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ARTICLE INFO ABSTRACT

Keywords: The influence of the filler content, filler fineness and water to powder ratio (W/P) on hydration kinetics and
Blast furnace slag (BFS) microstructure behaviour of a new clinker-free material made of calcium hydroxide, blast furnace slag (BFS),
Calcite

calcite and expansive agent are explored in this study. The hydration characteristics of the proposed material
were investigated by multiple experimental programmes including X-ray diffraction (XRD), TG-differential
thermal analysis (DTA), selective dissolution measurement and mercury intrusion porosimetry (MIP). The
experimental results revealed that slag reaction degree is enhanced by increasing the filler content and fineness
of the filler in high W/P ratio. However, the filler fineness does not show significant improvement in the hy-
dration degree of slag with low W/P ratio in later curing period due to the reduced amount of available water for
the hydration reaction. Another interesting finding of this study is that the hemicarboaluminate which is ther-
modynamically unstable than monocarboaluminate, stably formed even at the later age of hydration reaction in
the presence of calcium carbonate. The amended thermodynamic model also well agreed with the tendency of
the experimental results in terms of hydration products and porosity of the hardened matrix as a function of

Cement-free binder
Reaction degree
Hydration products
Porosity

curing period.

1. Introduction

Concrete made of Portland cement and aggregates mixed with water
is the most secondly consumed material in the industrialized world, only
surpassed by water and performs an indispensable role in the field of
civil engineering construction. The rising population and urbanization
upsurge the demand for concrete across the globe. Even though the
concrete remains as cost and energy efficient material compared to other
construction materials, the concrete production is accountable for 9 % of
the total greenhouse gas emission, in which around 5-7 % is reported to
be during the large-scale cement production [1,2]. During the Portland
cement manufacturing process, the CO2 mainly emits from the decar-
bonation of limestone in the clinkering process followed by releasing
from fuel and electricity used for heating and milling purposes [3]. This
emitted greenhouse gas accumulation is the most serious threat in the
recent decades, as it directly affects the climate changing and resulting
the global warming. Therefore, numerous deliberate developments such
as supplementary cementitious material (SCM), process optimization,
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alternative clinker production with reduced amount of limestone and
etc. have been recently attained in the cement manufacturing plants and
concrete industry for the mitigation of anthropogenic carbon dioxide
emission and to improve the sustainability of the concrete production
[4,5].

The conventional attempt to decrease the CO, emission is the partial
or complete replacement of clinker with SCMs in cement or replacement
of cement with SCMs in concrete mixture. The commonly used SCMs as
alternative binders are mainly inert material like limestone and reactive
material from industrial by products including blast furnace slag (BFS)
from iron and steel production, fly ash from coal power plant and silica
fume from the silicon or ferrosilicon industry. It is also notable that using
SCMs as building materials has another merit for the problems associ-
ated with waste management of industrial by-products such as reducing
the land occupation for disposal and other severe environmental issues
related to the landfills. In the fly ash blended cement, the fly ash acts as
filler or inert due to low reactivity during the early stage of hydration
period, which leads to the provision of additional nucleation site and
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increases the effective water content for the cement hydration reaction,
and performs as active pozzolanic material in later age as fly ash reacts
with precipitated portlandite by cement reaction to form additional
C—S—H [6,7]. Despite the positive effects of fly ash, the field applica-
tion of high volume fly ash is limited due to the low reactivity of fly ash
at the early stages of curing period, which leads to the much lower
development of mechanical properties of fly ash mixture compared to
the pure concrete [8-10]. The silica fume which consists of more than
80 % of amorphous silica is generally used with pure cement or blended
cement containing slag or fly ash to improve the pozzolanic reaction
[11]. Even though the silica fume exists high reactivity because of high
amorphous content and fine particles, high degree agglomeration of
silica fume was reported in the past research works owing to the very
fine particles of silica fume i.e., 0.1-0.5 pm, and it is difficult to disperse
the particles due to the high interparticle forces, thus it reduces the
effectiveness of the replacement of silica fume in the cement mixture
[11,12].

Among the SCMs, the BFS is more commonly used with cement to
produce sustainable blended cement, as it shows better intrinsic prop-
erties compared to other blended cement paste [13-15]. The BFS is the
only SCM that behaves as a latent hydraulic material, i.e., reacts with
water once activated and portlandite is not required for the hydration
reaction of BFS [3,16]. Therefore, the extensive use of BFS upsurges, and
which can even be used for the total replacement of OPC binders i.e.,
clinker free paste as well [17,18]. When slag particles get in exposure to
water, the aluminosilicate forms rapidly on the surface of the slag grains,
and it fully covers the reactive materials within a few minutes. Thus,
further slag reaction is hindered by aluminosilicate formation as it is
impermeable to water [19,20]. However, in the presence of clinker, the
reaction of BFS is triggered by the high alkaline pore solution from the
early cement hydration as this impermeable layer dissolves in the high
alkaline environment. On the other hand, in the case of total substitution
of clinker, a chemical activator to increase the pH of the pore solution is
essential to initiate the hydraulic reaction (i.e., to breakdown the
aluminosilicate coating) [19,21]. Alkali hydroxides, carbonates and
silicates are generally used as activators for the BFS mixture [21,22]. Itis
reported in numerous studies that the alkali activated slag exhibits
excellent mechanical and durability properties including high early
strength, high resistant against sulphate and acid attack [19,23-25].
However, the hydration reaction, setting time and development of me-
chanical and durability characteristics are mainly varied depending on
the alkali activators and its magnitude for a specific curing condition
and Water/Binder ratio (W/B) [17,20,26,27]. Li et al., [26] reported
that increasing the NayO to binder ratio in the slag mixture results in
increasing the compressive strength and reducing the setting time due to
the more dissolution of solid particles in the high concentration of Na,O
solution. The effect of different type of activators such as alkali hy-
droxide and alkali silicate on the yield stress and rate of hydration re-
action were investigated by Kashani et al., [17], and they concluded that
alkali hydroxide activators show a significant increase in the yield stress
and reaction rate compared to the silicate activated slag system.
Nevertheless, the alkali activated slag binders have some drawbacks
such as fast setting time and subsequent shrinkage, which might be
attributed to the fast dissolution and reaction due to the addition of
chemical activators and high rate of carbonation [18,24,26,28]. The
aforementioned limitations can be improved by adding calcium hy-
droxide activator. The Previous studies highlighted that the calcium
hydroxide activated slag mixtures are beneficial for the practical
application due to the low cost and good mechanical and durability
properties [24,29,30].

