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https://doi.org/10.18280/acsm.500210 ABSTRACT

Supplementary materials improve sustainability and reduce cement consumption in
modern cementitious systems. This study investigates the interaction between fly ash
(FA) and marine bio-calcium (cuttlebone powder, CBP) in ternary cement paste at
different water-to-binder ratios. Ordinary Portland cement (OPC), FA, and CBP were
used at a ratio of 80:10:10 by weight with water-to-binder ratios of 0.4, 0.5, 0.6, and 0.7.
Compressive strength, scanning electron microscopy—energy-dispersive spectroscopy
(SEM-EDS), and thermogravimetric analysis (TGA) were used to evaluate mechanical,
microstructural, and thermal behavior. Compressive strength decreases with increasing
w/b in both systems. The control decreases from 57.4 to 28.8 MPa, and the ternary system
decreases from 51.7 to 27.2 MPa. The ternary mixtures show slightly lower strength than
the control mixtures, with differences of 5-10%. EDS analysis shows that the Ca/Si ratio
reflects local compositional variations. TGA results indicate lower CH mass loss in the
ternary mixtures, with reductions of 6—38% compared with the control. The ternary paste
shows comparable microstructural characteristics across all w/b ratios. The results
indicate that CBP can be used in ternary cement systems, with a slight reduction in
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compressive strength.

1. INTRODUCTION

Ordinary Portland cement (OPC) is the primary binder used
in modern construction due to its reliable mechanical
performance and well-established production technology [1].
However, OPC production requires high energy consumption
and generates significant carbon dioxide emissions, which
contribute to global environmental concerns [2, 3]. To reduce
clinker consumption and mitigate environmental impacts,
many studies have investigated the incorporation of
supplementary cementitious materials (SCMs) in cement-
based systems [4, 5]. The use of SCMs has therefore become
an effective strategy for improving the sustainability of
cementitious  materials while maintaining adequate
engineering performance [6].

Fly ash (FA) is one of the most widely used SCMs in
cement-based systems due to its pozzolanic reactivity and its
potential to improve long-term mechanical performance [7, 8].
FA reacts with calcium hydroxide produced during cement
hydration and forms additional calcium silicate hydrate (C—S—
H), which contributes to microstructural densification and
improved durability of cementitious materials [9]. In addition,
the incorporation of FA reduces clinker consumption in
cement-based systems and therefore lowers energy demand
and carbon emissions associated with cement production [10].

In recent years, ternary cementitious systems incorporating
multiple mineral additives have attracted increasing research
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attention because they offer potential benefits in both
engineering performance and environmental sustainability [7-
9]. By combining different supplementary materials, ternary
systems modify the hydration process and influence the
formation of hydration products and the evolution of
microstructure in cement-based materials [10-12]. The
interaction among mineral components influences calcium ion
availability, the development of hydration phases, and the
structural characteristics of the cement matrix [11, 12].
Consequently, ternary binder systems provide an effective
approach for improving material performance while
simultaneously enhancing the sustainability of cementitious
materials [7, 10].

Calcium carbonate occurs in several polymorphic forms,
including calcite and aragonite [13, 14]. Aragonite attracts
research interest because it can act as a precursor mineral in
phase transformation processes [15, 16]. Marine bio-calcium
materials derived from natural marine sources mainly contain
aragonite, and researchers investigate them as alternative
mineral additives in cement-based materials [17-20]. Marine-
derived biomaterials such as cuttlebone also represent
sustainable mineral resources because they originate from
marine waste and contain CaCOs-rich aragonite structures
[21]. Aragonite-rich marine bio-calcium can influence
hydration behavior and hydration product formation because
it supplies additional calcium to the cementitious system [15,
17].
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Despite the increasing interest in ternary cementitious
systems and calcium-based additives, the interaction between
FA and aragonite-based marine bio-calcium in ternary cement
paste remains insufficiently understood [22-24]. In particular,
limited information is available on how the combined
incorporation of these materials influences microstructural
characteristics, Ca—Si elemental environment, and phase-
related thermal behavior in ternary cement paste [25-28].
Understanding this interaction is important because it governs
the pozzolanic reaction, leading to C—S-H formation,
microstructural densification, and improved mechanical and
durability performance of cementitious materials [29, 30].

