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Abstract: This study examines the impact of using seashell
powder, shells mixed with nano-silica, and basic oxygen
furnace slag as sand substitutes in addition to the internal
curing regime. This study focuses on important factors
related to material sustainability and the efficient use of
resources. The comprehensive evaluation of mechanical
properties, including compressive and tensile strength at
different stages, provides a significant understanding of the
performance improvements achieved with these innovative
additives. Durability tests, which evaluate the absorption,
water permeability, salt penetration, and sulfate resistance,
advance our understanding of how these materials enhance
the long-term durability of ultra-high-performance concrete
(UHPC) under extreme environmental conditions. In addition,
examining UHPC samples at high temperatures (350 and 700°C)
and applying scanning electron microscopy. The improved
mechanical strength and toughness achieved using seashells
and nano-silica demonstrated the potential of these additives to
create UHPC that is more sustainable and environmentally
friendly. The results indicate that the addition of seashell
powder slightly reduced the compressive strength. However,
replacing cement with a blend of seashells and nano-silica led
to an improvement ranging from 5 to 6% in compressive
strength across various replacement ratios at 7, 28, and 90
days. The optimum strength is obtained at a 5% replacement
ratio. Tensile strength also increased from 1.6 to 1.8 MPa when
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seashells were pre-mixed with nano-silica. The incorporation
of nano-silica significantly enhanced the thermal stability of
the seashells, resulting in a better residual strength of 84-93%
at 350°C and ranged from 68 to 82% at 700°C. Furthermore, the
combination of seashells and seashell powder with nano-silica
notably improved durability by reducing the water perme-
abhility, sorptivity, and chloride penetration depth. The resi-
dual strength of UHPC showed greater improvement after
exposure to a sulfate environment when the seashells were
combined with nano-silica than when seashells alone were
used and achieved 81 MPa compared to 69.1 MPa for the
control mix and 74 MPa for seashells only. Overall, the
inclusion of seashells pre-mixed with nano-silica in UHPC
enhanced the microstructure at both normal and ele-
vated temperatures.

Keywords: seashell powder, seashells pre-mixed with
nano-silica, waste, concrete, mechanical properties, com-
pressive strength, microstructure

1 Introduction

Ultra-high-performance concrete (UHPC) is a modern type
of material based on cement. Concrete is a fundamental
component of the building sector, and its utilization can be
regarded as a cost-effective solution. Nevertheless, con-
crete has certain drawbacks owing to its substantial
weight. For instance, it occupies a substantial amount of
space throughout the construction process and has signif-
icant dimensions as its components. In light of these lim-
itations, researchers have directed their efforts toward
enhancing conventional concrete or developing novel
variants with exceptional attributes, such as toughness,
durability, and remarkable strength, using the principles
of packing theory. UHPC possesses advantageous charac-
teristics that can satisfy infrastructure demands [1-3].
Initial investigations into the production of UHPC
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necessitated specific requirements for the treatment,
mixing procedure, and use of high-quality compositions
while also excluding coarse materials [4-9]. Nevertheless,
it is crucial to thoroughly evaluate rigorous protocols and
exceptional management practices before selecting UHPC
[10-15]. The production involves a series of critical pro-
cesses, including the selection of highly specialized raw
materials, including high-quality cement, fine silica fume,
quartz powder, and steel fibers; precise proportioning
using packing theory for design [14]; and stringent quality
control measures during mixing, casting, and curing to
achieve UHPC’s exceptional properties of UHPC, such as
high compressive strength and enhanced durability [16],
adherence to rigorous protocols, and effective manage-
ment practices [17]. Thus, the “selection” of UHPC refers
to the decision to implement these specialized production
techniques and materials, ensuring that the intended per-
formance criteria are met [18].

The formulations of UHPC can be modified to meet all
the criteria and purposes. As an illustration, the road
bridge in Bourg-les-Valence, France, using UHPC, was built
in 2005, in addition to the Mars Hill Bridge in the United
States (US), which was built in 2006 using UHPC, resulting
in a 66% reduction in weight compared to the use of tradi-
tional concrete. A reduction in the reinforcement of up to
90% was achieved. This effectively eliminated the need for
shear reinforcement. UHPC has been utilized in various
applications globally owing to its advantageous features
such as distinctive design, simple fabrication, intricate
forms, lightweight, and resilience under harsh conditions
[19-22].

