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� Oyster shell waste was calcined to produce an environmentally friendly and economical solid activator.
� Production of one-part alkali-activated slag with calcined oyster shell was extensively studied.
� Improved mechanical properties and microstructural characteristics were observed.
� Calcined oyster shell powder at excessive dosages induced a negative effect.
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This study focuses on an environmental friendly, non-corrosive and non-viscous activator during the pro-
duction of one-part alkali-activated slag using calcined oyster shell (COS) powder. Test results demon-
strate improved mechanical and microstructural characteristics for specimens prepared with COS
powder as an activator. The highest increment in the strengths was revealed with a 5% COS addition
due to the resulting enhanced pore refinement, whereas an excessive dose resulted in a delayed rate
of C-S-H formation and a significant amount of large capillary pores, thus decreasing the strength. The
mineralogical and microstructural properties of the paste were also analyzed, and these findings revealed
that COS powder is suitable for use as an activator to produce one-part alkali-activated materials.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

In the face of carbon dioxide emissions and the depletion of nat-
ural resources associated with the production of Portland cement,
studies of alternative low-CO2 cement-based materials that are
environmentally friendly and low in CO2 emissions are recently
gaining attention [1,2]. Alkali-activated materials are attractive
and promising materials in this respect [3]. A typical difference
in alkali-activated materials compared to Portland cement is the
use of industrial byproducts or clay materials with alkali activation
in manufacturing, and the engineering properties of alkali-
activated materials are comparable to those of Portland cement-
based materials [4]. The history of studies on alkaline activation
technology is not short, with many studies conducted in the last
century. An archival description of alkali-activated materials can
be found in several review studies [5–7]. In addition, materials
design, reaction mechanisms, mechanical properties, workability
and durability data, environmental assessments, barriers, and
incentives of alkali-activated materials have been well docu-
mented in recently published articles [3].

Alkali-activated materials can be divided into two types
depending on the skeletal molecular structure. Alkali-activated
materials containing calcium-rich precursors, e.g., alkali-activated
slag generally have Q2 and Q2(1Al) structures with a lower coordi-
nation of Si, while alkali-activated materials containing low-
calcium and aluminosilicate-rich precursors, e.g., alkali-activated
fly ash (or geopolymer), have Q4(2Al) and Q4(3Al) structures with
a higher coordination of Si [8]. In the former, the reaction takes
place at room temperature, as in Portland cement, whereas the lat-
ter requires a slightly higher temperature for the polymerization
reaction to take place. In this respect, the alkali-activated slag
has long been used as a construction and building material in
practice [5]. However, in spite of the numerous studies of alkali-
activated materials conducted thus far, the use of alkali-activated
materials in the construction industry is rare. Limitations of
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alkali-activated materials have been discovered in several studies
and include the following: 1) stability issues with the supply of
raw materials such as industrial by-products and calcined clay,
2) the presence of carbon dioxide emissions from the production
of alkaline activators, 3) difficulties in handling due to the corro-
sive and hazardous alkali activator, 4) issues related to the stan-
dardization and industrialization of the material, and 5) poor
user perceptions of alkali-activated materials [5].

Conventional alkali-activated materials, on the other hand, gen-
erally consist of two components: a precursor and an alkali activa-
tor. The manufacturing process of two-part alkali-activated
materials acts as a barrier to in situ applications because it deals
with corrosive and hazardous alkali activators. In this context,
recently, one-part alkali-activated materials, in which only water
is mixed the dry mixture, are actively being studied [9]. One-part
alkali-activated materials require a relatively small amount of a
solid activator and are more economical, environmentally friendly,
and user-friendly than the two-part system. Differences in materi-
als design of one-part alkali-activated materials involve the precur-
sor types and the solid activators. In the case of alkali-activated
slag, anhydrous sodium metasilicate, sodium hydroxide, and
sodium carbonate have been studied as alkali activators [9–18].
However, sodium-based activators are relatively expensive to
manufacture and have problems from a pragmatic viewpoint due
to toxicity and a high pH [19]. On the other hand, Kim et al. inves-
tigated one-part alkali-activated slag using calcium oxide as a solid
activator and reported that the material is cost-competitive and
has excellent mechanical strength [20].

