic reactivity in lime-based binders; there-
fore, X-ray diffraction analysis was performed to identify the crystalline and amorphous 
phases in SCBA and SDA. The XRD pattern of SCBA indicates a mixture of crystalline 
and amorphous phases. Minor diffraction peaks correspond to quartz, orthoclase, and 
chibaite. The broad hump between 20° and 35° 2θ indicates the presence of amorphous 
silica typical of reactive pozzolanic materials. This amorphous component is recognized 
as the most reactive form of silica in pozzolanic systems [45]. Similar XRD features 
have been reported for SCBA calcined under controlled conditions [46–47], confirm-
ing that the mineralogical composition observed in this study aligns with reactive SCBA 
reported in the literature.

By contrast, the SDA pattern exhibits a predominantly crystalline structure, with 
sharp peaks attributed to calcite (CaCO₃) and additional phases including diaspore, 
rosenhahnite, ferrosilite, and tilleyite. In contrast to SCBA, the XRD pattern of SDA 
displays a much less distinct amorphous hump within the 20°–35° 2θ range, suggesting 
that the material contains a smaller proportion of amorphous silica. The limited amor-
phous phase indicates weaker pozzolanic activity, which could explain the relatively 
lower strength development recorded in SDA–lime mortars. Sustained pozzolanic reac-
tions are largely governed by the presence of reactive oxides (SiO₂ + Al₂O₃ + Fe₂O₃) in 
an amorphous state. The relatively lower amorphous fraction in SDA, together with its 
reduced pozzolanic oxide content, may explain its comparatively weaker long-term per-
formance. Nevertheless, the presence of silicate and aluminate phases suggests that SDA 
can still participate in limited pozzolanic reactions, particularly at early ages or when 
finely ground, as noted in previous studies [48].

3.4  Pozzolanic activity test results

Pozzolanic activity was assessed by measuring the reduction in electrical conductivity of 
saturated calcium hydroxide solutions after introducing SCBA and SDA calcined under 
controlled conditions. The variation in conductivity with time is shown in Figs. 2, 3 and 
4. Among the thermal regimes considered, calcination at 600 °C for 2 h resulted in the 
greatest conductivity loss, signifying enhanced early-age reactivity. The extended heat-
ing period likely facilitated more complete removal of organic constituents. This favored 
the development of reactive amorphous silica while maintaining structural disorder. 
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By comparison, shorter calcination periods may not sufficiently activate the material, 
whereas higher temperatures (700 °C) can induce partial crystallization or particle sin-
tering, thereby leading to a decrease in the available reactive surface and limiting ionic 
interaction within the lime solution [24].

Both SCBA and SDA produced a measurable reduction in electrical conductivity. This 
decrease indicates the consumption of Ca²⁺ and OH⁻ ions during the pozzolanic reac-
tion, as reactive SiO₂ and Al₂O₃ interact with Ca(OH)₂ to form secondary calcium sili-
cate hydrate (C–S–H) [23, 49]. During the first 30 min (Phase 1), all samples showed a 
marked drop in conductivity. SDA demonstrated a greater initial reduction than SCBA, 
which may be associated with its higher specific surface area. SDA calcined at 600 °C for 

Fig. 3  Pozzolanic activity of SDA & SCBA samples calcined for 2 h at 600 °C

 

Fig. 2  Pozzolanic activity of SDA & SCBA samples calcined for 1 h at 600 °C
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2 h achieved a 65% conductivity loss at 30 min. This corresponds to high early reactivity 
under the adopted criteria. SCBA recorded 24% at the same interval, indicating moder-
ate early reactivity. In Phase 2 (120–240 min), SDA calcined at 600 °C for 2 h attained 
conductivity losses of 72% at 120 min and 78% at 240 min. In contrast, SCBA exhibited 
31% conductivity loss at 120  min and 34% at 240  min. Comparable trends have been 
reported elsewhere by Assumptor et al. [11]. They observed that RHA showed the high-
est conductivity reduction (77%), followed by clay (56%), while SCBA exhibited 26%. 
Similarly, John [21] reported a 1.3 mS/cm decrease in electrical conductivity for rice 
husk ash.

Notably, despite SDA having a lower combined pozzolanic oxide content (23.16%) and 
a predominantly crystalline structure, it displayed a greater early-stage conductivity loss 
than SCBA. This pronounced reduction is likely related to its higher specific surface area 
and faster dissolution rate, which enhance early Ca²⁺ consumption. Thus, conductiv-
ity loss primarily reflects reaction kinetics rather than total reactive oxide content [24, 
31]. These findings underscore the importance of particle size and surface area in gov-
erning early pozzolanic response, consistent with Walker and Pavía [31]. The reactiv-
ity observed for SDA aligns with earlier studies [50–51]. However, reduced performance 
has been noted in materials with high LOI or low silica content [52–53]. Although 
SCBA contains a higher proportion of amorphous silica and greater total pozzolanic 
oxide content, electrical conductivity measurements mainly capture early reaction rates 
rather than ultimate pozzolanic capacity. Accordingly, SCBA, despite its richer amor-
phous composition, may exhibit slower initial ion consumption. It contributes more sig-
nificantly to sustained lime–pozzolana reactions and long-term strength development. 
Therefore, conductivity testing principally evaluates early lime consumption and does 
not necessarily predict the final pozzolanic potential or mechanical performance of the 
material.