UHPC has been employed in numerous global projects
and has attracted significant attention for its use in com-
plex applications [3]. These applications include the con-
struction of vertical components such as overlay materials,
offshore structures, hydraulic structures, windmill towers,
and oil industries, in addition to repair, rehabilitation,
bridges, and architectural features. The most prevalent
use of UHPC is in the construction of bridges and roadways.
UHPC has been utilized in bridge construction in several
countries, such as Slovenia, the Netherlands, Malaysia, Ger-
many, China, Italy, Canada, New Zealand, France, the
Czech Republic, South Korea, Switzerland, the US, and Aus-
tralia [21,23]. The concrete industry faces significant chal-
lenges in implementing effective curing regimes. Wu et al.
[24] showed that heat curing has a significant impact
on early-age shrinkage when using a double-treatment
approach. Exposing the concrete to a temperature of 55°C
for 70 min resulted in a significant enhancement of its
quality compared to curing it at 48°C for 60 min. Steam

DE GRUYTER

curing is the preferred method of curing compared to stan-
dard curing (SC) and autoclave curing [4,6,25-31]. In addi-
tion, there have been advancements in the development of
novel hybrid regimes [5]. To summarize, although SC may
be the most cost-effective and practical method, it is not the
optimal choice. ACI 308 [32] found that internal curing (IC)
of concrete can be accomplished by employing certain
agents, such as admixtures, which have the ability to retain
water within the mix while saving the initial amount of
water included in the mixture [6,33,34]. Hydration necessi-
tates the utilization of water from the external surface to
sustain the process and achieve full response to delicate
substances. Self-curing technology relies on the provision
of internal moisture to facilitate the hydration process and
improve concrete characteristics. An important limitation
of this technology is the formation of empty spaces in con-
crete. However, this issue can be managed by carefully
selecting the optimal dosage to minimize shrinkage [34,35].
For example, the recommended dosage for liquids is 1%
polyethylene glycol (PEG) [33,34,36]. Therefore, nanoparticles
(NPs) are used to enhance the performance of UHPC.
Nanotechnology has sparked a revolution in several
domains. The use of silica-reinforced NPs optimizes mechan-
ical qualities, leading to higher performance and increased
resistance to corrosion. The addition of 1% nano-meta-clay
to UHPC improves its resistance to electrochemical pro-
cesses [37-39]. Basic oxygen furnace (BOF) slag is a highly
abundant byproduct of the steel-making process, with
90-150 kg of slag produced per ton of basic steel [40]. Europe
produces approximately 10 million metric tons of BOF slag
per year, with approximately 23% of this slag being physi-
cally deposited in piles, thus occupying land resources. The
utilization of BOF slag as a supplemental cementitious mate-
rial in construction materials has received significant atten-
tion [41]. Previous study [42] investigated the use of BOFs as
a cement replacement material for low-carbon-content
cement by examining the hydration products in standard
mortar. The reactivity of the new binder was determined by
analyzing its thermal properties, mineral composition, and
microstructure, which in turn affected its workability and
mechanical performance. As a result, replacing 10-30% of
the material causes a delay in the final setting time by pre-
venting the development of ettringite, which leads to a
decline in mechanical performance until 28 days. Between
the ages of 28 and 180 days, the substitution of 30-50%
showed a synergistic effect on the mechanical performance.
This effect can be linked to the development of hydrogar-
nets, calcium silicate hydrates, and stratlingite. Further-
more, all the mortar samples demonstrated leaching of
heavy metals and drying shrinkage that fell below the
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allowable limit. Steel-making slag is classified as an alkaline
residue and accounts for approximately 15-20% of the
entire steel production [43]. Approximately 70% of the slag
produced was attributed to BOFS. BOFS exhibits limited
hydration reactivity as a result of its minimal tricalcium
silicate content [44]. Nevertheless, BOFS has high reactivity
toward carbonation because of its abundance of free-Ca0O/
MgO, dicalcium silicate (B-C2S and y-C2S) phases, and por-
tlandite concentration. These components readily react with
CO, to produce calcium [45]. Previous investigations have
shown that BOF slag can be used in concrete for many
purposes and has positive effects, indicating its ability to
significantly enhance the performance of concrete [42]. Stu-
dies have suggested that including BOF slag as a substitute
for natural aggregates or as an additional cementitious
material can improve the durability, strength, and lifespan
of concrete. The thermal characteristics of BOF slag addi-
tionally enhance the fire resistance of the concrete. Further-
more, the recycling of industrial leftovers not only reduces
the environmental impact but also minimizes the usage of
landfills and preserves natural resources. The various char-
acteristics of BOF slag make it an appealing option for a
diverse array of construction applications, ranging from
large-scale infrastructure projects to specific high-perfor-
mance building applications [46,47].