The development of an economical activator which imposes
only a low environmental burden compared to sodium hydroxide
or sodium silicate has been prioritized in the research on alkali-
activated materials [3]. On the other hand, oyster shell, a waste
product generated in the fisheries sector that is composed of at
least 90% calcium carbonate, is regarded as a type of limestone pro-
duced in the sea [21,22]. However, in many countries where oys-
ters are consumed, oyster shells are often illegally dumped,
buried, and fielded, where they become a social, environmental
and/or health concern [23]. Many studies have attempted to find
ways to recycle oyster shell, and utilization of oyster shell as a fine
aggregates for concrete has been investigated [23]. Although the
methods are not technically difficult and easily applicable, they
are not technically valuable in terms of the effective utilization of
waste as a resource. Nonetheless, oyster shell, which consists
mostly of calcium carbonate, can be converted to calcium oxide
through a calcination process [24]. If this material can be utilized
as a solid activator, the environmentally benign production of a
one-part alkali-activated material can be expected, with high envi-
ronmental and economic value. Therefore, the present study inves-
tigated the production of one-part alkali-activated slag with
calcined oyster shell as an activator given the need to develop
one-part alkali-activated materials using more environmentally
friendly and economical alkali activators. Oyster shell was calcined
and pulverized and used as a solid activator. The oyster shell acti-
vator was mixed with slag to produce a dry mixture of one-part
alkali-activated slag. The effects of the dosage of the calcined oys-
ter shell activator on the physicochemical properties and mechan-
ical performance of the one-part alkali-activated slag were then
investigated.
Table 1
Chemical compositions of blast furnace slag and calcined oyster shell powder measured b

wt% CaO Na2O MgO Al2O3 SiO

Blast furnace slag 36.60 0.19 5.96 16.30 36
Calcined oyster shell powder 98.00 0.25 0.35 0.08 0.2
2. Experimental procedure

2.1. Materials and specimen preparation

Ground-granulated blast furnace slag was used as a solid raw
material here. The density, specific surface area and loss on ignition
of the slag used in this study were 2.90 g/cm3, 4220 cm2/g and
0.20%, respectively. The chemical composition of the slag was ana-
lyzed by X-ray fluorescence (XRF) and is presented in Table 1. Oys-
ter shell waste sourced from the south coast of South Korea was
used to produce an environmentally friendly alkaline activator.
Bulk oyster shells were scrubbed and washed to remove contami-
nants and salt and were then ground for the calcination step. The
ground oyster shell was calcined in an electric furnace at a heating
rate of 1�C/min at a maximum temperature of 1000�C for 3 h. It was
then powdered until it could pass a 150 mm sieve. The method used
to prepare the calcined oyster shell powder can be found in a pre-
vious study conducted by the author [24]. The chemical composi-
tion and X-ray diffraction (XRD) pattern of the calcined oyster
shell powder are presented in Table 1 and Fig. 1, respectively.
Table 1 and Fig. 1 show that the calcined oyster shell powder is
composed of 98% calcium oxide and has a crystal structure of lime.

A summarized flow chart of the production of the one-part
alkali-activated slag with the calcined oyster shell powder is
shown in Fig. 2. The calcined oyster shell powder was dry-mixed
into the slag at 5, 10, 15 and 20% in terms of the weight of the
dry mixture (slag + calcined oyster shell powder) before mixing
with water. Alkali-activated slag paste specimens were prepared
with a constant water-to-binder ratio of 0.4. The pastes were
mixed for 5 min and were then cast into 50-mm-cubical molds.
After casting, the specimens in the molds were sealed with plastic
wrap to prevent the evaporation of water and were stored in a cur-
ing room at a controlled temperature of 20 �C for 24 h. They were
then demolded and subsequently cured in water at 20 �C. Speci-
mens with different dosages of the calcined oyster shell powder,
i.e., 5, 10, 15 and 20%, were labelled as O5, O10, O15 and O20,
respectively.

