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Marine algae-derived calcium carbonate materials offer potential as sustainable fillers
for reducing cement consumption in mortar. However, their effects on mortar
performance and microstructure remain unclear. This study investigated the use of
marine algae-derived bio-mineral filler (MAD-BMF), produced from Kappaphycus
alvarezii, as a partial cement replacement at replacement levels of 5%, 10%, 15%, and
20%, with a constant water-to-binder ratio of 0.425. Fresh properties, setting time,
compressive strength, and microstructural characteristics were evaluated through flow
testing, setting-time measurements, X-ray fluorescence (XRF), X-ray diffraction (XRD),
Fourier transform infrared (FTIR), and scanning electron microscopy-energy dispersive
X-ray (SEM-EDX) analyses. Statistical analysis was performed using two-way ANOVA
and Tukey’s HSD test. Results showed that increasing MAD-BMF content reduced
flowability and prolonged setting time due to the increased water demand associated with
the fine particles. Compressive strength exhibited a non-linear response, with the highest
value of 51.24 MPa at 28 days obtained at 10% replacement. Higher replacement levels
reduced compressive strength because of the cement dilution effect. SEM observations
indicated a denser matrix at moderate replacement levels, while XRD and FTIR analyses
confirmed the absence of new hydration phases. XRF results showed that MAD-BMF
was predominantly composed of calcium-based compounds, indicating its primary
function as a CaCOs-based filler. These findings demonstrate that MAD-BMF can
replace up to 10% of Portland cement while maintaining or improving mortar
performance through particle packing and matrix densification.
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1. INTRODUCTION particle packing density within the concrete matrix and refines

microstructure [5]. In this context, marine algae have shown

Carbon emissions from the construction sector are a major
global concern, largely driven by the intensive use of Portland
cement. This is because cement production requires high
energy input and releases significant CO., mainly from
limestone decarbonation during clinker formation [1-3],
serving as a major source of greenhouse gas emissions within
the construction sector. However, the emissions are
compounded by population growth and increased
infrastructure development, which increases the scope and
frequency of construction activity. This shows the need for
developing material-based strategies to reduce the use of
cement, while maintaining the engineering performance of
mortar and concrete systems [4].

To limit the use of cement, non-reactive mineral filler can
be partially substituted for cement in the production of
concrete. The filler does not rely on chemical reactivity to
improve the performance of concrete but functions through
physical mechanisms, including the effect that increases
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promising potential as bio-based partial cement replacement
materials by functioning as non-reactive bio-mineral fillers in
mortar systems. One promising species is Kappaphycus
alvarezii, which contains a significant amount of calcium
carbonate (CaCOs) and has a distinctive morphology
compared to other bio-mineral fillers [6-8].

When used as fine fillers in low to moderate amounts, bio-
based materials enhance the structural compactness of mortar
by refining the pore structure and promoting a more uniform
particle distribution, leading to a robust hardened-state
product. However, excessive replacement reduces the amount
of reactive cement available for hydration, resulting in lower
strength. Therefore, determining the optimum level of fine
filler replacement is very important. Since particle attributes
significantly impact early-age behavior and the workability of
mortar, both fresh-state properties and microstructure should
be assessed alongside the mechanical performance of the
mortar [9].


https://orcid.org/0000-0002-0257-7722
https://orcid.org/0009-0001-9804-7178
https://orcid.org/0009-0009-1417-3731
https://orcid.org/0009-0002-8662-8351
https://orcid.org/0009-0006-8981-874X
https://orcid.org/0009-0008-5021-6172
https://crossmark.crossref.org/dialog/?doi=10.18280/acsm.500301&domain=pdf

The extensive cultivation of Kappaphycus alvarezii in
tropical regions, with Indonesia being one of the largest
producers globally, has ensured a substantial and reliable
supply of biomass [10, 11]. This abundance creates
opportunities for value-added products through the generation
of marine algae-derived bio-mineral filler (MAD-BMF), while
reducing dependence on conventional cementitious materials.
Furthermore, this abundant biomass enables marine algae to
transition from primary commodity to a functional raw
material used in construction material systems, as well as
support the principles of resource efficiency and the
bioeconomy in developing new materials.

Previous studies on algae-based cementitious materials
have primarily evaluated compressive strength, workability,
and hydration behavior, with several reporting improvements
in engineering performance following the incorporation of
algae-derived powders [12, 13]. However, the mechanisms by
which particle packing, matrix densification, and cement
dilution influence mortar performance across different
replacement levels remain insufficiently understood. In
addition, studies specifically investigating marine algae-
derived calcium carbonate as a bio-based inert filler are still
limited, particularly those integrating mechanical testing with
statistical and complementary microstructural characterization
to explain its role in mortar performance.

To address these gaps, this study integrates mechanical
testing with statistical and complementary microstructural
analyses to investigate how particle packing, matrix
densification, and cement dilution contribute to mortar
performance across different replacement levels and to
identify the optimum substitution level of marine algae-
derived CaCOs bio-mineral filler.