This research is of great interest because it investigates
new methods to improve UHPC by incorporating sustain-
able and modern waste materials. This study examines the
impact of using seashell powder, shells mixed with nano-
silica, and BOF slag as sand substitutes in addition to the IC
regime. This study focuses on important factors related to
material sustainability and the efficient use of resources.
The comprehensive evaluation of mechanical properties,
including compressive and tensile strengths at different
stages, provides a significant understanding of the perfor-
mance improvements achieved with these innovative
additives. Durability tests, which evaluate the absorption,
water permeability, salt penetration, and sulfate resis-
tance, advance our understanding of how these materials
enhance the long-term durability of UHPC under extreme
environmental conditions. In addition, examining UHPC
samples at high temperatures (350 and 700°C) and applying
scanning electron microscopy (SEM) to evaluate changes in
the microstructure provide essential information regarding
thermal durability and residual strength. The improved
mechanical strength and toughness achieved using seashells
and nano-silica demonstrated the potential of these addi-
tives to create UHPC that is more sustainable and environ-
mentally friendly. This research not only advances the field
of building materials but also advocates the use of waste
products and nanotechnology to create high-performance,
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environmentally friendly concrete solutions for construc-
tion and building applications.

2 Experimental program

2.1 Raw materials

This section provides an analysis of the primary compo-
nents used and necessary preparation procedures. The
investigation utilized (52.5 grade) Type I Ordinary
Portland cement obtained from the Al Arish Cement
Factory, following the specifications of ASTM C150 [48].
In this study, silica fume with a specific surface area of
17.4 x 103 (m*kg™) and a specific gravity of 2.15 is used.
Table 1 presents the precise chemical compositions of both
SF and cement. BOF slag was obtained, crushed, sieved,
and used as a fine aggregate with a fineness modulus of
2.13 mm. Polycarboxylates called Sika® ViscoCrete®-3425
are used for high workability and to reduce the water
content in UHPC. Tap water was consumed. PEG 400 was
selected as a shelf-curing additive. The chemical composi-
tions of cementitious materials and nanomaterials are
listed in Table 1.

2.1.1 Seashell preparation

The seashell was obtained locally, washed, dried, crushed
to small particles, milled, and sieved with a sieve no 170.
For pre-mixing with nano-silica, seashell powder was added
to sodium silicate, and the powder and solution were mixed,
followed by the addition of hydrochloric acid. The next step

Table 1: Chemical composition for binder materials (%)

Oxides (%) Cement Silica Seashell Seashell-pre-

fume powder mixed with
nano-silica

Sio, 23.9 96.55 2.4 62.36

Al,03 7.45 0.19 0.42 3.33

Fe,03 3.02 0.32 0.22 2.34

Ca0 57.3 0.98 96.69 39.71

MgO 3.94 0.73 0.67 1.95

SOs3 3.23 — 0.09 0.19

Na,0 0.29 0.38 0.4 5.54

K>,0 0.87 0.85 0.1 0.1

Cl — — 0.09 0.66

All chemical elements are expressed in percentage (%).
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Figure 1: The preparation procedures of pre-mixed seashell powder.

was to remove sodium chlorides by mixing them several
times until they were fully dissolved in water. The water
was changed until pure water was obtained, and the new
composite was dried to obtain a powder, as shown in
Figure 1.

2.2 Concrete mix design

The mix percentages for creating the UHPC mixes based on
multiple trials are listed in Table 2 relative to the weight of
cement until the best results were obtained [38,42]. Table 2
lists the proportions of these mixtures. A fixed water-to-

Table 2: Mix proportions in kg:m~

Mixes Binders BOFS SP Water
Cement SS ss-NS Silica fume
Ref 800 0 — 240 1,200 82 142
1SS 792 8 — 240 1,200 82 142
3SS 776 24 — 240 1,200 82 142
5SS 760 40 — 240 1,200 82 142
7SS 735 65 — 240 1,200 82 142
9SS 728 72 — 240 1,200 82 142
1SS-NSC 792 — 8 240 1,200 82 142
3 SS-NSC 776 — 24 240 1,200 82 142
5 SS-NSC 760 — 40 240 1,200 82 142
7 SS-NSC 735 — 65 240 1,200 82 142
9 SS-NSC 728 — 72 240 1,200 82 142

binder ratio (w/b) of 0.18, a silica fume of 15%, and a con-
sistent BOF slag were used. Multiple trial mixes were con-
ducted to achieve the desired strength of UHPC. Table 2
shows the details of mix proportions.

2.3 Mixing procedures

The mixing techniques are briefly outlined as follows. The
mixer was filled with BOF in addition to the binder mate-
rials (cement and SF). The mixture was then blended for
2min to ensure even distribution. Subsequently, half the
volume of water was added to the self-curing agent.
Concurrently, superplasticizers were introduced and
blended using a magnetic stirrer for full dispersion to
half-water and seashell powder, whereas the NPs were
gradually added to achieve a well-dispersed and uniform
solution, as described in ref. [49]. Subsequently, the solu-
tion that remained and the duration of mixing varied
between 5 and 10 min for the combination of NPs, super-
plasticizers, and half of the water content, and the speci-
mens were removed from the mold until the testing date.
Figure 2 shows mixing procedures of UHPC.