Therefore, this study investigates the interaction behavior
and microstructural evolution of a FA— marine bio-calcium
(cuttlebone powder, CBP) ternary cement paste at different
water-to-binder ratios. Mechanical performance,
microstructure, Ca—Si compositional characteristics, and
phase-related thermal behavior are examined using
compressive strength testing, scanning electron microscopy
(SEM), energy-dispersive  spectroscopy (EDS), and
thermogravimetric analysis (TGA).

2. MATERIALS AND METHODS
2.1 Materials

OPC conforming to ASTM C150/C150M-24 [31] served as
the primary binder. Class F FA meeting ASTM C618-25a [32]
was used as a supplementary cementitious material. These
materials formed the base of the ternary binder system. Marine
bio-calcium powder (cuttlebone powder, CBP) was derived
from cuttlebone waste generated by the seafood processing
industry. The material was dried and ground prior to use. The
powder passed through a No. 100 sieve (150 um). Sieve
analysis followed ASTM C136/C136M-25 [33] to control
particle size distribution.

All constituents were used in dry powder form. The binder
system consisted of OPC, Class F FA, and marine bio-calcium
in controlled proportions. This system enabled the evaluation
of phase interaction and microstructural development in the
ternary cement paste.

Table 1. Chemical composition of Ordinary Portland cement
(OPC), fly ash (FA), and cuttlebone powder (CBP)
determined by X-ray fluorescence (XRF) (% by weight).

Element (wt%) OoPC FA CBP
Al 2.38 11.58 0.02
Ca 58.38 1.50 69.07
Cl 0.06 - 0.27
Fe 3.36 3.83 0.09
K 0.43 0.96 0.10
Mg 0.63 0.16 0.04
Mn 0.08 0.04 -
Na 0.16 0.26 0.43
¢ 23.87 35.68 29.43
P 0.03 0.06 0.08
S 0.68 0.06 0.09
Si 9.67 4476 0.06
Sr 0.02 0.06 0.33
Ti 0.24 0.90 -
Zr - 0.09 -

The chemical compositions of OPC, FA, and CBP were
determined by X-ray fluorescence (XRF), as presented in
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Table 1. OPC contains mainly calcium-based phases. FA is
rich in silica and alumina. CBP has a high calcium content.
These compositions define the role of each material in the
ternary binder system. OPC acts as the primary binder. FA
serves as a silica—alumina-rich supplementary material, and
CBP provides a calcium-rich component.

2.2 Mix proportion

The mixtures were divided into two groups. The first group
consisted of plain cement paste without any mineral addition,
and this group served as the control system. The second group
consisted of ternary cement paste incorporating FA and marine
bio-calcium as partial replacement of OPC by mass of binder.
Four water-to-binder (w/b) ratios were investigated, including
0.4, 0.5, 0.6, and 0.7. All mixture proportions are summarized
in Table 2.

Table 2. Specimen mixture proportions

OPC CBP FA

Specimen ID WL%)  (WE%)  (Wh%) w/b Ratio
C4 100 0 0 0.4
C5 100 0 0 0.5
C6 100 0 0 0.6
C7 100 0 0 0.7
OCF4 80 10 10 0.4
OCF5 80 10 10 0.5
OCF6 80 10 10 0.6
OCF7 80 10 10 0.7
Note: OPC = Ordinary Portland cement; CBP = cuttlebone powder; FA = fly
ash.

2.3 Specimen preparation and curing

Cement paste mixtures were prepared using a mechanical
mixer in accordance with ASTM C305-20 [34]. The dry binder
components were blended before water addition. Water was
introduced according to the designated water-to-binder ratio,
and mixing continued until a uniform paste was obtained. The
fresh paste was cast into 50 x 50 X 50 mm cube molds
following ASTM C109/C109M-20 [35]. The specimens
remained in the molds for 24 h. After demolding, all cubes
were cured in water in accordance with ASTM C511-21 [36]
at 22 + 2 °C for 28 days. At the end of the curing period, three
cube specimens from each group were tested for compressive
strength. The remaining specimens were prepared for
microstructural examination using SEM and EDS.

