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Abstract. This study evaluates the physico-chemical performance of Ordinary Portland Cement (OPC)
when partially replaced with stone-cutting dust (SCD), limestone (LS) and natural pozzolana (NP), both
individually and in ternary combinations. Blends were formulated with SCD and NP at 10-40% and LS
at 5-20%, including optimized ternary mixtures. Tests focused on normal consistency, setting time and
water sorptivity. Results showed that all supplementary cementitious materials (SCMs) increased normal
consistency, from 28.0% in OPC to 35.0% at 40% substitution. Setting time was significantly extended
in SCM-rich blends, with initial and final setting times reaching up to 250-260 minutes, compared to 100
and 180 minutes for OPC. This delay, especially in NP and SCD-rich mixtures, reflects reduced
reactivity and higher water requirements. Water sorptivity improved in optimized ternary blends, with
Mix H (10% SCD + 10% LS + 15% NP) showing the lowest sorptivity coefficient of 0.1666 g/cm?/hro®,
compared to 0.1908 for OPC. These findings demonstrate that carefully balanced combinations of NP,
LS and SCD enhance workability, provide longer setting windows and reduce water ingress, leading to
improved durability. The results support the use of locally available materials in Kenya as sustainable
and cost-effective alternatives for blended cement production.
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1. Introduction

The increasing global demand for sustainable construction practices has amplified
the need to reduce the environmental footprint of Ordinary Portland Cement (OPC)
(Oliveira et al., 2023). Cement production is responsible for an estimated 8% of global
CO; emissions, primarily due to the calcination process and the intensive energy use in
clinker production (Environment et al., 2018). As a result, researchers have focused
attention on the partial replacement of OPC with supplementary cementitious materials
(SCMs), aiming to mitigate environmental impacts while maintaining or improving the
performance of cementitious composites (Knight et al., 2023). This study explores the
effects of using three locally available materials in Kenya: natural pozzolana (NP),
limestone (LS) and stone-cutting dust (SCD) to partially substitute OPC and improve its
physico-chemical properties.
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Natural pozzolana is a siliceous material of volcanic origin, widely recognized for
its pozzolanic reactivity (Santana et al., 2022). It reacts with calcium hydroxide, a by-
product of OPC hydration, to form additional calcium silicate hydrate (C-S-H), the
primary binding phase in cement (Maddalena, 2018). This reaction refines the
microstructure, reduces porosity and improves long-term strength and durability (Luo et
al., 2024). In contrast, limestone, primarily composed of calcium carbonate, functions as
a physical filler and nucleation site for hydration products (Wang et al., 2018). Although
non-pozzolanic, limestone enhances particle packing, early strength and workability,
particularly when used in lower replacement ratios (up to 20%) (loanna Dedousi, 2021).
Stone-cutting dust, a by-product of dimension stone processing, contains finely ground
particles that can contribute to microstructural refinement through filler effects and
limited pozzolanic activity (Chen, 2023). In Kenya, the abundance of these materials
makes them ideal candidates for sustainable cement replacement strategies (Marangu et
al., 2024).

In this study, OPC was partially replaced with NP and SCD at 10-40% by weight
and LS at 5-20%, both individually and in ternary combinations. The physico-chemical
parameters evaluated were normal consistency, setting time (initial and final) and water
sorptivity. These properties were chosen due to their direct impact on workability,
hydration kinetics and long-term performance. Experimental results revealed that
substituting OPC with SCMs increased normal consistency from 28.0% (pure OPC) to
35.0% for blends with 40% NP and SCD. This increase is attributed to the higher water
demand of pozzolanic and filler materials due to their fine particle size and porous
structures (Khan et al., 2017).

Setting time is another critical indicator of the hydration process (Hewlett & Liska,
2019). OPC exhibited an initial setting time (IST) of 100 minutes and a final setting time
(FST) of 180 minutes. In contrast, SCM blends exhibited significantly extended setting
times. A 40% substitution with SCD resulted in IST and FST values of 255 and 260
minutes, respectively. Similar delays were observed in NP-rich blends, which registered
IST values of up to 250 minutes. This extension is due to the dilution of OPC’s reactive
clinker phases, particularly tricalcium silicate (CsS) and tricalcium aluminate (CzA), by
the inclusion of less reactive SCMs, coupled with the increased water requirement for
paste workability (Haha et al., 2023). The extended setting time provides improved
handling properties and longer workability windows, which can be advantageous in hot
climates where rapid setting is undesirable (Zahir et al., 2023).

Water sorptivity, a key measure of capillary water absorption and thus durability,
was also influenced by SCM replacement. OPC showed a sorptivity coefficient of 0.1908
g/cm?/hr 3, while Portland Pozzolana Cement (PPC) recorded a lower value of 0.1731
g/cm?/hr®S due to the pozzolanic action of its constituents. Among ternary blends, Mix H
(10% SCD + 10% LS + 15% NP) demonstrated the lowest sorptivity coefficient of 0.1666
g/cm?/hr®3, indicating a refined pore structure and better resistance to moisture ingress.
These results align with findings from other studies that report improved pore refinement
and decreased permeability with optimized SCM combinations (Huang et al., 2022).

This study’s findings confirm that well-formulated ternary blends of NP, LS and
SCD can significantly improve both fresh and hardened cement properties. The observed
synergy between pozzolanic and filler materials suggests that blends can be tailored to
enhance durability, reduce environmental impact and lower production costs critical goals
in modern construction (Navarrete et al., 2023). Importantly, this approach promotes the
use of local waste materials like stone-cutting dust, contributing to circular economy

549



NEW MATERIALS, COMPOUNDS AND APPLICATIONS, V.9, N.3, 2025

principles and reducing the burden of quarry waste disposal in regions such as Kajiado
County, Kenya.

