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ABSTRACT

Introduction. Marine bio-waste provides a sustainable calcium-rich resource for cementitious materials, but its role in hydration
control remains limited. Cuttlebone powder (CBP) is a marine bio-calcium with a porous hierarchical structure, and it forms a nano-
structured calcium carbonate system. This system influences phase evolution and structure—property relationships in cement
paste. This study evaluates its effects on phase composition, Ca/Si balance, microstructure, and structure—property relationships.
Materials and Methods. The study prepares plain and CBP-modified cement paste. CBP replaces cement at 10-50% by weight. All
mixtures use a constant w/b ratio of 0.5 and cure for 28 days. TGA evaluates phase composition, EDS determines Ca/Si ratio, SEM and
mapping examine microstructure, and Vickers hardness measures micro-mechanical properties. Results. CBP modifies the phase
composition of cement paste. Calcium hydroxide decreases from 18.68% to 13.13%, while calcium carbonate increases from 2.80%
to 15.05%. The Ca/Si ratio increases and indicates a Ca-rich system. The microstructure becomes heterogeneous, and Ca distribu-
tion becomes more localized, while Si remains relatively stable. Micro-mechanical properties increase up to CBP40 and decrease at
higher replacement levels. Discussion. CBP influences hydration through its porous hierarchical structure and calcium carbonate
composition. This structure controls ion distribution and phase development and governs Ca/Si balance and microstructural evolu-
tion. The results establish a structure—property relationship and define the micro-mechanical response. Conclusion. CBP acts as
a nanostructured calcium carbonate and alters phase composition, Ca/Si balance, and microstructure. This modification improves
micro-mechanical performance at moderate replacement levels but reduces matrix continuity at higher levels.
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AHHOTALMA

BBegeHue. Mopckrie 6100Txofbl MPEACTaBNAT COOOM YCTONUMBBIN NCTOYHMK 6OraToro KanbLmem pecypca Ans Npor3BOACTBa
LieMeHTHbIX MaTepuanoB, OfHakKo X POJib B KOHTPONe rymgpatauumn octaeTca orpaHnyeHHON. MopoLwokK 13 NaHUumMpA KapakaTuLibl
(MNK) npefcraBnAeTt co60i MOPCKO GMOKanbLMIA C MOPUCTON NePaPXMUYECKON CTPYKTYPOI, 06pasyioLLnil HAHOCTPYKTYPUPOBaHHYIO
cuctemy KapboHaTa Kanbuua. OTa cMcTeMa BAvAeT Ha $pa3oBble NpeBpaLleHa U B3aMMOCBA3b CTPYKTYPbI M CBOWCTB LIEMEHTHOW
nacTbl. B jaHHOM nccnefoBaHNY OLEHUBAETCA ero BAMsAHUE Ha $pa3oBblii cOCTaB, 6anaHc cooTHoleHna Ca/Si, MUKPOCTPYKTYpyY
1 B3aMMOCBS3b CTPYKTYpbl 1 cBONCTB. MaTepuanbl u MeToAbl. B nccnefoBaHum ncnonb3yetca obbluHaA LleMeHTHas nacTa v nacTa,
mogmnduuymposaHHaa MIMK. MMK 3ameHaeT uemeHT Ha 10-50% no Becy. Bo Bcex cmecax MCMONb3yeTcAa NOCTOAHHOE BOJOBAXYLLee
oTHoweHwue 0,5 n TBepaeHne B TeueHne 28 aHein. Da3oBbl COCTaB OLIEHVBAETCA METOAOM TePMOrpaBNMETPUYECKOro aHanmsa
(TTA-TGA), MeTOAOM 3HEpProfncnepCcroOHHON PeHTreHoBCKoW cnekTpockonuu (EDS) onpepensetca cooTHoweHne Ca/Si, meToAbl
CKaHVpytoLLen aneKTpoHHOM MuKpockonuu (SEM) n KapTrpoBaHve NCNOoNb3yoTCA 418 N3YyUYeHNUA MUKPOCTPYKTYPbl, ONpeaesieHnem
TBEPAOCTY No BrKkepcy nsmepatotca MUKpomexaHuyeckue ceonctea. Pesynbratbl. MMMK n3meHaeT $pa3oBbili cOCTaB LLeMEHTHOM
nactbl. CofepaHme rugpokcmaa KanbLma cHxaetca ¢ 18,68% o 13,13%, a kapboHata Kanbuua ysennumsaetca ¢ 2,80% po 15,05%.
CooTHoweHme Ca/Si yBenmumBaeTca 1 yKa3blBaeT Ha cuctemy, 6oratyto Ca. MMKpOCTPYKTypa NacTbl CTAaHOBUTCA F€TEPOreHHON,
pacnpepeneHvie Ca cTaHOBUTCA 6oniee NOKaNM30BaHHbIM, TOrAa Kak pacnpegeneHune Si ocTaéTcad OTHOCUMTENbHO CTabUbHbIM.
MurKpomexaHuyeckme cBOMCTBa yBennumaatotca fo coctasa MMK40 1 ymeHbLualoTca npu 6onee BbICOKMX YPOBHAX 3aMeLLeHUA.
O6cyxpaeHue. MIMK BnnAeT Ha rmapaTaLmio 3a CYeT CBOEN NOPUCTON MepapXMUeckon CTPYKTYpbl 1 KapboHaTHOro coctaBa. Takas
CTPYKTYpa KOHTPONMPYeT pacnpefeneHrie NOHOB 1 ob6pa3oBaHve ¢as, a Takxe perynupyet 6anaHc Ca/Si 1 aBonoLno MUKPO-
CTPYKTYpbl. [onyyeHHble pe3ynbTaTbl yCTaHaBAMBAIOT CBA3b MEXAY CTPYKTYPOW 1 CBONCTBaMM 1 OMPeAeNAT MUKPOMeXaHNYeCKuin
OTKNMK MaTepuana. 3aknioueHue. MNopolwok naHumpa Kapakatuubl (MMK) pefnctByeT Kak HAHOCTPYKTYpPUpOBaHHaA kKapboHaTHaA
cuctema v moamduumpyet $pasoBbli COCTaB, MONAPHOe oTHoLeHKe Ca/Si n MUKPOCTPYKTYpPY LleMeHTHOTo KamHsA. Mpy yMepeHHbIX
CTeneHsAxX 3aMeLleHNns Takaa MoandrKaLmna NPUBOAUT K NMOBbILLEHNI0 MUKPOMEXaHNYECKNX XapaKTEPUCTUK, TOFAa Kak npu 6onee
BbICOKUX YPOBHAX 3aMeLLEHNA HAbNIOAAETCA CHIPKEHVE CTPYKTYPHOI HEMPEPbIBHOCTU MaTpULbI.