2.4 Compressive strength test

Compressive strength was determined in accordance with
ASTM C109/C109M-20 [35] at 28 days using 50 x 50 x 50
mm cube specimens. Load was applied continuously to failure
using a calibrated compression testing machine conforming to
ASTM E4-20 [37]. The maximum failure load was recorded
for each specimen. Compressive strength was calculated by
dividing the failure load by the loaded area. Three specimens
were tested for each mixture. The mean value and standard
deviation (SD) were reported.

2.5 Microstructural analysis (scanning electron
microscopy and energy-dispersive spectroscopy)

Microstructural features were examined using SEM.
Fractured surfaces obtained after compressive testing were



used for analysis. Samples were dried prior to observation to
ensure stable surface conditions. Elemental composition was
determined using EDS integrated with the SEM system.
Atomic percentages of calcium (Ca) and silicon (Si) were
recorded from selected regions. These measurements provided
compositional data for the ternary cement paste system.

2.6 Thermal analysis

TGA was performed to evaluate the thermal behavior of
hydrated cement paste. Hydration was terminated using
acetone prior to sample preparation. The specimens were dried
and ground into powder for analysis. The samples were heated
from 50 to 1000 °C at a constant rate of 10 °C/min under a
nitrogen (N:) atmosphere. Mass loss was recorded as a
function of temperature.

The TGA results were interpreted using mass loss over
defined temperature ranges obtained directly from the
thermogravimetric curves. The mass loss in the range of 400—
450 °C was attributed to the decomposition of calcium
hydroxide (CH) based on the observed inflection points. The
results are presented as raw mass loss without stoichiometric
conversion. Possible overlap with carbonate decomposition at
higher temperatures (~650—700 °C) was considered.

3. RESULTS AND DISCUSSION
3.1 Compressive strength behavior

The compressive strength of the control cement paste and
the FA—CBP ternary cement paste at different w/b values
appears in Figure 1. Compressive strength decreases as the w/b
increases in both systems. The control paste exhibits a
compressive strength of 57.39 MPa at w/b = 0.4, which
decreases to 28.65 MPa at w/b = 0.7. The ternary system
exhibits a similar trend. Compressive strength decreases from
51.65 MPa at w/b = 0.4 to 27.15 MPa at w/b = 0.7. At all w/b
values, the ternary mixtures exhibit slightly lower compressive
strength than the control paste. The strength reduction is
10.02% at w/b = 0.4, 6.36% at w/b = 0.5, 6.23% at w/b = 0.6,
and 5.24% at w/b =0.7.
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Figure 1. Effect of w/b on compressive strength

The reduction in compressive strength with increasing w/b
indicates that the internal structure of the cement paste
becomes less compact as the water content increases. A higher
w/b increases the spacing between cement particles and
reduces the density of the hydration matrix after hardening.
This condition weakens the load-bearing framework of the
hardened paste.
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The slightly lower compressive strength observed in the
ternary mixtures indicates that the incorporation of FA and
CBP modifies the binder composition of the cement paste. The
partial replacement of cement reduces the fraction of the
primary cement phases that contribute to strength development
in the hardened matrix. Consequently, the ternary binder forms
a hydration structure that differs from that of the control
cement paste.

These mechanical results indicate that both w/b and binder
composition influence the development of the internal
structure of the hydrated matrix. The microstructural
characteristics responsible for this behavior are examined
further through SEM observations in the following section.

