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ABSTRACT
Rapid industrialization and urban growth have driven a rising demand for cement, yet ordinary Portland cement (OPC) produc-

tion remains energy-intensive and a major source of CO2 emissions. The partial substitution of OPC with supplementary

cementitious materials (SCMs) offers a sustainable route to reduce environmental impact, production costs, and enhance perfor-

mance. This study investigates the effects of replacing OPC with stone-cutting dust (SD), natural pozzolana (NP), and limestone

(L) individually and in ternary blends on the compressive strength and microstructure of cement mortars. OPC was partially

substituted with SD and NP at 10%–40% and with L at 5%–20%. Ternary blends containing SD, NP, and L replaced OPC at

25%–40%. Compressive strength was measured at 2, 7, 28, and 56 days, and microstructural analysis was performed at 28 days

using scanning electron microscopy (SEM). Commercial OPC and Portland pozzolana cement (PPC) served as control samples.

Results showed that strength development increased with curing age for all mixes. Optimal performance was recorded at lower

substitution levels particularly 10%–20% NP, 5%–15% L, and ≤25% SD achieving 28-day strengths comparable to or exceeding

OPC. High replacement levels (≥35%) reduced strength due to dilution of reactive clinker phases. Ternary blends demonstrated

synergistic effects when reactive pozzolanic material and fine limestone were balanced, producing dense microstructures with

refined pores and abundant calcium–silicate–hydrate (C–S–H) gel. SEM observations confirmed that improvements in compres-

sive strength were associated with increased C–S–H formation, reduced calcium hydroxide (CH), and better particle packing in

optimized mixes. These findings indicate that SD, NP, and L can be used effectively in partial substitution of OPC to produce

environmentally friendly cement with satisfactory mechanical performance. Optimized blends can reduce OPC content by up to

25% without compromising strength, supporting sustainable construction practices while promoting the utilization of locally

available industrial by-products. PPC was only used as a microstructural reference to compare hydration morphology with

blended OPC systems, while OPC was utilized as the mechanical control for compressive strength evaluation.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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1 | Introduction

In recent years, various approaches have been initiated which
includes studies of supplementary cementitious materials (SCMs)
that can viably be utilized to partially substitute ordinary Portland
cement (OPC), aiming to reduce production costs, environmental
issues associated with greenhouse gas emissions while enhancing
the physicochemical properties of cementmortars and concrete [1].
Natural pozzolana (NP), limestone, and stone-cutting dust (SD) are
potential locally prepared cementitious materials that can be used
to blend OPC. These materials are relatively cheaper than OPC
which is major cement in constructions [2].

NP is an aluminous and siliceous containing material that reacts
with calcium hydroxide (CH) from hydrating cement to produce
a compound of cementitious properties [3]. The pozzolanic reac-
tion for hydration can be represented as given in Equations (1)
and (2) [4].

CHþ SþH→ C  −  S  −  H; ð1Þ

CHþ AþH→ C  −  A  −  H; ð2Þ

where S is silicates (SiO2), A is aluminates (Al2O3), CH or
Ca(OH)2 is lime, and H is water (H2O). The use of pozzolanic
materials is expected to improve the physicochemical properties
of cement concrete and mortars. They include strength, durabil-
ity, and workability of cement [5].

Limestone as a supplementary material produces a much denser
particle packing and a greater particle distribution since it grinds
finer [6]. The limestone’s physical effects are linked to the increase
in compressive strength of mortar and concrete due to the mineral
powder’s physical filler effect [7]. As a result, the concrete matrix
microstructure is improved, the pore structure is refined and voids
between the cement grains are filled, and thereby increasing the
strength [8]. Limestone is rich in calcium carbonate (CaCO3),
which reacts with alumina and silica to form calcium (Ca) silicates
and Ca aluminates in presence of water [9]. These compounds
contribute to the durability and strength of cement, improving its
long-term performance and its ability to resist cracking [10].

SD as a sustainable resource offers several potential benefits [11].
SD which is a by-product of quarrying operations can be effectively
utilized rather than being disposed of as waste. This promotes sus-
tainable resource management and reduces the environmental
impact associated with stone dust disposal [12]. SD contains min-
eral compounds which include silica, alumina, and iron oxide [13].
These mineral compounds react with lime from hydrating cement
to form additional cementitious materials enhancing the properties
of cement mortars [14].

Effects of substituting OPCwith NP, limestone, and SD based on its
compressive strength and microstructure vis-à-vis commercially
available Portland pozzolana cement (PPC) was investigated in
this study. Comparing OPC blended with a mixture SD, NP, and
limestone to commercially available PPC is essential for perfor-
mance evaluation [15]. This comparison determines if the blended
OPCmeets or exceeds the performance standards and requirements
expected of a pozzolanic cement [16]. The results were used to
assess the viability of using a mixture of SD, NP, and limestone in
terms of cost-effectiveness, environmental impact, or performance

in comparison to traditional materials and as a way of promoting
waste reduction and resource efficiency.