Adding an inert or weakly reactive material into the SCMs mixture
enhances the hydration reaction and subsequently improves the intrinsic
properties of the hardened matrix, as the particles surface of the filler
materials provide additional nucleation site for the formation of hy-
dration products and increase the effective available water for hydration
reaction [31-34]. In addition to the filler effect, a significant amount of
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limestone/ calcite behaves as active reactant, and as a result, it is often
used as filler material in the alumina rich SCMs [31,33,34]. Generally, in
the Al-rich binder, the ettringite forms until the depletion of gypsum
(which is the sulphate ion source for the ettringite reaction), followed by
the formation of monosulfate due to reaction between additional
alumina phases and formed ettringite. However, this mineralogy of the
harden mixture is altered by the addition of limestone/ calcite. Because,
the formation of monosulfate is inhibited in the presence of calcium
carbonate which leads to the stabilization of ettringite and other car-
boaluminate phases (hemi carboaluminate and monocarboaluminate)
[35-37]. Due to the stably formed ettringite and carboaluminate phases
instead of monosulfate in the existence of calcium carbonate, the pore
space of the matrix is lower compared to that without calcite/ limestone
mixture, which in turn leading to the improved mechanical and dura-
bility properties [38-40]. Numerous research works have been carried
out recently to investigate the effects of adding limestone/ calcite on
microstructure and mechanical properties of blended cement mixture
[31,33,34,36,40-42]. It was reported that the porosity of the matrix
decreases with calcium carbonate content up to a certain level, followed
by an increase depending on the sulphate content and alumina phases of
the mixture, and this tendency is inverse to the development of me-
chanical properties [34,36,40,42]. However, only a limited number of
studies focused on the hydration behaviour and microstructures of
cement free binders with large replacement of calcite/ limestone filler.
Therefore, this research work attempts to study the hydration and
microstructure behaviour of a new clinker free binder containing BFS,
calcite, calcium hydroxide and expansive agent. The influence of water
to powder ratio (W/P), calcite content and specific surface area of calcite
of the clinker free mixture on the hydration kinetics and products were
also comprehensively investigated based on the experimental works
including selective dissolution experiments, X-ray diffraction (XRD),
thermo gravimetric analysis (TGA) and Mercury intrusion porosimetry
(MIP) analysis. Eventually, the thermodynamic framework proposed in
our previous work [43,44] has been amended to predict the possible
hydration products and the porosity of clinker free binder. The pre-
dictions were successfully verified with the raw experimental results.

2. Significance of this research

The cement and concrete industries are seeking a new sustainable
binder to replace the OPC, as the current trends mainly toward the goal
of net zero carbon dioxide emission to limit the global warming.
Therefore, herein a new cementless material consisting of (i) BFS which
is the by-product of iron and steel manufacturing industry, and (ii)
calcite that can be taken from naturally available limestone or can be
synthesized by using carbonation reaction with hydrated lime slurry (i.
e., the carbon dioxide stored in carbon captured storage wells can be
effectively used to synthesize the calcite), is introduced as a promising
way to reduce the CO, gas emission. A considerable reduction in emit-
ting the carbon dioxide gas during the manufacturing process of the
material can be obtained by using the proposed new material as an
alternative binder for OPC in the construction industry. The well
experimentally verified model proposed for the clinker free material
which incorporate the all the possible hydration products can be effi-
ciently used for selection of construction material and design purposes
with less effort and time consumption.

3. Materials and methods
3.1. Materials and sample preparation

In this study, blast furnace slag (BFS), portlandite (CH), and two
different types of calcites [fine calcite (Cc-F) and coarse calcite (Cc-C)]
obtained from a commercial supplier were used. In addition, an
expansive agent (EX) was included to compensate the shrinkage caused
by the reaction of slag. The chemical composition of BFS and EX
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determined by XRF and XRD method is tabulated in Table 1 while the
specific surface areas and density of the raw materials are given in
Table 2. Table 3 details the used mixing proportions of this study.
Meaning of sample name is Calcite addition rate-Calcite type-water to
powder ratio (for an example, Cc45-C-0.6 means 45 % coarse calcite
addition and the water to powder ratio is 0.6).