3.2 Microstructural evolution

SEM micrographs show clear variations in hydration
morphology with w/b (Figure 2). At w/b = 0.4, the control
paste (Figure 2(a)) exhibits a dense and continuous hydration
matrix with limited visible pores. Hydration products form an
interconnected framework that fills the inter-particle spaces.
The ternary paste at the same ratio (Figure 2(d)) also forms a
compact structure, although local heterogeneity appears in
some regions. As the w/b increases to 0.6 and 0.7 (Figure 2(b),
(c), (e), (), the matrix becomes less compact and more
irregular. Larger inter-particle spacing and visible pores
appear within the hydration structure. The ternary system
maintains partial matrix continuity at intermediate w/b, but
pore presence becomes more evident at higher water content.

Overall, the control paste exhibits a compact hydration
framework at low w/b, while matrix continuity decreases as
the w/b increases. The ternary paste follows a similar trend.
These microstructural observations provide the structural basis
for interpreting elemental distribution in the following section.

3.3 Ca-Si compositional variation (energy-dispersive
spectroscopy)

EDS results reveal variations in Ca and Si compositions in
the analyzed areas of the control and ternary cement pastes.
The relationship between Ca and Si atomic percentages
obtained from EDS area analysis appears in Figures 3 and 4.
The analyzed areas exhibit different Ca and Si contents among
the samples. In the control paste, Ca contents vary between
75.00 and 77.81 at%, while Si contents vary between 21.19
and 25.00 at% for w/b = 0.5-0.7. In the ternary paste
containing FA and CBP, Ca contents vary between 76.60 and
80.29 at%, and Si contents vary between 19.71 and 23.40 at%
within the same w/b range. The calculated Ca/Si ratios appear
in Table 3. The control paste exhibits Ca/Si ratios of 3.00,
3.67, and 3.45 at w/b = 0.5, 0.6, and 0.7, respectively. The
ternary paste exhibits Ca/Si ratios 0f 3.27, 3.41, and 3.70 at the
same w/b levels.

Table 3. Ca—Si composition

Sample w/b Ca (at %) Si (at %) Ca/Si
Cc4 0.4 88.98 11.02 8.07
C5 0.5 75.00 25.00 3.00
Cé6 0.6 77.81 21.19 3.67
Cc7 0.7 77.53 22.47 3.45

OCF4 0.4 80.29 19.71 4.07
OCF5 0.5 76.60 23.40 3.27
OCF6 0.6 77.82 22.82 3.41
OCF7 0.7 78.72 21.28 3.70
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Figure 2. Scanning electron microscopy (SEM) micrographs (2000x) of cement paste microstructures at different water-to-binder
ratios at 28 days: (a) C4, (b) C6, (c) C7, (d) OCF4, (e) OCF6, and (f) OCF7
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Figure 3. Energy-dispersive spectroscopy (EDS) spectra of control (C) and ternary fly ash—marine bio-calcium cement pastes at
different w/b: (a) C4, (b) OCF4, (c) C6, (d) OCF®6, (e) C7, and (f) OCF7

The variation of Ca/Si ratios with w/b appears in Figure 5.
The measured Ca/Si ratios vary within a comparable range for
both paste systems across the investigated w/b values. EDS
elemental maps further reveal that Ca and Si are distributed
differently within the hydration matrix, as illustrated in Figure

6. Regions with higher Ca intensity correspond to Ca-rich
areas, while Si appears more continuously distributed
throughout the matrix. This distribution pattern reflects the
coexistence of Ca-rich hydration regions and Si-rich matrix
phases observed in the SEM micrographs.
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Figure 4. Relationship between Ca and Si atomic
percentages derived from energy-dispersive spectroscopy
(EDS) area analysis of control (C) and OCF cement pastes at
different w/b ratios

The Ca-Si scatter plot further illustrates variations in
elemental compositions among the analyzed areas. Areas with
higher Si contents tend to exhibit lower Ca contents, indicating
differences in the local elemental environment of the hydration
products. Taken together, the EDS results provide insight into
the elemental characteristics of the hydration matrix in both
paste systems. These compositional features provide the
chemical context for interpreting the phase-related thermal
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Figure 5. Variation of Ca/Si ratios in control and OCF
cement pastes at different w/b ratios derived from energy-
dispersive spectroscopy (EDS) compositional analysis

