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Abstract: The reactivity effect of calcium carbonate, present in ground oyster shells and limestone
filler, on the formation of carboaluminate phases in ground granulated blast furnace slag blended
cement pastes was reported in this paper. Six different binary and ternary blended cement pastes
were prepared using ground granulated blast furnace slag, ground oyster shells and limestone filler
with different replacement levels (from 5 to 35%). The carboaluminate formation was assessed and
quantified directly using X-ray diffraction (XRD), and indirectly by following the aluminate phase’s
reaction (heat flow) and consumed calcium carbonate using Isothermal Calorimetry (IC) and Ther-
mogravimetric Analysis (TGA), respectively. Further, the overall reaction degree calculated based on
TGA results and the compressive strength were determined to support the findings obtained. The
results revealed that the calcium carbonate present in ground oyster shells is more reactive when com-
pared to that present in limestone filler, where more formed hemi- and monocarboaluminate phases
were observed in mixtures containing ground oyster shells. An enhancement in compressive strength
and overall reaction degree was observed by adding 5% ground oyster shells as cement replacement.

Keywords: oyster shells; limestone filler; slag; calcium carbonate; carboaluminate phases formation

1. Introduction

The need for reducing energy consumption and CO2 emission caused by cement
production has become an increasingly important issue in recent years [1–4]. The use of
mineral additives as clinker or as cement replacement should help in achieving environ-
mental and economic advantages [5,6], and should also help in achieving the required
technical performance [7,8].

Mineral additives, natural or byproduct materials, are widely used in blended cement
systems to improve the chemical properties, i.e., hydration reactions, the mechanical prop-
erties such as strength, and the durability of concretes [9,10]. Among mineral additives
used, ground granulated blast furnace slag (GGBFS), fly ash (FA), and limestone filler (LF)
are the most commonly used for cement replacement. The main advantage of the use of
LF is the early ages compressive strength improvement by enhancing the hydration rate
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through its filler effect [11,12]. GGBFS is used generally to increase workability, decrease the
hydration heat at early ages, and to improve the durability of concrete [11,13–15]. However,
the main weakness of using GGBFS in blended cement is the low short-term compressive
strength of concretes due to its latent hydration reaction [16]. Chemical, thermal, and
mechanical activations were used to accelerate the hydration processes of GGBFS [17–21].
These activation methods, however, seem limited and have negative impacts on some
concrete properties. For instance, the mechanical activation (increasing in the fineness
degree) of GGBFS generates early ages microcracking caused by self-desiccation shrink-
age [22]. Early-age microcracking leads to higher permeability and consequently reduces
concrete durability [22]. In addition, the chemical and thermal activations of GGBFS using
alkali-activated solutions, i.e., sodium silicate solution, and heat treatment increase the
overall cost of concrete production [23]. Hence, providing another method to accelerate
and activate the hydration processes of GGBFS is needed. An emerging solution that
consists in the possibility of activating the hydration processes of GGBFS by using other
mineral additives such as LF has gained much considerable interest [24–27]. Recently, it
was demonstrated that the addition of LF to GGBFS blended cement improves hydration
reactions through its filler and chemical effects [25,26]. The filler effect manifests itself in
two ways: dilution effect and heterogeneous nucleation effect. The chemical (activation
effect) consists in the ability of calcium carbonate (CaCO3), present in limestone filler to
react with aluminate phases of GGBFS to form hemi- and monocarboaluminate phases. The
formation of hemi- and monocarboaluminate phases leads to increasing hydrates’ volume
and thus improving the compressive strength [25–27].

Oyster shells (OS) are seashell waste which are available in huge amounts in some
countries and are usually rejected or landfilled without any valorization [28,29]. The use
of this material as a raw material in concrete should help in achieving environmental,
technical and economic advantages. Studies have been carried out to study the possibility
of the use of OS as fine aggregate, coarse aggregate and even as cement replacement in
concrete and mortar [30–34]. Most of the previous studies were related to the effect of
using OS as an aggregate on concrete properties. Only few studies have focused on the
effect of OS as a cement replacement on concrete properties [29]. Liu et al. [30] reported
that the use of treated oyster shells as fine aggregate improved the durability of concrete.
They found that the use of oyster shells treated with polyvinyl alcohol and sodium silicate
reduced water permeability and chloride migration coefficients. Kuo et al. [35] found
that the use of 5% crushed oyster shells as a sand replacement improved the compressive
strength of mortar by about 5% compared to that of reference mortar. However, a decrease
in compressive strength was noticed beyond this replacement level. Zhong et al. [36] found
that the use of 5% GOS as a cement replacement exhibited an enhancement in compressive
strength by about 5% compared to the compressive strength of reference cement mortar.