2.  Materials and Methods

2.1. Research Design

This study used an experimental quantitative approach to examine the impacts of
partially replacing Ordinary Portland Cement (OPC) by blended materials, stone-cutting
dust, natural pozzolana and limestone on the physicochemical characteristics of cement.
The experiment included systematically varying the proportions of the replacement
materials and determining the effects of these on setting time, normal consistency and
water sorptivity under laboratory conditions.

All the tests were conducted according to the given procedures and the data obtained
was analyzed statistically to identify performance differences among the blended
materials and commercial cement products (OPC and PPC). Analysis of variance
(ANOVA) and independent sample t-tests were performed to determine whether
differences among the blends were statistically significant at a 95% confidence level (p <
0.05). This approach facilitated valid comparison and interpretation of the effects of
varying blends on cement performance.

2.2. Sampling Method and Sampling Sites

This study employed a purposive sampling method, where materials were
intentionally chosen because they are pertinent to the research objectives and available
from trusted sources. Portland Pozzolana Cement (PPC 32.5N) and Ordinary Portland
Cement (OPC 42.5 N) were purchased from appointed distributors within Athi River
town, Kenya. ISO standard sand complying with EN 196-1: 2016 was obtained from
Savannah Cement Ltd, Kitengela, Kenya.
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Figure 1. Sampling Sites
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Natural Pozzolana was acquired from local volcanic minerals in Nguruga, Kajiado
County, Kenya. Limestone was sourced from Athi River Mining Company, Nairobi,
Kenya. Stone-cutting dust was sourced from Nguruga, Kajiado county, Kenya, which lies
between latitudes 1030° and 2 000’ S. and longitudes 360 30’ and 370 30’ E and at an
altitude of 1710 m higher than sea level. Distilled water was used in all activities in this
study whenever water was used.

2.3. Chemicals and Reagents

All of the reagents and chemicals utilized in this study were of analytical quality to
ensure accuracy and consistency in the test results. Distilled water was utilized throughout
the experiments for mixing, curing and cleaning purposes to avoid interference from
dissolved salts or impurities.

2.4. Sample Preparation

The test materials, natural pozzolana, limestone and stone-cutting dust, were first
air-dried to eliminate moisture and then ground using a laboratory ball mill to accomplish
fine and consistent particle sizes suitable for cement blending. Sieve analysis was
performed to confirm that the distribution of particle size fell within the required range
and to ensure consistency across all samples.

Each material was blended with Ordinary Portland Cement (OPC) in specified
proportions by weight, as outlined in the experimental design. The blending process was
done manually and further homogenized using a laboratory rotary mixer to guarantee a
uniform allocation of materials in the cement matrix. No chemical admixtures were added
during mixing to maintain the integrity of the study's natural-material focus. Before
testing, the prepared blended samples were kept in containers that were airtight to prevent
contamination and absorption of moisture.

2.4.1. Optimization of the ratios

The optimization of replacement ratios in this study was informed by previous
research that demonstrated the performance benefits of using supplementary cementitious
materials in partial substitution of Ordinary Portland Cement (OPC). Ground samples of
stone-cutting dust and natural pozzolana were individually blended into OPC at
replacement levels of 10%, 20%, 25%, 30%, 35% and 40%, in line with studies like those
by Ngui et al. (2022) and Affan et al. (2024) which reported that pozzolanic and siliceous
materials improve long-term strength and reduce porosity when used within these ranges.
For consistency in labelling, each blended sample was named based on its replacement
level, for example, 10% NP for 10% natural pozzolana. Limestone was also partially
substituted at 5%, 10%, 15% and 20%, following the recommendations of Bentz et al.
(2017) and Srinivas et al. (2022), who noted improved early strength and packing density
at lower limestone dosages.

Additionally, ternary blends of natural pozzolana, limestone and stone-cutting dust
were prepared and substituted into OPC at 25%, 30%, 35% and 40%. These blend ratios
were guided by findings from Cheah et al. (2025) and Amin et al. (2017) who proved that
combining reactive and inert materials in carefully balanced proportions can yield
synergistic effects in strength, durability and workability. The selected proportions aimed
to explore a wide performance spectrum while ensuring that the combined replacement
levels remained within acceptable limits for structural applications.
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2.4.2. Preparation of Mortar Prisms

According to the guidelines in KS EAS 148:1-2017, test cements were prepared
using moulds of dimensions 40 mm x 40 mm x 160 mm. The water to cement ratio was
1:2 for the control samples and all cement categories whereas the ratio of cement to sand
ratio was 1:3. The control samples comprised of commercial OPC and commercial PPC.
450g of cement were weighed and added to 225 g distilled water in the automatic
programmed mixer's mixing bowl.

The bowl with its contents was then subsequently strapped onto the programmable
automated mixer and permitted to start mixing at a low speed. After 30 seconds, 1350 g
of standard sand produced in accordance with ISO 679:1989, EN 196 - 1 (2016) was
gradually added into the bowl for the following 30 seconds. After that, the machine was
programmed to run at maximum speed for the following 30 seconds and then to pause for
90 seconds. Using a plastic scoop, the mortar on the bow!'s surface was scraped off during
the first 15 seconds of the pause and the entire mortar was scraped to one side of the bowl.
After that, the mixer was run at maximum speed for an additional sixty seconds.

