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Abstract: This study explores the combined effect of NaCl and gypsum on the strength of the
CaO-activated ground-granulated blast furnace slag (GGBFS) binder system. In the CaO-activated
GGBFS system, the incorporation of NaCl without gypsum did not improve the strength of the system.
However, with the presence of gypsum, the use of NaCl yielded significantly greater strength than the
use of either gypsum or NaCl alone. The presence of NaCl largely increases the solubility of gypsum
in a solution, leading to a higher concentration of sulfate ions, which is essential for generating more
and faster formations of ettringite in a fresh mixture of paste. The significant strength enhancement
of gypsum was likely due to the accelerated and increased formation of ettringite, accompanied by
more efficient filling of pores in the system.
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1. Introduction

Ground-granulated blast furnace slag (GGBFS) is an industrial waste byproduct generated in
the steel manufacturing industry. Extensive investigations have examined the use of GGBFS as a
construction material to replace Portland cement for concrete production; in particular, numerous
studies have focused on utilizing GGBFS as a precursor material in producing cementless binders [1–8].

Sodium-based alkaline activators (e.g., NaOH, Na-silicate) have been widely used to activate
the binding properties of GGBFS to produce strong cementless binders for construction purposes
(e.g., alkali-activated slag) [5,9,10]; however, because these activators are significantly more expensive
than Portland cement, alkali-activated GGBFS binders are not commonly used in construction sites.
Furthermore, alkaline activators are not safe for workers due to their high pH levels (>14) resulting in
high toxicity [11].

Recently, calcium-based activators (e.g., Ca(OH)2, CaO) have been reported for their use of
activating GGBFS because these activators are less expensive and have less alkaline than sodium-based
activators [6,11–13]. In the manufacturing process of commercial GGBFS, sulfate sources (e.g., gypsum
(CaSO4·2H2O), anhydrite (CaSO4)) are often incorporated to improve grinding efficiency and satisfy
the required national standards of chemical composition for industrial uses [14]. When gypsum is
present, CaO activation produces significantly higher strength when activating GGBFS, mainly due
to the formation of ettringite (Ca6Al2(SO4)3(OH)12·26H2O) [12]; Thus, the solubility of gypsum is an
important factor in increasing the strength of the CaO-activated GGBFS system.
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The use of sodium chloride (NaCl) in cementless binder systems may also affect strength
development; For instance, Bellman et al. [1], reported that the addition of NaCl notably increased the
compressive strength of activated GGBFS with calcium hydroxide (Ca(OH)2) and calcium carbonate
(CaCO3). Further, in alkali-activated GGBFS, the addition of NaCl changed strength development and
setting time, which is defined as the measured amount of time it takes for a freshly mixed paste to
solidify [10].

Most previous studies have looked at chlorides and sulfates as aggressive environmental agents,
focusing primarily on the durability issues of cementitious materials (e.g., chloride binding capacity,
embedded steel corrosion, or sulfate attack) [15–23] rather than their effects as additives.

Thus, this study investigated the influences of adding NaCl to the CaO-activated GGBFS system on
strength development and the dependence of strength enhancement effect on the presence of gypsum
in the system. However, the significance of chloride-induced corrosion is not specifically considered
because this study was a preliminary study to develop cementless binders for manufacturing blocks or
bricks, which do not contain any steel.

To this end, compressive strength testing, powder X-ray diffraction (XRD), thermogravimetry
(TG), and mercury intrusion porosimetry (MIP) were conducted.

2. Materials and Methods

A commercial GGBFS with no gypsum was purchased in the Republic of Korea. The chemical
composition of the GGBFS is presented in Table 1, and was obtained using X-ray florescence (XRF).
The particle size distributions of the GGBFS were measured using a laser diffraction particle size
analyzer (HELOS (HI199), and RODOS, Sympatec, Clausthal-Zellerfeld, Germany), as shown in
Figure 1.

Table 1. Chemical composition of ground-granulated blast furnace slag (GGBFS) (wt %).

Formula CaO SiO2 Al2O3 MgO SO3 TiO2 K2O Fe2O3 Na2O MnO

Oxide content 44.3 34.3 14.3 3.3 1.4 0.7 0.6 0.5 0.3 0.3
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Figure 1. Particle size distribution of ground-granulated blast furnace slag (GGBFS).