GOS are composed primarily calcium carbonate. Their chemical composition is similar
to LF [29], which makes it possible to use GOS as an activator for the hydration processes
of GGBFS. In fact, the calcium carbonate present in GOS is expected to react with aluminate
phases of GGBFS to form hemi- and monocarboaluminate phases. Moreover, the average
diameters of calcium carbonate particles present in GOS is smaller to that present in LF
which means that the calcium carbonate present in GOS may react more to that present
in LF.

The reactivity effect of calcium carbonate on the formation of carboaluminate phases
is the aim of the current study. For this purpose, LF with a calcium carbonate content of
~96.5% and (GOS) with calcium carbonate content of about 99% were used and added
to GGBFS Blended cements. Isothermal Calorimetry (IC), Thermogravimetric Analysis
(TGA), and X-ray diffraction (XRD) were used to assess and quantify the carboaluminate
phases’ formation. The overall reaction degree of blended cement pastes investigated was
also evaluated using the method suggested in [27,37] which were based on TGA results.
Those techniques were completed by compressive strength to further justify and verify the
findings obtained.



Sustainability 2021, 13, 6504 3 of 16

2. Materials and Methods
2.1. Materials
2.1.1. Cement

The cement used in the current study is Portland cement Type I CEM I 52.5 N provided
by Vicat company (Bourgoin, France). The fineness of this cement is 4500 cm2/g. Its
mineralogical composition is 12.1% C2S, 66.9% C3S, 1% C3A and 15% C4AF. The chemical
composition and the physical properties provided by the manufacturer are given in Table 1.

Table 1. Chemical composition and physical properties of CEM I 52.5 N and GGBFS.

Chemical Composition (%) OPC GGBFS

SiO2 21.57 37.3
Al2O3 3.50 10.7
Fe2O3 5.27 0.2
CaO 64.31 43
MgO 1.44 6.5
SO3 2.25 0.1
K2O / 0.35

Na2O 0.55 0.23
LOI 0.86 1.5

Physical properties
Density (g/cm2) 3.22 2.9

Initial setting time (min) 215 /
Final setting time (min) / 335

Expansion (mm) 1 /

2.1.2. Ground Granulated Blast Furnace Slag

GGBFS used in this study was obtained from local industry (Ecocem, France). The
Blaine fineness and the density of GGBFS are 4450 cm2/g and 2.9 g/cm3, respectively. Its
chemical composition is given in Table 1.

2.1.3. Limestone Filler

The first mineral additive used to activate the hydration processes of GGBFS is lime-
stone filler. The LF used was provided by Omya International AG company (Aucrais,
France). The calcium carbonate content determined by X-ray diffraction, the Blaine fine-
ness, the density, and the water content of LF are 96.5%, 4670 cm2/g, 2.7 g/cm3 and
0.2%, respectively.

2.1.4. Oyster Shells

The second mineral additive used to activate the hydration processes of GGBFS is
oyster shells. Oyster shells are seashell waste collected from a local company (Ovive,
France), after being washed (to remove organic residues on the surface) and crushed
(Figure 1a). The raw oyster shells obtained were dried in a dry oven at 105 ◦C and then
ground in a laboratory mill to obtained Blaine finesse close to that of cement; LF and
GGBFS used (Figure 1b). The Blaine fineness and the density of ground oyster shells (GOS)
are 4500 cm2/g and 2.7 g/cm3, respectively. They calcium carbonate content determined
by X-ray diffraction is about 99%.
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Figure 1. Oyster shells. (a) before grinding; (b) after grinding.