The generated mortar was then transferred in 40 mm x 40 mm X 160 mm steel
moulds to make three mortar prisms at a go. The mortar was being filled into these steel
moulds in two occasions, at first, they were half filled and compacted for 1 minute with
aid of a jolting machine after which the moulds were fully filled and compacted again by
a jolting machine for another 1 minute. The mortar that was on the mold's surface after it
had struck off during compacting was removed by wiping it off.

The mould was then removed from the jolting machine and placed inside the
humidity cabinet set at (20 + 2) °C temperature and humidity above 95 % for 24 hours
after which it was removed and demoulded. The prisms were then cured in distilled water
maintained at (25 £ 10) °C temperature with the 40x40 mm side as the base for 3,7,28
and 56 days. This procedure was repeated for all the cement categories and the control
samples.

2.5. Determination of Physico-Chemical Properties
2.5.1. Normal Consistency and Setting Time of the fresh cementitious pastes

Setting times and normal consistency for PPC, OPC and blended cement samples
were identified using a Vicat equipment in accordance with KS EAS 148-3:2017. An
analytical balance was used to weigh 400.0 g of cement sample, which was then moved
into a mixing bowl to create a crater in order to determine a standard consistency value.
A trial volume of water was poured into the crater using a burette.

For 240 seconds, the cement and water were mixed uniformly in an automatic mixer
(model number: JB/T10391-2008). A setting time Vicat's Mold, which had been put on a
lightly oiled plane metallic base plate, was then immediately filled with the resulting fresh
cement paste without being overly compacted. To make the paste's upper surface level
with the top of the mold, it was smoothened off.

The plunger was then lowered to rest on the base plate to be utilized and the pointer
was adjusted to read zero on the scale, allowing the Vicat apparatus to be calibrated with
the plunger attached prior to the test. To prevent initial velocity or forced acceleration of
the moving components, the plunger was elevated to a standby position for two seconds.
The plunger was then let to enter the center of the paste vertically after the moving pieces
were promptly withdrawn. Four seconds after zero time, the plunger was released. Once
penetration had stopped, the scale was read.
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Together with the paste's water content, the scale reading which showed the
separation between the plunger's bottom phase and the base plate was noted and converted
to a percentage by cement mass. As soon as penetration was achieved, the plunger was
cleaned. Pastes with varying water concentrations were used to repeat the test until one
was discovered to create a 6 mm gap between the plunger and base plate. This procedure
was used for every kind of cement.

Normal consistency and setting time were done in the same way. Only the
application of the needle for the setting time differed from the usual uniformity. On a
Vicat mold that was filled with paste of the established standard consistency, the Vicat
needles for both initial and final setting times were applied in compliance with the
guidelines.

2.5.2. Water Sorptivity Test

This test was conducted using the method outlined in ASTM C 1585-04. After 28
days of curing, test mortar prisms were dried for 24 hours in an oven set to 105 °C. The
test prisms were then submerged in water of 5mm level height above the base of test
mortar prisms with the 40 mm x 40 mm facing downwards at a regular interval of 0.25
hours, 0.5 hours, 1 hour, 1.5 hours, 3 hours, 5 hours, 8 hours, 24 hours, 72 hours, 96 hours,
120 hours, 144 hours and 168 hours. Each mortar prism was taken out after every interval
and fresh weight determined after drying the submerged surface with a clean towel. This
process was repeated across all the test mortars up to 168" hour. The sorptivity coefficient

(k) was obtained graphically using Equation 1 by plotting Q/A against V't.

Q 1

A = Ktz (1)
Q represents amount of water absorbed in grams, A is the cross-area of the mortar in
contact with water in cm? and t is the amount of time of exposure in hours.

2.6. Microstructural Characterization (Limitation)

Microstructural analysis using techniques such as Scanning Electron Microscopy
(SEM) and X-Ray Diffraction (XRD) was not conducted in this study due to resource
constraints. However, these techniques are commonly used to validate pore refinement
and hydration phase development in blended cements. Previous studies (Hewlett & Liska,
2019; Huang et al., 2022) have shown that the inclusion of pozzolanic and filler materials
leads to microstructural densification, reduced porosity and improved hydration. Future
work should incorporate SEM and XRD characterization to directly confirm the
microstructural changes suggested by the observed improvements in normal consistency,
setting time and sorptivity.

3. Results and Discussion

3.1. Normal Consistency of the fresh cementitious pastes

Table 1 provides the regular consistency values for Ordinary Portland Cement
(OPC), Portland Pozzolana Cement (PPC) and blended cement specimens where OPC
was partially replaced by stone-cutting dust (SD), Limestone (L) and natural pozzolana
(NP) at various percentages. The values are presented as mean + standard deviation (%).
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Table 1. Normal Consistency (NC) for all categories of test samples

Normal Consistency

Normal

Sample Sample Consistenc
P % (Mean + SD) P % (Moan £ s>1/))

