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Abstract: Wasted oyster shells generate environmental pollution and odor, thereby causing inconve-
nience to people. In addition, low-quality aggregates are generated owing to the lack of sand. To
address these problems, cementitious composites that replaced sand with oyster shell powder were
fabricated in this study, and a total 120 specimens were fabricated (specimen size: 50 × 50 × 50 mm3).
The oyster shell substitution rate for sand, admixture type, and presence or absence of admixture
were set as the experimental parameters. Herein, 0, 30, 70, and 100% of sand was replaced with
oyster shell powder to examine the compressive strength of the cementitious composites according
to the oyster shell powder content. The experiment results confirmed the decrease in the compressive
strength of the cementitious composite with an increase in the oyster shell powder content. In the
case of the cementitious composites mixed with oyster shell powder, silica fume, blast furnace slag,
and an air-entraining water-reducing agent, the compressive strength increased by up to 30% with an
increase in the oyster shell powder content. The results of cementitious composites containing oyster
shell powder and admixture fabricated in this study indicate the potential of oyster shells as a new
construction material that can replace sand.

Keywords: oyster shells; recycling; sand substitute; compressive strength; internal structure analysis

1. Introduction

In Korea, approximately 280,000 tons of wasted oyster shells (WOS) are left unattended
on the coast every year. During rains, the leachate from such WOS, which contains various
foreign substances, flows through pipes to contaminate the ocean and land. In addition,
WOS when left unattended for long periods, becomes a habitat for harmful larvae, and
generates odor and environmental pollution, thereby causing inconvenience to people [1,2].

According to a report by the United Nations Environment Program (UNEP) [3] on the
sustainability of sand, 50 billion tons of sand and gravel are used worldwide every year as
construction materials. In Korea, an insufficient supply of aggregate renders construction
difficult owing to the limited collection of marine aggregate and the reinforcement of the
collection permit standards for land aggregate. The extraction of sand, which functions as
an aggregate in marine ecology, renders protection against erosion, storms, and tsunamis
difficult, and it causes risks to water supply, food production, fishing, and tourism indus-
tries. The significant loss of sand caused by coastal erosion has also occurred in Korea.
Therefore, the long-term applicability of sand as a construction material must be considered.