The observed Ca—Si compositional variation indicates
changes in the chemical environment of the hydrated cement
matrix. Elemental composition alone cannot fully explain the
development of hydration products. Thermal analysis is
therefore used in the following section to evaluate the
evolution of hydration phases in the investigated cement paste

system.
e

(h)

Mag 6000

Figure 6. Scanning electron microscopy (SEM) images and corresponding energy-dispersive spectroscopy (EDS) elemental maps
showing Ca and Si distributions in control and OCF cement pastes at w/b ratios of 0.5 and 0.7. (a—d) C5, (e-h) OCF5, (i-1) C7,
and (m—p) OCF7

3.4 Thermal evidence of phase development

3.4.1 Thermogravimetric analysis results
Mass-loss distributions change as w/b increases from 0.4 to

0.7 in the cement pastes. The summarized TGA results appear
in Figure 7. A quantitative comparison of the mass losses
corresponding to the identified thermal regions is presented in
Figure 8. The thermal decomposition regions and their



corresponding phase interpretations are summarized in Table mass loss in the control mixtures decreases from 7.56% to
4. Bound-water mass loss in the control mixtures decreases 6.68%, whereas the OCF mixtures increase from 5.37% to
from 15.65% to 12.69% as w/b increases. The OCF mixtures 6.87%.

remain relatively stable within 11.36-12.80%. Portlandite
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Figure 7. Thermogravimetric analysis (TGA) of cement pastes incorporating marine bio-calcium. (a) TGA curves showing the
mass loss behavior of control and OCF systems. (b) Derivative thermogravimetry (DTG) curves highlighting the thermal
decomposition peaks associated with bound water, portlandite, and carbonate phases

Table 4. Thermal decomposition regions and phase interpretation derived from thermogravimetric analysis (TGA)

Temperature Decomposition Phase Interpretation Significance in This Study
Range Process
<200 °C dehydration bound water mp?l;i;sH and hydrated indicates hydration degree
400-450 °C dehydroxylation Ca(OH): (portlandite) reflects CH formation during hydration
650-700 °C decarbonation CaCOs phases associated with carbonate. phases from marine bio-
calcium
18.00
EBound water
16.00 Portlandite (CH)
H Carbonate
14.00
12.00
g
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2
E
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Figure 8. Quantitative comparison of mass loss corresponding to the three thermal regions

Carbonate mass loss in the control mixtures remains nearly carbonate mass loss ranging from 6.82-8.95% across all w/b
constant within 5.45-6.00%. The OCF mixtures show higher values. At the same w/b, the control mixtures show higher
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mass loss in the bound-water and portlandite regions. Bound-
water mass loss exceeds that of the OCF mixtures by 6—38%.
Portlandite mass loss is 21-46% higher in the control
mixtures. In contrast, carbonate mass loss is 25-53% higher in
the OCF mixtures. The defined temperature intervals show
consistent behavior across all samples.

3.4.2 Derivative thermogravimetry results

Derivative thermogravimetry (DTG) curves show three
main derivative peaks at approximately 80—120 °C, 420—
450 °C, and 650-720 °C. These peaks appear in both the
control and OCF mixtures at all w/b values. The corresponding
DTG curves appear in Figure 7. The peak near 100 °C
represents the release of bound water from hydrated phases.
The control mixtures show deeper peaks in this temperature
range than the OCF mixtures. The peak near 430 °C represents
the dehydroxylation of Ca(OH)., which corresponds to the
decomposition of portlandite (CH). The control mixtures again
show deeper peaks in this region. The peak near 680—700 °C
represents the decomposition of carbonate phases. The OCF
mixtures show deeper derivative peaks than the control
mixtures in this temperature range.

The thermogravimetric results reflect the thermal behavior
of hydration products observed in the previous sections. The
bound-water region between 80-120 °C corresponds to
dehydration of hydrated phases and indicates the hydration
degree within the paste matrix. The control mixtures exhibit
higher bound-water mass loss than the OCF mixtures. This
result suggests a larger amount of hydrated phases in the
control paste within this temperature range. The SEM
observations in Section 3.2 also show a dense hydration
framework in the control paste at lower w/b, which supports
this thermal behavior.