The mixture proportions of paste samples are shown in Table 2. The following chemicals used
in this study were of analytical grades: CaO (Daejung Chemicals, Siheung, Korea), NaCL (Duksan
Chemicals, Ansan, Korea), and gypsum (CaSO4·2H2O, Sigma Aldrich, St. Louis, MO, US). CaO was
used as the main activator for the GGBFS to achieve a binding property, while NaCl and gypsum were
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incorporated as replacements for the GGBFS. The water-to-binder weight ratio (wt %/wt %) was set at
0.35 for all mixture samples.

Table 2. Mixture proportions of paste samples (wt %).

Sample Label
Binder

Water
GGBFS CaO NaCl Gypsum

Ca-N0-G0
(Control) 95 5 0 0 35

Ca-N0-G5 90 5 0 5 35
Ca-N1-G0 94 5 1 0 35
Ca-N1-G5 89 5 1 5 35

The solubilities of gypsum and Ca(OH)2, which is a hydrated form of CaO, are 15.13 and
19.76 mmol/kg·H2O, respectively, in pure water at 25 ◦C; when 1 g of NaCl is present in 35 g of water at
25 ◦C, the solubilities of gypsum and Ca(OH)2 increase to 15.13–39.44 and 27.18–29.11 mmol/kg·H2O,
respectively [24,25]. Thus, as in this study, the addition of NaCl is likely to make gypsum and CaO
more soluble.

All binder components (GGBFS, CaO, NaCl, and gypsum) were dry-mixed and then mixed
further with water. For compressive strength testing, ASTM C 109 [26] requires the use of two or
three identical samples; however, in this study, six identical paste samples were prepared for each
proportion of the mixture using 5 × 5 × 5 cm cubic molds to ensure the reliability of the strength
testing results. For MIP testing, the pastes were cast in cylindrical samples (φ 2.54 × 2.54 cm). All cast
paste samples were cured in a humidity chamber at 23 ◦C with a relative humidity above 99% for all
curing periods. For the TG and XRD tests, fractured samples were collected after compressive strength
tests and finely ground. The MIP test may cause significant deviations from actual pore structures due
to microstructural damage by non-wetting liquid (i.e., mercury) [27], and/or the ink-bottle effect [28].
However, despite the drawbacks, the MIP test is still widely accepted for evaluating microstructural
changes of hardened cementitious pastes due to compositional changes, similar to those in this study,
when samples are prepared with proper sizes and drying conditions are satisfied [29–31]. For the MIP
test, cylindrical samples were cut into cubic samples with dimensions of 5 × 5 × 5 mm. All prepared
samples were immersed in isopropanol for 24 h to prevent any further reaction and then dried out in a
vacuum desiccator before instrumental testing.

To consider the effect of (1) NaCl content, (2) gypsum content, and (3) gypsum–NaCl interaction
on strength, p-values were calculated through the F-test of the analysis of variance (ANOVA) [32].
Note that the p-value is a significance level of the null hypothesis. First, it is assumed that a chosen
factor is not influential. When a calculated p-value for the chosen factor is lower than 0.05, the null
hypothesis is considered false at a 95% confidence level.

Powder XRD patterns for raw GGBFS and hardened samples were collected using a high-power
X-ray diffractometer (D/MAX 2500V/PC, Rigaku, Tokyo, Japan) with Cu-Kα radiation (λ = 1.5418 Å)
from 5◦ to 60◦ in 2θ degree intervals. The XRD patterns were analyzed using the International Center for
Diffraction Data (ICDD) PDF-2 database [33] and the Inorganic Crystal Structure Database (ICSD) [34].
TG data were measured using a simultaneous thermal analyzer (SDT Q600, TA Instruments,
New Castle, DE, USA), beginning at room temperature and increasing to 1000 ◦C at a heating rate of
10 ◦C/min in a N2 condition using an alumina pan. For more precise analysis, the XRD and TG tests
were performed for two identical samples of each sample mixture.

Pore size distributions for the hardened samples were estimated using a mercury porosimeter
(Autopore IV, Micrometrics, Atlanta, GA, USA).
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3. Results and Discussion

3.1. Compressive Strength

The compressive strength test results of all hardened paste samples are provided in Figure 2.
Each strength result shows an averaged value obtained from six identical samples.

A previous study [12], reported that the use of gypsum significantly increased the strength of
CaO-activated GGBFS. Similarly, in this study, the 5 wt % of gypsum incorporation (Ca-N0-G5 in
Table 2) significantly increased the strength, which is consistent with the previous study.