Accordingly, this study investigates the influence of MAD-
BMF on the fresh properties, compressive strength, and
microstructural characteristics of mortar to determine the
optimum substitution level and clarify the physical
mechanisms governing mortar performance.

2. MATERIALS, METHODS AND EXPERIMENTAL
PROCEDURE

All experimental activities were conducted in the
laboratories of the Department of Civil Engineering at Nusa
Cendana University, Kupang, Indonesia. Laboratory testing
was performed under ambient conditions, at relative humidity
levels of 80% to 95%, and temperatures ranging from 20 °C to
37 °C. Although ambient environmental conditions were not
strictly controlled, all mixtures were prepared, cured, and
tested following the same procedures within the same
laboratory, ensuring consistent experimental conditions for all
specimens.  Therefore, environmental variation is
acknowledged as a limitation that may influence early-age
behavior, but it is unlikely to affect the comparative evaluation
among mixtures.

Subsequently, the hardened specimens were cured in a
water curing tank at 23 + 2 °C (ASTM standard). The
experimental program consisted of four main phases,
including preparation of raw material and processing of
marine algae powder, determining the proportions for the
mortar mix, casting and curing the mortar, and performing the
mechanical and microstructural testing. The materials used to
produce the mortar included Portland cement, locally available
sand from a river, and marine algae powder. The algae were
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prepared and processed in the bioscience laboratory, while all
mortar production and testing operations were conducted in
the Civil Engineering laboratory at Nusa Cendana University.

2.1 Raw materials

2.1.1 Algae

Marine algae collected from coastal regions were washed
with fresh water to remove adhering salts and surface
impurities. The algae were initially sun-dried to reduce their
moisture content and subsequently oven-dried at 100 °C for 24
h to remove residual moisture. After cooling to room
temperature, the dried algae were ground into a fine powder
using a laboratory grinder and passed through a 75 um (200-
mesh) sieve to obtain a uniform maximum particle size. The
resulting powder had a specific gravity of 2.8. Because particle
size distribution (PSD) and specific surface arca (SSA)
measurements were unavailable, the discussion regarding
particle-size effects is based on the nominal maximum particle
size (75 pm) and observed microstructural behavior. Future
studies should quantify PSD and SSA to improve
reproducibility.

2.1.2 Portland cement

The only binding agent used in all mortar mixes was
Portland cement (PPC) obtained from a local supplier in
Kupang, Indonesia. There was no treatment provided, and the
specific gravity of the binder was found to be 3.15 when
measured according to the procedures outlined in ASTM C188
[14].

2.1.3 Fine aggregate

In all mortar mixes, natural river sand obtained locally was
used as the fine aggregate. The fine aggregate for mortar was
evaluated to determine several characteristics, including bulk
density, water absorption, and specific gravity.

Table 1. Physical properties of natural river sand

Material Specific Absorption Fineness
Gravity (SSD) (%) Modulus
Fine 2.64 2.14 3.065
Aggregate
120
100
E’\i 80
%D 60
172}
&
=9 L
0 4 ———— Lower Bound
20 —— Upper Bound
0 1 1 1 1 f \ , , )

0.15 0.65 1.15 1.65 2.15 2.65 3.15 3.65 4.15 4.65
Grain Size (mm)

Figure 1. Sieve analysis of sand

The methods used for performing these characterizations
adhered to ASTM C128-22 [15]. PSD was determined by
sieve analysis in accordance with ASTM C136/C136M-19
[16] and ASTM C33/C33M-18 [17], and the fineness modulus



of the sand translated to coarse grading, with an actual unit
weight of 1638.12 kg/m®. A summary of the physical
characteristics of the sand is shown in Table 1, and a grading
curve is presented in Figure 1.

2.2 Method and mix procedures

2.2.1 Specimen preparation and curing
The mix proportion was determined using the absolute
volume method, which allowed the precise control of the
volumetric contribution of each constituent material within the
mortar mix. In this method, the compactness of the mortar was
defined by assuming that one cubic metre of mortar was
occupied by the sum of all absolute volumes of the four
constituent materials, including cement (V.), the fine
aggregate (), mixing water (V,), and MAD-BMF (V). Using
this relationship, the following volumetric relationship was
adopted, as set out in Eq. (1) [18-20]:
V.+Vi+V, +V;=1m3 )
The volume of voids within the sand was calculated by
considering a condition where pore spaces were fully occupied
by cement paste. This calculation was performed using the
apparent specific gravity of the sand (Gs,) combined with the
saturated surface-dry unit weight ().

Water

Cement volume

Figure 2. The absolute volume concept of mortar mix

Figure 2 schematically illustrates the absolute volume
method adopted for the mortar mix design.