2.2. Test methods

The experimental programs were designed to determine the
physical and chemical properties of the samples and to evaluate
their mechanical performance capabilities. Isothermal conduction
calorimetry, thermogravimetry (TG), Fourier transform infrared
spectroscopy (FT-IR), XRD and mercury intrusion porosimetry
(MIP) were conducted for the former objective, while compressive
strength testing and measurements of the apparent density were
conducted for the latter objective. The heat of hydration was mea-
sured using isothermal conduction calorimetry (TOKYO RIKO,
Model MMC-511SV6) with an initial scanning rate of 30 s, a final
recording rate of 300 s, a bath water temperature of 20�C, and a
measuring time of 72 h. A TG analysis was conducted using TA
Instruments SDT Q600 and DSC Q200 devices. The samples were
heated to 1000 �C at a rate of 5 �C/min in a N2 environment. The
FT-IR analysis was conducted using a Bruker Vertex 80v instru-
ment, with the spectra collected from 4000 to 400 cm�1. XRD
was conducted using a PANalytical 640c instrument by employing
CuKa radiation at 40 kV and 30 mA, a scan speed of 0.2�/min and a
y XRF.

2 P2O5 SO3 Cl K2O MnO Fe2O3 SrO

.50 0.05 3.04 0.01 0.52 0.14 0.23 0.04
0 0.13 0.41 0.11 0.02 0.04 0.10 0.31



Fig. 1. XRD pattern of calcined oyster shell powder. Fig. 3. Compressive strength of the one-part alkali-activated slag with calcined
oyster shell activator.

Fig. 2. A summarized flow chart of the production of the one-part alkali-activated
slag with the calcined oyster shell powder.
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scan range of 5–60�. The MIP test was conducted using an Auto-
pore VI 9500 machine by Micromeritics Instrument Corporation
with a pressure range of 0.1 to 60,000 psi. Water-cured samples
at 28 days of age were used for the TG, FT-IR, XRD and MIP analy-
ses. The compressive strength test utilized a compressive strength
testing machine with a maximum loading capacity of 1000 kN.
Three-day and 28-day specimens were used in the test, and the
average compressive strength was calculated from three replicates.
3. Results and discussion

3.1. Mechanical properties

The effects of the calcined oyster shell activator on the com-
pressive strength properties of the one part alkali-activated slag
are shown in Fig. 3. It is evident from Fig. 3 that strength develop-
ment is significantly affected by varying the dosages of the calcined
oyster shell powder at later ages. The compressive strength out-
comes for the specimens seeded with 5%, 10%, 15% and 20% of cal-
cined oyster shell powder at three-days of age were 12.9 MPa,
13.9 MPa, 12.4 MPa and 11.4 MPa, respectively, thus showing sim-
ilar strength values. However, at a later age (i.e., 28 days) the spec-
imen seeded with 5% calcined oyster shell powder showed the
highest compressive strength compared to the specimens contain-
ing calcined oyster shell powder at rates of 10%, 15% and 20%. Fur-
thermore, with higher additions of the calcined oyster shell
powder, i.e., greater than 5%, the compressive strength began to
decrease. The recorded compressive strength values of the speci-
mens seeded with 5%, 10%, 15% and 20% of calcined oyster shell
powder at 28 days age were 35 MPa, 33.4 MPa, 27.2 MPa and
21.7 MPa, respectively.