Initially, the raw materials were mixed for 1 min in the dry mixer and
the required water was added into the mixture, followed by mixing
again for 1 min at a low speed. Afterwards, the mixture attached to the
surface of the container was scraped down and then mixed for another 1
min at low speed and subsequently mixed for 1 min at a high speed. For
high water to powder ratio (w/p = 0.6) systems, the mixture was stirred
manually once an hour until the formation of bleeding stopped. Low
water to powders ratio samples were stirred for one time after the initial
mixing. The mixture was then cast into cylindrical moulds with
dimension of ¢ 24.94 x 56 mm and kept in sealed-curing condition at
20 °C for 91 days.

3.2. Experimental procedure

The samples were ground and immersed in acetone for 24 h to stop
the hydration after reaching the desired hydration period (1, 3, 7, 14,
28, and 91 days). Subsequently, the specimens were removed from the
acetone by suction filtration using an aspirator and kept in an oven at
40 °C for 24 h. Finally, the ground samples powder with particle size less
than 75 pm were used for selective dissolution experiments, X-ray
diffraction (XRD) and thermo gravimetric analysis (TGA). The hydrated
powder samples were analysed by XRD using a Rigaku X-ray generator
with CuKa radiation, and the measurement conditions were a tube
voltage of 40 kV, scanning range of 5°~70° 26, step size of 0.02° 20, and
scan speed of 6.5°/min. Siroquant Version 4.0, manufactured by Sie-
tronics, was adopted for quantitative Rietveld analysis. The TG-
differential thermal analysis (DTA) was conducted using TG/
DTA7220 manufactured by HITACHI under an N3 flow environment.
The waiting time before the measurement for stabilising the apparatus
was 50 min. The temperature was raised at a rate of 10 °C/min from 20
to 950 °C and was maintained for 60 min, followed by decreasing with a
rate of 10 °C/min. Around 10 mg of the sample was weighed and used
for measurements. The pore structure of the hardened matrix was
investigated by Mercury intrusion porosimetry (MIP) analysis using
Shimadzu Auto Pore IV 9500 (with the pressure range of 0.5-60,000
psia). The specimen for MIP was cut into a portion of about 3 mm cube,
immersed in acetone for 24 h, and then vacuum dried for 24 h.

3.2.1. Selective dissolution

The selective dissolution method proposed in literature [45,46] was
adopted to determine the reaction degree of slag. Initially, a mixture of
250 mL of triethanolamine (TEA) and 500 mL of distilled water was

Table 1

Chemical composition of BFS and EX.
Component BFS EX
SiO, 23.43 4.01
ALO; 10.85 1.58
Fe,03 0.50 1.46
CaO 51.7 69.51
MgO 4.11 0.61
SO3 4.00 16.63
NaO 2.54 3.69
K30 0.62 0.45
P,0Os 1.23 1.32
MnO 0.28 0.04
C3S 30.1
CaS 6.4
C3A 6.9
Anhydrite 4.22 27.6
CaO_free 28.9
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Table 2
Specific surface areas and density of each material.

Material Specific surface area* (cm?/g) Density (g/cm>)
BFS 4000 2.89
EX 3450 3.15
Cc-C 4840 2.70
Cc-F 52,400 2.67

Note: Cc-F is BET value and others are Blaine.

Table 3
Mixture proportions.
Sample Water to Material mass (%) Water
name powder reducing
ratio agent (%)
BFS EX CH Cc- Cc-F
C
Cc45-F- 0.6 46.4 4.18 4.42 45.0
0.6
Cc45-C- 0.6 46.4 418 442 450
0.6
Cc70-F- 0.6 25.3 230 240 70.0
0.6
Cc45-F- 0.305 46.4 4.18 4.42 45.0 0.9
0.305
Cc45-C- 0.305 46.4 418 442 450 0.9
0.305
Cc70-F- 0.36 25.3 2.30 2.40 70.0 1.5
0.36

Naming method: Cc(Calcite)45 or 70(Addition rate)-C or F(Calcite type, coarse
or fine)-0.6 or 0.36 or 0.305(water to powder ratio).

prepared, in which 173 mL of diethylamine (DEA) was rapidly added.
The water was added to make the solution equivalent to 1000 mL. For
the dissolution of each sample, 25 mL of the solution was diluted to 400
mL, and 0.25 + 0.01 g (with a precision of 0.0001 g) of powder sample
was spread onto the solution surface preventing from the formation of
agglomeration. The mixture was stirred continuously at around 300 rpm
and 20 °C for 60 min to achieve an effective dissolution of the sample.
The insoluble residue was filtered under vacuum using a 47 mm diam-
eter moistened membrane filter with a pore size of 0.5 pm. The residue
was carefully washed for several times with distilled water until there
was no left in the beaker. The filter with residue was then dried at 105 °C
for 1.5 h and weighed with a precision of 0.0001g to determine the
amount of the residue. The reaction degree of slag can be calculated
according to the following equation (Eq. (1)).

omy [m X (1 —f;uam)]

Sotag = (1 —fen % %) @

Aglag = 1

where my, is the weight of insoluble residue after selective dissolution, m
is the weight of sample before selective dissolution, fqer is the mass
fraction of water before 450 °C in hydrated sample (measured by TGA),
fslag is the mass fraction of slag in initial dry binder, fcy is the mass
fraction of Portlandite in initial dry binder, My0 is the molar mass of
water, and Mcy is the molar mass of portlandite.