The calculated sand void volume (Vvs) was determined
using Eq. (2) as follows:

Ws

Vv, =1-—
s GSsVw

2

where, p, is the unit weight of water, assumed to be 1000
kg/m?, W; is the mass of sand, and Gs; is the specific gravity
of sand. The calculated sand void volume was used to
determine the minimum paste volume required to fill the pore
spaces between sand particles. Based on the measured bulk
density and specific gravity of the sand, the calculated paste-
to-void ratio (R) for the reference mixture was approximately
1.0. This value resulted directly from the measured aggregate
properties and the adopted absolute-volume mix design rather
than from an arbitrary assumption. This procedure follows the
aggregate packing concept, in which the required paste volume
is determined from the measured void volume of the aggregate
skeleton [21]. The paste-to-void ratio has also been used as a
governing mix design parameter for geopolymer mortar and
concrete [19, 22]. In those studies, an optimum R value of 1.5
was identified experimentally for the specific geopolymer
systems investigated and was subsequently adopted in
geopolymer concrete mixture design. Because the present
study employed ordinary Portland cement as the primary
binder rather than an alkali-activated geopolymer binder, that
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optimized R value was not directly applicable to the present
system. Instead, the calculated paste-to-void ratio was
maintained constant while only the MAD-BMF replacement
level was varied throughout the experimental program.

The mix design relationship based on the absolute volume
method is provided in Eq. (3).

We
GScYw

W
GSsYw

Wy
GswYw

Wal —
Gsal- Yw

€)

where, the weight of cement is W., the specific gravity of
cement is Gs., the weight of water is W, the specific gravity
of water is Gs,, of 1, the weight of MAD-BMF is W, and the
specific gravity of MAD-BMF is Gsa. Eq. (4) is obtained by
simplifying Eq. (3) under the assumptions of a cement-to-sand
mass ratio of 1: p, where p is the sand-to-cement ratio, R, is
the water-to-cement ratio, and S, is the mass replacement ratio
of MAD-BMF.

W.(1-5S.) PW,
GScYw GSsVw

Ry W,
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This equation yields per cubic meter, as shown in Eq. (5):

Yw
W j—
¢ [(1 al)+ p +ch Sal] (5)
Gs, Gs; ' Gs,, ' Gsy

Eq. (5) was used to establish the reference mortar mixture.
For the experimental program, the reference mixture was
maintained while cement was partially replaced by MAD-
BMF on a mass basis. The sand and water contents were kept
constant to isolate the effect of MAD-BMF replacement. The
resulting mix proportions are presented in Table 2.

The absolute-volume method was used only to establish the
reference mixture, whereas the subsequent experimental
mixtures were prepared by replacing cement with MAD-BMF
on a constant mass basis while maintaining constant sand and
water contents.

Table 2. Composition of mortar with and without marine
algae-derived bio-mineral filler (MAD-BMF) as bio-mineral

filler
D Marine Algal Cement Sand Water
Sample Powder [Wa] [We] [Wsl (W]
%) (Kg) kg)  (kg)  (kg)
MN 0.0 0.00 887.25 887.25  377.08
MAS 5 39.43 842.9 883.75  375.59
MA10 10 78.87 798.53 883.75  375.59
MA15 15 118.3 754.16  883.75  375.59
MA20 20 157.73 709.8 883.75  375.59

Table 3 shows the paste mixes prepared independently for
setting-time tests, which do not follow the absolute-volume
design applied to the mortar mixes.

The reference composition was adopted as the baseline to
evaluate the influence of marine algae powder while
maintaining all other mix parameters unchanged. A set of
preliminary mortar mixes was prepared by systematically
adjusting the water-to-cement ratio within the range of 0.325
to 0.625 at intervals of 0.05, in combination with cement-to-
sand ratios of 1:1, 1:2, and 1:3. The selection of the reference
mix (MN) was based on an integrated assessment of fresh-state
workability and 28-day compressive strength, leading to a mix



with a water-to-cement ratio of 0.425 and a sand-to-cement
ratio of 1.

For the base mix of MN, the maximum replacement level of
cement with marine algae powders should be 20% by mass
with increments of 5% throughout the experimental program.
Therefore, the samples for the measurement of the time for the
setting of the paste were designated as CO (0%), CAL5 (5%),
CAL10 (10%), CAL15 (15%), and CAL20 (20%), as
presented in Table 3. For mortar used in flow and compressive

strength tests, the samples were labelled MN, MAS, MAI10,
MAI15, and MA20 (Table 2). Substituting a maximum of 20%
was based on a review of previously published literature,
showing the possibility of reduced workability and
interference with cement hydration at levels greater than 20%.
Furthermore, the experimental design was established by
holding constant the amounts of sand and water, while
increasing MAD-BMF.

Table 3. Composition of paste with and without marine algae-derived bio-mineral filler (MAD-BMF) as bio-mineral filler

Marine Algal Powder [Wa| Cement [W¢] Sand [W}] Water [Wy]
No. 1D Sample (%) (Kg) (kg) (k) (k)
1 Co 0 0 0.300 - 0.075
2 CALS5 5 0.015 0.235 - 0.075
3 CAL10 10 0.03 0.220 - 0.075
4 CAL15 15 0.045 0.205 - 0.075
5 CAL20 20 0.06 0.190 - 0.075

2.2.2 Data analysis

A completely randomized design (CRD) was adopted for
this laboratory study, which was considered suitable for
experiments conducted under controlled conditions using
homogeneous experimental units. All specimens were
prepared using identical raw materials, mixing procedures,
curing conditions, and testing methods to minimize the
influence of uncontrolled variables.