The process of the reaction in alkali activate slag is a multistep
mechanism which starts with the dissolution of Ca, Si and Al from
the slag, progressing to re-orientation, then re-interaction, and
then to condensation [25–27]. This process is a major factor defin-
ing the development of the strength of alkali-activated slag. Cal-
cined oyster shell powder acts as an activator to break down the
primary compounds to start the strength-forming reactions in
alkali-activated slag. One possible reason for the negative effect
of a higher dose (10–20%) on the strength development outcome
is likely related to the un-reacted residue of the calcined oyster
shell powder. Another factor affecting the strength loss can be
the non-consumption of portlandite (owing to the high amount
of CaO) to declassified C-S-H, which is the primary agent providing
later-age strength development. Furthermore, it has been reported
that the use of excessively high activator concentrations has a neg-
ative effect on the strength-gaining mechanism of alkali-activated
slag [27]. Additionally, a high concentration of hydroxide ions can
result in gel precipitation, which can hinder alkali activation at
later stages, resulting in lower strength levels [28]. It should be
noted that the use of calcined oyster shell powder excites the alkali
activation potential of slag, as indicated by the strength-gaining
phenomenon upon merely the addition of water (without any
chemical agent).
3.2. Heat of hydration

The isothermal conduction calorimetry results of the one-part
alkali-activated slag samples with varying dosages of the calcined
oyster shell activator for the first 72 h of the reaction are shown
in Fig. 4. Two distinctive peaks are observed at all dosages of the cal-
cined oyster shell. Initial peaks appear after mixing with water, fol-
lowed by accelerated peaks lasting from 12 to 26 h. Fig. 4a-A
exhibits the first peak while Fig. 4a-B shows the second peak which



Fig. 4. Isothermal conduction calorimetry results of the one-part alkali-activated slag with calcined oyster shell activator: (a) heat flow rate and (b) cumulative heat
evolution.
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formed during the acceleratory period. The additional initial peak in
the calcined oyster shell powder sample with the 5% dose during
the pre-induction period (lasting from 8 to 10 h) is very diffuse,
and no prominent accelerated hydration was noted. In contrast to
the 5% and 10% additions, the samples seeded with 15% and 20%
of calcined oyster shell powder exhibit a lower secondary peak.
No additional peaks were observed beyond 26 h until the end of
the test. Specimen seeding rates of 15% and 20% of calcined oyster
shell powder led to increased heat evolution compared to the sam-
ples at lower dosages (i.e., 5% and 10%) as hydration continued. The
highest peak was observed for the specimen seeded with oyster
shell powder at 20%, while the lowest peak value was recorded
for the specimen seeded at 5% of calcined oyster shell powder. How-
ever, an increase in the amount of calcined oyster shell powder
leads to a delay in the second peak time and to lower peak values.
The peak values were 0.00074 J/g at 20 h, 00064 J/g at 23 h,
0.00062 J/g at 23.5 h and 0.00054 J/g at 24 h for O5, O10, O15 and
O20, respectively. These heat evolution curves resemble the type
II hydration model of alkali-activated slag presented by Shi and
Day, where two peaks appear, i.e., an initial peak before the induc-
tion period and a second hydration peak after the induction period
[29]. The formation of both peaks is due to the dissolution of the
calcium-rich calcined oyster shell powder; another cause is the
contribution of the wetting and dissolution of ground-granulated
blast furnace slag grains [15,29]. The cumulative heat evolution is
significantly affected by specimen seeded with calcined oyster shell
powder in amounts of 15% and 20% compared to the specimens
seeded with calcined oyster shell powder in amounts of 5% and
10%, as shown in Fig. 4b. The formation of the second peak during
the acceleratory period is generally altered by the rate of C-S-H
phase formation [30]. These observations indicate that greater
additions of calcined oyster shell powder in the slag affected the
heat evolution peak time and peak value compared to specimens
incorporating lower dosages of the calcined oyster shell powder.
This can be attributed to the calcium-rich calcined oyster shell
powder (CaO), which upon reacting with water may help to accel-
erate the reaction process of Ca(OH)2. This may explain the devel-
opment of high early age strength in the samples rich in calcined
oyster shell powder. However, all samples with varying dosages
showed nearly equal strength values during the early age test, con-
firming that higher dissolution heat of the calcined oyster shell
powder is not the primary cause of the development of strength.
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3.3. X-ray diffraction