The potential of WOS as an additive has been analyzed in many studies by preparing
concrete and mortar. Yang et al. [4] verified that WOS has no significant impact on hydrates
and only serves as a filler, even if it is mixed with cement paste, and demonstrated that the
organic impurities included in WOS in small quantities do not cause harmful components of
concrete. Ruslan et al. [5] reported that replacing certain amounts of aggregates in concrete
with WOS increased compressive strength because a small amount of crushed WOS filled
the existing voids. Li et al. [6] reported that adding WOS to bricks made of cement and fly
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ash increased their strength and durability; moreover, there was an increase in durability
owing to the addition of WOS under the effects of the freezing and thawing cycle of bricks.
Wang et al. [7] prepared cement mortar by replacing fine aggregate with WOS and adding fly
ash. The addition of WOS and fly ash filled the voids in the mortar, thereby decreasing water
absorption and increasing compressive strength. Liao et al. [8] measured the compressive
and flexural strengths of mortar according to the particle size of WOS; it was found that the
compressive and flexural strengths of mortar increased, along with the increase in density,
with a decrease in the WOS particle size. Naqi et al. [9] reported that crushed oyster shell
(OS) powder rich in calcium oxides improved early compressive strength by enhancing
the hydration reaction mechanism. Hong et al. [10] mixed the calcium ions separated
from WOS with cement, prepared concrete, and measured the compressive strength. The
concrete developed high early compressive strength, indicating that the calcium ions from
WOS improved the compressive strength of the concrete. WOS can also contribute to
addressing environmental problems in addition to improving compressive strength. Liao
et al. [11] observed that sustainable and high-performance mortar can be produced if WOS
is substituted for certain amounts of river sand mixed with mortar; it was also reported that
WOS substitution for river sand significantly decreased CO2 emissions compared with the
typical mortar. Zhang et al. [12] mentioned that the absorption of CO2 by organisms during
the growth of OS is one of the carbon capture methods, and energy can be stored while
achieving the goal of carbon capture if the CO2 generated during the shell firing process can
be collected and stored. Chen et al. [13] added fly ash or ground, granulated blast furnace
slag (GGBS) to replace a certain amount of cement and prepared mortar by replacing the
fine aggregate with crushed WOS; it was observed that the mortar mixed with fly ash and
GGBS significantly reduced CO2 emissions. Additionally, the study demonstrated that the
mortar mixed with WOS and fly ash exhibited higher efficiency for the environment than
that mixed with WOS and GGBS. However, WOS may have negative effects when added
to mortar or concrete. Seo et al. [14] observed that the addition of calcined OS powder
in large quantities negatively affected the compressive strength of concrete. In the study,
the compressive strength of concrete decreased when the content of calcined OS powder
exceeded 6% of the cement weight. Liu et al. [15] demonstrated that the mortar prepared
by processing WOS with polyvinyl alcohol (PVA) and sodium silicate (SS) resulted in a
reduction in compressive strength. However, this reduction can be improved using an
admixture. Kjellsen et al. [16] conducted experiments on the inclusion of silica fume in
concrete and paste production. In the early curings, specifically at day 1, the concrete and
pastes containing silica fume exhibited similar or lower compressive strength than the
specimens without silica fume. However, at 28 days, both the concrete and pastes with silica
fume exhibited a significantly increased compressive strength than the specimens without
silica fume. Toutanji et al. [17] reported that the use of silica fume, which is an admixture,
contributed to the aggregate-matrix bond related to the formation of better interlock; it was
reported that the use of silica fume and water-reducing agents increased the strength of
mortar regardless of the water-to-cement (W/C) ratio. Ahmad et al. [18] incorporated silica
fume and nylon fibers into recycled aggregate concrete (RCA). The experimental results
indicated that concrete with the addition of silica fume and nylon fibers exhibited higher
compressive strength than that without these additives. Concrete prepared with recycled
aggregate typically experiences a reduction in compressive strength, but the inclusion of
silica fume led to an increase in the compressive strength of the concrete. Siddique [19]
observed that the addition of SiO2, contained in silica fume, increased the compressive
strength of the concrete cured for 28 days. In addition, the flexural strength increased as the
SiO2 substitution rate increased. Thus, the admixtures contributed to the compressive and
flexural strengths of concrete. Huang and Feldman [20] prepared mortar by adding silica
fume. When 30% of the cement weight was replaced with silica fume, the mortar cured
for 90 days exhibited a high compressive strength of 77 MPa. In addition, the compressive
strength of the mortar cured for 180 days was 82 MPa, indicating that the addition of
silica fume was also favorable for long-term curing. Toutanji et al. [21] fabricated concrete
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by incorporating silica fume, fly ash, and slag. In their study, it was observed that the
highest compressive strength was achieved when the concrete contained 10% silica fume,
25% slag, and 15% fly ash. Oner and Akyuz [22] analyzed the compressive strength of
concrete by incorporating GGBS. The initial compressive strength of GGBS concrete was
lower than that of concrete without GGBS. However, as the curing days increased, the rate
of increase in compressive strength became higher. This is attributed to the slow pozzolanic
reaction associated with the incorporation of GGBS, which requires time for the formation
of calcium hydroxide. Özbay et al. [23] reported that mortar mixed with GGBS increased
the long-term compressive strength, wear resistance, and flexural strength, and that it also
significantly reduced the concrete production cost. Köksal et al. [24] produced concrete
by incorporating silica fume and steel fibers. The concrete produced with the inclusion
of both silica fume and steel fibers exhibited higher compressive strength than that with
only steel fibers or silica fume. This is because the inclusion of silica fume increases the
compressive strength of concrete, enhancing its brittleness, whereas the addition of steel
fibers increases the ductility of concrete. Johari et al. [25] prepared concrete by replacing
cement with GGBS. At a GGBS substitution rate of 20%, concrete developed a maximum
compressive strength of 110% compared with that of the control specimen. Therefore, the
production of mortar using WOS and admixtures is expected to reduce the amount of WOS
and the consumption of sand, a natural aggregate.