When NaCl was used without gypsum (Ca-N1-G0), when compared to the mixture without
NaCl or gypsum (Ca-N0-G0), no strength improvement was achieved at 7 days, and the strength was
even lower at 28 days. However, the sample with both NaCl and gypsum (Ca-N1-G5) demonstrated
noticeably higher strength results than Ca-N0-G5 at 7 and 28 days. This shows that the use of NaCl
was only beneficial in improving strength when paired with gypsum in this study.

It is worth noting that the beneficial effect of NaCl combined with gypsum on strength seems to
have mostly occurred before 7 days. This is evidenced by the fact that most of the strength gains of
Ca-N0-G5 and Ca-N1-G5 were obtained before 7 days.
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Figure 2. Compressive strengths of hardened paste samples. The error bars indicate standard deviations.

3.2. ANOVA Analysis

The p-value for each factor (i.e., NaCl content, gypsum content, and gypsum–NaCl interaction)
was calculated by the F-test of the ANOVA as shown in Table 3. The p-values of the gypsum content
and the gypsum–NaCl interaction were smaller than 0.05 at all days, implying that these factors were
significantly influential on strength at all days. However, the p-value of the NaCl content became
larger than 0.05 at 28 days, unlike at 7 days, which indicates that the influence of the NaCl content on
strength was significant at 7 days, but was largely decreased at 28 days.

Table 3. p-values for the compressive strengths of hardened paste samples.

Factor
p-Value

7 Days 28 Days

NaCl content 0.000461 0.2349
Gypsum content <0.00001 <0.00001

Gypsum–NaCl interaction 0.00014 0.00082
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3.3. Powder X-Ray Diffraction (XRD)

The XRD patterns of hardened samples are presented in Figure 3, along with the reference patterns
of identified phases. Table 4 shows the list of reaction products generated in each sample.Appl. Sci. 2018, 8, x FOR PEER REVIEW  5 of 12 
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from an earlier study after removing the peaks of Ca(OH)2 [35]. The numbers in parentheses indicate
the International Center for Diffraction Data (ICDD) and Inorganic Crystal Structure Database (ICSD)
reference numbers for the identified phases.

Table 4. Identified reaction products of hardened paste samples (O: Formation, X: No formation).

Sample Label
Reaction Products

C-S-H Hydrotalcite Ca(OH)2 Ettringite Hydrocalumite

Ca-N0-G0 (Control) O O O X X
Ca-N1-G0 O X O X O
Ca-N0-G5 O X O O X
Ca-N1-G5 O X O O O
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All hardened samples produced calcium silicate hydrate (C-S-H) and calcium hydroxide
(Ca(OH)2).

In the sample that did not have NaCl or gypsum (Ca-N0-G0), weak peaks of hydrotalcite
(Mg6Al2CO3(OH)16·4H2O) were identified. Hydrotalcite has often been found in alkali- or
CaO-activated GGBFS pastes and in blends of Portland cement with GGBFS [2,6,12,13,36]. Hydrotalcite
belongs to layered double hydroxides (LDHs), which consist of a family of minerals with the general
formula of [MII

1−xMIII
x(OH)2]x+[An−

x/n] x−·yH2O, where An− = n-valent anion, MII = divalent cations,
and MIII = trivalent cations, and they are closely related to brucite (Mg(OH)2) in their basic structure.

When NaCl and/or gypsum were incorporated in this study, hydrotalcite was mostly removed,
and the use of NaCl (Ca-N1-G0) yielded hydrocalumite ((Ca2Al(OH)6(Cl1−x(OH)x)·3(H2O), x = 0–1,
Al2O3-Fe2O3-mono (AFm) [7], phase)), while the incorporation of gypsum (Ca-N0-G5) produced
ettringite (Ca6Al2(SO4)3(OH)12·26H2O), which is known as a strength enhancing material by filling
pores [12,37]. These reaction products have often been observed in earlier studies of construction
binders containing chloride [13,38–40] or sulfate sources [12,41,42].

The use of CaCl2 has been reported to produce hydrocalumite and result in strength improvement
of fly ash and lime-slag blend binders due to pore size refinement [3,40,43]. Although the use of NaCl
in this study also generated hydrocalumite, it was not effective in increasing strength when added
without gypsum.

When NaCl and gypsum were present together (Ca-N1-G5), hydrocalumite and ettringite were
simultaneously formed. However, no other types of new reaction products were identified, contrary to
the results of cases with only NaCl or gypsum added. Previous studies have reported that hydrotalcite
has a significant capacity for chloride binding [36,44–46] and ion-exchange for SO4

2− [47], indicating
that the removal of hydrotalcite was likely due to the presence of NaCl and/or gypsum in the
corresponding samples.