The experiment followed a factorial design with two
factors, namely MAD-BMF content (five levels) and curing
age (three levels), comprising three replicates for each
combination. A two-way ANOVA was applied to evaluate the
effects of these factors on compressive strength, followed by
Tukey’s HSD test for pairwise comparisons.

Before ANOVA, the assumptions of normality and
homogeneity of variance were assessed using the Shapiro—
Wilk and Levene’s tests, respectively. When significant
differences were detected (p < 0.05), post-hoc comparisons
were conducted to identify specific group differences. All
statistical analyses were performed using SPSS.

2.2.3 Microstructure characterization

The performance of MAD-BMF was evaluated alongside
the reference mortar through examinations of both fresh and
hardened states. Fresh-state properties were evaluated by
measuring the setting time and flowability, while hardened
properties were assessed through compressive strength testing.
Additional microstructural and chemical analyses were used
to provide insights regarding the role of marine algal powder
in cementing systems through scanning electron microscopy-
energy dispersive X-ray (SEM-EDX) analysis, X-ray
diffraction (XRD), X-ray fluorescence (XRF), and Fourier
transform infrared (FTIR) analysis.

Using the Vicat apparatus, ASTM C191-21 [23] was used
to evaluate the determination of cement paste setting time, and
the workability of fresh mortar was evaluated using the flow
table method in conjunction with ASTM C1437-20 [24]. For
compressive strength testing, cube specimens with dimensions
of 50 x 50 x 50 mm?* were tested after demolding at 24 hours,
followed by curing in water. Compressive strength tests were
conducted at 7, 14, and 28 days in accordance with ASTM
C109/C109M-20 [25]. A total of three replicate specimens (n
= 3) were tested for each mix and curing age. The reported
values represented the mean compressive strength, and the
standard deviation was calculated to quantify the variability of
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the results. The phases contained in the material were
identified by XRD (Bruker AXS D8 Advance Eco), elemental
analysis was performed using an XRF spectrometer (Rigaku
NEX QC+ QuantEZ, 2015), microstructural features were
characterized using SEM-EDX analysis (JEOL JSM-
6510LA), and functional groups were determined with FTIR
spectroscopy (Thermo Scientific Nicolet iS10). The overall
experimental program was designed as an exploratory and
performance-based study of the feasibility of using marine
algae powders as a bio-mineral filler material in mortar
applications.

3. EXPERIMENTAL RESULTS

This section presents experimental results related to the
macroscopic and microscopic characteristics of MAD-BMF
mortar. The macroscopic characteristics observed included
setting behavior, workability, and compressive strength
development, while the microscopic characteristics comprised
the mortar’s microstructural configuration.

3.1 Fresh properties and early-age behavior

Figure 3 shows the penetration characteristics, showing the
presence of a retardation effect in cement paste incorporating
MAD-BMF compared with the control cement paste. Each
setting time value represents the average of three independent
measurements (n = 3). The experimental data showed that
partial substitution of Portland cement with MAD-BMF
contributed to the retardation of initial setting. For example,
the control paste reached its initial setting time at
approximately 103 minutes, while all pastes containing MAD-
BMF required a longer time to attain both initial and final
setting times. Similarly, Boukhatem et al. [26, 27] reported
that the hydration process in cement systems incorporating
MAD-BMF was delayed.

Figure 4 shows the non-linear relationship between MAD-
BMF content and the setting time of cement paste. At a
substitution level of 5%, the initial and final setting times were
recorded as 136.93 minutes and 235 minutes, respectively,
which were longer than those of the control paste. At a 10%
substitution level, the initial and final setting times decreased
to 121.06 minutes and 225 minutes, respectively, compared
with the 5% mix, but remained longer than those of the control



paste. When the MAD-BMF substitution level reached 15% or
higher, a renewed retardation of both initial and final setting
times was observed.

Based on these results, the obtained data did not show a
clear concentration—effect relationship between the MAD-
BMF substitution level and the setting time of cement paste.
However, the results confirmed that using MAD-BMF as a
cement substitute significantly influenced the early-age initial
setting behavior of cement paste. The effects on rheological
properties and cement hydration during the early hydration
period will be discussed in the discussion section of this study.
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Figure 3. Setting time of paste with and without marine
algae-derived bio-mineral filler (MAD-BMF)
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Figure 4. Effect of marine algae-derived bio-mineral filler
(MAD-BMF) substitution on setting time

Figure 5 presents the effect of MAD-BMF on the flow
characteristics of mortar, with the MN showing a flow value
of 111%. Partial substitution of cement with MAD-BMF
caused a gradual reduction in mortar flow as the substitution
level increased. Based on the graphical results, flow values of
110.45%, 110.05%, and 109.11% were obtained at
substitution levels of 5%, 10%, and 15%, respectively. The
mix containing 20% MAD-BMF showed the lowest flow
value, at 108.36%.