This study investigates the effects of partially substitutingOPCwith
SD, NP, and limestone (L), used individually and in ternary blends,
on compressive strength development and microstructural charac-
teristics of cement mortar. Commercial OPC was employed as the
mechanical control for compressive strength evaluation, while
commercially available PPC was included solely as a reference
material for comparative microstructural analysis using scanning
electron microscopy (SEM). The comparison with PPC was
intended to provide context for hydration morphology and phase
development rather than mechanical benchmarking. The study
aims to identify optimal replacement levels that reduce OPC con-
tent while maintaining satisfactory mechanical performance and
promoting sustainable utilization of locally available materials.

2 | Materials and Methods

2.1 | Materials, Sampling, and Characterization

OPC (42.5N) and PPC (32.5N) were purchased from appointed
distributors within Athi River town, Kenya. ISO standard sand
conforming to EN 196-1:2016 was sourced from Savannah Cement
Ltd company, Kitengela, Kenya. Limestone (L) was sourced from
Athi river mining company, Nairobi, Kenya. SD was sourced from
Nguruga, Kajiado county, Kenyawhich lies between latitudes 1030’
and 2 000’ S. and longitudes 360 30’ and 370 30’E, and at an altitude
of 1710m above sea level. NP was acquired from Nguruga, Kajiado
County, Kenya. Distilled water was used in all activities in this
study whenever water was being used.

OPC (42.5N) and PPC (32.5N) were used as control binders. OPC
(42.5N) and PPC (32.5N) were used as control binders. Mechanical
testing focused on OPC and blended mixes; PPC was not subjected
to compressive strength testing and was used only for microstruc-
tural comparison. Their oxide compositions were obtained from
manufacturer specifications. The chemical compositions of NP
and L were determined using X-ray fluorescence (XRF) with a
PANalytical Epsilon 3XLE spectrometer. For each test material,
0.900 g was weighed into an empty platinum crucible. A total of
9.000 g of lithium tetraborate was introduced into the sample as a
flux and mixed for homogeneity. The obtained mixture was then
put in a M4 gas fusion chamber for 17min and fused to produce a
glass bead. Before analyzing the glass beads in the XRF chamber,
they were placed in a desiccator to cool [17]. For SD, the elemental
composition of the raw powder was obtained using SEM coupled
with energy dispersive X-ray spectroscopy (SEM–EDS). This pro-
vided a semiquantitative analysis of major oxides based on spot and
area scans of representative particles.

Tables 1–3 present the oxide compositions of NP, SD, and L. The
XRF analysis showed that NP contained a high proportion of silica
(SiO2= 48.90%) and alumina (Al2O3= 14.68%), along with Fe2O3

(7.24%), CaO (8.16%), and MgO (3.84%), confirming its pozzolanic
character. The limestone exhibited significant MgO content, indi-
cating a dolomitic character rather than a purely calcitic composi-
tion. This dolomitic nature suggests that limestone in this study
primarily acts as a filler and nucleation agent and may influence
carboaluminate formation during cement hydration. The elemental
composition of SD, determined by SEM–EDS, showed a high CaO
content of 52.13%, significant SiO2 (22.48%), and lower levels of
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TABLE 1 | Chemical composition of natural pozzolana.

Sample Id
oxide

Natural pozzolana_Np1
(% meanÆ Sd)

Sample Id
oxide

Natural pozzolana_Np2
(% meanÆ Sd)

Al2O3 9.7591Æ 0.2923 MgO 0.4099Æ 0.3653

SiO2 64.6774Æ 0.4713 Al2O3 8.6069Æ 0.2924

P2O5 <LODÆ 0.014 SiO2 61.7015Æ 0.4845

SO2 <LODÆ 0.0179 P2O5 <LODÆ 0.0155

TiO2 1.1273Æ 0.0974 SO2 <LODÆ 0.02

Cr2O3 0.0185Æ 0.0133 TiO2 1.4401Æ 0.1119

MnO 0.6087Æ 0.0296 V2O5 <LODÆ 0.0229

Fe2O3 18.3946Æ 0.1428 Cr2O3 0.0241Æ 0.0147

CoO 0.0407Æ 0.0273 MnO 0.6637Æ 0.0324

NiO 0.0603Æ 0.0109 Fe2O3 21.0488Æ 0.1611

CuO <LODÆ 0.0051 CoO 0.0438Æ 0.0303

ZnO 0.0811Æ 0.0055 NiO 0.066Æ 0.0123

As2O3 <LODÆ 0.0465 CuO <LODÆ 0.006

SeO2 <LODÆ 0.0039 ZnO 0.0901Æ 0.0062

SnO2 0.2109Æ 0.1657 As2O3 <LODÆ 0.0516

PbO <LODÆ 0.0628 SeO2 <LODÆ 0.0056

— — SnO2 0.2739Æ 0.1796

— — PbO <LODÆ 0.0667

TABLE 2 | Chemical composition of limestone.