3.3. Modelling approach

To predict hydrate assemblage as a function of hydration time for the
slag-calcite mixture, the thermodynamic model developed in our pre-
vious studies [43,44] was amended. The chemical composition and
physical properties of each material, mixing proportions, and curing
condition were inputted in the developed framework. The geochemical
package PHREEQC was used for thermodynamic calculations along with
the thermodynamic properties of cement hydrates collected from Cem-
datal8 [47] and converted to PHREEQC format and PHREEQC default



C. Lietal

thermodynamic database [48]. The Details of converted data into a
PHREEQC format are reported in earlier work [43]. It should be noted
that the slag and components in EX such as C3S, C5S, and C3A were
herein considered as kinetic reactions whereas portlandite, calcite and
other components in EX were assumed as thermodynamic equilibrium
reaction.

4. Results and discussion
4.1. Reaction degree of slag

Fig. 1 shows the variation of reaction degree of slag with curing
period for different W/P and calcite content determined by the selective
dissolution. The effect of water to powder ratio low W/P and high W/
P), calcite addition (45 % and 70 %) and particle size of calcite (fine and
coarse) on the reaction of slag are emphasised here. It can be seen that
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the slag reacts faster at the early stage and reaches low reaction rate after
28 days in all the cases. This could be attributable to two major factors:
(i) remaining of the larger particles (the small particles react in the early
age) and (ii) lack of water and space for the reaction [49]. In each mix,
the reaction degree of slag has reached between 35 % and 45 % after 91
days of reaction period. The similar range for the reaction degree was
also reported by Escalante et al. [15] for 50 % slag replacement in OPC
with the W/P ratio of 0.35 and 0.5 at room temperature.

The reaction degree of slag increases with W/P ratio for a specific
amount of calcite addition and reaction period as depicted in Fig. 1. For
example, the reaction degree of slag with 45 % of fine calcite addition
and W/P of 0.305 (Cc45-F-0.305) is approximately 32 % after the 28
days of curing period, whereas it is about 38 % for W/P of 0.6. Similar
tendency is observed even for coarse calcite samples (Cc45-C) and 70 %
of fine calcite samples (Cc70-F). It can be attributed to the more avail-
able space to accommodate more products and sufficient water for
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Fig. 1. Reaction degree of slag for (A) high W/P and (B) low W/P paste.
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reaction in high W/P ratio compared to low W/P ratio mixture [15,50].
Besides, the results clearly demonstrate that increasing the filler content
(calcite) in the slag-calcite system results in increasing the reaction de-
gree of slag for a same W/P and specific surface area of the filler (see
Cc45-F-0.6 and Cc70-F-06 or Cc45-F-0.305 and Cc70-F-0.36 in Fig. 1).
This is possibly due to the increase in effective water for the reaction of
slag, consequently increasing the space for the growth of hydration
products [34]. For instance, additional 25 % of calcite (Cc70-F) im-
proves the reaction degree of slag by approximately 20 % in both low
and high W/P mixture compared to 45 % of calcite addition (Cc45-F).

The effect of particle size of calcite on reaction degree of slag is also
highlighted in Fig. 1 for low W/P and high W/P system. When the Blaine
of calcite increases by 10 times, the reaction degree of slag shows
approximately 15 % increment in high W/P paste (Fig. 1 (A)). It is well
known that the high specific surface area of fine calcite leads to increase
the number of nucleation site, which results more reaction degree than
coarse calcite [32]. However, the specific surface area (Blaine) of calcite
does not affect significantly in low W/P mixture. Both fine and coarse
calcite systems give similar slag reaction degree after 3 days of hydration
period in W/P of 0.305 as depicted in Fig. 1(B). Even though the high
fineness of calcite increases the surface area for the reaction of slag,
large specific surface area theatrically upsurges the solid surface area to
be coated with water [51]. As a result, the effective water for the reac-
tion reduces with increasing the fineness of calcite, leads to the reduc-
tion of reaction rate in low W/P. But, due to the excess amount of water
in high W/P, the effect of particle size of calcite can be clearly seen in W/
P ratio of 0.6.

4.2. Characterization of hydration products

4.2.1. X-ray diffraction

The XRD patterns of representative mixture made with W/P ratio of
0.6 and 45 % fine calcite (Cc45-F-0.6) after the hydration periods of 1, 3,
7 and 14 days are illustrated in Fig. 2. In the XRD patterns, the char-
acteristic peaks of calcite, portlandite, ettringite and hemi-
carboaluminate are identified as crystalline phases in all the mixtures
used in this work, i.e., different calcite content, specific surface area of
calcite and W/P ratio. The peak of ettringite can be stably visible after 1
day of curing period for longer reaction period in addition to the
unreacted portlandite and calcite. Since the destabilization of ettringite
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to monosulfate is inhibited by the presence of calcite, the carbonate
phases and ettringite are more stable than monosulfate in the calcite-
slag system which is detailed in Eq. (1) [31,37].