Previous investigations failed to demonstrate that cementitious composite incorporat-
ing WOS exhibited a compressive strength exceeding 40 MPa. Moreover, the introduction
of WOS resulted in a decline in the compressive strength of the cementitious composite.
Thus, this study fabricated cementitious composites by replacing sand with WOS. An
admixture was also used to improve the compressive strength of the cementitious com-
posites. The composites were prepared by varying the WOS content, presence or absence
of the admixture added for strength improvement, and admixture type. The admixtures
used included silica fume, blast furnace slag, and an air-entraining water-reducing agent
(AE). The experimental parameters were composed of cementitious composites with no
admixture, those mixed with silica fume and AE, and those mixed with blast furnace slag
and AE (OS-Slag). The prepared specimens were cured for 7 and 28 days to analyze com-
pressive strength and internal structure. To discern the cause of changes in the compressive
strengths of the cementitious composites that used WOS, a field emission scanning electron
microscope (FE-SEM), X-ray diffractometer (XRD), and thermogravimetric analyzer (TGA)
were used in the internal structure analysis.

2. Experimental Program
2.1. Materials

Table 1 lists the mix proportions of the specimens. Ordinary Portland cement was
used for cement, and silica sand no. 6 (sand size:0.35–0.7 mm) was used for sand. OSs from
the southern coast of Korea were used, and OS powder was produced using a rock crusher.
The produced OS powder was sifted through a #30 sieve (sieve opening: 600 µm) to obtain
the same particle size as sand, and the particles that passed were used. Figure 1 shows
the photograph of the crushed OS powder. Table 2 lists the chemical ingredients of the
OSs. Silica fume, blast furnace slag, and AE that satisfied the ASTM C1240-20 [26], ASTM
C989 [27], and ASTM C494 [28] regulations were used as the admixture and added to the
cementitious composites containing OS powder. Table 3 lists the chemical ingredients of
silica fume and blast furnace slag.
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Table 1. Test parameters.

Test Unit
Name

Sand
(%)

Oyster Shell
(%) Cement (%) Silica Fume

(%)
Blast Furnace Slag

(%)
AE
(%)

W/C
(%)

OS-0 100 0

100 0 0 0 30
OS-30 70 30
OS-70 30 70

OS-100 0 100

OS-SF-0 100 0

100 15 0 0.5 30
OS-SF-30 70 150
OS-SF-70 30 350
OS-SF-100 0 500

OS-Slag-0 100 0

100 0 15 0.5 30
OS-Slag-30 70 30
OS-Slag-70 30 70
OS-Slag-100 0 100
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Figure 1. Process of manufacturing oyster shell powder.

Table 2. Chemical ingredients of oyster shells.

CaCO3 (%) SiO2 (%) MgO (%) P2O5 (%) K (%)

OS 89.3 3.54 0.3 0.03 0.04

Table 3. Chemical ingredients of silica fume and blast furnace slag.

SiO2 (%) Al2O3 (%) Fe2O3 (%) CaO (%) MgO (%)

Silica fume 90.0 1.5 3.0 2.0 0.3
Blast furnace slag 31.12 14.24 0.51 41.40 6.14

2.2. Fabrication

The names of the experimental parameters were set according to the OS powder
content and the presence or absence of an admixture. For example, the cementitious
composite with an OS powder content of 0% and no admixture was set to OS-0, and that
with an OS powder content of 100%, silica fume, and AE was set to OS-SF-100. AE was
not indicated in the parameter names. The W/C ratio for the specimens was fixed at 0.3.
The OS powder substitution rate for sand was increased from 0 to 30, 70, and 100%. In the
experiment, the specimens were prepared with a size of 50 × 50 × 50 mm3 in accordance
with ASTM C109 [29] to test the compressive strength. Figure 2 displays the measurement
of the compressive strength of a specimen. Figure 3 illustrates the experimental procedure.
First, the weight of cement, sand, and OS powder was measured, as shown in Figure 3a.
The materials were then placed in the bowl of the mixer and subjected to dry mixing for
5 min, as shown in Figure 3b. Cementitious composites were fabricated by adding water or
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water and AE, and then mixing them for 3 min, as shown in Figure 3c. The specimens were
cured in molds at a temperature of 25 ± 2 ◦C for 3 days, as shown in Figure 3d, and the
compressive strength was measured. The curing period for the specimens was set to 7 and
28 days to measure the compressive strength at different ages.
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(c) Mixing with water. (d) Curing mortar.