2.4 Casting

For the mixing process, a 10-1 forced concrete mixer was
used. The components of the mixture, including cement,
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Figure 2: Mixing procedures of UHPC.

crushed glass, and silica fume, were weighed before
blending to produce a homogeneous blend. Water was
added to the dry materials of the mixer drum after mixing
the superplasticizer and water in a different container. The
substance was carefully mixed to achieve appropriate con-
sistency for casting. The various components of each mix-
ture required different quantities of time to blend. For
each concrete mixture, 100 mm diameter and 200 mm
height cylindrical specimens and 100 mm diameter and
100 mm diameter cubic specimens were cast. The three
layers of concrete that were poured into the molds were
each slightly vibrated to allow any trapped air to be
released. Following the completion of the concrete surface,
the specimens were covered with plastic sheets to prevent
water evaporation. The samples were demolded and
placed in the air at 25°C/2°C until testing, which included
evaluations at 7, 28, and 90 days.

2.5 Testing

Several test procedures were performed to ensure com-
pressive strength. This was in accordance with ASTM

€109 [50]. Three 100 x 100 x 100 mm?® cubes were investi-
gated for each concrete mix, and the specimens were sub-
jected to compressive strength testing at ages 7, 28, and
90 days using an ELE crushing machine with a 3,000 kN
capacity. In accordance with ASTM C496 [51], cylindrical
specimens with dimensions of 100 mm x 200 mm were
analyzed to identify the splitting tensile strength, and the
average value was determined for each test. After drying
the samples at 105°C and isolating them from all other
parameters, in addition to the base, SS underwent sorp-
tivity tests for 100 x 50 mm cylinders to ensure durability
in accordance with ASTM C1585 [52]. Water permeability
was measured for cubes measuring 15 cm x 15 cm x 15 cm.
Chloride penetration was assessed 28 days after immersing
the samples in solution with 3.5% sodium chloride, in addi-
tion to measuring the strength loss due to subjecting sam-
ples to sodium sulfates at 5% concentration, and the effect
of elevated temperature was investigated by subjecting the
samples to 350 and 700°C. SEM was performed to analyze
the microstructure of thin sections of the material approxi-
mately 1cm x 1 cm in size from the crushed cube core. The
study was performed using a Philips XL 30. Figure 3 shows
experimental work procedures.
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Casting
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Figure 3: Experimental work.

3 Results and discussion

3.1 Compressive strength

3.1.1 Compressive strength for mixes with seashell
powder

Figure 4 shows the compressive strength when seashell
powder is used at various concentrations (1, 3, 5, 7, and
9%) in UHPC containing BOF slag as a fine aggregate exerts
a good influence on compressive strength, especially with
regard to IC. The results showed that at low concentrations
of 1 and 3%, the shell powder resulted in a slight decrease
in compressive strength from 115 to 107 MPa at 7 days, from
133 to 131 at 28 days, and from 139 to 138 MPa at 90 days,
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likely owing to the role of calcium carbonate as a filler that
enhances the microstructure of concrete without signifi-
cantly compromising the hydration process. However, as
the concentration increased to 5, 7, and 9%, the decrease in
the compressive strength became more obvious as the
strength decreased to 98, 129.9, and 136.68 MPa at 7, 28,
and 90 days compared to 115.188, 133.59, and 139.5 MPa
for reference mix. High doses of seashell powder increase
the overall water demand and reduce the effective water—
cement ratio, thereby weakening the cement matrix [53].
Furthermore, an excessive amount of nonreactive fillers
may hinder the formation of strong bonds within concrete,
thereby reducing its structural integrity [54]. Thus, although
small amounts of seashell powder may have minimal
adverse effects or even potential benefits for internal

160

140
£

S 120
~
=

0 100
=)
=

% 80
o
2

2 60
£

g 40
e}
]

20

0

Ref 38S 58S 78S N
Mix ID
H7 @28 @90

Figure 4: Compressive strength for UHPC contains seashell powder.
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processing [55], higher amounts significantly reduce com-
pressive strength.

3.1.2 Compressive strength for mixes with seashell
powder pre-mixed with nano-silica

Figure 5 shows the compressive strength when seashell
powder pre-mixed with nano-silica at doses of 1, 3, 5, 7,
and 9% was incorporated into concrete containing BOF
slag, where the fine aggregate significantly enhanced the
compressive strength across all mixtures at 7, 28, and 90
days. This improvement is attributed to the synergistic
effects of seashell powder and nano-silica [56], which col-
lectively contribute to improved internal processing and a
finer microstructure [57]. At lower doses of 1 and 3%, the
mixture began to moderately increase in strength owing
to the filler effect and pozzolanic activity of nano-silica,
which improved the compressive strength from 115 to
119 MPa, 133 to 137.93 MPa, and 139.5 to 145.49 MPa at 7,
28, and 90 days, respectively, which promoted the forma-
tion of additional calcium silicate hydrate (C—-S—H) [58]. The
best dosage was achieved at 5% at ages ranging from 7 to
90 days, where the compressive force reached its peak,
demonstrating the most efficient balance between enhan-
cing filling and accelerating hydration. At this concentra-
tion, concrete exhibits maximum densification and
reduced porosity, resulting in superior structural integrity
[59]. Higher doses of 7-9% improved the strength to 118.23,
134.87, and 141.23 at 7, 28, and 90 days, respectively. At a 9%
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replacement ratio, but at a decreasing rate, indicating that
the optimal interaction between seashell powder and
nano-silica was best achieved at the 5% dose. Overall, the
combined addition of seashell powder and nano-silica
effectively enhanced the compressive strength, with the
5% dose providing the most obvious enhancement.