KJTIOUEBbBIE CJIOBA: nopoLUOK NaHUMps KapakaTuLbl, MOPCKOW 61oKanbLuii, cooTHolweHne Ca/Si, rmgpatauus, MUKPOCTPYKTYPa,
MUKPOMEXaHUYECKME CBONCTBA, HAHOCTPYKTYPUPOBaHHbIN KAapOOHAT KasbLns

BJIATOAAPHOCTW: ABTOpbI BbipaXkatoT MPM3HATENbHOCTb 3a MOAAEPXKKY TexHonornyeckomy yHnsepcmteTy Pagxamanrana MNxpa
HakxoH, baHrkok, TannaHa.

ana uMTUPOBAHUA:

CaHrcyBaH Y., lNoHnoa B. MUKPOCTPYKTYpPHbIE 1 MUKPOMEXaHNYECK/e XapakTepUCTUKIM LLIeMEHTHOM NacTbl C MOPOLUKOM NaHLUmMpA
KapakaTuubl. HaHomexHonozuu 8 cmpoumesnscmae. 2026;18(3):393-406. https://doi.org/10.15828/2075-8545-2026-18-3-393-406. —
EDN: NXYCJF.

INTRODUCTION

Marine bio-waste provides a calcium-rich resource, but
current practices do not utilize its material potential in
high-value applications. The growth of seafood consump-
tion has increased the generation of inedible by-products
from marine organisms, including shells, bones, and in-
ternal structures [1]. These by-products originate from
finfish, mollusks, and crustaceans, and they form a large
fraction of waste from seafood processing industries [1].
Many of these materials contain biominerals rich in cal-
cium-based compounds, especially calcium carbonate,
which can serve as functional materials in engineering
applications [1]. The increasing demand for sustain-
able construction materials has also promoted the use
of waste-derived resources as alternative raw materials
in cementitious systems [2—4]. However, most marine
bio-waste remains underutilized or is discarded, and
this practice limits the use of its chemical composition
and structural characteristics [1]. This condition creates
a gap between the availability of calcium-rich marine re-
sources and their application in cement-based materials.