Fig. 5 shows X-ray diffractograms of the raw slag and one-part
alkali-activated slag with varying dosages of the calcined oyster
shell activator. Peaks corresponding to calcite, a declassified pro-
duct of C-S-H, are easily observable in all samples with varying
dosages of the calcined oyster shell at 23-39� in 2h, with the high-
est intensity appearing in the sample with a maximum dosage of
calcined oyster shell powder of 20% at approximately 29-30� at
2h. In addition, an earlier study of alkali-activated slag reported
this high sharp peak as calcite, which is a residue of anhydrous slag
[31]. However, the peak intensity decreased as the amount of cal-
cined oyster shell dosages was reduced. Ettringite is present in all
samples seeded with calcined oyster shell, forming when a suffi-
cient amount of a calcium sulfate source is present. The intensity
of ettringite is increased upon an increase in the dose of the cal-
cined oyster shell powder. The presence of ettringite at this stage
allows the classification of primary ettringite. This ettringite can
slowly dissolve and reform at any voids or pores in the specimen
after being exposed to water. At around 2h = 18� and 34� at 28 days,
sharp peaks of portlandite appeared. A higher intensity level of
peaks appeared in samples incorporated with higher dosages of
the calcined oyster shell powder. This can be regarded as the for-
mation of portlandite from higher dosages of calcium oxide activa-
tor which were transformed into portlandite during the reaction
with water. On the other hand, samples incorporated with 5%
and 10% calcined oyster shell powder showed lower intensity
levels, providing evidence of the effective consumption of port-
landite to calcite. Portlandite, being soluble, can leach out from
alkali-activated slag, leading to the formation of voids. It is impor-
tant to note that the increment in the compressive strength in the
specimen incorporating calcined oyster shell powder at a rate of 5%
is influenced by the dual effect of pore refinement and the precip-
itation of calcite. Unconsumed portlandite in the specimens incor-
porated calcined oyster shell powder of rates of 10%, 15% and 20%
exhibits a slower rate of the formation of calcite, leading lower
compressive strength outcomes. Peaks of hydrotalcite and
hydrotalcite-like phases were also recorded at 10–11.5� at 2h in
all samples. These compounds are some of the main reaction prod-
ucts in alkali-activated slag and are observable in the presence of a
Fig. 5. XRD patterns for the raw slag and one-part alkali-activated slag with varying
dosages of the calcined oyster shell activator.
significant amount of Mg [32–35]. The formation of the hydrotal-
cite and hydrotalcite-like phases present some key trends. When
the bulk Mg content is kept constant, a higher content of calcium
promotes the formation of hydrotalcite phases during the alkali
activation process. Consequently, it is probable that the amount
of calcium available to react with Mg is significantly high, increas-
ing the formation of crystalline hydrotalcite phases. Furthermore,
these compounds have anion exchange properties and can displace
calcium from portlandite and calcite, causing the strength to
decrease. In raw slag, quartz was identified at 25� in 2h. Upon alkali
activation, the corresponding peak disappeared. This is the cause of
the absence of a quartz peak in the calcined oyster shell powder
alkali-activated slag. Furthermore, a peak associated with aker-
manite has been observed to exist at around 31-32� at 2h in a crys-
talline form as unreacted raw slag according to the literature [33–
37]. The presence of akermanite (Mg-based compound) likely
stems from the formation of the hydrotalcite and hydrotalcite-
like phases.