3.4. Thermogravimetric (TG) Analysis

The TG plots and their differential thermogravimetry (DTG) curves are shown with the identified
decomposed phases in Figure 4. In this study, the results of XRD and TG tests showed complexity and
inconsistency at all days as follows: (1) The XRD peaks of hydrocalumite in Ca-N1-G0 were much
greater than those in Ca-N1-G5, while their DTG peaks were very similar at around 250–400 ◦C; (2) the
XRD peaks of ettringite exhibited similar intensities in Ca-N0-G5 and Ca-N1-G5, while the DTG peak
of ettringite near 80 ◦C in Ca-N0-G5 was smaller than that of Ca-N1-G5. These discrepancies were
confirmed, as the XRD and TG were measured twice for two identical samples of each mixture at
all days.

In addition, when comparing the results of the DTG of TG plots between 7 and 28 days, the weight
losses at 7 days were generally higher than those at 28 days. This is abnormal, because as the curing
process progresses more weight accumulates for reaction products, which are generally thermally
decomposable. However, as stated earlier, the TG/DTG was conducted for duplicate samples
of each mixture at each day of curing, and their results showed consistency between duplicate
samples, indicating that this discrepancy in the TG/DTG data between 7 and 28 days was more
likely due to a change in the sample preparation process between these days that went unnoticed.
For instance, ettringite is highly sensitive to any change in drying conditions during preparation [48–50].
Nonetheless, as the detecting resolution of XRD appeared relatively lower than TG in this study,
the analysis of TG/DTG was mainly used to examine reaction product quantities for each day of
curing and the results showed adequate consistency between the samples with the same curing days.

The results of phase identification in DTG were fairly consistent with the results of XRD at each
day of curing. Dehydration of C-S-H [51,52] and ettringite [7,52,53] were identified at 0–200 ◦C in
DTG. Song et al. [53] reported that ettringite was completely removed at 60 ◦C and the dehydration of
C-S-H started from 100 ◦C in the Ca(OH)2-activated GGBFS system, which is a similar binder system
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to that of this study. Thus, although the decomposition temperature ranges of ettringite and C-S-H
were closely spaced, they are sufficiently distinguishable for reliable interpretation.Appl. Sci. 2018, 8, x FOR PEER REVIEW  7 of 12 
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Figure 4. Thermogravimetry (TG) and differential thermogravimetry (DTG) results of hardened
samples at (a) 7 and (b) 28 days.

The decomposition of hydrocalumite was identified in the following three temperature ranges:
25–250 ◦C, 250–400 ◦C, and around 800 ◦C [40,54]. Dehydration of Ca(OH)2 [53,55], was identified at
400–450 ◦C.

In the samples with NaCl and/or gypsum, several weight losses were observed, overlapped
with the weight loss of hydrocalumite near 800 ◦C, in the range of 600–900 ◦C. Given that no other



Appl. Sci. 2018, 8, 2515 8 of 13

crystalline phase besides ettringite or hydrocalumite was identified in the XRD analysis of these
samples, these additional weight losses were likely related to unknown types of amorphous phases.

In the 30–140 ◦C range in the TG test, when NaCl was used with gypsum, the use of NaCl
(Ca-N1-G5) observably increased the weight loss of ettringite when compared to that of the sample
with only gypsum (Ca-N0-G5) at all curing days. In general, ettringite mostly forms and contributes
to strength within three days of curing in cementitious binders with sulfate sources [8,12,37,56].
The presence of NaCl also increases the solubility of gypsum [24]. Thus, Figure 2 shows that because
the most strength improvement using NaCl with gypsum was obtained before 7 days, the use of NaCl
likely boosted the formation of ettringite by notably increasing the concentrations of calcium and
sulfate ions in the early days (i.e., before three days), which resulted in improving early strengths.

In addition, when comparing the weight losses of Ca(OH)2 for Ca-N0-G0 and Ca-N1-G0 at
around 430 ◦C, the use of NaCl clearly reduced the weight loss of Ca(OH)2 at all days. Note that the
presence of NaCl in the pore solution generally increases the solubility of Ca(OH)2 [57]. Thus, Ca(OH)2

in Ca-N1-G0 tended to exist in an ionic state and was used to form Ca-bearing reaction products;
for instance, in Figure 4a, Ca-N1-G0 showed more dehydration of C-S-H than Ca-N0-G0; although,
this difference nearly disappeared at 28 days. It is noteworthy that despite forming more C-S-H,
the strength of Ca-N1-G0 was not higher than that of Ca-N0-G0, which will be discussed further in
Section 3.5.