Marine-derived calcium materials can therefore act as
alternative resources in cementitious systems. Thus, the
role of calcium-rich marine bio-waste requires systematic
evaluation in cement applications.

The construction and cement industries face strong
pressure to reduce carbon emissions. Cement production is
a major contributor to global greenhouse gas emissions and
remains a significant source of industrial CO, emissions
[4, 5]. The environmental impact of cement and concrete
production drives the need for effective decarbonization
strategies in the construction industry [6, 7]. Rapid infra-
structure development and urbanization increase material
demand and intensify environmental pressure [7]. Several
approaches reduce carbon emissions. These approaches in-
clude lowering clinker content, improving energy efficiency,
and incorporating alternative materials into cement systems
[6, 7]. Waste materials are increasingly considered reusable
resources rather than disposal products. Resource recovery
promotes their integration into new material systems [8].
Marine-derived waste materials, such as seashells, serve as
alternative constituents in cement systems [9—11]. These
materials act as fillers or reactive components. They influ-
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ence phase development in cement paste. These materials
influence hydration behavior. Pozzolanic reactions form
C—S—H gel. This process controls Ca/Si ratio and mi-
crostructure in cement paste [12]. However, performance
depends on chemical composition and interaction with
hydration processes [12]. Therefore, calcium-rich waste
materials should be evaluated for their role in low-carbon
cement applications.

Supplementary cementitious materials play a key role
in reducing clinker content and improving material ef-
ficiency in cement-based systems [3—5, 13]. These ma-
terials participate in hydration through pozzolanic and
hydraulic reactions. They form additional C—(A)—S—H
gel and modify the composition of the hydrated matrix
[13]. The consumption of calcium hydroxide produces
secondary hydration products. This process refines pore
structure and enhances durability of hardened cement
paste [14]. Microstructure governs mechanical behavior
and long-term performance of cement-based materials
[15]. In addition to conventional supplementary materials,
calcium-rich waste-derived materials have attracted at-
tention as alternative constituents in cementitious systems
[7—9]. Marine-derived biomaterials, such as seashells,
contain high levels of calcium carbonate and show chemi-
cal compatibility with cement matrices [7, 8]. These ma-
terials act as fillers or reactive phases depending on com-
position and processing conditions. They influence phase
development and microstructural evolution in cement
paste [9, 14]. Therefore, marine bio-calcium materials
should be further examined in cementitious applications.

Marine bio-calcium materials represent a sustainable
and functional source of calcium carbonate for cementi-
tious applications. Marine bio-calcium originates from
biological structures such as shells and cuttlebone. These
materials consist mainly of calcium carbonate in poly-
morphic forms, including aragonite and calcite [16, 17].
Biogenic calcium carbonate forms hierarchical architec-
tures through biological mineralization. This structure
produces distinct physicochemical properties [16, 18].
The crystallographic form of calcium carbonate controls
its behavior in cement systems. Aragonite shows higher
reactivity than calcite, and this difference influences ion
release and phase transformation [19, 20]. The dissolution
of calcium carbonate increases local concentrations of
Ca’" and CO,>. This process promotes hydration reac-
tions and affects nucleation behavior [20, 21]. Calcium
carbonate polymorphs act as nucleation sites. They ac-
celerate early hydration and enhance microstructural
densification [21, 22].

Calcium carbonate influences the formation of hy-
dration products in cement systems. C—S—H gel forms
through nucleation and ion transport processes, and it
governs the mechanical properties of cement paste [23].
Hydration reactions control pore structure and phase
distribution and determine the development of C—S—H

and portlandite [24]. Calcium-rich materials modify hy-
dration pathways and influence strength and durability in
cement-based systems [25]. Marine bio-calcium materials
therefore control hydration and microstructural evolu-
tion when their structure provides reactive surfaces and
ion interaction sites. This structure-dependent behavior
highlights the role of material architecture in governing
phase development and microstructural refinement in
cement paste.