2.2. Mixture Proportion

Apart from reference cement paste, the Portland cement CEM I 52.5 N was replaced
by GGBFS, LF, and GOS to obtain six different binary and ternary blended cement pastes.
For binary blended cements pastes, the replacement level of cement by LF or GOS was
selected at 5% by mass based on previous studies [26], where an enhancement in hydration
degree and compressive strength was observed when cement is replaced by 5% LF. For
ternary blended cements pastes, the cement was replaced by GGBFS and LF or GOS at
replacement levels of 25 and 35%, respectively. The water to binder ration was selected at
0.48. The mixture nomenclatures and their proportion based on the replacement of cement
by GGBFS, LF, and GOS are given in Table 2.

Table 2. Mix details of blended cement pastes (kg/m3).

Mix Cement kg/m3 GGBFS kg/m3 LF kg/m3 GOS kg/m3 Water kg/m3

PREF 1265 / / / 607
P5LF 1200 / 63.2 / 606

P5GOS 1200 / / 63.2 606
P5LF20BFS 1001 253 63.2 / 632.7
P5LF30BFS 925.4 379.4 63.2 / 656.7

P5GOS20BFS 1001 253 / 63.2 632.7
P5GOS30BFS 925.4 379.4 / 63.2 656.7

2.3. Methods

Blended cement pastes were prepared, cast, and cured under similar conditions to
that of mortar given by EN NF 196-1 [38]. Isothermal Calorimetry (IC), Thermogravimetric
Analysis (TGA) and X-ray diffraction (XRD) were used to assess and quantify the car-
boaluminate phases formation. The compressive strength test was performed to justify
and verify the finding. For XRD and TGA tests, the samples specimens after casting were
placed in plastic vials hermetically closed. The sample specimens were then stored at
20 ◦C room temperature. For the compressive strength test, paste samples were cast into
4 × 4 × 16 cm3 steel molds. After 24 h of casting, paste samples were then demolded and
immersed in a water tank at ambient temperature.

2.3.1. Isothermal Calorimetry (IC)

At early ages, the carboaluminate phases formation was evaluated through the GG-
BFS’s aluminate phases interaction with calcium carbonate contained in LF or GOS. the
GGBFS’s aluminate phases reaction assessment was achieved by measuring the heat flow
resulting from the chemical reaction using an 8-channel isothermal calorimeter device
(TAM AIR). Blended cement pastes weighing 4–6 g were placed directly after mixing into
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standard plastic vials and then loaded into the channel isothermal calorimeter. The heat
flow measurements were continued for about 168 h (7 days).

2.3.2. X-ray Diffraction (XRD)

X-ray powder diffraction data were recorded at room temperature on a D8 Advance
Vario 1 Bruker (two-circle diffractometer, θ–2θ Bragg-Brentano mode) using a pure copper
Kα radiation (λ = 1.54059 Å) selected by an incident beam Ge (111) monochromator. Data
were collected from 5◦ to 100◦ for 1 s per 0.01◦ step (2θ varying, 4 h/scan). LaB6 standard
powder (NIST SRM-660b) was used to calibrate the instrumental [39]. For LF and GOS
powders, crystalline phases identification was performed using the Full-Pattern Search-
Match procedure and the Crystallography Open Database [40]. Rietveld refinement was
also performed using the MAUD software to quantify the crystalline phases [41].

2.3.3. Thermogravimetric Analysis (TGA)

TGA test was performed after 3, 7 and 28 days of curing time on crushed and sieved
paste specimens using NETZSCH STA 449 F5 device. Specimens were heated up to 1000 ◦C
at a heating rate of 5 ◦C/min under an N2 environment. Using this technique, the reactivity
of LF and GOS was established by quantifying the consumption of calcium carbonate
present in these mineral additives. The direct quantification of the carboaluminate phases
formation using this technique is complicated, as the decomposition of other cement
hydrate products is in the same temperature range.

Using this technique, the overall reaction degree of blended cement pastes studied was
also calculated to establish the carboaluminate phases formation, since the hemi- and mono-
carboaluminate formation results in the increase of hydrates’ volume, thus increasing the
reaction degree. The overall reaction degree was calculated using a methodology suggested
in Refs. [27,37]. The chemically bound water content (WB) and the reaction degree (α) were
calculated based on the mass loss between 140 and 1000 ◦C using Equations (1) and (2).