The results were consistent with the reports by Boukhatem
etal. [26], who observed that the viscosity of the mix increased
with rising levels of MAD-BMF substitution. The increase in
viscosity led to higher resistance to flow, causing the mortar
to become more viscous and a reduction in flow value.

In line with the analysis, a gradual decrease in workability
was observed with increasing MAD-BMF content. However,
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all measured flow values remained within the acceptable range
specified by ASTM C1437 [24]. These results showed that the
level of MAD-BMF substitution consistently affected the
workability of the mortar, providing a basis for further
discussion of the rheological behavior.
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Figure 5. Effect of cement substitution with marine algae-
derived bio-mineral filler (MAD-BMF) on mortar flow

3.2 Compressive strength results

Table 4 shows that compressive strength increases with
curing age for all mixes. The incorporation of MAD-BMF
enhanced compressive strength, reaching an optimum at 10%
substitution, with a significant improvement compared to the
control mortar at all testing ages. However, at higher
replacement levels (=15%), compressive strength decreased
due to the dominance of the dilution effect. The relatively low
standard deviation values showed good consistency and
reliability of the test results.

Table 4. Compressive strength of mortar incorporating
marine algae-derived bio-mineral filler (MAD-BMF) at
different curing ages

MAD-BMF 7 Days 14 Days 28 Days
Content (%) (MPa) (MPa) (MPa)
0 2524 + 35.69 + 40.50 £
1.55 2.43 2.19
5 3511+ 4321+ 48.86 £
2.72 1.38 1.80
10 37.72 + 46.16 + 5124+
2.47 1.62 1.64
15 33.05 + 40.88 + 4237+
2.54 0.87 2.62
20 29.76 + 37.50 + 39.46 +
1.20 2.40 1.05

Figure 6 shows distinct differences in mechanical behavior
during compressive strength testing between the MN and the
MAI10. In the MN specimens, failure was dominated by the
rapid formation of major vertical cracks, leading to partial
spalling at the core and edge regions of the specimens. The
MA10 specimens showed a more gradual crack development,
with a more uniform distribution of both vertical and inclined
cracks before ultimate failure. Additionally, no early-stage
spalling was observed in the MA10 specimens, and crack-
related damage was more uniformly distributed along the
height of the specimens compared with MN. This observation
indicates that the modified mortar matrix became more
homogeneous and dense, thereby altering the macroscopic



failure pattern during the fracture process and causing a more
gradual and controlled failure mechanism in MA10 compared
with MN.

Figure 6. Crack pattern (a) MN, and (b) MA10

As presented in Figure 7, the control mix showed an
increase in compressive strength from approximately 25 MPa
at 7 days to 40 MPa at 28 days, with a corresponding flow
value of 112%. Partial substitution of cement with MAD-BMF
caused a rise in compressive strength at all curing ages. The
MA10 specimens showed the most significant improvement,
increasing from 38 MPa at 7 days to 51 MPa at 28 days.
However, at substitution levels exceeding 10%, a reversal
trend was observed, showing a reduction in compressive
strength performance at higher contents. These results showed
that compressive strength did not increase linearly with rising
MAD-BMF content in the mix. When correlated with the flow
properties shown in Figure 8, the flow values at MAD-BMF
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substitution levels of approximately 10% remained within the
acceptable range specified by ASTM C1437 [24], although a
decreasing trend in flow was observed with increasing content.
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Figure 7. Effect of cement substitution with marine algae-
derived bio-mineral filler (MAD-BMF) on the compressive
strength and flow of mortar.

3.3 Statistical analysis

The assumptions of normality and homogeneity of variance
were satisfied (p > 0.05). The two-way ANOVA results
showed that curing age and MAD-BMF content significantly
affected compressive strength (p < 0.001). The interaction
between curing age and MAD-BMF content was not
statistically significant (p = 0.208), indicating that the effect of
MAD-BMF remained consistent across different curing ages
(Table 5).

Tukey’s post-hoc analysis showed that the 10% substitution
level had the highest compressive strength and differed
significantly from the 0% and 20% levels (p < 0.05), but not
from the 5% and 15% levels (Table 6). For curing age,
compressive strength at 7 days was significantly lower than at
14 and 28 days, without showing substantial differences
(Table 7).

Table S. Results of two-way ANOVA for compressive

strength

Source of F- p-
Variation df §8 MS Value Value
Curing age 2 119149 59575 1475 <0.001
MAD-BME 97981 19495 4827  <0.001

content

Interaction 8 47.62 5.95 1.47 0.208

Error 30 121.17 4.04 — —

Total 44 2140.09 — — —

Table 6. Tukey’s HSD post-hoc test results for marine algae-
derived bio-mineral filler (MAD-BMF) content

MAD-BMF Content Compressive Strength

(%) (MPa) Group
10 51.24 a
5 48.86 ab
15 42.37 be
0 40.50 c
20 39.46 c

Notes: Different letters show statistically significant differences (p < 0.05).