Cuttlebone powder (CBP) is a marine bio-calcium
material with a unique porous and hierarchical structure
that distinguishes it from conventional calcium carbonate
sources in cementitious systems. Cuttlebone originates
from the internal shell of cuttlefish, and it consists of ara-
gonite arranged in a chambered architecture with inter-
connected pores and thin structural walls. This structure
produces a lightweight material with high surface area,
which provides distinct physical characteristics com-
pared to dense mineral fillers. This architecture forms
a nanostructured calcium carbonate system that provides
active surfaces and short diffusion paths for ion interac-
tion during hydration [26—28]. These features promote
nucleation and control local chemical conditions at the
micro- and nanoscale, which govern phase evolution in
cement paste [28, 29]. The porous architecture affects
particle packing, water distribution, and local reaction en-
vironments during hydration. The internal pore network
accommodates hydration products and contributes to
microstructural refinement of the cement matrix [22]. In
addition, the surface characteristics of CBP influence the
distribution and growth of C—S—H in cement paste [23].
CBP modifies pore structure and packing density due to
its morphology, and it alters local chemical conditions,
including Ca/Si balance, which governs phase composi-
tion and microstructural development [25]. However, the
mechanisms by which CBP controls Ca/Si balance, phase
distribution, and microstructural development remain
unclear, particularly in relation to its structural charac-
teristics and interaction during hydration.

Marine bio-calcium materials have been widely in-
vestigated as sustainable alternatives in cementitious sys-
tems. Previous studies have demonstrated that calcium
carbonate—based materials influence hydration behavior,
microstructure, and mechanical performance [7-9, 18].
However, most studies focus on conventional calcium
carbonate and do not consider marine bio-calcium with
hierarchical architectures. The role of CBP in control-
ling hydration processes and microstructural evolution
remains insufficiently understood, particularly in relation
to structure dependent ion interaction and phase devel-
opment. The influence of CBP on Ca/Si balance and
hydration product distribution has not been systemati-
cally clarified, and the link between CBP-induced micro-
structural modification and mechanical response remains
unresolved. This study therefore provides a systematic
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investigation of CBP as a marine bio-calcium material
and establishes the relationship between CBP structure,
phase evolution, microstructural development, and me-
chanical performance in cement paste.

This study investigates the effect of cuttlebone powder
(CBP) on phase composition, Ca/Si balance, microstruc-
ture, and micro-mechanical properties of cement paste.
It clarifies how the porous and hierarchical structure of
CBP governs hydration behavior and ion interaction and
establishes the relationship between CBP structure, phase
evolution, microstructural development, and mechanical
performance in cementitious systems.

MATERIALS

Ordinary Portland cement (OPC, Type I) conform-
ing to ASTM C150 [30] was used as the primary binder
and served as the reference mixture. Cuttlebone powder
(CBP) was obtained from discarded cuttlebone from the
seafood industry. The material was washed to remove
impurities and dried in a solar drying system at 40—60 °C.
The dried material was ground using a mechanical crush-
ing machine with rotating blades to produce a fine powder.
The powder was sieved through a No. 100 sieve (150 um)
conforming to ASTM E11 [31] to obtain a controlled par-
ticle size. Deionized (DI) water was used for all mixtures
to ensure consistent hydration conditions and to minimize
the influence of external ions.

Sample Preparation

The specimens consisted of two groups: plain cement
paste and CBP-replaced cement paste. Table 1 presents
the mix proportions and replacement levels.

Specimen Mixing, Casting, And Curing

The dry materials were blended to ensure uniform
distribution of OPC and CBP within the cement matrix.
Deionized water was then added, and the paste was mixed
using a Hobart mixer in accordance with ASTM C305
[32] to obtain homogeneous consistency. The fresh paste
was cast into 50x50x50 mm cube molds conforming to

ASTM C109 [33] and compacted to minimize entrapped
air. The samples were kept in the molds for 24 h before
demolding. After 24 h, the samples were demolded and
immersed in water at 23 & 2 °C for 28 days in accordance
with ASTM C511 [34].

METHODS
SEM and EDS analysis

The microstructure of the cement paste was examined
using scanning electron microscopy (SEM) to observe
the morphology and distribution of hydration products
within the matrix. Energy dispersive spectroscopy (EDS)
was used to determine the elemental composition of se-
lected areas. The analysis focused on Ca and Si to evalu-
ate changes in the Ca/Si ratio of the hydration products.