WB = Ldh + Ldx + 0.41 (Ldc-Ldca) − (mc × LOIcc + MA1 × LOIAC1 + MA2 × LOIAC2) + md (1)

where Ldh, Ldx, and Ldc are the mass loss on TGA curves within the temperature ranges
of 140–400 ◦C, 400–600 ◦C and 600–800 ◦C, respectively. Ldca, mc, mA1, and mA2 are the
mass loss within the temperature range of 600–800 ◦C during TGA tests on used anhydrous
materials (GGBFS, LF, GOS and cement), and the mass of anhydrous materials contained
in the sample, respectively. LOIACC, LOIAC1, LOIAC2 are the losses on ignition corrected
for cement, first mineral additive used (GGBFS) and second mineral additives used (LF or
GOS), respectively, after subtracting the mass loss between 600 and 800 ◦C on TGA curves
(the mass loss between 105 and 600 ◦C during TGA tests on anhydrous materials). Md
is the device’s drift (md). Parameters of Equation (1) are defined and described in detail
in [27].

α = WB/WB∞ × (mc + K1 × mA1 + K2 × mA2) (2)

where WB∞, K1 and K2 are the ultimate chemically bound water, the activity coefficient
of the first and the second mineral additive used, respectively. The activity coefficients
for GGBFS and LF, given by EN NF 206-1 [42], are 0.9 and 0.25, respectively. The activity
coefficient for GOS was determined according to Equation (3) [27], where ‘I’ is the 28 days
compressive strength ratio of cement mortar made with 25% GOS to that of pure cement
mortar. The activity coefficient of GOS determined was slightly higher (0.28) than the one
of limestone filler.

K = 3 × I − 2 (3)

2.3.4. Compressive Strength Test

After a flexural strength test on 4 × 4 × 16 cm3 using a flexural-compressive testing
machine at a loading rate of 0.05 kN/s confirming to NF EN 196-1 [38], a compressive
strength test was carried out on six 4cm-edge cubes using same testing machine but at a
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loading rate of 2.4 kN/s. The compressive strength test was performed after 3, 7 and 28 days
of curing time. The compressive strength test was performed to justify the finding obtained.

3. Results

The carboaluminate phases formation was followed and quantified directly using XRD
test and indirectly by following the aluminate phase’s reaction (heat flow) and consumed
calcium carbonate using Isothermal Calorimetry and Thermogravimetric Analysis.

3.1. Heat Flow

For the first hours of hydration, the interaction between aluminate phases of GGBFS
and calcium carbonate contained in LF or GOS to form carboaluminate phases was followed
by measuring the heat flow using Isothermal calorimeter TAM AIR device. Figure 2a,b show
the heat flow of binary and ternary cement pastes studied. The heat flow curves present the
silicate and aluminate phases’ cement hydration [25,26]. The first peak (I) corresponds to the
hydration of silicate phases. The second (II) concerns the hydration of aluminate phases.

Figure 2. Heat flow of (a) ternary cement pastes; (b) binary cement pastes.

In the reference cement paste, the first peak that corresponds to the silicate hydration
is higher than the one of aluminate hydration. The lowest aluminate phases hydration
in reference cement paste is due to the high silicate content in the cement used (Table 1).
An opposite trend, however, was observed in ternary cement pastes where the second
peak corresponding to the aluminate phases hydration was dominant. This change is due
directly to the reaction of aluminate phases with carbonate calcium to form hemi- and
monocarboaluminate [27]. Moreover, it is clear from the heat flow curves presented in
Figure 2a that the second peak is more dominant in cement pastes prepared with GGBFS
and GOS, compared to the second peak in cement pastes prepared with GGBFS and LF.
This confirms that the carbonate calcium from GOS reacts more with aluminate phases
of GGBFS, thus leading to the formation of more carboaluminate phases. This finding is
verified and justified by XRD and TGA tests as shown in the next sections.