Sample ID
oxide

Limestone_L2
(% meanÆ SD)

Limestone_L1
(% meanÆ SD)

MgO 39.6324Æ 3.1543 41.7272Æ 3.191

Al2O3 8.4983Æ 1.1877 9.5901Æ 1.2321

SiO2 21.4716Æ 0.5938 19.6642Æ 0.5747

P2O5 3.7989Æ 0.1340 3.8166Æ 0.1339

SO2 0.7135Æ 0.1000 0.7895Æ 0.1004

TiO2 <LODÆ 0.1340 <LODÆ 0.1225

V2O5 <LODÆ 0.0580 <LODÆ 0.0500

Cr2O3 <LODÆ 0.0381 0.0414Æ 0.0387

MnO 0.1066Æ 0.0364 0.1299Æ 0.0378

Fe2O3 2.2756Æ 0.1187 2.3348Æ 0.1179

CoO <LODÆ 0.0237 <LODÆ 0.0240

NiO 0.2832Æ 0.0324 0.2643Æ 0.0318

CuO 0.0262Æ 0.0147 0.0376Æ 0.0150

ZnO <LODÆ 0.0110 <LODÆ 0.0109

As2O3 <LODÆ 0.1812 <LODÆ 0.2263

SeO2 <LODÆ 0.0164 <LODÆ 0.0216

PbO <LODÆ 0.3172 <LODÆ 0.3909
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Al2O3 (5.94%), Fe2O3 (2.84%), and MgO (1.98%), suggesting poten-
tial both as a filler and for limited pozzolanic contribution.

It should be noted that the SEMmicrographs presented later in the
results section depict hydrated paste samples at 28 days of curing,
not unhydrated raw powders, and are used to illustrate microstruc-
tural development. No SEM images of unhydrated NP or L are
included.

2.2 | Mix Formulations, Sample Preparation, and
Optimization of the Ratios

The test materials, NP, limestone, and SD were ground using a
laboratory ball mill to accomplish fine and consistent particle sizes
suitable for cement blending. Sieve analysis was performed to con-
firm that the distribution of particle size ell within the required
range and to ensure consistency across all samples. Each material
was blended with OPC in specified proportions by weight, as out-
lined in the experimental design.

Each material was tested individually as a replacement for OPC,
andmix codeswere assigned for concise identification (e.g., NP10=
10% NP, SD25= 25% SD, L15= 15% L). A summary of all mix
formulations is presented in Table 4.

The optimization of replacement ratios in this study was informed
by previous research that demonstrated the performance benefits
of using SCMs in partial substitution of OPC. Ground samples of
SD and NP were individually blended into OPC at replacement
levels of 10%, 20%, 25%, 30%, 35%, and 40%, in line with studies
which reported that pozzolanic and siliceous materials improve
long-term strength when used within these ranges [18, 19]. Lime-
stone was also partially substituted at 5%, 10%, 15%, and 20%,
following the recommendations of Khatib et al. [20], who noted
improved early strength and packing density at lower limestone
dosages [21].

Additionally, ternary blends of NP, limestone, and SD were pre-
pared and substituted into OPC at 25%, 30%, 35%, and 40%. These
blend ratios were guided by findings from Elyasigorji et al. [22],
who proved that combining reactive and inertmaterials in carefully

balanced proportions can yield synergistic effects in strength. The
selected proportions aimed to explore awide performance spectrum
while ensuring that the combined replacement levels remained
within acceptable limits for structural applications [23].

2.3 | Preparation of Mortar Prisms

According to the guidelines in KS EAS 148:1-2017, test cements
were made using molds of measurements 40mm× 40mm× 160
mm. The water–cement ratio was 0.50, and the cement–sand ratio
was 1:3 bymass (450 g cement, 225 gwater, and 1350 g ISO standard
sand). The control samples comprised of commercial OPC and
commercial PPC. A total of 450 g of cement were weighed and
added to 225 g distilled water in the bowl of the automatic program-
mable mortar mixer.

The bowl with its contents was then fixed on the automatic pro-
grammable mixer and allowed to start mixing at a low speed. After
30 s, 1350 g of standard sand prepared according to ISO 679:1989,
EN 196–1 (2016) was gradually added into the bowl for the next
30 s. Themachinewas then programmed to run atmaximum speed
for the next 30 s and paused for 90 s. Using a plastic scoop, the
mortar on the bowl’s surface was scraped off and the entire mortar
was scraped to one side of the bowl. After that, themixer ran for 60 s
at maximum speed.

The generated mortar was then transferred in 40mm× 40mm×
160mmmolds tomake threemortar prisms at a go. Themortar was
being filled into these steel molds in two stages, at first, they were
half filled and compacted for 1min with aid of a jolting machine
after which the molds were fully filled and compacted again by a
joltingmachine for another 1min. Themortar that had deep struck
off during compacting and was on the mold’s surface was removed
by wiping it off.