3.1.3 Comparison between compressive strength for
UHPC with seashell powders and seashells pre-
mixed with nano-silica

Figure 6 shows the compressive strength when seashell
powder was added and seashells pre-mixed with nano-
silica with doses were utilized. The use of shell powder
at doses of 1, 3, 5, 7, and 9% in concrete with BOF slag as
a fine aggregate generally results in a slight decrease in
compressive strength, with a particularly noticeable dose
increase. At low concentrations (1 and 3%), the reduction is
minimal, most likely owing to the filler effect of calcium
carbonate, which enhances the microstructure without
severely affecting hydration. However, higher doses (5, 7,
and 9%) significantly weakened the cement matrix by
increasing the water demand and incorporating excess
nonreactive fillers, thus reducing the structural integrity.
In contrast, when the seashell powder was pre-mixed with
nano-silica at the same doses, the compressive strength of
concrete improved across all test ages (7, 28, and 90 days).
This enhancement is due to the combined effects of the
filler and the pozzolanic properties of nano-silica, which
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Figure 5: Compressive strength for UHPC contains seashell powder pre-mixed with nano-silica.
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Figure 6: Compressive strength for UHPC contains seashell powder and seashells pre-mixed with nano-silica.

promote the formation of additional calcium silicate
hydrate (C—S-H) and improve the IC [36]. The optimum
strength was achieved at a dosage of 5%, at which point
the concrete exhibited maximum densification and
reduced porosity [60]. Higher doses (7 and 9%) con-
tinued to enhance strength but with weakening proceeds,
suggesting that 5% is the most effective concentration to
balance the benefits of shell powder and nano-silica [61].
In summary, while seashell powder alone tends to slightly
reduce compressive strength at high doses, combining it
with nano-silica significantly increases strength, with a
5% dose providing optimal enhancement. This demon-
strates the importance of composite admixtures in
improving concrete performance, particularly in IC
applications that include BOF slag as a fine aggre-
gate [46].

3.2 Split tensile strength

Figure 7 shows the splitting tensile strength results for sea-
shell powder and seashells pre-mixed with nano-silica at
doses of 1, 3, 5, 7, and 9% in concrete with BOF slag as a fine
aggregate demonstrating that the tensile strength tends to
be reduced slightly, especially in IC applications. At low
doses of 1 and 3%, the decrease in the tensile strength
was minimal from 1.64 to 1.61 MPa, likely because of the
limited disruption caused by the seashell powder in the

cement matrix. However, as the dosage increased to 5, 7,
and 9%, the tensile strength decreased further to reach
1.58 MPa, mainly because the higher content of the non-
reactive filler increased the water demand and weakened
the bond within the cement matrix [54,62]. Conversely,
when the seashell powder was pre-mixed with nano-silica
at the same doses, there was a significant increase in ten-
sile strength across all mixtures at 28 days. This improve-
ment is attributed to the synergistic effect of nano-silica
[63,64], which enhances the pozzolanic reaction, leading
to the formation of additional calcium silicate hydrate
(C-S-H) and improved microstructural integrity. The
optimal tensile strength was achieved at a dosage of 5%
by increasing the splitting tensile strength from 1.6 to
1.8 MPa, as the composite mixture increased densification
and reduced porosity, resulting in superior bond strength
and overall concrete performance. Higher doses of 7 and
9% continued to increase the tensile strength but at a
reduced rate, indicating that the 5% dose provides the
most effective balance between the benefits of seashell
powder and nano-silica. In summary, while SS powder
alone slightly reduced the tensile strength at high doses
owing to the increased water demand and decreased
bond strength, its combination with nano-silica signifi-
cantly enhanced the cleavage tensile strength, particularly
at the 5% dose. This comparison highlights the advantages
of using composite admixtures to improve the tensile
strength of concrete with BOF slag as a fine aggregate.
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Figure 7: Splitting tensile strength for UHPC contains seashell powder and seashells pre-mixed with nano-silica.