OPC 28.0+ 0.50 PPC 34.0+0.125
5% L 28.0+ 0.5 (10%SD+5%L+10%NP) A 30.0 £ 0.50
10% L 29.0+ 0.5 (15%SD+5%L+5%NP) B 31.0+0.50
15% L 30.0+0.5 (5%SD+5%L+15%NP) C 30.0 +£ 0.875
20% L 31.0+0.5 (5%SD+10%L+15%NP) D 32.0 £ 0.50
10% SD 30.0+ 0.5 (10%SD+10%L+10%NP) E 31.0 +£ 0.875
20% SD 31.0+0.5 (15%SD+10%L+5%NP) F 32.0 £ 0.875
25% SD 320+ 0.5 (5%SD+10%L+20%NP) G 33.0 £ 0.50
30% SD 33.0+0.5 (10%SD+10%L+15%NP) H 33.0 £ 0.00
35% SD 34.0+0.5 (15%SD+10%L +10%NP) | 33.0 £ 0.875
40% SD 35.0+0.5 (20%SD +10%L+5%NP) J 34.0 £ 0.00
10% NP 30.0 £ 0.50 (5%SD+15%L+20%NP) K 35.0 £ 0.50
20% NP 31.0 £ 0.50 (10%SD+15%L+15%NP) L 34.0 £ 0.50
25% NP 31.0+ 0.875 (15%SD+15%L+10%NP) M 34.0 £ 0.875
30% NP 32.0 £ 0.50 (20%SD+15%L+5%NP) N 35.0 £ 0.00
35% NP 32.0 £ 0.875
40% NP 33.0 £ 0.50

Based on the findings in Table 1, OPC paste presented a low normal consistency
compared to PPC paste. The porous nature of natural pozzolana present in PPC was the
cause of high water demand (Ulusu et al., 2023). The NP particles' micro-pores enhance
water uptake, thus increasing normal consistency in PPC mixtures. Several authors have
made similar observations (Gowda & Muktha, 2016; Sahoo et al., 2016; Mutitu et al.,
2019).

Substituting OPC with limestone resulted in to increase in normal consistency
(Table 1). As the substitution dosage increased, the normal consistency (NC) values
increased further. At 5% there was no difference in normal consistency as compared to
OPC. However, at 10% to 20% substitution, there was a difference in normal consistency
as compared to OPC. In contrast, when compared to PPC, the normal consistency values
were lower. Limestone acts as a filler at lower substitution levels (5%), leading to similar
properties as pure OPC (Panesar & Zhang, 2020). Bentz et al. (2017) reported a similar
observation and attributed this effect to limestone acting as a nucleating agent that
accelerates the hydration process, leading to improved workability.

Substituting OPC with stone-cutting dust resulted in to increase in normal
consistency. The higher the substitution, the higher the increase in normal consistency
(Table 1). The finer particles in stone-cutting dust enhance the packing density of the
cement matrix, leading to a more cohesive mixture, which contributes to higher normal
consistency (Raj & Somasundaram, 2021). The same observation can also be attributed
to pozzolanic properties in stone-cutting dust that facilitate chemical reactions which lead
to the formation of calcium silicate hydrates (C-S-H), improving workability of the
mixture (Shyam Prakash & Rao, 2016).

Normal consistency increased when OPC was substituted with natural pozzolana
(NP) of volcanic tuff origin. The higher the substitution, the higher the increase in normal
consistency (Table 1). As the substitution dose increased, there was increase in normal
consistency values apart from 20% to 25% and at 30% to 35% where the difference was
not significant. The increase in normal consistency can be attributed to irregular shape
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and higher microporous qualities of natural pozzolana. Similar findings were reported by
Mohsen et al. (2023).

Substituting OPC with a mixture of stone-cutting dust (SD), limestone (L) and
natural pozzolana (NP) while optimizing the ratios, the mixtures in Table 1 which
contained higher proportions of stone-cutting dust and natural pozzolana, demonstrated
higher normal consistency values. This suggests that these combinations effectively
balance the contributions of stone-cutting dust, limestone and natural pozzolana to
enhance workability. In contrast, mixtures with lower natural pozzolana and stone-cutting
dust content yielded lower NC values. Notably, all mixtures exhibited Normal
consistency values higher than that of OPC. The finer particles in stone-cutting dust
enhance the packing density of the cement matrix, thereby improving workability and
increasing water demand for achieving normal consistency. Also, the higher content of
natural pozzolana generally correlates with higher normal consistency due to its porous
nature. Similar observations have been reported by various researchers who attributed
these findings to the microporous structure of natural pozzolana which affects normal
consistency and limestone’s role as a nucleating agent that accelerates hydration
processes, potentially leading to enhanced workability (Mohsen et al., 2023; Suliman et
al., 2020). ANOVA results indicated statistically significant differences (p < 0.05) in
normal consistency across the blends compared to OPC and PPC, confirming that the
observed increases were not due to random variation.

3.2. Setting time of the fresh cementitious pastes

Table 2 summarizes the initial setting time (IST) and final setting time (FST) values
for Ordinary Portland Cement (OPC), Portland Pozzolana Cement (PPC) and several
blended cements incorporating stone-cutting dust (SD), limestone (L) and natural
pozzolana (NP). The table indicates that OPC replacement by these supplementary
materials tends to result in increased IST and FST, especially at higher levels of
replacement. OPC and low-percentage L blends have the shortest setting times, whereas
high SD and NP blends and ternary mixtures show very prolonged setting.

OPC cementitious paste exhibited shorter initial and final setting time than PPC.
The high content of tri-calcium silicate (CsS) and tri-calcium aluminate (C3A) phases in
OPC was attributed to the effect of shorter setting times. C3S and C3A phase reacts fast
and exothermically, upon contact with water. The increased reaction temperature speeds
up both hardening and setting of OPC by raising the temperature range in which fast
setting happens (Xie et al., 2022). The pozzolanic materials in PPC partially replaces C3S
and C3A responsible for shorter setting time as well as lowering setting temperatures. It
has also been discovered that temperature reduction in PPC retard the PPC's setting time.
Additionally, high water demand in pozzolanic cement reduces the cement paste's
cohesiveness, which lengthens the setting time (Soriano et al., 2013; Feng et al., 2019).