Table 7. Tukey’s HSD post-hoc test results for curing age

Curing Age (days) Compressive Strength (MPa)  Group
28 44.49 a
14 40.69 a
7 32.18 b

Notes: Different letters show statistically significant differences (p < 0.05).
3.4 Microstructural characteristics
3.4.1 Characterization X-ray fluorescence

As presented in Table 8, XRF results showed changes in
oxide composition after incorporating 10% MAD-BMF

(MA10). The MN was dominated by SiO: (29.15%) and CaO
(27.94%), representing typical contributions from sand and
cement. In MA10, CaO increased to 31.7%, confirming the
presence of calcium-rich phases derived from the algae, while
SiO: slightly decreased to 28.01% due to dilution of the
siliceous fraction.

Minor reductions in Al2Os and Fe:O;s further supported this
dilution effect, showing that MAD-BMF did not introduce
significant reactive aluminosilicate phases. The low SOs;
content in both mixes suggested minimal influence on sulfate-
related compounds. Meanwhile, slight increases in Na2O and
K20 were attributed to the marine origin of the algae.

Table 8. Results of the X-ray fluorescence (XRF) analysis

Oxide CaO SiO2 SOs ALO3 Fe203 MgO K20 Na.O
MN 27.94 29.15 0.776 6.02 2.251 2.3 0.6 0.25
MAI10 31.7 28.01 0.15 5.69 2.207 2.1 0.8 0.65

The incomplete oxide total was attributed to loss on ignition
(LOI), linked to carbonate decomposition. Overall, the results
confirmed that MAD-BMF acted as a CaCOs-based, non-
reactive filler, modifying the system primarily through
calcium enrichment and dilution effects.

3.4.2 Scanning electron microscopy-energy dispersive X-ray
analysis

SEM observations of the MAD-BMF in Figures 8 and 9
revealed that the material consisted of relatively small
particles of irregular shape and roughened surface areas with
a high degree of porosity.
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Figure 8. Scanning electron microscopy (SEM) micrographs
of (a) MAD-BMF, (b) MN, and (c) MA10

The corresponding EDX analysis showed that MAD-BMF
consisted predominantly of calcium and oxygen, with only
trace amounts of other elements. This composition confirmed
that the material’s enhanced performance was largely
attributable to the high content of calcium-based minerals.

The SEM images of the MN showed the cement matrix,
whereby hydration products were spread uniformly, but
micro-scale voids and pores were present between particles.
The elemental analysis completed at locations SPC-001 to
SPC-004 indicated that the chemical composition was largely
comprised of Ca, Si, and O, which corresponded with the
principal hydration phases in Portland cement type systems.

In comparison, the MA10 showed a more compact matrix
structure, characterized by a substantial reduction in internal
pore space. There were also MAD-BMF particles embedded
and dispersed randomly throughout the cement paste. The
EDX data taken from SPC-005 through SPC-008 showed Ca-
Si-O type spectra with a more uniform distribution of elements
compared to the equivalent locations of MN, without the
presence of any other phases.

3.4.3 Characterization Fourier transform infrared

The FTIR spectra presented in Figure 10 showed that the
MN, MA10, and MA20 shared comparable characteristic
absorption features.
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Across all mixes, a broad absorption band appearing in the
region of approximately 3400-3500 cm™, together with a
distinct band near 1640 cm™, could be observed. These
features were attributed to the stretching and bending
vibrations associated with hydroxyl (—OH) groups present in
the cementitious matrix.

All mixes exhibited similar spectral characteristics in the
wavenumber range of approximately 1400 to 1450 cm™,
which corresponded to the asymmetric vibrational modes of
carbonate (COs*") groups. Spectral bands in the approximately
950-1000 cm™ range were also present, which were attributed
to stretching vibrations associated with silica as part of the
silica glass structure. The addition of MAD-BMF did not
produce any new bands or significant shifts (greater than 1
cm), relative to MN. This showed that the basic chemical
nature of the cement was unchanged despite the addition of
MAD-BMF.
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Figure 10. Fourier transform infrared (FTIR) spectra of MN,
MA10, and MA20

3.4.4 characterization X-ray diffraction

Crystal structure analysis using XRD on MAD-BMF
specimens (Figure 11) showed that the material consisted of
predominantly crystalline forms of CaCO;s in the form of
calcite, the dominant phase. The comparison of XRD pattern
results for MN and MAI10 indicated that both actually
provided similar XRD patterns, showing their respective
polymorphs have the same crystalline compounds, portlandite
and calcite. When incorporating MAD-BMF into MN, no
other crystallographic phases were created.
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Figure 11. X-ray diffraction (XRD) patterns of MAD-BMF,
control mortar (MN), and mortar containing 10% MAD-BMF
(MA10)

Note: Diffraction patterns were vertically offset for clarity.
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Consistent with the XRD results, the FTIR analysis
confirmed the presence of similar functional groups across all
samples. The characteristic bands corresponding to —OH
stretching, COs?", and Si—O groups were observed in each
specimen, further showing that the incorporation of MAD-
BMF did not introduce new functional groups into the
otherwise inert matrix.