3.3 Compressive strength at elevated
temperature

Figure 8(a) and (b) show the residual strength when UHPC
containing seashell powder and shells mixed with nano-
silica in varying amounts between 1 and 9% were exposed
to high temperatures of up to 350 and 700°C, respectively.
This effect is particularly noticeable when UHPC is sub-
jected to self-curing conditions and when BOF slag is
used as a fine aggregate. Shell-derived admixtures have
the potential to improve the heat resistance and mechan-
ical properties of UHPC at elevated temperatures [65].

Seashell powder, which contains calcium carbonate, acts
as a filler in concrete, rendering it denser and less perme-
able, with strength reduction from 7.6 to 16% at 350°C and
from 25.8 to 32.7% at 700°C. This is important for main-
taining the structural integrity of concrete when exposed
to high temperatures [42,65]. In addition, the performance
of UHPC is further enhanced when seashells are combined
with nano-silica due to synergistic effects. Nano-silica pro-
motes the production of more C-S-H gel, which improves
the cohesion of the cement matrix and mitigates the nega-
tive effects of thermal expansion and spalling. Doses ran-
ging from 5 to 7% showed the most favorable results in
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Figure 8: Residual strength for UHPC (a) contains seashell powder and (b) contains seashells pre-mixed with nano-silica.
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terms of maintaining UHPC performance under high-tem-
perature conditions, with residual strength ranging from
92 to 95.4% at 350°C. The lowest strength loss was obtained
at 5% SS-NS relative to all mixes, with residual strength
ranging from 72 to 77% at 700°C. This highlights the poten-
tial of seashell-based additives, especially when combined
with nano-silica, to improve the durability of UHPC when
exposed to BOF slag as a fine aggregate.

3.4 Sorptivity

Figure 9 shows the sorptivity results for seashell powder
and seashells pre-mixed with nano-silica at doses of 1, 3, 5,
7, and 9% in UHPC using BOF slag as a fine aggregate,
which has a beneficial effect on reducing absorbency.
This is particularly true in the context of internal proces-
sing. At low doses of 1 and 3%, the decrease in absorption is
modest but noticeable and is due to the filler effect of the
calcium carbonate in the shell powder, which improves the
pore structure and reduces capillary action. As the dose
increased to 5, 7, and 9%, the decrease in absorbance
became more significant. This is owing to the increased
presence of fine particles filling voids within the concrete
matrix, further impeding water ingress and enhancing the
durability of UHPC. However, although higher doses effec-
tively reduce absorption, they must be carefully balanced
to avoid adverse effects on other mechanical properties.
Adding nano-silica to seashell powder at the same doses
resulted in a greater decrease in absorbance than the use
of seashell powder alone. The inclusion of nano-silica
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initiated the pozzolanic reaction, resulting in the formation
of more calcium silicate hydrate (C-S-H) and significantly
improving the pore structure of UHPC. The combined use
of seashell powder and nano-silica improves hull compac-
tion, resulting in a significant reduction in absorbency at
all application levels. At a 5% dose, the combination mix-
ture achieves an ideal balance, resulting in a significant
reduction in absorption while maintaining the other cru-
cial qualities of UHPC. Increasing the dose to 7 and 9%
resulted in a slight improvement in absorption, but the
benefits were small compared to using the 5% dose. The
comparison shows that the combination of seashell
powder and silica nanocomposite is more effective than
seashell powder alone in improving the durability and
water resistance of UHPC.

3.5 Water permeability

The addition of shell powder to UHPC at different dosages
(1, 3,5, 7, and 9%) and the use of BOF slag as a fine aggre-
gate have a beneficial effect on reducing water perme-
ability, especially with regard to curing. Interior. When
doses below 1 and 3% were used, the decrease in water
permeability was not noticeable [66]. This was mainly due
to the presence of calcium carbonate in the seashell
powder [55]. Figure 10 shows that calcium carbonate
improves the pore structure and restricts the entry of
water; when the concentration increases to 5, 7, and 9%,
the decrease in water permeability becomes more signifi-
cant [67]. The increased concentration of small shell

3.5

2.5

1.5

Sorptivity*10° (gm/mm?/cm®)

il

Mix ID

Figure 9: Sorptivity for UHPC contains seashell powder and seashells pre-mixed with nano-silica.



DE GRUYTER

Exploring the impact of seashell powder and nano-silica on ultra-high-performance self-curing concrete

-_ 1"

1.8

1.6 I

1.4 -

1.2

0.8

0.6

0.4

Water permeability *10'" ,(cm/sec)

0.2

111

Ref 1SS 38S 58S 78S

Mix ID

9SS 1 SS-NS 3 SS-NS 5SS-NS 7SS-NS 9 SS-NS

Figure 10: Water permeability for UHPC contains seashell powder and seashells pre-mixed with nano-silica.