3.4. Thermogravimetric analysis

The TG results of the one-part alkali-activated slag with the cal-
cined oyster shell powder at dosages of 5%, 10%, 15% and 20% and
cured at 28 days are shown in Fig. 6. Data interpretation of TG for
the reaction product range is referenced from a previous study
[20]. The weight losses in the TG data from 0 to 150 �C are an indi-
cator of the decomposition of the main hydration products of
cementitious materials, specifically C-S-H and AFt [38]. Fig. 6
implies that samples seeded with higher levels of calcined oyster
shell powder receive more C-S-H than samples with lower dosages
at 28 days of curing. The weight loss for the endothermic peak
temperature range of 130–170 �C was attributed to the AFm phase
[37]. Weight loss in the temperature range of 200–400 �C was
attributed to the hydrotalcite and hydrotalcite-like phases [20].
Previous studies of synthetic hydrotalcite phases show two or
more distinctive peaks in the temperature range of 250–400 �C
[28,39]. However, no distinctive peaks have been observed for
phases in alkali-activated slag on the TG curves despite the appear-
ance of peaks in the XRD patterns [35]. These findings are in accor-
dance with those in the present study. Samples incorporated with
calcined oyster shell powder showed new peaks between 400 �C
and 450 �C which were attributed to the decomposition tempera-
ture of calcium hydroxide [40]. Samples incorporated with cal-
cined oyster shell powder at an amount of 20% showed
significant weight loss at 430 �C compared to the other samples.
The sample with lowest rate of the incorporation of oyster shell
powder (i.e., 5%) showed very small or no weight loss at this point.
Furthermore, all samples showed an inflection point in the temper-
ature range of 600–700 �C, which is the decomposition range peak
of calcium carbonate (calcite). Considering the C-S-H and hydrotal-
cite phases, it can be concluded that more C-S-H would form for
the samples containing a high dosage of calcined oyster shell pow-
der. However, the strength values are significantly different for dif-
ferent dosages of calcined oyster shell powder, indicating that the
number of reaction products was not the governing factor for
strength development.

3.5. Fourier transform infrared spectroscopy

Fig. 7 displays the FT-IR spectrum frequencies of the one-part
alkali-activated slag with varying dosages of the calcined oyster
shell powder. All samples show bands at 450, 530, 670, 874, 966,
1420, 1634, 3440 and 3643 cm�1. The absorption at 450 cm�1 cor-
responds to the in-plane bending vibrations in the SiO4 tetrahedra
[8]. The bands at 669–707 cm�1 are related to symmetric stretch-
ing vibrations of Si-O-Si (Al) bridges [41]. All bands in the range of



Fig. 7. FT-IR spectra of the one-part alkali-activated slag with calcined oyster shell
activator.

Fig. 6. TG results of the one-part alkali-activated slag with calcined oyster shell
activator: (a) DSC curve and (b) TG curve.
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800–1200 cm�1 correspond to the symmetric and asymmetric
stretching of Si-O bonds [42]. A weak band at 874 cm�1 refers to
the out-of-plane bending of CO3

2�, while the presence of a large
absorption band, i.e., a carbonate species in the range of 1400–
1500 cm�1 stems from the asymmetric stretching vibrations (v3)
of CO3

2� ions [42]. The specimens with higher dosages of the cal-
cined oyster shell powder were less sensitive to atmospheric car-
bonation compared to those seeded with low dosages of the
calcined oyster shell. The absorption at 966 cm�1 is due to the Si
(Al)-O antisymmetric stretching vibration in the C-A-S-H gel. These
bands refer to the presence of an orthosilicate unit with partial
substitution of Si4+ by Al3+ in the tetrahedral position. This vibra-
tion band is sensitive to the C-A-S-H gel composition and depend-
ing on the ratio of Al/Si (increase or decrease), the vibration band
shifts to a higher or lower wavenumber [43]. The band that origi-
nates at 1634 cm�1 and the broad band at 3440 cm�1 are associ-
ated with, respectively, the H–O–H bending vibration of
molecular H2O and the stretching vibrations of the OH groups in
Fig. 8. MIP results of the one-part alkali-activated slag with calcined oyster shell
activator: (a) pore size distribution and (b) cumulative intrusion of mercury.



Table 2
Microstructural characteristics of samples measured by MIP.

O5 O10 O15 O20

Total pore area (m2/g) 78.13 76.31 64.48 59.44
Median pore diameter (nm) 26.8 34.6 39.7 62.1
Average pore diameter (nm) 14.1 15.6 17.7 21.0
Apparent density (g/mL) 2.39 2.36 2.28 2.24
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H2O [8,42]. Peaks lacking sharp feature indicates wide SiQn(mAl)
distributed units in their structures [8]. The narrow peak at
3643 cm�1 is related to the O–H stretching vibration of port-
landite; the peak intensity decreased as the amount of calcined
oyster shell powder is decreased [44]. It is evident from Fig. 8 that
the calcined oyster shell samples with high doses have large
absorption peaks, whereas the intensity decreases for those with
low doses. These findings are in good agreement with the XRD
results.