Elemental Mapping

Elemental mapping was performed to examine the
spatial distribution of Ca and Si within the cement matrix.
The analysis identified microstructural heterogeneity and
the distribution of calcium-rich and silicate phases.

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was conducted to
evaluate the thermal behavior of the cement paste. Mass
loss at specific temperature ranges identified bound water,
portlandite (CH), and calcium carbonate (CaCO,).

Vickers Hardness Test

The micro-mechanical properties of the cement paste
were evaluated using the Vickers hardness test in accor-
dance with ASTM E384 [35]. Specimens with dimensions
of 10x10x50 mm were used for testing. The specimen
surfaces were polished using silicon carbide (SiC) abrasive
papers with progressively finer grits up to 2000 to obtain
a smooth and flat surface. The test was performed under
a load of 50 gf with a dwell time of 15 s to determine re-
sistance to localized deformation.

Table 1. Mix proportions of plain and CBP-replaced cement paste

Specimen ID. OPC (% weight) CBP (% weight) w/b
Control 100 0 0.5
CBP10 90 10 0.5
CBP20 80 20 0.5
CBP30 70 30 0.5
CBP40 60 40 0.5
CBP50 50 50 0.5
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RESULTS microstructure changes with increasing CBP content, and
the morphology reflects differences in the distribution of
SEM hydration products. The Control sample shows a dense

and continuous matrix. The surface is largely covered by
Figure 1 shows SEM micrographs of cement paste  gel-like phases, which are consistent with C—S—H. Some
at 28 days for Control and CBP-modified samples. The  crystalline features are also observed within the matrix,

R
} y ; B ey
SU3500:#0,0kvx5.00K SE ! 40.0kV x5.00k SE

Fig. 1. SEM micrographs of cement paste specimens at 28 days: a — Control; b — CBP10; c - CBP20; d - CBP30;
e - CBP40; f - CBP50, showing the evolution of microstructure with increasing CBP content
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which may be associated with CH. The overall structure
appears compact and well integrated. The CBP10 sample
shows a relatively dense matrix similar to the Control, but
the morphology becomes slightly more heterogeneous.
The distribution of gel-like phases appears less uniform.
Fine particles are observed within the matrix, and these
features may be associated with CaCOs from CBP.

The CBP20 and CBP30 samples show more notice-
able changes in microstructure. The matrix becomes
less uniform, and both dense regions and discontinuous
zones are observed. The distribution of hydration prod-
ucts appears more irregular, which indicates that CBP
affects the spatial arrangement of phases. At higher CBP
contents, CBP40 and CBP50 show a more heteroge-
neous and less compact structure. The continuity of the
matrix decreases, and larger discontinuities are observed.
The morphology shows irregular features, which suggests

a

reduced cohesion between hydration products. Overall,
the SEM observations indicate that CBP influences the
morphology and distribution of hydration products in
cement paste. The transition from a dense matrix in the
Control to a more heterogeneous structure at higher
CBP contents reflects changes in microstructural de-
velopment.

Mapping

The distribution of Ca and Si varies with increasing
CBP content, and the mapping results reflect changes
in phase distribution within the cement matrix. Figure 2
shows the corresponding SEM—EDS maps at 28 days for
Control and CBP-modified samples. The Control sample
shows a relatively uniform distribution of Ca and Si across
the matrix. The signals appear evenly dispersed, and this
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Fig. 2. SEM-EDS mapping of cement paste at 28 days for Control and CBP-modified samples: a — Control; b — CBP10;

c - CBP20; d - CBP30; e - CBP40; f - CBP50
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pattern indicates a well-distributed hydration system. The
overlap of Ca and Si suggests the presence of C—S—H as
the dominant phase within the structure.

The CBP10 sample shows a similar distribution pat-
tern, but slight variations in intensity appear. The Ca sig-
nal becomes locally concentrated in some regions, while
the Si signal remains relatively uniform. This distribution
indicates minor changes in phase arrangement with the
introduction of CBP. The CBP20 and CBP30 samples
show more pronounced changes in elemental distribu-
tion. The Ca signal becomes more heterogeneous, and
regions of higher intensity appear. The Si distribution
remains more continuous compared with Ca. This con-
trast indicates that CBP affects the spatial distribution of
Ca-bearing phases.