A total of 120 specimens were prepared by preparing five specimens for each parameter.
The compressive strength was measured at a constant loading rate of 1 mm/min [30,31].
After analyzing the compressive strength, the specimens cured for 28 days were ground into
powder using a rock crusher to analyze the microstructure of the cementitious composites.
Figure 4a shows the prepared powder. FE-SEM analysis was conducted in accordance
with ISO 19749:2021 [32], as shown in Figure 4b (Liu et al. [33]). The specimen surface
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was observed at high magnification using the secondary electrons and the backscattered
electrons generated via electron beam irradiation to the sample with FE-SEM. Figure 4c
shows the XRD test setup. XRD was used in accordance with ASTM E915-96 [34–37]. In the
XRD analysis, when the X-ray collides with a crystal, a portion of it is diffracted. Because
the generated diffraction angle and strength are the unique values of the material structure,
the types and quantities of the crystalline materials contained in the sample can be analyzed
using X-rays. Figure 4d shows the TGA, which is an analyzer used to observe the weight
fluctuations caused by the heat-induced chemical and physical changes of the sample
according to time and temperature. TGA was used in accordance with ASTM C1872 [38].
When using TGA, a heat range of 20–600 ◦C and a heating rate of 10 ◦C/min were applied
for the analysis (Liu et al. [39]).
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3. Test Results
3.1. Compressive Strength Analysis of OS

The compressive strengths of the cementitious composite containing only OS powder
after 7 and 28 days were analyzed. Figure 5a,b shows the compressive strength of OS after
7 and 28 days, respectively. After 7 days, the compressive strength of OS was observed
to be 46.9 MPa for an OS powder content of 0%, 41.7 Mpa for 30%, 40.8 Mpa for 70%,
and 38.4 Mpa for 100%. The compressive strength of OS-100 was approximately 18%
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lower than that of OS-0. After 28 days, the compressive strength of OS was 49.2 Mpa
for an OS powder content of 0%, 46.8 Mpa for 30%, 44.5 Mpa for 70%, and 42.6 Mpa for
100%. The compressive strength of OS-100 was approximately 13% lower than that of
OS-0. The highest compressive strength of OS was observed from OS-0 cured for 28 days.
The decrease in compressive strength of was observed with an increase in OS powder
content. This can be attributed to the substitution of OS powder for silica sand in the
cementitious composite, resulting in a reduction of SiO2 content within the silica sand.
As a consequence, the formation of calcium–silicate–hydrate (C-S-H) compounds in the
cementitious composite was diminished, ultimately leading to a decrease in compressive
strength. However, a compressive strength of more than 40 Mpa was developed even when
100% of the sand in the cement composite was replaced with OS powder. Therefore, it was
concluded that Oss can be used as a new construction material that can replace sand in
cementitious composites.

Buildings 2023, 13, x FOR PEER REVIEW 7 of 13 
 

than that of OS-0. After 28 days, the compressive strength of OS was 49.2 MPa for an OS 
powder content of 0%, 46.8 MPa for 30%, 44.5 MPa for 70%, and 42.6 MPa for 100%. The 
compressive strength of OS-100 was approximately 13% lower than that of OS-0. The 
highest compressive strength of OS was observed from OS-0 cured for 28 days. The 
decrease in compressive strength of was observed with an increase in OS powder content. 
This can be attributed to the substitution of OS powder for silica sand in the cementitious 
composite, resulting in a reduction of SiO2 content within the silica sand. As a 
consequence, the formation of calcium–silicate–hydrate (C-S-H) compounds in the 
cementitious composite was diminished, ultimately leading to a decrease in compressive 
strength. However, a compressive strength of more than 40 MPa was developed even 
when 100% of the sand in the cement composite was replaced with OS powder. Therefore, 
it was concluded that OSs can be used as a new construction material that can replace 
sand in cementitious composites. 