Blending OPC with limestone resulted to an increase in initial and final setting time.
An increase in setting time as the substitution level increased was observed (Table 2).
There was no significance difference in initial and final setting times as compared to OPC
at 5%. As an inert filler, limestone can enhance particle packing and provide hydration
products with sites to nucleate (Bentz et al., 2017). This effect may slightly accelerate
hydration at lower replacement levels (5%), resulting to similar properties as OPC.
However, the setting times differed from OPC at 10% to 20% substitution. As the
limestone content increases beyond 5%, the inert nature of limestone becomes more
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distinct, resulting to longer setting times due to dilution effect and decreased reactivity
(Poudyal et al., 2021).

Table 2. Setting Times for all categories of test samples

Sample IST FST
OPC 100 180
5% L 100 180
10% L 115 195
15% L 120 198
20% L 130 200
10% SD 115 210
20% SD 140 225
25% SD 170 230
30% SD 195 245
35% SD 198 258
40% SD 255 260
10% NP 115 210
20% NP 140 225
25% NP 145 228
30% NP 190 240
35% NP 192 245
40% NP 250 255
PPC 180 240
(10%SD+5%L+10%NP) A 140 225
(15%SD+5%L+5%NP) B 150 230
(5%SD+5%L+15%NP) C 145 228
(5%SD+10%L+15%NP) D 190 240
(10%SD+10%L+10%NP) E 185 238
(15%SD+10%L+5%NP) F 191 242
(5%SD+10%L+20%NP) G 192 245
(10%SD+10%L+15%NP) H 192 242
(15%SD+10%L +10%NP) | 193 245
(20%SD +10%L+5%NP) J 194 245
(5%SD+15%L+20%NP) K 210 252
(10%SD+15%L+15%NP) L 200 250
(15%SD+15%L+10%NP) M 250 255
(20%SD+15%L+5%NP) N 252 258

Substituting OPC with stone-cutting dust exhibited an increase in initial and final
setting times with increasing stone-cutting dust replacement. Stone-cutting dust can
improve particle packing at lower replacement levels (10%), which can lead to a slight
acceleration in hydration kinetics resulting in relatively stable setting times. Nevertheless,
as the replacement level increases beyond 10%, the reactive components of OPC (C3S
and C3A) are being replaced, indicating a progressive slowing of hydration which results
to longer initial and final setting times (Saxena et al., 2016). Similar findings were
attributed to dilution effects elsewhere (Krishna & Azaruddin, 2018).

Substituting OPC with natural pozzolana (NP) exhibited a similar trend to stone-
cutting dust. An increase in setting time as the substitution level increased was observed
(Table 2). The irregular structure and higher microporous properties of natural pozzolana
require more water to maintain workability, which can further slowdown hydration
kinetics and lead to longer setting times, especially at higher replacement levels.
Conversely, lower percentages may enhance workability (Bayiha et al., 2023; Waghmare
etal., 2021).
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Substituting OPC with a mixture of stone-cutting dust (SD), limestone (L) and
natural pozzolana (NP) while optimizing the ratios resulted in a distinct trend where
higher proportions of stone-cutting dust and natural pozzolana resulted longer initial and
final setting durations. High natural pozzolana compositions in mixtures result in longer
setting times since hydration requires more water to activate the porous microstructure.
The increase in water demand prolongs the setting period. An increase in stone-cutting
dust content within the mixture diminishes the available OPC reactive components which
in turn delays hydration processes (Mohsen et al., 2023; Fode et al., 2024; Kupwade-Patil
et al., 2018). Statistical analysis showed that setting time differences between OPC and
high-level SCM blends were significant (p < 0.05). However, at lower replacement levels
(£10% LS), the variation was not statistically significant, supporting the conclusion that
limestone at low dosages behaves similarly to OPC.

3.3. Water Sorptivity

Water sorptivity was determined as described in section 2.5.2 and the sorptivity
coefficient was determined using equation 2.1. The results are discussed in the following
subsections.

3.3.1. The controls

3

v =0.1264x + 0.7753
25 R2=(8172

= 0.117x + 0.6422

4715
g Er=0.2461
Bi)
o
< 1
oy
0.5
o
o 2 4 [ ) 10 12 14
Time(hrs!?
—e— OPC —a—PPC  -eeeeeeen Linear (OPC)  «eeeeeees Linear (PPC)

Figure 2. Comparison of sorptivity between OPC and PPC, showing cumulative water
uptake (Q/A, g/cm?) versus Vtime (hr'/2)

The sorptivity plot for OPC and PPC demonstrates the distinct difference in water
absorption behavior among these two cements. The plot presented here is the cumulative
water uptake (Q/A) against the square root of time and is the conventional way to assess
capillary action in cementitious materials. Both OPC and PPC exhibit a general sorptivity
characteristic, early marked rise and subsequent gradual plateauing in absorption. Yet
throughout the period under investigation, the OPC curve comes above the PPC curve to
reflect greater water absorption.
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Quantitatively, the OPC sorptivity coefficient is 0.1264 gm/cm?/hr®® and that of
PPC is slightly lower at 0.117 gm/cm?/hr®°. While numerically small, this difference is
significant on the durability front. A lower sorptivity coefficient indicates that PPC
absorbs water more slowly and this implies that PPC has a denser microstructure with
fewer capillary pores that are interconnected. This is what is to be expected from PPC
based on existing literature. The pozzolanic material in PPC, like fly ash or natural
pozzolana, reacts with lime to form extra amounts of calcium silicate hydrate (C-S-H),
which seals the pores and makes the pore structure finer.