At higher CBP levels, CBP40 and CBP50 show a more
heterogeneous distribution of Ca. The Ca signal appears
more localized, while the Si signal remains relatively dis-

persed across the matrix. The reduced overlap between Ca
and Si in some regions suggests a less uniform distribu-
tion of hydration products. The mapping results indicate
a change in Ca distribution with increasing CBP content,
while the Si distribution remains relatively stable.

EDS

EDS analysis reports the contents of Ca and Si in ce-
ment paste specimens with different levels of CBP replace-
ment. Ca ranges from 66.45% to 82.50%, while Si ranges
from 30.87% to 15.73%. Ca increases with increasing CBP
replacement, whereas Si decreases. Figure 3 shows the
elemental composition and the corresponding Ca/Si ra-
tio. The Ca/Si ratios are 2.15, 2.33, 2.97, 3.48, 4.27, and
5.25 for Control, CBP10, CBP20, CBP30, CBP40, and
CBP50, respectively. The Ca/Si ratio increases with CBP
replacement. The increase becomes more pronounced
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Fig. 3. EDS analysis of cement paste specimens: a — elemental composition of Ca and Si; b - corresponding Ca/Si ratio

from CBP20 to CBP40, and the highest value occurs at
CBP50. The increase in Ca/Si ratio indicates a higher
relative Ca content within the matrix. This trend suggests
a change in the composition of Ca-bearing phases with
increasing CBP content. The decrease in Si content fur-
ther supports the shift in Ca/Si balance within the system.

The higher Ca/Si ratios at elevated CBP levels indicate
a less Si-rich environment in the matrix. This condition
suggests a modification in the distribution of hydration
products, which is consistent with the heterogeneous

microstructure observed in SEM. The variation in Ca
distribution observed in mapping also supports this trend.

Thermogravimetric Analysis

Three distinct mass loss regions correspond to the
decomposition of major hydration products. Figure 4
shows the TGA curves of cement paste specimens with
different CBP replacement levels. At low temperatures
(50—120 °C), mass loss relates to the removal of free and
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Fig. 4. TGA curves of cement paste specimens with different CBP replacement levels

physically bound water. The values are 18.68%, 16.15%,
17.91%, 13.49%, 15.82%, and 13.13% for Control, CBP10,
CBP20, CBP30, CBP40, and CBP50, respectively. The
mass loss generally decreases with increasing CBP con-
tent, and this trend indicates a reduction in physically
bound water.

At intermediate temperatures (420—480 °C), mass loss
corresponds to the decomposition of calcium hydroxide
(CH). The measured values are 7.41%, 6.30%, 5.02%,
4.42%, 3.98%, and 5.33% from Control to CBP50. The
mass loss decreases from Control to CBP40, and this
trend indicates a reduction in CH content. A slight in-
crease appears at CBP50, and this change suggests ad-
ditional contributions from Ca-bearing phases at higher
CBP levels. At higher temperatures (700—780 °C), mass
loss corresponds to the decomposition of calcium car-
bonate (CaCO,). The values increase from 2.80% in the
Control to 15.06% in CBP50. This continuous increase
indicates a higher contribution of carbonate phases with
increasing CBP content.

Distinct peaks appear in the DTG curves within the
same temperature ranges, as shown in Figure 5. Peak po-
sitions remain nearly unchanged across all mixtures, and
this behavior indicates that the main thermal decomposi-
tion mechanisms remain consistent. Peak intensities vary
with CBP content. The CH-related peak decreases from
Control to CBP40 and slightly increases at CBP50, while
the CaCO,-related peak increases with CBP content. The
TGA and DTG results indicate that CBP modifies the
phase composition of the cement paste. The reduction in

CH and the increase in carbonate phases reflect changes
in hydration and chemical equilibrium, and these changes
are consistent with the observed microstructural evolu-
tion.

Vickers Hardness

The indentation morphology shows clear Vickers im-
pressions on the specimen surface. Figure 6 shows the
optical and SEM images of the indentation marks. The
indentation geometry is well defined, and this feature re-
flects the resistance of the microstructure to indentation.
The Vickers hardness increases with CBP incorporation
up to an optimum level and then decreases at higher re-
placement. Figure 7 shows the corresponding hardness
values.