  

(a) (b) 

Figure 5. Compressive strength graph of OS according to oyster shells (OS) mixing ratio. (a) 7 days. (b) 
28 days. 

3.2. Compressive Strength Analysis of OS-SF and OS-Slag 
As the addition of OS powder into cementitious composites decreased the 

compressive strength, additional specimens were prepared by adding both OS powder 
and admixtures to increase the compressive strength. Figure 6 shows the compressive 
strength of OS-SF, which was prepared using silica fume and AE as the admixture, 
according to the OS powder content and age. Among the OS-SF specimens, OS-SF-0 cured 
for 7 days exhibited the lowest compressive strength of 55.2 MPa. The compressive 
strength was observed to be 60.9 MPa for OS-SF-30, 61.2 MPa for OS-SF-70, and 63.7 MPa 
for OS-SF-100. After 7 days, the compressive strength of OS-SF-100 was approximately 
15% higher than that of OS-SF-0 with no OS powder. After 28 days, the compressive 
strength of OS-SF was 62.9 MPa for OS-SF-0, 75.6 MPa for OS-SF-30, 79.1 MPa for OS-SF-
70, and 82.3 MPa for OS-SF-100. When cementitious composites were fabricated by adding 
OS powder, silica fume, and AE, a high strength of more than 80 MPa was developed after 
28 days. After 7 days, the difference in compressive strength between OS and OS-SF was 
8.3 MPa for an OS powder content of 0%, 19.2 MPa for 30%, 20.4 MPa for 70%, and 25.3 
MPa for 100%. After 28 days, the results were 13.7, 28.8, 34.6, and 39.7 MPa, respectively. 
The specimens with an OS powder content of 100% exhibited the largest difference after 
both 7 and 28 days. This is because CaCOଷ in OSs contained in the cementitious composite 
and the SiOଶ contained in the silica fume of OS-SF caused more active C-S-H reactions at 
the same age. Therefore, the specimens with an OS powder content of 100% exhibited a 
larger compressive strength difference than those with 0%. 

Figure 5. Compressive strength graph of OS according to oyster shells (OS) mixing ratio. (a) 7 days.
(b) 28 days.