particles effectively fills small empty spaces within the
concrete structure, significantly obstructing the routes
through which water can enter and improving the overall
strength and water resistance of UHPC. However, the
decrease in water permeability was more pronounced
when the seashell powder was mixed with nano-silica at
the same dose as when seashell powder was used alone.
The pozzolanic reaction resulting from the addition of
nano-silica produces more C-S-H [68]. This process
improved the densification of the UHPC matrix and the
pore structure. Seashell powder and nano-silica worked
together to reduce the water permeability more effec-
tively at all doses [69]. The combination mixture finds
its sweet spot at a 5% dosage, which minimizes the water
permeability while maintaining the UHPC integrity and
other important features. Although the effects of the 5%
dose were more pronounced, water resistance continued
to improve with higher doses of 7 and 9%. This compar-
ison highlights the effectiveness of the combination of
seashell powder and silica nanocomposites of seashell
powder alone in improving the water resistance and dur-
ability of UHPC.

3.6 Chloride penetration

When shell powder is added to UHPC with BOF slag as a
fine aggregate, using doses of 1, 3, 5, 7, and 9%, chloride is
effectively reduced. This effect was particularly noticeable
when combined with internal processing. Figure 11 shows
that when seashell powder was used at lower doses of 1

and 3%, seashell powder had a slight effect on reducing
chloride penetration from to the 340-174 coulomb. This is
because the powder acts as a filler, refining the pore struc-
ture and restricting the entry of the chloride ions. As the
dose increased to 5, 7, and 9%, the decrease in chloride
penetration became more pronounced in 208-174 cou-
lomb, with the 5% dose exhibiting the best performance.
The small particles of the shell powder effectively cover
small empty spaces and create a more compact structure,
thus blocking the paths through which chloride ions can
pass. The addition of nano-silica to seashell powder signif-
icantly reduced chloride penetration at all doses [70,71].
The presence of nano-silica triggers a pozzolanic reaction,
resulting in the formation of more C-S-H. This process
further improves the pore structure of the concrete and
enhances its impermeability. The combination of these fac-
tors resulted in a significant reduction in chloride penetra-
tion. Of the many compound doses tested, the 5% dose
demonstrated the highest level of performance, providing
the strongest resistance against chloride ingress while
maintaining the overall integrity of UHPC.

3.7 Sulfate attack

The negative impact was reduced by adding different
amounts of shell powder (1, 3, 5, 7, and 9%) to UHPC con-
taining BOF slag as a fine aggregate. The force generated by
the sulfate attack was greatly reduced. This reduction is
particularly important when internal processing is used.
When used at lower doses of 1 and 3%, seashell powder
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Figure 11: Chloride penetration for UHPC contains seashell powder and seashells pre-mixed with nano-silica.

improved the microstructure of concrete and reduced per-
meability. As a result, it limits the penetration of sulfate
ions and modestly reduces the strength loss [72]. As the
dose increased to 5, 7, and 9%, the reduction in strength
degradation became more noticeable, with the 5% dose
achieving optimal performance and the highest residual
strength of 81 MPa compared to 69.1 MPa for the control
mix, as shown in Figure 12. The presence of tiny shell
particles in the concrete matrix fills the small empty spaces
[73], resulting in a more compact and less porous structure
[47]. These NPs provided increased protection against the
penetration of sulfate ions. The addition of nano-silica to
seashell powder significantly reduced the strength loss due

to sulfate attack in all mixtures. Nano-silica undergoes a
pozzolanic reaction that leads to the formation of more
C-S-H [73].

4 Microstructural assessment

4.1 SEM in case of ambient temperature

Figure 13 shows SEM micrographs of UHPC. The incorpora-
tion of seashell powder and shells mixed with nano-silica
achieved the highest compressive strength at 1% SS and 5%
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Figure 12: Residual strength for UHPC contains seashell powder and seashells pre-mixed with nano-silica after subjecting to sulfates.
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Figure 13: SEM micrograph for UHPC (a) Ref mix, (b) 1SS, and (c) 1 SS-NS.

SS-NS and had a significant effect on the microstructural
properties, as observed by electron microscopy. The inclu-
sion of smaller particles improves the particle arrangement
and reduces the porosity [58,59,74]. This improvement is
characterized by the production of a denser matrix and
a reduction in the empty spaces between the different
materials. The figure shows a denser microstructure in
the case of SS-NS than in the reference mix, whereas the
mix of seashells with the lowest strength showed micro-
cracks without voids. This could be due to the effective
filling of small empty spaces with seashell components and
the additional chemical reaction generated by nano-
silica. These improvements significantly improve the
mechanical properties and longevity of UHPC even under
normal conditions [53]. The high Ca/Si in the case of the
seashell pre-mixed with NPs owing to the pozzolanic effect
over Ca/Siin the case of the reference mix being lower than
those of the seashell mix owing to the high calcium carbo-
nate content and only the filling effect.