The Control specimen shows a hardness of 11.86 HV.
The hardness increases to 16.93, 17.90, and 18.73 HV for
CBP10, CBP20, and CBP30, respectively. The maximum
value appears at CBP40 with 21.09 HV. The hardness
then decreases to 17.51 HV at CBP50. The standard de-
viation ranges from 1.90 to 2.74 based on 10 indentation
points per specimen, and this range indicates consistent
measurements. The increase in hardness from CBP10 to
CBP40 indicates improved microstructure. CBP particles
act as fillers and enhance particle packing. This effect
reduces internal voids and produces a denser matrix. The
denser matrix increases resistance to indentation.

The highest hardness at CBP40 indicates an optimum
condition. The balance between filler effect and cement
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Fig. 5. DTG curves of cement paste specimens with different CBP replacement levels
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Fig. 6. Vickers indentation of cement paste specimens: a — optical image; b — SEM image on the specimen surface

content is achieved at this level. The decrease at CBP50 DISCUSSION

indicates excessive cement replacement. This condition

reduces reactive cement and produces a less continuous CBP incorporation modifies phase composition and
microstructure. The results indicate an optimum CBP  microstructure in cement paste. TGA results show a re-
content in the cement paste system. The CBP40 mixture  duction in CH and an increase in CaCOs with increasing
shows the highest hardness and the densest structure. CBP content. EDS results show a continuous increase
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Fig. 7. Vickers hardness of cement paste specimens with different CBP contents

in the Ca/Si ratio, which indicates a higher relative Ca
content in the matrix. The Ca/Si ratio increases from the
Control to higher CBP levels and forms a Ca-rich con-
dition. This trend becomes more evident at CBP50 and
aligns with the observed changes in microstructure and
mechanical performance. This behavior can be attributed
to the nanostructured calcium carbonate of CBP, which
provides reactive surfaces and promotes ion interaction
during hydration, leading to modified phase formation
and CH consumption [26, 27].

A higher Ca/Si ratio increases the contribution of Ca-
bearing phases and shifts phase distribution. At elevated
levels, a high Ca/Si ratio produces a more heterogeneous
microstructure and reduces matrix continuity. Mapping
results show that Ca distribution becomes more heteroge-
neous, while Si distribution remains relatively stable. CBP
alters the balance of Ca-bearing phases and redistributes
hydration products. These changes govern microstructural
development and mechanical performance. The increase
in Ca/Si ratio reflects structure-dependent ion interaction
at the micro- and nanoscale, where the CBP architecture
controls local chemical environments and governs the
evolution of C—S—H composition [28, 29].

SEM observations show a transition from a dense and
continuous matrix in the Control to a more heterogeneous
structure at higher CBP contents. Hardness increases at low
to moderate CBP levels and decreases at higher replace-
ment levels. CBP controls matrix packing and continuity.
The increase in hardness at lower CBP contents corre-
sponds to a denser structure, while the decrease at higher
CBP contents reflects reduced matrix continuity. These
trends follow changes in the Ca/Si ratio at different CBP

levels. Results from SEM, mapping, EDS, and TGA show
consistent trends and confirm the progressive effect of CBP
on phase composition and microstructural development.
These observations highlight the role of Ca/Si balance in
governing phase evolution, microstructure, and mechanical
response in CBP-modified systems. This structure—prop-
erty relationship originates from nucleation and growth
processes controlled by the nanostructured CBP surface,
which regulates hydration product distribution and matrix
continuity at different replacement levels [28].

CONCLUSION

CBP modifies phase composition, Ca/Si balance,
and microstructure in cement paste. TGA results show
a reduction in CH and an increase in CaCQOs, which in-
dicate a shift in hydration behavior. EDS results confirm
an increase in the Ca/Si ratio and the formation of a Ca-
rich condition. SEM observations reveal a transition from
a dense matrix to a more heterogeneous structure with
increasing CBP content. Hardness increases at moderate
CBP levels and decreases at higher replacement levels,
which reflects changes in matrix continuity and packing.

These effects originate from the porous and hierar-
chical structure of CBP, which acts as a nanostructured
calcium carbonate system. This structure provides reactive
surfaces and promotes ion interaction during hydration,
which governs phase evolution and microstructural devel-
opment. The results establish a clear structure—property
relationship, where CBP controls hydration processes,
phase distribution, and mechanical response in cementi-
tious systems.
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