This improvement lowers the rate with which water can pass through the matrix.
Thus, the resistance to moisture penetration and overall durability is increased. Buildings
constructed using PPC are thus more durable to degradation by wetting and drying cycles,
freeze-thawing conditions and chemical attack. Established sources like Monteiro et al.
(2019) validate these findings such that the pozzolanic reaction lowers permeability and
enhances the long-term performance of concrete. Hossain et al. (2021) and also validate
that applying pozzolanic cements results in lower sorptivity and better resistance to
aggressive environmental conditions.

3.3.2. Natural pozzolana
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Figure 3. Sorptivity curves for OPC blended with 10-40% NP, showing cumulative
water uptake (Q/A, g/cm?) versus Vtime (hr?)

The sorptivity graph for 10%, 20%, 30% and 40% natural pozzolana blends
succinctly indicate the influence of pozzolana content on capillary water absorption with
time. The cumulative uptake of water (Q/A) versus square root of time reveals that with
any increase of NP content from 10% to 30%, capillary absorption of water decreases,
reflecting refinement of pores. The 10% NP mixture reported the greatest sorptivity
coefficient of 0.2065 gm/cm?/hr°. Whereas 20% and 30% NP mixture both recorded very
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low coefficients of 0.1762 and 0.176, respectively. This indicates that the addition of
pozzolana up to these percentages had the effective effect of reducing capillary suction
since the pozzolanic reaction absorbs calcium hydroxide and combines with it to produce
more calcium silicate hydrate (C-S-H), which fills pores and lowers permeability.

Surprisingly, sorptivity went up again for 40% NP, with a coefficient value of
0.1972 gm/cm?/hr®°, which indicates that excess pozzolana could contribute to a dilution
of reactive content of OPC, hence decreasing early C-S-H development and leaving un-
reacted pozzolanic particles that do not contribute to pore blocking. The graph also
confirms the trend, with the 10% NP line always higher than that of the others and that of
the 20% and 30% blends with the most flat slopes denoting slower and lesser water
uptake.

3.3.3. Limestone
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Figure 4. Water sorptivity of OPC blended with 5-20% LS, showing cumulative
water uptake (Q/A, glcm?) versus Vtime (hr?)

OPC blended with limestone has a noticeable trend of declining water absorption as
the content of the latter increases. The sorptivity coefficient for the 5% LS mixture is
0.1491 gm/cm?/hr®®, which gradually declines to 0.1372 for 10%, 0.129 for 15% and
0.1221 for 20% of the replacement. This trend has been observed from the cumulative
water uptake graph, with the 5% LS plot always higher than the rest and the 20% LS
mixture registering the lowest absorption throughout the duration of the test.

This decrease in sorptivity results from the filler effect of finely ground limestone
that enhances the packing of the particles and limits the interconnection between pores.
Even though the limestone is not pozzolanic, the physical contribution serves to densify
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the microstructure, thus minimizing the capillary suction channels through which the
water penetrates the cement matrix. The continuous drop of sorptivity with increasing
replacement percentages suggests improved durability and moisture resistance, especially
with 15%-20% replacement. The evidence confirms that the addition of limestone,
particularly up to 20%, effectively reduces the permeability without hampering the
performance of cement, consistent with the vision of yielding a more durable and
environmentally friendly binder.

3.3.4. Stone-Cutting dust

The sorptivity performance for OPC partially replaced by Stone-Cutting Dust
(SCD) was assessed based on the cumulative water absorption in terms of time.
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Figure 5. Water sorptivity of OPC blended with 10-40% SCD, showing cumulative
water uptake (Q/A, g/cm?) versus Vtime (hr'?)

As demonstrated in Figure 5, the results follow a non-linear pattern in regard to the
SCD replacement level. The sorptivity coefficients, obtained by the slope of the linear
section of the water uptake vs. Vtime profiles, are presented as: 0.2293 gm/cm%hr®® for
10% SCD, 0.2177 for 40%, 0.2013 for 20% and the lowest value of 0.1844 for 30% SCD.
The order 10% > 40% > 20% > 30% suggests that the greatest reduction in water
absorption was achieved by using 30% replacement.

The decrease in sorptivity, more pronounced in 20% and 30% SCD content levels,
is caused by the filler nature of the SCD particulates that enhance the cementitious matrix
filling density and decrease the inter-connexion between the pores. Despite being an inert,
non-pozzolanic material, SCD has a very fine particulate nature that enhances the refining
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of the pore system as well as restricts the capillary suction channels to decrease the water
ingress.

Yet a slight rise in sorptivity for the 40% substitution indicates that a high level of
substitution might weaken the cementitious binder and undermine the densification and
the cohesion of the matrix. It represents a threshold after which the physical advantage of
SCD would be counteracted by a decrease in the active cement content.

In general, the findings indicate that 20-30% SCD replacement levels have the best
balance between material performance and permeability reduction. These results confirm
the application of SCD as a cost-efficient and sustainable filler in cement-based
composite durability improvement without the need for relying on pozzolanic.

3.3.5. Water sorptivity behavior for blended ternary mixtures of Stone-Cutting
Dust (SD), Limestone (L) and Natural Pozzolana (NP)

The water sorptivity behavior of various ternary blended mixtures incorporating
Stone-Cutting Dust (SD), Limestone (L) and Natural Pozzolana (NP) was assessed over
a 9-hour testing period. The sorptivity values were plotted as cumulative water uptake
(Q/A, g/m?) against the square root of time (hrs*?).