3.5. Mercury Intrusion Porosimetry (MIP)

The pore size distributions of hardened paste samples at 7 and 28 days are presented in Figure 5.
In hardened cementitious pastes, pores ranging from 0.01 to 1 µm are known as capillary pores,
and they are significantly detrimental to strength due to their angular pore shapes.

Larger sizes of capillary pores generally result in reduced strength, while strength tends to increase
as total porosity decreases, pore size distribution is more influential than the total porosity [7,8,58–60].
Given these conditions, the MIP results of this study elaborate on the compressive strength testing
results provided in Figure 2.

Park et al. [12], reported that the strength of CaO-activated slag was significantly improved
by adding gypsum mainly due to the effect of pore size refinement through substantial ettringite
formation, and the use of 10% gypsum achieved the greatest compressive strength. Similar result was
obtained in the Ca-N0-G5 samples of this study.

When no gypsum was present, at 7 days, the total porosity of Ca-N1-G0 was slightly smaller
than that of Ca-N0-G0, which is consistent with the observation that more C-S-H formed in Ca-N1-G0
than in Ca-N0-G0 at 7 days, as shown in the TG/DTG results. However, the use of NaCl did not
beneficially affect the pore size distribution for increasing strength at 7 days because, as shown in the
gray highlighted shades for Ca-N1-G0 in Figure 5a. Although relatively small pores were reduced,
larger sizes of pores increased when compared to that of Ca-N0-G0. At 28 days, while Ca-N1-G0
still contained a large portion of original big pores (ranging from 0.02 to 0.04 µm), the use of NaCl
hindered the refinement of pore sizes, which consists of the process of reducing total porosity and
overall pore size. Meanwhile, Ca-N1-G0 also experienced slight reduction of total porosity from 7 to
28 days. These observations are fairly consistent with their corresponding strength results.

When gypsum was present, the influence of NaCl showed a substantially positive influence on
pore size distribution. Although the average pore sizes of Ca-N0-G5 and Ca-N1-G5 were similar at
7 days, relatively large pores (indicated by the diagonal line pattern of Ca-N0-G5 in Figure 5a) were
removed in Ca-N1-G5 after adding NaCl in the presence of gypsum, exhibiting the greatest strength of
Ca-N1-G5 among all samples at 7 days.

At 28 days, although the difference in pore size distribution mostly disappeared between
Ca-N0-G5 and Ca-N1-G5, the Ca-N1-G5 still showed slightly smaller overall pore sizes than that
of Ca-N0-G5.
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4. Conclusions

This study investigated the influence of adding NaCl to a CaO-activated GGBFS system on
strength development, and its dependence on strength enhancement effects on the presence of gypsum
in the system. When gypsum was not present, adding NaCl exhibited either no effect or a negative
effect on increasing compressive strength, while introducing the inclusion of gypsum used with NaCl
allowed NaCl to observably increase the strength, particularly in early days of curing (i.e., before
7 days). The most significant contributor to this strength improvement was likely the increased
solubility of gypsum and Ca(OH)2 due to the presence of NaCl in a fresh mixture paste, leading to the
more efficient formation of ettringite accompanied by strength improvement in early days of curing.
Our conclusions are as follows:
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1. Considering that most strength gains of samples with gypsum were obtained by 7 days and the
7-day strength of Ca-N1-G5 was approximately 22% higher than that of Ca-N0-G5, the combined
effect of NaCl with gypsum on strength seems to have mostly occurred before three days.

2. In XRD and TG testing, the use of NaCl alone notably formed hydrocalumite, while the
incorporation of only gypsum clearly produced ettringite. When NaCl and gypsum were used
together, hydrocalumite and ettringite were simultaneously formed; however, no other type of
new reaction product was identified.

3. In TG/DTG testing, the use of NaCl likely boosted the formation of ettringite by notably
increasing the concentration of sulfate and calcium ions in early days (i.e., before 7 days),
resulting in the improvement of strength early in the process.

4. In MIP testing, the use of NaCl did not yield a beneficial influence on pore size distribution for
strength improvement at either 7 or 28 days when no gypsum was present. Rather, the use of
NaCl hindered pore size refinement from 7 to 28 days. These observations are fairly consistent
with their corresponding strength results. However, when gypsum was present, the use of NaCl
yielded a significantly advantageous influence on pore size distribution; in particular, at 7 days,
the addition of NaCl had removed relatively large pores, possibly due to the increased formation
of ettringite.
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