SEM HV: 20.0 KV WD: 18.35 mm
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4.2 SEM in the case of elevated temperature

The incorporation of seashell powder and shells mixed
with nano-silica achieved the highest compressive strength
at 1% ss and 5% SS-NS at an elevated temperature of 700°C.
At elevated temperatures, SEM showed a significant
change in the microstructural properties of UHPC incor-
porating admixtures made from seashells, as shown in
Figure 14. The inclusion of seashell and nano-silica compo-
nents helped reduce the heat-induced deterioration in
UHPC. This is demonstrated by the preservation of the
fine microstructure and limited expansion of pores [75],
which showed minimal evidence of heat damage, including
minor microcracks and decreased connectivity between
pores with smaller crack depths and lengths. The excep-
tional performance of this material is due to the combined
effects of seashell-based additives and nano-silica. These
admixtures improve the ability of high-performance con-
crete to withstand thermal stress and maintain its structural

7
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View field: 92.5 pm Det: SE

SEM HV: 20.0 kV.
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Figure 14: SEM micrograph for UHPC (a) Ref mix, (b) 1-SS, and (c) 1SS-NS 700C.
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integrity [57,58,76], even under extremely high- or low-tem-
perature conditions. SEM investigation demonstrated that
seashell-based additives, especially when used with nano-
silica, effectively increased the microstructural properties
and thermal stability of UHPC.

5 Discussion

This study examines the effect of introducing seashell and
seashell powder pre-mixed with nano-silica into UHPC,
incorporating BOF slag as a fine aggregate. The concrete
was also subjected to IC using PEG 400. The results indi-
cated that the use of shell powder resulted in a marginal
reduction in the compressive strength [55]. However, repla-
cing cement with seashells mixed with nano-silica resulted
in enhanced compressive strength at all replacement ratios
1, 3, 5, 7, and 9%) owing to the particle size effect and
pozzolanic reaction [60]. The most significant improve-
ment of 5-6% was observed when the replacement rate
was 5% after 7, 28, and 90 days. In addition, the cleavage
tensile strength increased by 9.5% when the seashells were
pre-mixed with nano-silica at a dose of 5%. Adding nano-
silica to seashells significantly improves thermal stability
[75], resulting in increased residual strength at tempera-
tures of 350 and 700°C compared to the use of seashells
alone. Furthermore, the combination of seashell powder
and seashells infused with nano-silica resulted in a signifi-
cant reduction in water permeability and absorption
across all replacement levels [77-79]. The incorporation
of shell powder into UHPC significantly reduced the extent
of chloride penetration. This reduction was more pro-
nounced when the seashells were combined with nano-
silica before use. The residual strength of UHPC was
greater when the seashells were pre-mixed with nano-
silica than when using the seashells alone after being
immersed in sulfate [73,80]. Furthermore, by incorporating
nano-silica into seashells, a more condensed microstruc-
ture and increased Ca/Si ratio were obtained, as well as
internal processing advantages in improving the durability
and microstructure via curing continuity [33,34,36,81].

6 Conclusion

This study comprehensively evaluates the mechanical
properties, including compressive and tensile strengths at
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different stages, and provides a significant understanding
of the performance improvements achieved with innova-
tive additives (seashell powder and BOF). Durability tests,
such as sorptivity, water permeability, salt penetration,
and sulfate resistance tests under extreme environmental
conditions, were performed for UHPC. In addition, SEM
was used to evaluate changes in the microstructure. The
following conclusions are made:

* Replacing cement with seashells pre-mixed with nano-

silica enhanced compressive strength at all replacement

ratios of 1, 3, 5, 7, and 9% at all curing ages.

Using seashells as cement replacement material slightly

decreased compressive strength.

* The optimum compressive strength in the case of sea-
shells pre-mixed with nano-silica is achieved at 5%
dosage as cement replacement material with an improve-
ment of 5-6% compared to the control mix at 7, 28, and
90 days.

* The use of seashells pre-mixed with nano-silica with a

content of 5% in UHPC resulted in a 9.5% improvement in

tensile strength compared to the control mix.

Replacing cement with seashells pre-mixed with nano-

silica resulted in increased residual strength at 350

and 700°C.

* The water permeability and absorption capacity of UHPC
were significantly reduced at all replacement levels 1, 3,
5,7, and 9% when using seashell and shell powders pre-
mixed with nano-silica.

* The incorporation of sea shell powder into UHPC resulted in

a significant reduction in the depth of chloride penetration.

Residual strength of UHPC after immersing in sulfates

increased in the case of seashells pre-mixed with nano-

silica more than in the case of seashells only.

* Compact microstructure and higher Ca/Si content are
obtained in the case of seashells pre-mixed with nano-
silica in addition to IC with a positive effect.

* Low microcracks and high thermal stability are obtained
when UHPC mixes are subjected to high temperatures,
and seashell powder pre-mixed with nano-silica shows
fewer cracks in number, length, and width than the con-
trol mix and seashell powder mix.
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