Monosulfate + CaCO; + H,O — Ettringite + Hemicarbonate/Monocarbonate
m

Where formula for monosulfate, ettringite, hemicarbonate and
monocarbonate are 3Ca0.Al,05.CaS0,4.12H,0, 3Ca0.Al,05.3CaS0,.
32H, O, 3Ca0.Al;03.0.5CaC05.0.5Ca(OH),11.5H,0 and 3CaO.AlL;Os.
CaCO03.11H,0 respectively.

The formation of hemicarboaluminate could also be observed after
the curing for 3 days or a longer period, which is due to reaction of
dissolved calcite, portlandite and aluminum oxide in the slag-calcite
system [36,52]. The peak of hemicarboaluminate increases with hy-
dration period in all slag-calcite system. On the other hand, the previous
studies reported that in the presence of limestone or calcite, the for-
mation of hemicarboaluminate increases up to 7 days, and then it is
converted as monocarboaluminate in the cement and fly ash/ slag sys-
tem [7,36,37]. The increasing tendency for the generation of hemi-
carboaluminate and monocarboaluminate with curing period in the OPC
and OPC-slag mixture with the addition of calcite was observed by
Hoshino et al [52]. Nevertheless, the formation of monocarboaluminate
or decreasing tendency of hemicarboaluminate is not observed in the
cement free mixture i.e., slag-calcite-expansive agent-portlandite sys-
tem. Due to the slow dissolution rate of calcite and the faster kinetic
formation of hemicarboaluminate, the development of hemi-
carboaluminate can stably exist and increase even for longer curing
period without forming the monocarboaluminate, although mono-
carboaluminate is thermodynamically more stable than hemi-
carboaluminate. Similar observation was also found for slag-calcite
sample after 180 days hydration period [35]. It should be noted, yet, the
monocarboaluminate was not found to be formed in the available pre-
vious studies. Owing to the high amount of slag (approximately 50 % of
the mixture) which gives high amount of aluminate, seems to be a
favourable condition for the formation of hemicarboaluminate instead
of monocarboaluminate [31,41,53].

4.2.2. Thermogravimetric analysis (TGA)
The percentage of weight loss along with differential thermal anal-
ysis against temperature at different curing ages for the representative
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Fig. 2. Observed XRD patterns of hydrated Cc45-F-0.6 paste with different curing age (E: Ettringite, Hc: Hemicarboaluminate, CH: Portlandite and Cc: Calcite).
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sample of Cc45-C-0.6 obtained from thermogravimetric analysis is
depicted in Fig. 3. The considerable mass loss before 100 °C is detected
in all curing ages, which is mainly accredited to decomposition of
ettringite and loss of bound water in C—S—H gel [9,54]. The sample
after 3 days of hydration period or longer age reveals small peak in the
temperature range between 120 and 140 °C. As explained in Eq. (1), the
peak of TG analysis for AFm phases i.e., monosulfate (approximately
peak at 180 °C) is herein shifted to lower temperature (approximately
120 °C) due to the formation of carbonate phases in calcite-slag system.
Based on the previous studies, this peak is confirmed due to the dehy-
dration of hemicarboaluminate [35,37]. Quite similar weight losses at
approximately between 400 and 450 °C were observed for all samples
from the initial curing period (from 1 day to 91 day), indicating the
occurrence of portlandite [7,35]. The presence of portlandite in the
mixture is due to the formation of portlandite during the hydration re-
action and unreacted portlandite mixed with slag-calcite binder at the
mixing time to activate the slag. Owing to the release of CO, from
unreacted calcite, DTA curve illustrates a significant endothermic peak
at nearly between 640 and 750 °C as shown in Fig. 3 [7,9]. Overall, the

5
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results obtained from TGA are consistent with those of XRD patterns (see
Fig. 2). Therefore, the both analyses (XRD and TGA) confirm that
ettringite and hemicarboaluminate are the main crystalline products in
the slag-calcite mixture. The weight loss of crystalline phases during the
thermal decomposition used for the quantification is shown in the
Table 4.

4.3. Thermodynamic model verification

The coupled hydration and thermodynamic model proposed in pre-
vious works [43,44] was herein adopted and modified to predict the
phases of ecofriendly cement paste i.e., cement free system (Slag and
calcite). The predictability of the modified model is verified with the raw
experimentals results including different W/P, calcite content and blaine
of calcite. Fig. 4 and Fig. 5 present the comparison between experi-
mental results and predicted results of hydration products with curing
age for high and low W/P paste respectively. The model results for
C—S—H and hydotalcite are indicated as amorphous content in the
predicted results (Fig. 4 and Fig. 5). It can be seen that the predicted
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Table 4
The weight loss of crystalline phases during the thermal decomposition.
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Phases Formula MW (g/mol) H,0 loss (g/mol) H,0 (wt.%) CO,, loss (g/mol) CO, (Wt.%)
Ettringite 3Ca0eAl,0303CaS04-32H,0 1255 45.9
Hc 3Ca0eAl;0300.5Ca(0OH); 564 36.7
0.5CaC03-11.5H,0
Portlandite Ca(OH), 74 24.3
Calcite CaCOs 100 44 44.0

Hc stands for hemicarboaluminate.

hydration products from the proposed model illustrate the similar ten-
dency with experimental results for different W/P ratio, calcite content
and its properties.