Fig. 4  Pozzolanic activity of SDA & SCBA samples calcined for 1 h at 700 °C
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3.5  Bulk density

Figure 5 and Table  4 present the bulk densities of SCBA–lime, SDA–lime, and OPC 
mortars after 28 days. OPC exhibited the highest density (1865.4  kg/m³), consistent 
with typical mortar density ranges of 1500–1900  kg/m³ [54], reflecting its dense clin-
ker phases and high specific gravity. In contrast, SCBA–lime and SDA–lime mortars 
were substantially lighter, with densities of 930.6  kg/m³ and 812.4  kg/m³, respectively. 
The lower densities of the pozzolana–lime mortars align with previous reports for lime-
based systems [55]. SDA–lime mortar recorded the lowest density, attributed to the 
low specific gravity, high porosity, and carbon-rich composition of sawdust ash, which 
increases entrapped air and overall pore volume. Although SDA possesses a compara-
tively high specific surface area that can enhance early dissolution and promote initial 
lime consumption, its lower amorphous silica content limits its long-term pozzolanic 
contribution. Consequently, the formation of secondary C–S–H gel is less pronounced, 
leading to less matrix densification than in SCBA-based systems.

The SCBA–lime mortar showed a marginally higher density than the SDA–lime 
mortar.

This difference cannot be attributed solely to particle size. It is also likely influenced 
by variations in particle morphology, grading characteristics, and specific gravity, which 
affect packing efficiency and, consequently, the overall bulk density. The reactive silica 
in SCBA readily interacts with calcium hydroxide released during lime hydration, sup-
porting sustained pozzolanic reactions and long-term strength development. This pro-
cess promotes the formation of secondary calcium silicate hydrate (C–S–H) gel, which 

Table 4  Mechanical analysis test results
Mortar sample Bulk density (kg/m³) Water absorption (%) Compressive strength (MPa)

Pozzolan: Lime ratio
3:1 2:1 1:1

SDA–Lime 812.4 18.14 1.51 ± 0.02 2.35 ± 0.04 2.52 ± 0.04

SCBA–Lime 930.6 14.14 2.98 ± 0.04 3.56 ± 0.04 3.72 ± 0.06

Control OPC 1865.4 7.21 48.06 ± 0.36
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densifies the matrix by filling capillary voids and refining the pore structure. As a result, 
porosity decreases and the microstructure becomes more compact.

3.6  Water absorption

Water absorption is an indicator of the volume and interconnectivity of open pores 
within hardened mortar [55]. As presented in Fig. 6 and Table 4, OPC mortar recorded 
the lowest absorption value (7.21%), whereas SDA–lime mortar exhibited the high-
est (18.14%), and SCBA–lime mortar showed an intermediate value (14.14%). Simi-
lar patterns have been reported for lime–pozzolana binders in earlier studies [56]. The 
relatively low absorption observed in OPC mortar is associated with the dense micro-
structure generated by C–S–H gel during cement hydration, which refines the pore 
system and restricts capillary water ingress [54]. By contrast, the higher absorption mea-
sured in SDA–lime mortar suggests a more open pore network, influenced by the intrin-
sic porosity of the ash and the possible presence of residual organic matter.

While the larger surface characteristics of SDA may stimulate early-age reactivity, the 
overall degree of matrix densification remains lower because of the reduced extent of 
sustained hydrate formation. This results in less effective pore refinement and a compar-
atively more porous microstructure than that observed in SCBA–lime mortars, thereby 
leading to higher water absorption. In contrast, SCBA–lime mortar demonstrates mod-
erate absorption, consistent with progressive pore refinement driven by continued 
pozzolanic reactions in SCBA–lime systems [57]. Although lime–pozzolana mortars 
generally exhibit higher absorption than OPC mortars, the measured values remain 
within acceptable limits for applications such as rendering, plastering, and low-rise 
masonry, in accordance with BS EN 998-1 [58]. Moreover, the relatively higher absorp-
tion capacity may offer practical advantages in traditional masonry by enhancing mois-
ture buffering and vapor permeability.
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3.7  Compressive strength performance

According to Assumptor et al. [11]., IS 4098 − 1967 requires a minimum compressive 
strength of 2  MPa for lime-pozzolana mortars. In the present study, the 28-day com-
pressive strengths of both SCBA–lime and SDA–lime mortars fall within the CS II–CS 
III range (1.5–7.5 MPa) defined by BS EN 998-1 [58]. This confirms their applicability 
for rendering, plastering, and low-rise masonry. As shown in Fig.  7; Table  4, strength 
increased with higher lime proportions in both systems, with the 1:1 pozzolana–lime 
ratio producing the highest compressive strength values. Comparable behavior has been 
reported in RHA and calcined clay-based lime binders [21]. Mixes richer in pozzolana 
(3:1 and 2:1 pozzolana: lime ratios) developed lower strengths. This is due to insufficient 
lime, which leaves the unreacted particles that contributed to higher porosity [59]. Ade-
quate lime is necessary to maintain pozzolanic reactions.