Figure 2b shows the heat flow curves for binary cement pastes prepared with GOS and
LF. As shown in this Figure, the addition of GOS or LF to cement improves the cement’s
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aluminate phase hydration where the second peak intensity is higher to that of the primary
peak. The higher second peak intensity was obtained with GOS cement paste which reflects
a better hydration reaction between cement’s aluminate phase and calcium carbonate
present in GOS.

3.2. Carboaluminate Phases Formation

A direct assessment of hemi- and monocarboaluminate phases formation was con-
ducted using XRD test after 3, 7 and 28 days of hydration. Figure 3 depicts XRD patterns
and identified phases within 2θ range of 5–12 ◦C.

Figure 3. XRD patterns and identified phases within 2θ range of 5–12 ◦C for binary and ternary
cement pastes studied. Aft-ettringite, Hc- Hemicarboaluminate, Mc-monocarboaluminate.
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For all cement pastes studied and for all testing ages, the main cement hydrate product,
within 2θ range of 5–12 ◦C, is the ettringite (AFt) as shown in Figure 3. After the first
3 days of hydration, more ettringite was formed in binary and ternary blended cement
pastes compared to the reference cement paste, which is due to the presence of LF or GOS.
Indeed, the addition of LF or GOS to cement improves hydration rates through their filler
effect [37].

The presence of carboaluminate phases is evident from XRD patterns in Figure 3, par-
ticularly for binary and ternary mixes. For the reference cement paste, the carboaluminate
phases were observed only after 28 days of hydration with lower reflection.

For binary and ternary cement pastes studied (P5LF, P5GOS, P5LF20BFS and
P5GOS20BFS), the main carboaluminate phase is the hemicarboaluminate with higher
reflection intensities in cement pastes containing GOS at all ages. This means that more
carboaluminate phases were formed in cement pastes containing GOS due to the high
reactivity of calcium carbonate present in GOS. The hemicarboaluminate reflex is not visi-
ble after 3 days of hydration in cement paste containing LF. This might be due to the low
reactivity of calcium carbonate present in LF. The monocarboaluminate was observed after
28 days of hydration with higher reflection intensities in ternary cement pastes, particularly
for GOS and GGBFS mix. Similar findings for GGBFS and LF ternary mix were reported
by Adu-Amankwah et al. [26]. They observed that the hemicarboaluminate forms first,
followed by the monocarboaluminate. Furthermore, they observed that the LF content
influenced the carboaluminate phases formation, where a higher monocarboaluminate
contents was revealed in ternary mixes with high LF content (20%).

3.3. Consumption of Calcium Carbonate

The reactivity of calcium carbonate present in GOS and LF was also evaluated by mea-
suring the consumed calcium carbonate. The consumed calcium carbonate was evaluated
based on the mass loss between 600 and 800 ◦C on TGA curves of cement pastes studied
(Figure 4). The consumed calcium carbonate normalized to the initial calcium carbonate
content in ternary cement pastes is shown in Figure 5a–c. The consumed calcium carbonate
increased with increasing curing and GGBFS content, as expected. From Figure 5a,b, it
is clear that more calcium carbonate was consumed in cement pastes containing GOS at
all ages. For example, in cement pastes containing GOS and after 3 days of hydration,
10% of consumed calcium carbonate was recorded for the P5GOS20BFS paste and more
than 20% consumed calcium carbonate was recorded for the P5GOS30BFS paste. While
in cement pastes containing LF, 9 and 17% of consumed calcium carbonate were recorded
for the P5LF20BFS and the P5LF30BFS pastes, respectively. This might be attributed to
the high reactivity of calcium carbonate present in GOS, which results in a better reaction
of aluminate phases of GGBFS and thus, more carboaluminate phases were found. The
higher consumption rate of calcium carbonate in cement pastes containing GOS might be
also due to other reason in addition to the one mentioned above. Indeed, as mentioned in
the Section 1, the content of calcium carbonate present in GOS is slightly higher than that
of calcium carbonate present in LF. This means that the additional calcium carbonate from
GOS results in more reaction of aluminate phases of GGBFS.