The different results from microstructural characteristics,
phase characterization, spectroscopic methods, and chemical
analysis served as determinants of differences between MN
and MAD-BMF modified. These differences would be
considered further in the engineering properties in the
discussion section.

4. DISCUSSION
4.1 Particle interactions and fresh-state behavior

The fresh-state behavior of the mortar is governed by
changes in interparticle interactions and water distribution
induced by MAD-BMF incorporation, establishing the initial
conditions that control hydration and strength development.
As the substitution level increases, flowability decreases,
showing that particle-scale effects dominate system behavior.
This reduction arises from the higher SSA of fine particles,
which increases water demand and shifts the balance between
solid particles and available mixing water.

To maintain particle stability, the system requires additional
water, resulting in higher water demand. Consequently, less
free water remains available for flow. This condition
intensifies interparticle contact and increases resistance to
movement, showing the role of interparticle forces and particle
packing in controlling rheological behavior as reported by
Yuan et al. [28].

The same mechanism governs setting behavior by
constraining the availability of free water required for early
hydration. Reduced free water limits ion mobility and slows
the progression of hydration reactions, leading to delayed
setting times. Similar behavior has been reported in systems
incorporating fine CaCOs particles, where increased water
demand and modified PSD influence hydration kinetics [29,
30].

In line with the analysis, fresh-state properties are governed
by physical interactions at the particle-scale, defined by the
relationship between surface area, available water, and
interparticle contact. These conditions constrain hydration
kinetics and other strength development by limiting effective
water availability and modifying particle packing efficiency.

4.2 Chemical composition and reactivity of marine algae-
derived bio-mineral filler

The chemical composition defines the reactivity boundary
of the system, confirming that MAD-BMF does not contribute
to chemical reactions and isolating the role of physical
mechanisms in controlling performance. The XRF results
show an increase in CaO content accompanied by a reduction
in SiO2 and Al:Os. This indicates a shift toward a calcium-
dominated composition. This compositional change excludes
pozzolanic behavior, as the absence of reactive aluminosilicate
phases prevents secondary hydration reactions.

The interpretation is consistent with CaCOs-based filler
systems, where materials primarily influence performance



through physical effects without significantly altering
hydration chemistry, as reported by Scrivener et al. [31]. In
comparison, reactive supplementary materials such as fly ash
enhance strength through pozzolanic reactions driven by
higher reactive silica content.

A previous study by Acarturk et al. [32] stated that bio-
based materials could introduce alkali components. However,
this study showed that Na:O and K:O remained at low levels
and did not affect system reactivity. The unaccounted oxide
fraction corresponded to LOI, confirming the presence of
carbonate phases associated with CaCOs decomposition.

The results collectively show that MAD-BMF functions as
a CaCOs-based inert filler, where system behavior is governed
by compositional characteristics, facilitating physical
interactions over chemical reactivity.

4.3 Particle packing and dilution mechanisms in strength
development

The balance between particle packing and cement dilution
influences strength development, with an optimum level
showing a transition between packing-dominated and dilution-
controlled behavior. Compressive strength shows a non-linear
relationship, with an optimum at 10%, indicating the balance
between particle packing and cement dilution. At low
replacement levels, fine MAD-BMF particles fill voids, reduce
porosity, and improve load transfer, leading to strength
enhancement. This mechanism is consistent with particle
packing theory, where improved packing density enhances
mechanical performance.

At higher replacement levels, reduced cement content limits
hydration product formation, leading to strength reduction.
Previous studies by Lothenbach et al. [33] on limestone filler
reported an optimum substitution range of approximately 10—
15%, showing a higher sensitivity to cement dilution. Berodier
and Scrivener [34] reported that irregular particle morphology
could reduce packing efficiency at higher replacement levels,
confirming the observed decline in strength beyond 10%
replacement. Therefore, strength development is controlled by
densification effects under limited binder availability. Above
10%, cement content decreases, hydration products reduce,
and the matrix weakens. Strength decreases significantly,
confirming that performance is governed by the balance
between packing efficiency and cement dilution rather than
chemical reactivity.

4.4 Statistical evaluation of strength development and
optimum threshold

Statistical analysis confirms the significance of the
observed performance trends and validates the existence of a
distinct optimum threshold associated with the governing
mechanism. The results of two-way ANOVA showed that
MAD-BMF content and curing age significantly affected
compressive strength, while their interaction was not
substantial. This shows that the effect of MAD-BMF is
consistent across curing ages.

Tukey analysis shows that the 10% substitution level has the
highest compressive strength and differs significantly from the
lowest levels (0% and 20%), but not from intermediate levels
(5% and 15%). This pattern shows an optimum trend rather
than complete statistical separation across all levels.

The results are consistent with the concept of packing-
controlled systems, where performance is governed by
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structural arrangement rather than chemical evolution [35, 36].
In comparison, reactive systems typically show time-
dependent interactions due to hydration kinetics [32]. The
absence of interaction effects in this study shows that the
governing mechanism remains stable over time.