Independent sample t-tests were conducted to compare compressive strengths of 
SCBA–lime and SDA–lime mortars at identical pozzolan: lime ratios. Statistically signif-
icant differences were observed at all ratios (3:1, 2:1, and 1:1), with SCBA–lime exhibit-
ing higher strength (p < 0.0001 in all cases). The 95% confidence intervals did not overlap 
between corresponding mixes, further confirming the statistical significance of the dif-
ferences. SCBA–lime mortars consistently outperformed SDA–lime mortars in com-
pressive strength. This agrees with data obtained by Sales and Lima [57], who linked the 
improved performance of SCBA systems to their higher reactive silica and greater amor-
phous content. The comparatively lower strength of SDA mortars has been associated 
with residual organic matter and reduced silica reactivity [14]. Although SDA showed a 
sharper early reduction in electrical conductivity, indicating faster initial reaction kinet-
ics, SCBA–lime mortars achieved superior 28-day strengths. These results suggest that 
conductivity predominantly captures early dissolution processes. Long-term strength, 
however, is governed by the total reactive amorphous fraction and the cumulative devel-
opment of cementitious hydrates.

Fig. 7  28-day compressive strength of SCBA-lime and SDA-lime mortars at pozzolana: lime ratios of 3:1, 2:1, and 
1:1
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The mechanical trends observed can be related directly to the physicochemical prop-
erties of the ashes. XRD results revealed a higher proportion of amorphous silica in 
SCBA than in SDA (Fig. 1), a key factor in sustained pozzolanic performance. The reac-
tive phase consumes calcium hydroxide during hydration, supporting ongoing pozzola-
nic reactions and secondary C–S–H formation. The accumulation of this hydrate refines 
the pore structure by filling capillary voids, reducing overall porosity, and producing 
a denser matrix. As the pore system becomes finer and more compact, load transfer 
improves and microcrack propagation is restrained. This explains the higher compres-
sive strengths achieved in SCBA-lime mortars. In contrast, the lower amorphous frac-
tion and reduced pozzolanic oxide content of SDA restrict secondary C–S–H formation. 
This results in limited pore refinement and reduced strength. Chemical composition, 
mineralogical characteristics, and surface area control lime reaction kinetics, micro-
structural development, and ultimately the strength of the mortar.

OPC mortar demonstrated substantially higher compressive strength than all lime–
pozzolana mortars (p < 0.0001), consistent with its rapid hydration of clinker phases (C₃S 
and C₂S) and early formation of C–S–H gel [60, 61]. Such differences between OPC and 
lime-based systems are widely documented and stem from fundamental variations in 
hydration mechanisms and reaction rates.

4  Conclusion
This study provides a mechanistic evaluation of SCBA and SDA in lime-based mortars. 
The major findings are the following:

 	• SCBA as a sustained pozzolan: High amorphous silica and > 86% combined oxides 
enabled prolonged pozzolanic reactions and superior 28-day strength and density.

 	• SDA as a kinetically active material: Higher specific surface area promoted rapid 
early-age conductivity loss, but lower reactive oxide content limited long-term 
strength.

 	• Mechanistic insight: Early electrical conductivity reduction does not directly 
translate into higher long-term strength; total reactive amorphous content governs 
sustained performance.

 	• Hardened properties: Both systems achieved ≥ 2 MPa compressive strength and met 
CS I–CS III classifications under BS EN 998-1:2016.

 	• Practical relevance: Lime–pozzolana mortars offer lower density and improved 
vapor permeability compared to OPC, supporting breathable masonry construction.

 	• Sustainability contribution: Valorization of agro-industrial waste supports low-
carbon, locally sourced binder development.

 	• The study integrates early-age conductivity, mineralogy, chemistry, and mechanical 
performance to establish structure–reactivity–property relationships for agricultural 
ashes—an advancement beyond conventional strength-based evaluation.

 	• The study was limited to laboratory-scale testing and focused primarily on 
mechanical and physical properties at 28 days. Detailed quantification of amorphous 
phases and long-term durability behavior was beyond the present scope.

 	• Further research should include advanced microstructural characterization (TGA, 
FTIR, SEM/EDX, and Raman spectroscopy); long-term durability assessment under 
aggressive environmental exposures; optimized mix design; life cycle and service-life 
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performance assessment, and extended curing studies beyond 28 days (e.g., 56, 90, 
and 180 days).
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