Figure 5c provides the consumed calcium carbonate for binary cement pastes prepared
with GOS and LF (P5GOS and P5LF). A lower consumption rate of calcium carbonate was
recorder for these mixes. The consumption rate of calcium carbonate in P5GOS was found
to be respectively 5, 10 and 17% at 3, 7 and 28 days. Similarly, the consumption rate of
calcium carbonate in P5LF was found to be 3, 5 and 17% at 3, 7 and 28 days, respectively.
This means that the calcium carbonate present in GOS and LF also reacts with the aluminate
phases of cement [26].
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Figure 4. Consumption of calcium carbonate in cement pastes based on 5% LF and 20% BFS.

Figure 5. Normalized consumed calcium carbonate content of (a) cement pastes based on LF and
GGBFS; (b) cement pastes based on GOS and GGBFS; (c) cement pastes based on LF or GOS.



Sustainability 2021, 13, 6504 10 of 16

3.4. Reaction Degree and Compressive Strength Development

To further establish the reactivity of calcium carbonate present in GOS and LF, which
results in the formation of carboaluminate phases, the overall reaction degree of blended
cement pastes, as well as the compressive strength, were determined.

Figure 6a,b provide the reaction degree development of binary and ternary cement
pastes calculated using a methodology proposed in Refs. [27,37]. The reaction degree was
estimated after 3, 7 and 28 days of hydration. It is clear from Figure 6a,b that the reaction
degree for all cement pastes studied increased with increasing curing time as expected.
In the case of binary blended cement paste where the Portland cement was replaced by
5% of GOS or LF, the reaction degree was slightly higher compared to that of reference
cement paste at all ages. This firstly denotes the filler effect of GOS and LF on the cement
hydration, but also the reaction of calcium carbonate present in these mineral additives
with aluminate phase of cement. The cement paste based on GOS has a somewhat higher
reaction degree compared to that of cement paste based on LF. Considering the 3 and
7 days of hydration, the reaction degree of P5LF was 8 and 4% higher, respectively, than
the one of reference cement paste. Similarly, considering the 3 and 7 days of hydration,
the reaction degree of P5GOS was slightly higher by about 8% compared to that of the
reference cement paste. This indicates that the calcium carbonate present in GOS is more
reactive compared to that present in LF, as indicated earlier.

Figure 6. Overall reaction degree of (a) cement pastes based on LF and GGBFS; (b) cement pastes
based on GOS and GGBFS.

In the case of ternary blended cement pastes where the Portland cement was replaced
by both GGBFS and GOS or LF, the reaction degree was lower compared to that of reference
cement paste. This is attributed to the dilution effect and to the slower reaction kinetics of
GGBFS [37]. The cement pastes based on GGBFS and GOS, however, had a higher reaction
degree at all ages compared to that of cement pastes based on GGBFS and LF. For example,
the reaction degree of cement paste prepared with 5% GOS and 30% GGBFS was found
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in the range of 45 and 77%. Meanwhile, the range of the reaction degree for cement paste
prepared with 5% LF and 30% GGBFS was 43 and 63%. This confirms also that the calcium
carbonate present in GOS is more reactive to that present in LF.

Compressive strength was further carried out to justify and verify the finding obtained.
The compressive strength test was made on 4 cm-edge cubes after 3, 7 and 28 days as
mentioned in Section 2.3.4.

Figure 7a,b provide the compressive strength results of the binary and ternary cement
pastes studied in this study. The evolution of the compressive strength seems to match
the corresponding overall reaction degree development where the compressive strength
increased with increasing the overall reaction degree. The cement pastes containing GOS
exhibited a higher compressive strength than the others cement pastes containing LF at all
ages (3, 7 and 28 days). For example, the compressive strength exhibited by the cement
paste containing 5% GOS and 30% GGBFS was found to be respectively, 18, 28 and 42 MPa
at 3, 7 and 28 days. Meanwhile, the compressive strength exhibited by the cement paste
containing 5% LF and 30% GGBFS was found to be respectively, 16, 28 and 37 MPa at 3, 7
and 28 days.

Figure 7. Compressive strength results. (a) cement pastes based on LF and GGBFS; (b) cement pastes
based on GOS and GGBFS.