4.5 Microstructural evidence of matrix densification

Microstructural observations provide direct evidence
supporting the proposed mechanism by showing the effect of
particle packing on matrix densification. SEM observations
show a denser matrix at 10% substitution, characterized by
reduced pore space and improved particle distribution. This
shows that strength enhancement is governed by packing-
induced densification rather than chemical effects. However,
XRD and FTIR analyses show no formation of new hydration
phases, confirming the absence of chemical contribution.

XRF defines the chemical composition, and SEM
characterizes the microstructure. Mechanical results provide
direct evidence of performance. The consistency among these
results supports a unified mechanism, where matrix
densification governs strength development. Similarly,
Scrivener et al. [31] and Fathy et al. [37] reported that
mechanical performance in CaCOs-based filler systems was
primarily governed by pore refinement and particle packing
rather than hydration reactions [31, 37].

The results show that the role of MAD-BMF is primarily

physical, operating through particle packing and
microstructural refinement. The relationship between
compositional, microstructural, and mechanical results

confirms that the observed strength enhancement originates
from improved matrix compactness rather than additional
hydration products.

4.6 Design implications for cement reduction using bio-
based filler

The identified mechanism provides a basis for designing
cementitious systems, where performance can be optimized
through controlled particle packing and substitution levels.
MAD-BMF behaves similarly to limestone filler but originates
from marine biomass, functioning as a bio-based CaCOs inert
filler. Reactive materials such as fly ash and slag depend on
chemical reactions and hydration kinetics, as shown by
Berodier et al. [34] and Juenger et al. [38], which introduces
variability.

MAD-BMF follows a different pathway, depending on
particle packing. The observed response is predictable and
primarily influenced by particle distribution and dosage, rather
than reaction kinetics. Therefore, this study transitions from
chemical reactivity to controlled physical mechanisms in
sustainable cementitious materials.

4.7 Mechanistic insights into cement substitution in bio-
based filler systems

To contextualize the proposed design method, the
governing mechanism is critically compared with existing
theoretical and empirical frameworks. The results are
consistent with particle packing theory as established by Wong
et al. [36], which identifies particle distribution as a key factor
controlling density and strength in cementitious systems. A
significant relationship is also observed with biomass-based
studies, with Chandrasekaran et al. [39] reporting an optimum



substitution level of approximately 10% before dilution effects
become dominant. This recurring behavior suggests that the
non-linear response observed in cement substitution systems
is a systematic phenomenon and can be explained by the
interaction between densification and reduction in active
binder content.

Despite the similarities, significant differences are observed
when compared with studies reporting chemical contributions
from CaCOs-based materials. Liu et al. [40] stated that fine
CaCOs particles could modify hydration kinetics through
nucleation effects, while Turcry et al. [41] reported alterations
in hydration pathways due to the presence of limestone filler.
Acarturk et al. [32] also observed that algal biomass could
delay hydration and influence strength development. The
correlation in hydration delay suggests that bio-based
materials tend to influence ecarly hydration behavior.
Compared to reports on chemical interactions or phase
formation, no evidence of new hydration phases was detected
in this study, showing that the influence of MAD-BMF was
primarily associated with physical modifications to the
system, rather than chemical reactivity. These results suggest
that the behavior of CaCOs-based materials, particularly in
bio-derived form, is context-dependent and strongly
influenced by material characteristics and system conditions.

The distinction becomes more pronounced when compared
with reactive systems such as LC3, according to Scrivener et
al. [31]. In reactive systems, performance enhancement is
attributed to pozzolanic reactions and the formation of
additional hydration products that refine the microstructure.
The improvements observed in this study are achieved without
chemical reactivity, relying on particle-level optimization.
This shows that a physically driven method can provide a more
predictable strategy for designing sustainable cementitious
materials.

In line with the analysis, this study supports the existing
theoretical and empirical results, advancing current
understanding by showing that the balance between particle
packing and cement dilution serves as the primary controlling
mechanism in inert filler systems. The mechanistic
understanding provides a clear basis for defining performance
limits and designing optimal substitution levels in a rational
and systematic manner.

5. CONCLUSIONS

In conclusion, this study shows that MAD-BMF functions
as a CaCOs-based inert filler governed primarily by physical
mechanisms. Microstructural and chemical analyses confirm
the absence of new hydration phases and show a calcium-rich
composition with a denser matrix structure. Compressive
strength shows a non-linear response, with an optimum at 10%
substitution. At low levels, strength increases due to improved
particle packing and reduced porosity. Meanwhile, at higher
levels, strength decreases due to cement dilution and reduced
hydration product formation. Statistical analysis confirms that
the behavior is consistent across curing ages. These results
establish a clear mechanism based on the balance between
particle packing and cement dilution. MAD-BMF provides a
predictable method for reducing cement content through
controlled physical effects, supporting the development of
sustainable cementitious materials. Future studies should
quantify PSD and SSA to establish predictive packing models
for marine algae-derived fillers.
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