Decreasing tendency of calcite and slag are observed in all samples
due to hydration reaction of dissolved raw materials. However, the
calcite was not significantly dissolved as slag due to the low soluability
of calcium carbonate [35,54]. As a result, generally high amount of
calcite replacement is used for the filler effect in the cementitious ma-
terials [36]. For instance, 45 % of calcite at the mixing time reduced to
only 41 % after 91 days of hydration period for samples of 45 % calcite
addition in both W/P ratio as shown in Fig. 4 and Fig. 5. Previous studies
also reported that only a small percentage of calcite reacts in the cement-
slag or slag-calcite mixture after even longer hydration period [34,35].
The W/P ratio and specific surface area of calcite do not affect the
dissolution rate of calcite i.e., approximately 5 % of calcite dissolves in
both low and high W/P paste, and coarse and fine calcite content unlike
the reaction rate of slag. As explained in section 3.1, hydration of slag
has been modified by W/P ratio, calcite content and fines of calcite, and
the slag content decreases with hydration period as clearly seen in Fig. 4
and Fig. 5. On the contrary, the predicted results for the amorphous
content upsurges with hydration period in all samples which imitates the
tendency of the experimental results. This can be imputed to the for-
mation of mainly C—S—H in the hydrated matrix resulting from the
hydration reaction of slag. A noticeable increasing tendency of amor-
phous content is observed with W/P and blaine of calcite, and it shows
the decreasing trend with calcite content for a specific curing age which
is similar to the reaction degree of slag (section 3.1).

The precipitation of ettringite exhibits a rapid increment until about
one day, and then it remains unchanged with curing period in all the
conditions (refer Fig. 4 and Fig. 5). This is because, ettringite forms until
the depletion of gypsum (CaSO4.2H,0) i.e., formation of ettringite is
correlated with the initial sulfate content as detailed in Eq. 2 [41].
Generally, the formed ettringite is converted as monosulfate in the
absence of calcite or lime (see Eq. 3). On the other hand, the formation of
monosulfate is terminated due to the presence of calcite and formed as
carboaluminate phases as shown in Eq. 1. However, the monosulphate
or carboaluminate phases start to form after the deplition of sulphate, i.
e., after the complete formation of ettringite [36,41]. As a result, the
formation of hemicarboaluminate initiates approximately after 1 day of
hydration period in the experimental results, which is exactly captured
in the proposed model as well. The amount of portlandite is observed to
remain constant throughout the curing period. Because portlandite
eventhough contributes to the pozzolanic reaction of slag which leads to
the reduction of portlandite, newly formed porlandite during the hy-
dration reaction reimburses the portlandite reduction. Accordingly, the
portlandite content obtained from the model and experimental results
shows a constant value for specific condition from early age to 91 days of
hydration period (see Fig. 4 and Fig. 5).

3Ca0.AL 05 +3(CaS04.2H,0) + 26H,0—3Ca0.Al,05.3CaS04.32H,0
(2)

Following the successful verification of the amended model with
experimental results of the hydrated matrix for slag-calcite system, the
volume fraction of the hydrated matrix with curing age were predicted
from the proposed model and it is depicted in Fig. 6 and Fig. 7 for high
and low W/P ratio respectively. Here, C—S—H, ettringite, hemi-
carboalminate, hydrotalcite, portlandite and gypsum are considered as
the hydration products of slag-calcite mixture. It has been verified in the
previous studies that the C—S—H tends to form in two distinct structures
such as low-density C—S—H (LD C—S—H) and high-density C—S—H
(HD C—S—H) [55,56]. The LD C—S—H initiates to form the outer sur-
face of the raw material at the initial stage of the reaction process, and
with the progression of hydration reaction, the LD C—S—H fully covers
the raw material. Afterwards, the new HD C—S—H forms within the
space confined by the LD C—S—H due to the diffusion of ions through
the previously formed LD C—S—H. These abovementioned two types of
C—S—H are formed with different characteristics such as density and
porosity. Therefore, in the proposed model, the formation of two types
of C—S—H is realistically considered to simulate the actual hydration
behaviour of the hydrated matrix. The Ca/Si ratio of C—S—H decreases
with slag replacement ratio which can be attributed to low Ca content in
slag and low reactivity of slag compared to that of OPC [19,57-59]. The
Ca/Si for the slag replacement range of 0 % to 100 % is reported between
1.7 and 1.1 in the earlier studies [58,60]. However, in the presence of
limestone or calcite, the formation of C—S—H exhibits higher Ca/Si
ratio than the slag mixture due to the additional amount Ca from the
dissolution of calcite or limestone [34,42]. Therefore, the Ca/Si for the
cement free mixture (slag and calcite) is reliably considered as 1.5 which
is higher than pure slag and lower than pure OPC mixture. The densities
for LD and HD C—S—H for the Ca/Si ratio of 1.5 are taken as 1.4 g/cm>
and 1.7 g/cm® with the gel porosity value of 0.36 and 0.26, respectively,
based on the findings reported in our previous work for high volume fly
ash binder [61]. The reaction degree for each mixture obtained from the
selective dissolution experiment (see section 3.1) is inputted in the
proposed model to compute the dissolution rate of slag with curing
period, as reaction degree of slag may vary with chemical composition
and the activation method [20,62]. The shrinkage due to the molar
volume difference between reactant and product referred as chemical
shrinkage for slag is considered as 0.3 mL/g of reacted slag for the
calculation of volume fraction of the hydrated matrix.