23
y=02x+0.2438
2 R® = (0.8336
s 0.1966x + 02868
R®=0.B307
S

— )
&l gt ‘-.‘..'-.'\' .
‘,5:’ Ty =0.1801x + 0.2285
o 1 R*=0.832
0.5
0
0 2 4 (4] 8 10
Time (hrs'?)
—a— A[10% SD+5% L+10%MNP) —— B{15%50+5%L+5%MNP)
—— C[53%SD+5%L+15%MP)  ceeeeeees Linear (A{10% SD+5% L+10%MP))
»»»»»»»»» Linear (B{15%SD+5%L+53%NP))  ---eeeeo- Lingar (C(5%50+5%L+15%MP))

Figure 6. Sorptivity of A, B and C. Cumulative water uptake (Q/A, g/cm?) versus \time (hr?)

The cumulative water absorption characteristics of OPC ternary blends in different
proportion combinations of Stone-Cutting Dust (SD), Limestone (L) and Natural
Pozzolan (NP) are as shown in Figure 6. Sorptivity coefficients, quantified using the slope

of the linear section of the absorption vs. \time curves, are as follows: 0.2 gm/cm?%hr®®
for Mix A (10% SD + 5% L + 10% NP), 0.1901 for Mix B (15% SD + 5% L + 5% NP)
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and 0.1966 for Mix C (5% SD + 5% L + 15% NP). In order of absorption performance,
the rankings are A > C > B and the highest rate of water uptake belongs to Mix A while
the lowest permeability corresponds to Mix B.

This trend indicates a multifaceted interaction between the filler and the pozzolanic
reactions of the constituents. Mix A, even though it has a well-balanced composition,
exhibits the maximum sorptivity, indicating that the 10% SD content may not lead to
adequate refinement of the pore network and the 10% NP cannot fully offset through
pozzolanic densification. Mix B, which has more SD content (15%) and lesser NP content
(5%), exhibits the lowest sorptivity, which may be due to a more efficient filler-driven
refinement of the microstructure despite reduced chemical reactivity.

Mix C, which contains 15% NP and a mere 5% SD, exhibits an intermediate type
of behavior. Although the pozzolanic reaction of NP contributes to densification, the
reduced content of SD might decrease the physical packing efficiency to enable slightly
higher water absorption capacity in comparison to Mix B.

In general, the results indicate that having a balanced filler-to-pozzolan ratio in
ternary blends is important. While long-term durability does benefit through the
pozzolanic reaction, the early-age physical packing effects due to inert fines such as SD
will have a stronger contribution to early-age sorptivity. Therefore, Mix B seems to have
the best balance of low permeability and sustainable binder composition.
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Figure 7. Sorptivity of D, E and F. Cumulative water uptake (Q/A, g/cm?) versus Vtime (hr¥/2)

Figure 7 illustrates the sorptivity curve of cement blends D, E and F, which have all
been modified using blends of stone-cutting dust (SD), limestone (L) and natural
pozzolana (NP). Sorptivity in the form of the slope of the best linear trendline (Q/A vs.
\time) indicates the rate at which water penetrates mortar samples by capillary action.

Of the three mixes, Mix F (15% SD + 10% L + 5% NP) showed the highest
sorptivity value of 0.2238 g/cm?/hr'/2, This indicates F possessed the most porous matrix
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to absorb water more readily. The next was Mix D (5% SD + 10% L + 15% NP), but
slightly lower in sorptivity value of 0.2143. The lowest sorptivity of 0.2093 was for Mix
E (10% SD + 10% L + 10% NP). These results reveal a distinct trend in which a higher
proportion of stone-cutting dust when the natural pozzolana content decreases should
have a higher water absorption because of the increase in the capacity for capillary action.

This trend agrees with that reported in the existing literature. Natural pozzolana has
a finer particle size, reactivity to pozzolanic reactions and pore-filling capacity, which
tend to collectively lower permeability and increase durability in blended cement. Reports
by Ramezanianpour et al. (2010), are in line with the fact that a higher pozzolan
proportion leads to lower sorptivity due to secondary calcium silicate hydrate (C-S-H)
production and a denser microstructure. Stone-cutting dust, while having some reactive
silica content, has poor pozzolanic potential unless highly processed and tends to increase
open porosity when in excess, as in Mix F.

Thus, the comparison between D, E and F illustrates that a balanced replacement
involving a larger proportion of NP (as in Mix D) produces stronger resistance to the
entry of capillary water in contrast to higher SD contents (as in Mix F). This verifies the
significance of the optimization of the pozzolanic content and the study of the
performance of each additive in cementitious systems.
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Figure 8. Sorptivity of mixes G, H, | and J with 10% LS. Mix H (10% SCD + 10% LS + 15% NP)
recorded the lowest coefficient (0.1666 g/cm?/hr'?), indicating improved pore refinement

Figure 8 represents the water absorption characteristics of cement blends G, H, |
and J. These blends have a constant 10% limestone content while varying in content of
stone-cutting dust (SD) and natural pozzolana (NP). Sorptivity or the rate of water
absorption after a given duration of exposure to water was the largest for Mix J (20% SD
+10% L + 5% NP) and was equal to 0.2459 g/cm?/hr¥2. Such a high rate of absorption
indicates the porous nature of the gel structure having a high volume of channels within
the capillary system due to the poor availability of pozzolanic material and the high SD
content.
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Mix I (15% SD + 10% L + 10% NP) has a slightly lower sorptivity value of 0.2355,
whereas Mix G (5% SD + 10% L + 20% NP) has a moderate sorptivity value of 0.2283.
It is observed that Mix H (10% SD + 10% L + 15% NP) has the lowest sorptivity value
of 0.1666 indicating the lowest water penetration and a denser cement paste.