3.6. Mercury intrusion porosimetry

The pore size distribution of one-part alkali-activated slag sam-
ples incorporating calcined oyster shell powder at rates of 5%, 10%,
15% and 20% at 28 days are shown in Fig. 8. Two pore ranges are
considered for the analysis of the pore size distribution of the sam-
ples. Pores 0.01–2 mm in size are considered to be capillary pores
while pores between 100 and 1000 mm in sizes are entrained air
bubbles [38]. Capillary pores greater than 0.05 mm reduce the
strength while smaller pores less than 0.05 mm in size affect the
shrinkage [38]. In this study, significant numbers of large capillary
pores (0.05–1 mm) were observed for the samples incorporating
higher dosages of the calcined oyster shell powder (i.e., O10, O15
and O20). On the other hand, the incorporation of 5% calcined oys-
ter shell powder showed very few or no large capillary pores. Thus,
the increased incorporation of the calcined oyster shell powder
content did not effectively fill the capillary pores, and the presence
of larger capillary pores is detrimental to the strength of the sam-
ple. This indicates that less calcined oyster shell powder led to rel-
atively quicker pore-size refinement by filling the capillary pores
and increasing the degree of microstructure densification com-
pared to the other samples with higher levels of the calcined oyster
shell powder. Table 2 also reflects a similar trend, showing lower
median pore diameter values for the O5 sample compared to the
O10, 015 and O20 samples. These observations are in good agree-
ment with the compressive strength results, in which the incorpo-
ration of calcined oyster shell powder at a rate of 5% showed the
highest compressive strength, with reduction in the strength when
the amount of calcined oyster shell powder exceeded this level.

Furthermore, the samples with calcined oyster shell powder
dosages of 5%, 10% and 15% showed numerous pores with diame-
ters in the range of 100–1000 mm. These are most likely randomly
incorporated air bubbles which arose during the sample prepara-
tion process, presumably caused by casting defects. However,
these air bubbles have less influence on the strength compared
to capillary pores due to their spherical shape.

4. Conclusions

This study investigated the effect of calcined oyster shell pow-
der as a potential activator for the production of one-part alkali-
activated slag. The calcined oyster shell powder was dry-mixed
into slag at 5, 10, 15 and 20% by weight of the dry mixture
(slag + calcined oyster shell powder). Conclusions based on the
compressive strength, isothermal conduction calorimetry, XRD,
TG, FT-IR and MIP analyses are presented below.
1) During the hydration process of one-part alkali-activated
slag with calcined oyster shell powder as an activator, con-
siderable dissolution of calcium oxide increased the heat of
hydration at an early age.

2) The amount of calcined oyster shell powder added had a
considerable impact on strength development in the one-
part alkali-activated slag. The dosage of 5% calcined oyster
shell powder improved the compressive strength, while
the specimen seeded with more than 10% of calcined oyster
shell powder showed negative effects of this level on
strength development at a later age.

3) TG data up to 200 �C showed that higher dosages of calcined
oyster shell powder could produce more C-S-H. However,
this is not the primary cause of strength development in
one-part alkali-activated slag. Factors such as porosity gov-
ern at higher magnitudes, thus determining the develop-
ment of strength in the present study.

4) A low dosage of calcined oyster shell powder contributed to
pore-size refinement, resulting in higher compressive
strength values.

5) In conclusion, calcined oyster shell powder can potentially
be applied as an environmentally friendly, non-corrosive
and non-viscous activator during the production of alkali-
activated materials. Moreover, the addition of calcined oys-
ter shell powder as an activator to produce one-part alkali-
activated slag can provide a sustainable outlet to recycle
and reuse oyster shell waste to develop green and eco-
friendly building materials.
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