As illustrated in Fig. 6 and Fig. 7, the unreacted slag and capillary
porosity of the matrix decrease with curing period as the hydration re-
action is taken place between the raw material and water which shows
an upsurge in hydration products. For a specific W/P ratio, reaction
products decrease with increasing the calcite content. Even though the
slag reaction degree increases with calcite addition, slag content for the
hydration reaction reduces, and also the reaction degree of calcite is
very low. As a result, considerably low amount of hydrates form in 70 %
calcite mixture compared to 45 % calcite system in both W/P pastes.
When comparing the formation of LD and HD C—S—H in low and high

2(3Ca0.AL05) + 3Ca0.AL,05.3CaS0,.32H,0 + 4H,0~3(3Ca0.Al,05.CaS0,.12H, 0) 3)
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Fig. 4. The comparison between predicted hydrates with the experimental results for the high W/P ratio samples.

Predicted Results
- =Calcite
—3Slag
—Amorphous
—Ettringite
= =Hemicarboaluminate
— —Portlandite
Experimental results
Calcite
Slag
Amorphous
Ettringite
Hemicarboaluminate
Portlandite

<
A
A
A
<
<

Predicted Results
- =Calcite
—3Slag
—Amorphous
—Ettringite
— =Hemicarboaluminate
— —Portlandite
Experimental results
¢ Calcite
A Slag
A Amorphous
A
<
<

Ettringite
Hemicarboaluminate
Portlandite

Predicted Results
- =Calcite
—Slag
—Amorphous
—Ettringite
— =Hemicarboaluminate
— =Portlandite
Experimental results
Calcite
Slag
Amorphous
Ettringite
Hemicarboaluminate
Portlandite

<
A
A
A
<
<



C. Lietal Construction and Building Materials 361 (2022) 129629

A (A) Ccd5-F-0.305 Predicted Results

- =Calcite

—3Slag
—Amorphous
—Ettringite

— —Hemicarboaluminate
- —Portlandite
Experimental results
Calcite

Slag

Amorphous
Ettringite
Hemicarboaluminate
Portlandite

<
A
A
A
<
<

10
Age (Days)

(B) Cc45-C-0.305 Predicted Results
A = - .

— —Calcite

—Slag
—Amorphous
—Ettringite

— —Hemicarboaluminate
— —Portlandite
Experimental results
Calcite

Slag

Amorphous
Ettringite
Hemicarboaluminate
Portlandite

N
o
L

—mpm=f----

<
A
A
A
<
<

Predicted Results
< ,
60 - 4 N4 © s QO - —Calcite
)
X —Slag
- 50 - — Amorphous
= (C) Cc70-F-0.36 —Ettringite
D 40 A — —Hemicarboaluminate
é 30 4 A - —Portlandite
Experimental results
20 - A A A ¢ Calcite
A Slag
10 - A A A A A Amorphous
~ ——> -0 @ A Ettringite
0 = SR LK -CK S © Hemicarboaluminate
0.1 10 100 ¢ Portlandite
Age (Days)
Fig. 5. The comparison between predicted hydrates with the experimental results for the low W/P ratio samples.
W/P ratios, the volume fraction of LD C—S—H increases with W/P ratio. the constricted area at later stage more slowly [63]. The available space

The formation tendency of HD C—S—H shows contrary behaviour to the for the precipitation of LD C—S—H tends to increase with W/P ratio,
LD C—S—H. Because the LD C—S—H forms in the space occupied by leading to the more formation of LD C—S—H in high W/P paste
water during the early stage, and the HD C—S—H begins to develop in compared to that of low W/P binder. The total volume reduction by
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Fig. 6. Mineral assemblage of hydrated slag-calcite system with hydration period for high W/P ratio.

chemical reaction (chemical shrinkage) increases with hydration period between the reactants and products. Moreover, the slag content of the
and decreases with increasing of W/P ratio and calcite content. With the total mixture (water, calcite and slag) decreases with W/P ratio and
increasing hydration period, slag reaction degree increases i.e., reacted calcite content which leads to reduce the volume fraction of chemical
amount of slag increases due to the hydration reaction, as a result, it shrinkage in high W/P and calcite paste.

upsurges the volume reduction due to the molar volume differences

10
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4.4. Porosity and pore structure

The experimental results of porosity by MIP method and the pre-
dicted results from the proposed model as a function of curing period for
all systems are demonstrated in Fig. 8. The capillary porosity obtained
from the developed model corresponds to the difference between the

11

initial volume fraction (water and raw material) and the volume fraction
after the hydration reaction (unreacted material, hydration products
and chemical shrinkage) at the desired curing period. The porosity
measured by MIP covers the pore diameter ranging from 3 nm to hun-
dreds of pm, which partially includes the C—S—H gel pores as the pore
size less than 10 nm, is generally considered as gel pores inside the
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Fig. 8. Comparison between experimental results and predicted results

C—S—H matrix [64,65]. Therefore, the MIP results compared herein is
the summation of predicted results of capillary porosity and gel porosity
of the LD C—S—H matrix since the LD C—S—H consists of large pores
than the HD C—S—H [4]. As described in Fig. 8, the predicted porosity
shows an excellent agreement with the measured values for all the
mixtures. It is evident that the computed results deviate only a
maximum of 6 % compared to the experimental results.