The mold was then removed from the jolting machine and placed
inside thehumidity cabinet set at 20Æ 2°C temperature andhumid-
ity above 95% for 24h after which it was removed and demoulded.
The prisms were then cured in distilled water maintained at
25Æ 10°C temperature with the 40mm× 40mm side as the base

TABLE 3 | Elemental composition of stone-cutting dust (SD) raw powder determined by SEM–EDS, expressed as weight percentage (Wt%).

Element Line type Apparent concentration k ratio Wt% Wt% sigma Standard label Factory standard

C K series 0.54 0.00545 4.13 0.44 C Vit Yes

O K series 47.23 0.15893 47.36 0.28 SiO2 Yes

Na K series 0.48 0.00203 0.53 0.04 Albite Yes

Mg K series 1.42 0.00941 1.86 0.05 MgO Yes

Al K series 9.55 0.06857 11.98 0.10 Al2O3 Yes

Si K series 16.29 0.12908 21.85 0.15 SiO2 Yes

P K series 0.35 0.00194 0.36 0.04 GaP Yes

K K series 0.41 0.00351 0.51 0.04 KBr Yes

Ca K series 2.68 0.02393 3.84 0.07 Wollastonite Yes

Ti K series 5.06 0.05556 8.04 0.06 Ti Yes

Fe K series 4.78 0.04782 7.23 0.15 Fe Yes

Total — — — 100.00 — — —
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for 3, 7, 28, and 56 days. This procedure was repeated for all the
cement categories and the control samples.

2.4 | Microstructure Determination After 28 Days
of Curing

The 28th-day test samples were prepared for SEM as well as EDS
analysis in accordance with Scrivener et al. [24], to identify the
microstructure, morphology, as well as elemental content of
cements. Hardened cement mortar specimens were impregnated
using waterproof resin ERL-4206 to prevent cracking when ana-
lyzed using SEM. The SEM analysis was carried out on the cement

samples using a Zeiss Ultra Plus FEG-SEM equipped to work under
high vacuum to preserve the integrity of themicrostructure images.
The SEM analysis facilitated observation of morphology, such as
distribution of Ca–silicate–hydrate (C–S–H), ettringite, as well as
unreacted particles. EDS was employed simultaneously together
with SEM imaging to determine both qualitatively and quantita-
tively the elemental content of the cement matrix. The principle of
operation of EDS lies on the emission of characteristic X-rays from
atoms in a sample upon being excited by a focused beam of elec-
trons. Detection of these produced X-rays by a silicon drift detector
(SDD) enables one to identify as well as measure elements present
in a sample. EDS gave precise chemical data regarding important

TABLE 4 | Mixture proportions of cements.

S/number Stone-cutting dust (%) Limestone (%) Natural pozzolana (%) OPC (%) Naming

1 0 0 0 100 OPC

2 0 0 10 90 10% NP

3 0 0 20 80 20% NP

4 0 0 25 75 25% NP

5 0 0 30 70 30% NP

6 0 0 35 65 35% NP

7 0 0 40 60 40% NP

8 0 5 0 95 5% L

9 0 10 0 90 10% L

10 0 15 0 85 15% L

11 0 20 0 80 20%L

12 10 0 0 90 10% SD

13 20 0 0 80 20% SD

14 25 0 0 75 25% SD

15 30 0 0 70 30% SD

16 35 0 0 65 35% SD

17 40 0 0 60 40%SD

18 10 5 10 75 10% SD+ 5% L+ 10% NP (A)

19 15 5 5 75 15% SD+ 5% L+ 5% NP (B)

20 5 5 15 75 5% SD+ 5% L+ 15% NP (C)

21 5 10 15 70 5% SD+ 10% L+ 15% NP (D)

22 10 10 10 70 10% SD+ 10% L+ 10% NP (E)

23 15 10 5 70 15% SD+ 10% L+ 5% NP (F)

24 5 10 20 65 5% SD+ 10% L+ 20% NP (G)

25 10 10 15 65 10% SD+ 10% L+ 15% NP (H)

26 15 10 10 65 15% SD+ 10% L+ 10% NP (I)

27 20 10 5 65 20% SD+ 10% L+ 5% NP (J)

28 5 15 20 60 5% SD+ 15% L+ 20% NP (K)

29 10 15 15 60 10% SD+ 15% L+ 15% NP (L)

30 15 15 10 60 15% SD+ 15% L+ 10% NP (M)

31 20 15 5 60 20% SD+ 15% L+ 5% NP (N)

Advances in Civil Engineering, 2026 5 of 13
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elements like silicon (Si), aluminum (Al), iron (Fe), Ca, and
oxygen (O) in mixed cement. Such elements are important in
evaluating hydration behavior, together with possible pozzola-
nic reactions. Data provided by EDS supplemented SEM obser-
vations by indicating the existence of cementitious phases, as
well as filler particles. Hence, SEM–EDS analysis together pro-
vided a complete insight into microstructural evolution as well
as chemical integration of SD, NP, and limestone in the OPC
matrix at 28 days of hydration.