The trend indicates that raising the proportion of SD while reducing the content of
NP augments sorptivity due to enhanced porosity and diminished pozzolanic reaction. In
contrast, the increase in NP content leads to the formation of more calcium silicate hydrate
(C-S-H), which fills the pores and minimizes capillarity. This finds support in the work
by Ramezanianpour et al. (2010) which established that pozzolanic content in general and
particularly in optimal proportion minimizes permeability and increases the durability of
blended cements. Accordingly, the data verifies that well-balanced application of NP, as
in the case of Mix H, greatly enhances the resistance to water in comparison to the mixes
having a higher proportion of SD.
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Figure 9. Sorptivity of Mixes K, L, M, N, showing cumulative water uptake (Q/A, g/cm?)
versus Vtime (hr'?)

Figure 9 presents a comparison between the sorptivity of mixes K, L, M and N,
which have 15% limestone and differ in the proportion of stone-cutting dust and natural
pozzolana. Mix K (5% SD + 15% L + 20% NP) has the highest sorptivity of 0.2414
g/cm?/hr'’? in this group despite having a higher amount of pozzolan. This may indicate
that the proportion of materials used in this mix does not blend well or that there is poor
compatibility, resulting in loose or unreacted particles that facilitate the penetration of
water.

Mix N (20% SD + 15% L + 5% NP) has a sorptivity of 0.2143, whereas Mix M
(15% SD + 15% L + 10% NP) has 0.1966. Mix L (10% SD + 15% L + 15% NP), which
has the lowest sorptivity of 0.1629, implies a more defined and closer pore structure. This
trend suggests that although high NP content generally reduces sorptivity, the
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performance also relies on the ability to work well across the other elements. The high
sorptivity in Mix K result from material incompatibility or inefficient particle
arrangement in that blend ratio. However, the overall trend still reveals that Mix L, having
a balanced ratio of both SD and NP, recorded the best water absorption performance. This
is echoed in the literature, which outlines that best performance in ternary blends comes
not only when pozzolan is maximized but also when there is proportional synergy among
all materials (Villar-Cocifia et al., 2021). The differences in sorptivity coefficients among
ternary blends were also validated through ANOVA, which confirmed that Mix H (10%
SCD + 10% LS + 15% NP) exhibited significantly lower sorptivity (p < 0.05) compared
to OPC and other blends.

Beyond the physico-chemical improvements observed, partial replacement of OPC
with NP, LS and SCD also offers environmental benefits. Cement production accounts
for nearly 8% of global CO>2 emissions, mainly due to clinker calcination and energy
consumption during production (Environment et al., 2018). Literature-based Life Cycle
Assessments (LCA) indicate that replacing 30% of OPC with supplementary cementitious
materials can reduce CO2 emissions by 20-30% and lower energy demand by up to 25%
(Oliveira et al., 2023; Knight et al., 2023). Thus, the ternary blends studied here,
particularly Mix H, not only enhance durability but also contribute to sustainable
construction practices in regions such as Kenya where these raw materials are abundant.

3.4. Microstructural Considerations (Limitation)

Although SEM and XRD analyses were not performed in this study, the observed
reductions in water sorptivity and extended setting times are consistent with
microstructural refinements reported in the literature. Hewlett and Liska (2019) and
Huang et al. (2022) demonstrated that pozzolanic reactions and filler effects reduce pore
connectivity and densify cement matrices. The improved performance of ternary blends,
especially Mix H, therefore likely arises from similar pore structure refinement.
Nonetheless, direct microstructural validation should be addressed in future
investigations to strengthen these conclusions.

4. Conclusion

This study has demonstrated the feasibility and benefits of partially replacing
Ordinary Portland Cement (OPC) with stone-cutting dust (SCD), limestone (LS) and
natural pozzolana (NP) to improve the physico-chemical properties of cementitious
materials. Results showed that incorporating these supplementary cementitious materials
(SCMs), either individually or in ternary blends, significantly influenced normal
consistency, setting time and water sorptivity, key indicators of workability, hydration
behavior and long-term durability. Normal consistency increased across all blends due to
the finer particle size and porous nature of SCD and NP, which elevate water demand.
Setting times were extended in most cases, particularly with higher NP and SCD content,
a desirable feature in hot climates where rapid setting is a concern. Water sorptivity
decreased notably in ternary blends, especially in Mix H (10% SCD + 10% LS + 15%
NP), indicating enhanced pore structure refinement and reduced permeability.
Importantly, the use of these locally available materials not only improves technical
performance but also contributes to sustainability by reducing OPC usage, lowering
carbon emissions and promoting circular economy practices through the reuse of
industrial waste such as stone-cutting dust. This approach is particularly relevant for
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regions like Kenya, where access to NP and SCD is widespread. Overall, this research
supports the development of alternative, sustainable cement products using optimized
SCM combinations. Further studies should explore long-term durability, structural
performance in real-world applications and the economic implications of scaling up these
blends for commercial use. In addition to performance improvements, the partial
substitution of OPC with NP, LS and SCD has the potential to lower CO2 emissions by
an estimated 20-30%, reinforcing the environmental value of adopting blended cements
In sustainable construction.
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