The peak near 420-450 °C corresponds to the
dehydroxylation of Ca(OH)., which represents the
decomposition of portlandite (CH). The deeper DTG peaks in
the control mixtures indicate higher CH content compared
with the OCF mixtures. The EDS results in Section 3.3 also
reveal Ca-rich regions in the hydration matrix, which
correspond to these CH-related thermal features. The
carbonate decomposition region between 650720 °C shows a
different trend. The OCF mixtures exhibit higher carbonate
mass loss than the control mixtures. This result indicates a
greater presence of carbonate phases in the ternary system.

The combined SEM, EDS, and TGA results indicate that the
ternary binder system modifies the distribution of hydration
products and related thermal phases in the cement paste. The
microstructural observations reveal changes in matrix
compactness, while the EDS analysis shows variations in Ca—
Si elemental environments. The thermogravimetric results
further confirm differences in CH and carbonate-related
phases between the control and OCF systems. These findings
provide the phase-related basis for interpreting the interaction
behavior of the fly ash—CBP ternary system discussed in the
following section.

3.5 Interaction behavior in the FA-CBP ternary cement
system

SEM, EDS, and TGA results together describe the
interaction behavior of the FA—CBP ternary cement system.
SEM observations show that matrix compactness decreases as
the water-to-binder ratio increases. The hydration matrix
becomes less dense at higher w/b values, and pore features
appear more frequently in the microstructure. EDS analysis
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reveals variations in the Ca—Si elemental environment of the
hydration matrix. However, the Ca-Si distributions and
calculated Ca/Si ratios remain within a comparable range for
both paste systems across the investigated w/b values. This
result indicates that the ternary paste maintains a Ca—Si
chemical environment similar to that of the control paste.

Thermogravimetric results show clear differences in phase-
related mass loss between the systems. The control mixtures
exhibit higher mass loss in the bound-water and portlandite
regions, whereas the ternary mixtures exhibit higher
carbonate-related mass loss. These thermal characteristics
reflect differences in the distribution of hydration and
carbonate-related phases within the cement matrix. Taken
together, the SEM, EDS, and TGA observations show that the
fly ash—-CBP ternary system alters the internal phase
distribution of the hydrated cement matrix while maintaining
a comparable Ca—Si chemical environment.

4. CONCLUSIONS

The mechanical behavior, microstructure, elemental
composition, and thermal characteristics of cement pastes
incorporating a fly ash—CBP ternary binder were evaluated.
Compressive strength decreases with increasing water-to-
binder ratio in both the control and ternary systems. The
ternary mixtures show slightly lower strength than the control
at all investigated ratios. Higher water content increases
particle spacing and reduces matrix compactness, which
weakens the load-bearing structure of the hardened paste.
Microstructural observations show that the hydration matrix
becomes less dense as the water-to-binder ratio increases.
Higher water content increases capillary spacing and promotes
pore formation. These structural changes reduce matrix
continuity and are consistent with the observed mechanical
behavior of the cement paste.

Elemental analysis shows that Ca—Si distributions and Ca/Si
ratios vary across the analyzed regions in both paste systems.
The ternary binder shows comparable local Ca-Si
characteristics within the hydration matrix despite the partial
replacement of Portland cement.

TGA shows differences in phase-related mass loss between
the systems. The control mixtures show higher mass loss in the
bound-water and portlandite regions, while the ternary
mixtures show higher carbonate-related mass loss. These
results indicate that the incorporation of CBP affects the
distribution of hydration-related components and carbonate-
related components within the cement matrix.

The combined mechanical, microstructural, compositional,
and thermal results indicate that the fly ash—CBP ternary
system preserves a comparable local Ca-Si chemical
environment. However, the incorporation of CBP modifies the
distribution of calcium-containing components and increases
pore presence within the matrix. These changes reduce matrix
continuity and lead to the observed reduction in mechanical
performance.
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