2.5 | Compressive Strength Determination

Compressive strength tests were carried out onmortar prisms mea-
suring 40mm× 40mm× 160mm, prepared in accordance with
Kenya Standard KS EAS 148-1:2000. Each prism was cast, com-
pacted, and cured in water at 20Æ 2°C until the testing age.
Strength was assessed after 3, 7, 28, and 56 days of curing.

At each age, three prisms per mix were tested. Each prism was split
to obtain two halves in line with EN 196-1, solely to prepare halves
for compression; no flexural strength data were recorded or
reported. Each half (40mm× 40mm× 80mm) was then loaded
in compression on a computer-controlleduniversal testingmachine
(UTM) with the fractured surface facing downward, at a constant
rate of 2400N/s, until failure. The compressive strength for a prism
was taken as the average of its two halves. The reported value for
each mix is the mean of three prisms.

Prisms were used instead of cubes to follow the adopted standard
and to allow both operations on the same specimens, while report-
ing only compressive strength. The standard deviation of compres-
sive strength results was within the typical range for EN 196-1
mortar testing, generally below 5%, indicating good repeatability
of the measurements.

3 | Results and Discussion

3.1 | Microstructure Analysis After 28 Days of
Curing

The microstructural analysis presented in this section focuses on
OPC, PPC, limestone-based, and SD–based cement systems for
which SEM images were obtained at 28 days of curing. SEM obser-
vations for NP–rich and ternary blended systems are inferred based
on trends observed in these systems, supported by compressive
strength results and relevant literature.

3.1.1 | OPC Paste Morphology After 28 Days of Curing

Figure 1 shows the OPC paste micrograph which was done using
SEM after the 28th day of curing.

The SEM micrograph in Figure 1 reveals a dense microstructure,
dominated by C–S–H structures marked with blue labels. These
appear as fibrous, gel-like, or foil-like phases, confirming efficient
hydration and contributing significantly to themechanical strength
and densification of the cement paste.

CH crystals, indicated by the green labels, are clearly visible as well-
formed hexagonal plate-like structures. CH plays a role in main-
taining an alkaline environment favorable for continued hydration
[25]. However, it does not directly enhance strength and, if present

in excessive amounts, can lower durability due to its relative solu-
bility. The moderate amount observed suggests a healthy balance
typical of well-cured OPC without significant pozzolanic
interaction.

Ettringite (AFt) formations, highlighted by yellow labels, appear as
fine needle-like or rod-shaped crystals. Their presence indicates
active early-stage hydration reactions between aluminates and sul-
fates [26]. Themoderate andwell-distributed number of AFt points
to effective gypsum contribution during cement setting without
indications of excessive ettringite growth, which could otherwise
risk delayed expansion or cracking.

These SEM observations are strongly supported by EDS elemental
analysis, which showed high concentrations of Ca and Si, with
minor Al contents. The chemical data confirm the dominance of
C–S–H, along with appropriate levels of CH and AFt, consistent
with expected hydration products of OPC.

The results are in agreement with previous findings reported by
Ngari et al. [27], Musyoki et al. [28], and Mutitu et al. [29], reinfor-
cing that traditional OPC hydration under water curing produces a
robust and stable microstructure rich in C–S–H, moderate CH, and
primary ettringite.

3.1.2 | PPC Morphology After 28 Days of Curing

Figure 2 shows the SEM image for PPC after undergoing curing for
28 days.

The SEM image in Figure 2 shows amicrostructure dominated by a
dense network of C–S–H, identifiable by the red labels. The C–S–H
appears as fine, fibrous, and gel-like masses that fill most of the
surface area. This dominant presence of C–S–H is attributed to the
pozzolanic reaction: the active siliceous and aluminousmaterials in
PPC react with the CH released during OPC hydration, forming
additional C–S–H [30]. As a result, PPC microstructure exhibits

FIGURE 1 | OPC paste SEM micrograph after 28 days of curing. CH,

calcium hydroxide; C–S–H, calcium–silicate–hydrate. AFt, ettringite.
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higher quantities of C–S–H compared to plain OPC, enhancing
strength and microstructural density.

The CH crystals, marked with green labels, appear in lower
amounts and as scattered plate-like hexagonal crystals. The reduced
presence of CH indicates an efficient pozzolanic reaction, consum-
ing CH and producing more strength-giving C–S–H, thus improv-
ing the long-term durability of the paste.

Ettringite (AFt), distinguished by yellow/orange labels, is also visi-
ble as rod- or needle-like crystals dispersed throughout the matrix.
Their presence suggests active reactions involving sulfate sources,
not only from gypsum but also from the pozzolanic materials
blended in PPC [31]. The well-formed AFt crystals contribute to
early age strength and dimensional stability, although their con-
trolled distribution suggests a low risk of future expansion or sec-
ondary ettringite formation [32].