3.2. Compressive Strength Analysis of OS-SF and OS-Slag

As the addition of OS powder into cementitious composites decreased the compressive
strength, additional specimens were prepared by adding both OS powder and admixtures
to increase the compressive strength. Figure 6 shows the compressive strength of OS-SF,
which was prepared using silica fume and AE as the admixture, according to the OS powder
content and age. Among the OS-SF specimens, OS-SF-0 cured for 7 days exhibited the
lowest compressive strength of 55.2 MPa. The compressive strength was observed to be
60.9 Mpa for OS-SF-30, 61.2 Mpa for OS-SF-70, and 63.7 Mpa for OS-SF-100. After 7 days,
the compressive strength of OS-SF-100 was approximately 15% higher than that of OS-SF-0
with no OS powder. After 28 days, the compressive strength of OS-SF was 62.9 Mpa for
OS-SF-0, 75.6 Mpa for OS-SF-30, 79.1 Mpa for OS-SF-70, and 82.3 Mpa for OS-SF-100. When
cementitious composites were fabricated by adding OS powder, silica fume, and AE, a high
strength of more than 80 Mpa was developed after 28 days. After 7 days, the difference in
compressive strength between OS and OS-SF was 8.3 Mpa for an OS powder content of
0%, 19.2 Mpa for 30%, 20.4 Mpa for 70%, and 25.3 Mpa for 100%. After 28 days, the results
were 13.7, 28.8, 34.6, and 39.7 Mpa, respectively. The specimens with an OS powder content
of 100% exhibited the largest difference after both 7 and 28 days. This is because CaCO3
in Oss contained in the cementitious composite and the SiO2 contained in the silica fume
of OS-SF caused more active C-S-H reactions at the same age. Therefore, the specimens
with an OS powder content of 100% exhibited a larger compressive strength difference than
those with 0%.
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Figure 7 shows the compressive strength of OS-Slag, which was prepared using blast
furnace slag and AE as the admixture, according to the OS powder content and age.
The compressive strengths of OS-Slag after 7 days were 47.4, 51.5, 53.9, and 56.5 MPa
for OS powder contents of 0, 30, 70, and 100%, respectively. For OS-Slag, the lowest
compressive strength was also observed from the specimen with an OS powder content
of 0% at 7 days, exhibiting the same tendency as OS-SF. The compressive strengths of
OS-Slag after 28 days were 51.5, 52.6, 55.3, and 58.1 Mpa for OS powder contents of 0, 30,
70, and 100%, respectively. The largest compressive strength difference between OS and
OS-Slag was 18.1 Mpa after 7 days and 15.5 Mpa after 28 days. In contrast, similar to OS-SF,
OS-Slag exhibited induced C-S-H reactions, resulting in an enhancement of compressive
strength. However, note that the increase in compressive strength observed in OS-Slag was
relatively low when compared with OS-SF under similar conditions. This phenomenon can
be attributed to the lower SiO2 content in the blast furnace slag of OS-Slag in contrast with
the high SiO2 content present in the silica fume of OS-SF, which subsequently led to fewer
C-S-H hydration reactions in OS-Slag. Table 4 presents the compressive strength of all the
specimens.
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Table 4. Compressive strengths of the specimens.

Test Unit Name OS/Cement Ratio (%) 7 Days (MPa) 28 Days (MPa)

OS-0 0 46.9 49.2
OS-30 30 41.7 46.8
OS-70 70 40.8 44.5
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Table 4. Cont.

Test Unit Name OS/Cement Ratio (%) 7 Days (MPa) 28 Days (MPa)