It is important to note here that the carboaluminate phases formation resulting from
the interaction between carbonate calcium present in GOS or LF and aluminate phases
originating from GGBFS cannot compensate the lower hydrate products of cement hydrates
due to dilution effect [27], thus a lower overall reaction degree and compressive strength
were observed in ternary cement pastes compared to that of reference cement paste.
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4. Discussion

The results obtained by using different techniques to assess the formation of carboalu-
minate phases in binary and ternary blended cement pastes based on GGBFS, LF and GOS
demonstrate that the calcium carbonate present in GOS is more reactive to that present in
LF where higher hemi-and monocarboaluminates phases contents were observed in mixes
based on GOS, particularly in ternary mixes. The higher reactivity of calcium carbonate
present in GOS is attributed to the average diameters (apparent crystallite size 〈D〉) and the
morphology of calcite particles. Indeed, the results from Rietveld refinement of calcium
carbonate (Figure 8a,b) reveal that the average diameters of calcium carbonate particles
present in GOS is about 1.7 times smaller compared to that present in LF (Table 3). The
average diameters of calcium carbonate particles present in GOS and LF are 237 ± 5 and
403 ± 5 nm, respectively. Calcium carbonate particles present in GOS have far larger sur-
face areas than the calcium carbonate particles present in LF. As the surface area increases, a
greater amount of the calcium carbonate can come into contact with surrounding materials,
thus improving the reactivity. Also, observations with a scanning electron microscope
(SEM) for GOS and LF reveal that the GOS powder microstructure is observed as an ar-
rangement of sheet layers of calcium carbonate, while LF particles exhibit angular shapes
(Figure 9a,b). The arrangement as sheet layers of calcium carbonate of GOS causes more
available space for hydrates growth.

Figure 8. X-ray diffraction patterns of (a) LF and (b) GOS refined using the MAUD software. The
calculated pattern (red line) is superimposed on the observed profile (coarse line). The difference
curve (Iobs−Icalc) is shown at the bottom.
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Table 3. Refined values of lattice parameters, unit cell volume, average diameter, microstrain <ε2>1/2, Standard deviations
are indicated in parenthesis on the last digit.

Material Phase COD Reference Lattice Type + Space Group Lattice Parameters (Å) 〈D〉 (nm) 〈ε2〉1/2 Texture

LF Calcite
CaCO3

1547347 Trigonal
R-3c:H

a = 4.986 (1)
c = 17.051 (2) 403 (20) 8. 10-4 Harmonic

GOS Calcite
CaCO3

1547347 Trigonal
R-3c:H

a = 4.989 (1)
c = 17.077 (2) 237 (5) 5. 10-3 Harmonic

Figure 9. SEM images of (a) ground oyster shells; (b) limestone filler.
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5. Conclusions

In this article, the reactivity effect of calcium carbonate present in LF or GOS on the
formation of carboaluminate phases is presented. The presence of GOS and LF modified
the hydration kinetics of both cement and GGBFS through their filler and activation effects.
The calcium carbonate present in GOS and LF reacts with aluminate phases of GGBFS or
cement to form hemi- and monocarboaluminate phases. based on the results obtained,
and the observation made during the experimental tests using different techniques, the
following conclusions may be drawn:

• The cement pastes containing 5% GOS exhibited a higher compressive strength and a
higher overall reaction degree compared to that of cement pastes containing 5% LF,
indicating the reactivity of calcium carbonate present in GOS.

• The aluminate phase’s reaction followed using IC test and the consumed calcium
carbonate calculated using TGA test confirmed that the calcium carbonate present in
GOS reacts more with aluminate phases of GGBFS.

• The qualitative XRD analysis indicated that more hemi-and monocarboaluminate
phases were formed in binary and ternary mixtures containing 5% GOS as cement
replacement. Moreover, the qualitative XRD analysis indicated that the hemicarboalu-
minate formed firstly, followed by the monocarboaluminate phase.

The experimental results presented in this paper confirmed that the calcium carbonate
present in GOS is more reactive compared to that present in LF. Hence, the GOS with high
calcium carbonate reactivity has the potential to activate the hydration processes of GGBFS,
particularly at early ages. Further studies on the effects of GGBFS and GOS contents
however are needed to provide a better understanding of the effects of each material on
the hydration kinetics.
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