The SEM observations are corroborated by the EDS elemental analy-
sis, which confirmed elevated Si and Al contents alongside Ca, all of
which support the abundant formation of C–S–H and AFt phases.
These findings align with themicrostructural characteristics expected
from pozzolan-rich blended cements, as reported by Wang [33].

3.1.3 | Limestone Morphology After 28 Days of Curing

After 28 days of curing, the morphology of a limestone-based
cement was examined using SEM, as shown in Figure 3.

The SEM micrograph in Figure 3 shows a microstructure where
CaCO3, indicated by the blue labels, is more prominently observed.
This confirms the active contribution of limestone particles within
the hydrated system [34]. The CaCO3 mainly originates from the
partial dissolution of the limestone and its involvement in second-
ary hydration processes [35].

CH, shown with red labels, is observed in relatively lower amounts
compared to typical OPC systems. The reduction of CH is attributed
to its reaction with the calcite (CaCO3) from the limestone, which
combines with tricalcium aluminate (C3A) from the Portland clin-
ker and CH to form Ca carboaluminate phases [36]. This reaction
improves the durability and reduces free CH, stabilizing the micro-
structure [37].

The presence of C–S–H, identified with green labels, remains dom-
inant, appearing as gel-like and foil structures. The limestone par-
ticles also act as nucleation sites, promoting early hydration of
tricalcium silicate (C3S) and dicalcium silicate (C2S), thus leading
to greater deposition of strength-giving C–S–H.

Ettringite (AFt), indicated by yellow labels, is present, but appears
reduced compared toOPC pastes. This reduction is attributed to the
limestone’s ability to stabilize ettringite formation and limit second-
ary ettringite expansion, enhancing dimensional stability and
microstructural compactness [38].

The SEM findings are in agreement with EDS elemental data,
which confirms significant presence of Ca, Si, and carbon (C), rein-
forcing the visual identification of C–S–H, CH, CaCO3, and AFt.
This microstructural refinement due to limestone incorporation
leads to a denser, more stable paste matrix after hydration [39].

3.1.4 | SD Morphology After 28 Days of Curing

Figure 4 shows the microstructure of stone-cutting based cement
after 28 days of curing.

The SEM microstructure reveals a reduced presence of C–S–H,
shown by the yellow labels, and CH, marked by the red labels,
when compared to plain OPC pastes. This decline in C–S–H and
CH content is attributed to the dilution effect caused by the partial
replacement of cement with SD. The dilution interferes with the
normal hydration process by reducing the quantity of reactive clinker
phases, thereby decreasing the formation of C–S–H gel and CH [40].

The presence of CaCO3, labeled in green, is also noted. This can be
explained by the deliberate addition of 10% limestone during the
mix design, as well as the possible inherent carbonate content in the
SD itself [41]. The occurrence of CaCO3 points to both physical filler
effects and potential chemical interactions that could slightly con-
tribute to early nucleation sites for C–S–H formation, albeit at a
reduced scale compared to pure OPC [30].

Ettringite (AFt) formations, indicated by the light blue labels, are
still visible as fine needle-like structures. Their presence suggests

FIGURE 2 | PPC SEM micrographs after 28 days of curing. CH, cal-

cium hydroxide; C–S–H, calcium–silicate–hydrate. AFt, ettringite. FIGURE 3 | Limestone-based SEM micrographs after 28 days of cur-

ing. CaCO3, calcium carbonate; CH, calcium hydroxide; C–S–H, cal-

cium–silicate–hydrate. AFt, ettringite.
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that the basic sulfate-aluminate reactions proceed even in the mod-
ified matrix, although the extent of AFt development is relatively
modest compared to OPC systems.

Overall, the SEM observations align with the EDS results, which
indicated lower Si and Ca peaks relative to OPC, confirming the
interference of hydration due to the SD addition. These findings
demonstrate the impact of using stone-cutting waste materials on
the hydration behavior and microstructure of blended cement
systems [42].

3.2 | Compressive Strength

3.2.1 | OPC Paste

Figure 5 below shows the compressive strength development for
OPC at the 3rd, 7th, 28th, and 56th days of curing.

Figure 5 presents the development in compressive strength in OPC
with varied curing ages: 3, 7, 28, and 56 days. The evidence depicts
an increasing trend with progress in days, commencing from

30MPa on the 3rd day and reaching about 39MPa on the 7th day
and around 43MPa on the 28th day. On the 56th day, the compres-
sive strength continues to ramp up to 50MPa, indicating ongoing
hydration in clinker phases, chiefly C3S. The behavior is character-
istic of OPC in general, with greater early strength being developed
in the initial week and subsequent curing enhancing further the
refinement in the microstructure through ongoing C–S–H gel
growth [43]. Evidence of steady progress in strength affirms suc-
cessful hydration and sustains the microstructural findings in SEM
observation with dense networks of products of hydration being
visible. The evidence is used to provide comparative exposure to
the blended cement prepared in this study to judge the performance
of alternative materials like limestone, NP powder, and SD to
replace some OPC [44]. Strength results showed low scatter across
replicate specimens, indicating good repeatability of the compres-
sive strength measurements.