OS-100 100 38.4 42.6
OS-SF-0 0 55.2 62.9

OS-SF-30 30 60.9 75.6
OS-SF-70 70 61.2 79.1
OS-SF-100 100 63.7 82.3
OS-Slag-0 0 47.4 51.5

OS-Slag-30 30 51.5 52.6
OS-Slag-70 70 53.9 55.3

OS-Slag-100 100 56.5 58.1

3.3. Internal Structure Analysis

To discern the reason for the increase in the strength with the addition of an admixture
into cementitious composites containing OS powder using FE-SEM, the internal structure
of the cementitious composites cured for 28 days was observed. Figure 8a,b shows the
FE-SEM images of OS-SF-100 and OS-Slag-100, respectively. The OS particles exhibited
sharp geometry and formed flat and irregular layers. Thus, voids were formed owing to
the insufficient binding effect between OS powder and fine aggregate, and the compressive
strength of the specimen decreased with an increase in the OS powder content. However,
such voids can be filled by adding silica fume and blast furnace slag. As shown in Figure 8a,
a large amount of C-S-H generated via the addition of silica fume filled the voids between
OS powder and sand. More voids than those in Figure 8a can be observed in Figure 8b
because the blast furnace slag caused fewer C-S-H reactions than silica fume. Further, the
C-S-H compounds can be observed to significantly decrease in Figure 8b compared with
those in Figure 8a. Because silica fume generates more C-S-H hydrates than blast furnace
slag and fills voids, the compressive strength of OS-SF improved more significantly than
that of OS-Slag.
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XRD was performed to examine the internal materials of each specimen, and the
results are shown in Figure 9. To identify the cause of the improvement in the compressive
strength via the addition of admixtures, XRD analysis was conducted on OS-0, OS-100, OS-
SF-100, and OS-Slag-100. CaCO3, a component that forms C-S-H bonds, can be observed
at approximately 30◦ and SiO2 at approximately 26◦ and 50◦ in large quantities. The
XRD analysis results indicated that CaCO3 was included in all parameters; however, OS-
0 included relatively less CaCO3 because it did not contain OS powder and admixture.
OS-100 and OS-SF-100 showed similar XRD graph patterns. This indicates that SiO2 was
used in the hydration reactions of OS-100 and OS-SF-100, thereby forming C-S-H bonds.
However, OS-SF-100 contained a larger amount of SiO2 than that in OS-100, owing to silica
fume. Therefore, its compressive strength was improved because the amount of formed
C-S-H compounds was larger than those in OS-100. OS-Slag was observed to contain a
larger amount of non-reacting components than other parameters. This indicates the long-
term strength improvement potential of OS-Slag, and OS-Slag is expected to be effective
for long-term durability.
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To analyze the weight loss and mass change of OS-100, OS-SF-100, and OS-Slag-100
according to temperature, TGA was conducted, and the results are shown in Figure 10. All
parameters exhibited the highest mass loss rate at the section from the initial temperature
to 100 ◦C. OS-100 and OS-Slag-100 exhibited another rapid mass loss at approximately
450 ◦C. This phenomenon occurred owing to the dehydration of calcium hydroxide caused
by heat. CH causes the additional strength of cementitious composites over time. More
CH was generated in OS-Slag compared to OS-SF. This indicates that relatively long-term
strength can be developed in OS-Slag compared to OS-SF. The mass loss rate began to
rapidly decrease at approximately 500 ◦C. This indicates that OS powder, which was
contained in all parameters, was subjected to the material decomposition process by heat
at a temperature higher than 550 ◦C. At 600 ◦C, which is the highest temperature in the
experiment, the mass loss rate was 8.8% for OS, 13.1% for OS-SF, and 7.7% for OS-Slag.
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4. Conclusions

In this study, cementitious composites were fabricated using OSs to replace fine aggre-
gate. Silica fume, blast furnace slag, and an air-entraining water-reducing AE were added
to improve the compressive strength of the cementitious composites. The compressive
strength of the cementitious composites was measured after curing for 7 and 28 days.
In addition, FE-SEM, XRD, and TGA were used to analyze the internal structure of the
cementitious composites. The conclusions derived from this study are as follows:

(1) The compressive strength of the cementitious composite containing only OS powder
tended to decrease as the OS powder content increased. The compressive strength of
OS-100 was approximately 18% lower than that of OS-0 after 7 days and 13% lower
after 28 days. The cement composite containing OS powder developed an average
compressive strength of more than 40 MPa even without sand. Therefore, OSs are
expected to be used as a new construction material that can replace sand.

(2) To improve the compressive strength that is reduced by the addition of OSs, ce-
mentitious composites were fabricated by adding admixtures. For both OS-SF and
OS-Slag, the compressive strength increased as the OS powder content increased. The
compressive strength of OS-SF-100 was up to 93% higher than that of OS-100, and
the compressive strength of OS-Slag-100 was up to 36% higher than that of OS-100.
This appears to be because SiO2, one of the ingredients of the admixtures, reacted
with CaCO3 in OS powder and more actively generated C-S-H bonds. Based on this
observed increase in compressive strength, future research endeavors will focus on
investigating the flexural characteristics of cementitious composites incorporating
wasted OSs and assessing their durability under environmental conditions.

(3) The FE-SEM analysis results indicated that SiO2 in silica fume and CaCO3 in OS
powder generated a large amount of C-S-H compounds in OS-SF. C-S-H compounds
were also generated in OS-Slag, but their quantity was smaller than OS-SF owing to
the relatively low SiO2 content compared to that in silica fume.

(4) The ingredients of OS-Slag-100 were identified in XRD and TGA analyses. The TGA
results confirmed the formation of a large amount of CH in OS-Slag-100. The forma-
tion of CH accelerates further hydration by providing OS-Slag with a high alkaline
environment. The XRD results also confirmed that many non-reacting materials were
present in OS-slag, thereby causing fewer hydration reactions compared to other
parameters during the same curing period. Therefore, OS-Slag is expected to have
excellent characteristics for long-term strength, and further research will be conducted
on long-term strength.
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