The initial mixture porosity is high, and with the progression of
hydration reaction, the pore space occupied by water is employed by
hydration products. Thus, the porosity of the matrix reduces with hy-
dration period (Fig. 8) which is consistent with generally accepted
concepts of hydration process. The composite having high amount of
calcite (70 %) reveals more pore space than that of the mixture with 45
% of calcite for both high and low W/P binder. Similar phenomenon of
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for the porosity of (A) High W/P samples; (B) Low W/P samples.

the porosity is reported for the replacement percentage of limestone in
numerous previous studies [66,67]. When increasing the calcite sub-
stitution percentage, the amount of unreacted material also increases in
the mixture as the reactivity of the calcite is very low. As a result, the
amount of hydration products to fill the pore space decreases due to the
low amount of slag, leading to the more pore space in the 70 % calcite
mixture. In high W/P binder, the porosity decreases with increasing
specific surface area of the calcite. This should be mirrored by a sig-
nificant increase in the reaction degree of slag as shown in Fig. 1.
However, in the low W/P mixture, the effect of specific surface area of
calcite can only be seen during the initial stage (up to 10 days) and af-
terwards, both calcite mixtures (Cc45-C-0.305 and Cc45-F-0.305) show
almost similar porosity values which is exactly reflected in the slag re-
action degree for low W/P paste (see Fig. 1(B)). As mentioned earlier,
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the effective W/P ratio decreases with specific surface area of calcite in
W/P of 0.305 due to the more surface area to be coated with water. As a
result, the required water for the hydration reaction reduces, leading to
almost similar reaction degree and porosity for 45 % of both fine and
coarse calcite in low W/P binders in later age. Besides, the predicted and
experimental results clearly demonstrate that increasing the W/P of the
system displays in increasing porosity of the matrix, as high W/P paste
has more water between unhydrated particles due to the high-water
content.

The pore size distribution measured by MIP for different W/P, calcite
content, specific surface area of calcite and curing period are presented
in Fig. 9. The composites with high W/P samples systematically have
higher pore size distribution than the low W/P samples. For instance, the
mixtures with W/P of 0.6 shows the pore diameter ranging from 4 nm to
1000 nm after 7 days of hydration period (Fig. 9(A)), whereas it is only
up to 100 nm for the binders with low W/P ratio ((Fig. 9(C))). It is
generally considered that the space between the unhydrated particles
(pore space) is controlled by the inter-granular spacing at the setting
time [68,69]. Therefore, large pore diameters are generated in high W/P
due to the high volume of the mixture. This inter-granular space is
subdivided or reduced due to the formation of products during the hy-
dration reaction, hence the pore size distribution has shifted to the left
side, as pores are becoming finer with an increasing of hydration period
as detailed in Fig. 9. When increasing the calcite content, the pore space
becomes larger which might be attributed to the poor pore space
refinement in the high calcite content — due to the low amount of slag in
the mixture and very low calcite reaction rate which leads to the reduced
amount of hydration products. However, the samples Cc45-F-0.6 and
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Cc70-F-0.6 show almost similar pore size distribution after 7 days of
curing period which may be an uncertainty in the experimental results.
Moreover, fine calcite addition samples have large number of smaller
pores compared to coarse calcite addition samples due to the filler effect
of fine calcite particles in the large pores of the mixture.

5. Conclusions

The presented work revealed the effect of calcite content, fineness of
calcite and W/P ratio on hydration behavior, hydrate phases and
porosity in cement-free BFS system. The comprehensive investigation of
the BFS-calcite mixture during the hydration reaction was undertaken
with two different calcite contents (45 % and 70 %), calcite fineness
(coarse and fine) and W/P ratios (low and high) based on the numerous
experimental techniques. The determined experimental results were
used to check the predictability of the developed model in terms of
hydration products and porosity as a function of curing period. The
subsequent conclusions can be drawn based on the results:

1. The reaction degree of slag in the absence of cement was mainly
enhanced by W/P ratio, calcite content and specific surface area of
the calcite for a specific condition. However, the effect of fineness of
filler on the hydration reaction was not considerably observed in the
selective dissolution experimental analysis for low W/P binder,
owing to the low amount of available water for the hydration
reaction.

2. The characterization experimental analyses confirmed that the
ettringite and hemicarboaluminate are the main crystalline
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Fig. 9. Pore size distribution of slag-calcite mixtures by MIP experiment as a function of pore diameter after curing for 7 and 28 days.
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hydration products of BFS-calcite hardened matrix, and the forma-
tion of monocarboalumate or destabilization of ettringite was not
observed in any samples due to the presence of calcium carbonate.

. It is notable that the predicted hydration products and porosity as a

function of hydration period from the proposed model for the
cementless binder showed excellent agreement with experimental
results for all the binder compositions.

. The porosity of the hardened matrix decreases with curing period

and fineness of calcite as slag reaction degree increases with hy-
dration time. The reaction rate is promoted by high specific surface
area of the filler content. On the other hand, when increasing the
calcite content and W/P ratio, it generates to increase the pore space
of the matrix. Because, even though the reaction degree of slag in-
creases with calcite content, the amount of the slag for the reaction
decreases, which leads to the increased amount of unreacted mate-
rial with more pore spaces in the mixture.
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