3.2.2 | OPC Substituted With NP

Figure 6 shows compressive strength development for OPC substi-
tuted with NP at the 3rd, 7th, 28th, and 56th days of curing.

Figure 6 indicates the development in compressive strength in
cement mixes with OPC partially replaced with NP with substitu-
tion levels of 10%, 20%, 25%, 30%, 35%, and 40%, and monitored at
3, 7, 28, and 56 days of curing. At 3 days, all samples with pozzolana
substitution are lower in strength than pure OPC with 10% substi-
tution achieving approximately 28MPa and 40% substitution
recording the lowest at approximately 19MPa. The initial dip
reflects the poorer early reactivity of pozzolana compared to OPC.
At 7 days, there are increases in strength in all the mixes with 10%
substitution achieving nearly 38MPa, indicating the beginning of
early pozzolanic reaction. At 28 days, there are further increases
with 10% and 20% substitution achieving near or above 40MPa and
clearly showing high long-term reactivity of the pozzolanic mate-
rial. At 56 days, 10% substitution records more than 48MPa and
catches up slightly with pure OPC. While the greater levels of sub-
stitution (30%–40%) remain behind in absolute value, the gradual
increases with time continue to show; these findings validate that
lower substitution levels (especially 10%–20%) tip the scales
towards early and long-term strength with equal effectiveness
and thus are ideal to enhance sustainability without sacrificing
mechanical performance by any significant margin.

FromFigure 6, the compressive strengthwas found to increasewith
increase in the curing age which can be credited to the role of the
silicate and aluminate phases [45]. These phases reacted with the
CH produced during the hydration of the cement to form cementi-
tious products [46]. Nonetheless, it was observed that as the mass
percentage of NP in OPC replacement was being increased, the
compressive strength was reducing at all days. These outcomes
were consistent to what Hussein et al. [47] found. The decrease
in compressive strength with increasing substitution was because
SiO2 from NP, which has comparatively lower reactivity, partially
replaced C3S and C2S phases [48].

3.2.3 | OPC Substituted With Limestone

Figure 7 shows compressive strength development for OPC substi-
tuted with limestone at the 3rd, 7th, 28th, and 56th days of curing.

FIGURE 4 | Stone-cutting based SEM micrographs after 28 days of

curing. CaCO3: Calcium carbonate; CH, calcium hydroxide; C–S–H, cal-

cium–silicate–hydrate. AFt, ettringite.
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As observed in Figure 7, there was an increase in compressive
strength across the curing age. This can be attributed to Ca carboa-
luminates compounds formed when calcite (CaCO3) from lime-
stone reacts with C3A of Portland clinker in presence of CH from
hydrating cement, which promote strength development. Also, the
limestone particles provide nucleation sites for C3S and C2S hydra-
tion leading to the deposit of C–S–Hs (filler effect) which are
responsible for compressive strength development [49].

Compressive strength directly decreased as the amount of lime-
stone substituted increased.When limestone is substituted in excess
of the optimum amount, only fill the voids between the particles,
increasing the material’s compactness and, thus, its mechanical
strength. Once the voids are completely filled, the additional filler

material begins to replace the primary aggregate grain, reducing the
mechanical strength of the composite [50]. Additionally, the
decrease in compressive strength with increase in limestone con-
tent can be as a result of the dilution effect which indicate that
relatively inert limestone is replacing the reactive clinker phases
in cement [51].

3.2.4 | OPC Substituted With SD

Figure 8 shows the compressive strength development for OPC
substituted with SD at the 3rd, 7th, 28th, and 56th days of curing.

Figure 8 presents the compressive strength development of cement
mixeswhere OPCwas partially replacedwith 10% to 40% SD, tested
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FIGURE 6 | Compressive strength of OPC blended with natural pozzolana.
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at 3, 7, 28, and 56 days of curing. At 3 days, compressive strength
was highest in the 10% blend at approximately 27MPa, while the
40% blend recorded the lowest at about 18MPa, indicating a dilu-
tion effect at higher substitution levels during early hydration. By
the 7th day, strength improved across all blends, with the 10% and
20% substitutions reaching 35 and 31MPa, respectively. At 28 days,
the 10% blend achieved around 40MPa, while 25% and 30% blends
followed closely, showing that moderate substitution levels retain
strength development comparable to lower blends. By 56 days, the
10%mix peaked at nearly 48MPa, followed by 20% and 25% blends
above 44MPa, while the 40% blend lagged at approximately
33MPa. These results confirm that SD is most effective when
used at substitution levels up to 25%, where it contributes benefi-
cially to long-term strength without compromising the cement’s
structural integrity.

As observed in Figure 8, as the curing age increased, the compres-
sive strength increased as well. The compressive strength is
enhanced by the pozzolanic qualities of SD, which promote chemi-
cal reactions that result in the development of C–S–Hs [52]. None-
theless, the compressive strength decreased as the amount of SD
substituted increased. The decrease in C–S–H was most likely due
to the dilution effect brought on by the addition of SD interfering
with the hydration process [53].

3.2.5 | OPC SubstitutedWith aMixture of SD, Limestone,
and NP

Figure 9 shows compressive strength development for OPC substi-
tuted with a mixture of SD, limestone, and NP at the 3rd, 7th, 28th,
and 56th days of curing.

SubstitutingOPCwith amixture of SD, limestone (L), andNPwhile
optimizing the ratios, the mixtures in Figure 9 with lower NP and
SD content yielded higher compressive strength values. In contrast,
mixtures which contained higher proportions of SD and NP,

demonstrated lower compressive strength values which can be
attributed to the SiO2 from pozzolanic materials, which has com-
paratively lower reactivity, partially replacing C3S and C2S phases
that hydrate in presence of water to form C–S–H responsible for
strength development [54]. Limestone, an inert filler, can improve
particle packing and give hydration products places to nucleate,
resulting in the deposit of C–S–H,which is what provides amaterial
with its strength [55]. The observed strength enhancement suggests
synergistic interactions among SD, limestone, and NP, which are
consistent with microstructural trends reported in the literature for
similar blended cement systems. For clarity, selected numerical
comparisons are highlighted. At 56 days of curing, the NP10 mix
achieved approximately 48MPa compared to about 50MPa for the
OPC control, indicating closely comparable long-term strength.
Similarly, the best-performing ternary blend reached approximately
45MPa at 28 days, which is within about 10% of theOPC strength at
the same curing age. These results confirm that optimized replace-
ment levels can maintain mechanical performance while reducing
OPC content.

4 | Conclusion

This study evaluated the effects of partially substituting OPC with
SD, NP, and limestone (L), both individually and in ternary blends,
on the compressive strength andmicrostructure ofmortar. Replace-
ment levels ranged from 5% to 40%, with commercial OPC and PPC
serving as controls.

Results showed that compressive strength for all mixes increased
with curing age, consistentwith ongoing hydration andmicrostruc-
tural refinement. Optimized blends achieved 28–56 day compres-
sive strengths within approximately 5%–10% of the OPC control.
Optimal performance was achieved at lower substitution levels
particularly 10%–20% NP, 5%–15% L, and ≤25% SD, where 28
and 56-day strengths were comparable to, or exceeded, OPC

0

10

20

30

40

50

60

3 days 7 days 28 days 56 days

Co
m

pr
es

siv
e s

tre
ng

th
 (M

Pa
)

Curing age (days)

10%
20%
25%

30%
35%
40%
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10 of 13 Advances in Civil Engineering, 2026

 7074, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/adce/8069655 by E

sther W
anja N

thiga - C
ouncil For Scientific , W

iley O
nline L

ibrary on [23/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



controls. At higher replacement levels (≥35%), dilution of reactive
clinker phases led to strength reductions.

Microstructural analysis using SEM–EDS revealed that opti-
mized blends exhibited dense and well-packed matrices with
abundant C–S–H gel, reduced CH, and improved particle pack-
ing. Ternary blends demonstrated synergistic effects when reac-
tive pozzolanic materials were balanced with fine limestone
filler, enhancing both strength and microstructural compactness.
The improved performance of optimized ternary blends indicates
synergistic interactions that are consistent with microstructural
behavior reported in previous studies on blended cement
systems.

These findings indicate that locally available industrial by-products
SD, NP, and L can effectively replace up to 25% of OPC in mortar
production without compromising structural performance. Such
substitutions offer environmental benefits through reduced clinker
content andCO2 emissions, lower production costs, and sustainable
utilization of waste materials.

5 | Recommendations

1. Optimal replacement levels:

For structural applications, it is recommended to limit OPC substi-
tution to ≤25% for SD, 10%–20% for NP, and 5%–15% for L. These

levels maximize performance while maintaining cost-effectiveness
and sustainability.

2. Ternary blend utilization:

Blends combining SD, NP, and L in balanced proportions should be
prioritized for projects aiming for both environmental sustainability
and improved durability, as they deliver synergistic strength and
microstructural benefits.

3. Standardization and field trials:

Further field-scale validation is advised to confirm laboratory
findings under real construction conditions. Standard mix codes
and consistent proportioning guidelines should be developed for
industry adoption.

4. Durability testing:

While compressive strength was the main focus of this study,
future research should include long-term durability assessments
such as sulfate resistance, chloride permeability, carbonation
depth, and freeze–thaw performance to establish comprehensive
performance profiles.

5. Policy and industry adoption:

Policymakers and construction stakeholders should encourage the
use of industrial by-products as SCMs through updated building
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Advances in Civil Engineering, 2026 11 of 13

 7074, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/adce/8069655 by E

sther W
anja N

thiga - C
ouncil For Scientific , W

iley O
nline L

ibrary on [23/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



codes, incentives, and awareness campaigns, supporting the shift
toward greener cement production.
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