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ABSTRACT

CsA contents of Portland cement have a significant role in chloride ion binding in chloride-contaminated
environments. Cations released due to NaCl and CacCl: in chloride environments are the most common and
aggressive agents. In this research, various simulated pure C3A were made using calcium hydroxide and
aluminum hydroxide, including 5%, 8%, 10%, and 12%. Moreover, the different concentrations of sodium and
calcium cations in NaCl and CaCl: in the simulated Portland cement paste were added the bonding
performances were investigated. X-ray diffraction (XRD) of prepared CsA samples identified for major phases
of specimens. Thermo-gravimetry analysis (TGA) was used to quantify the simulated CsA. Standard test
methods, including ASTM C1152 and ASTM C1218, were utilized to measure the acid-soluble and water-
soluble chloride in prepared specimens, respectively. The results showed that the amount of acid-soluble and
water-soluble chloride for NaCl and CacCl: cations decreased with an increase of the C3A, which indicates a
better chloride ion binding potential. Moreover, it was concluded that CaCl: cations have more chloride binding
capacity than NaCl. For calcium cations in CaClz, the increase of C3A is distinguished in water-soluble chloride
in comparison with NaCl cations. Then, in areas contaminated with NaCl ions, it is recommendable to use
more CsA content in the Portland cement.
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1. INTRODUCTION

worldwide  deterioration  mechanisms  for

reinforced concrete structures. Concentrations of
chloride ions in sufficient amounts are considered essential
parameters for inert ferric oxide film around the steel
reinforcement, which typically inhibits the steel from
corrosion in the alkaline environment of dense concrete [1-
2]. Specifications usually express corrosion hazards in
terms of total chloride in concrete as a percentage of
cement content. However, a significant portion of the total
chloride is chemically synthesized or adsorbed by solid
cement hydrates [3]. Such chlorides attached to solid
hydration products of cement are non-corrosive and do not

C hloride-induced steel corrosion is one of the major
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pose a risk of corrosion. It is the concentration of the
indirect chloride fraction that dissolves in the liquid phase
of the concrete and causes it to decompose due to its ability
to destroy the protective film and the corrosion process of
the steel. Due to this situation, the distribution of chloride
ions between the solution phase of aqueous pores and solid
hydration products of cement pastes is of great importance
from the point of view of starting and spreading the risk of
corrosion for reinforcements embedded in chloride
concrete [4-5]. The existence of water-soluble chloride in
cement mixtures, such as concrete and mortar, can cause
corrosion of reinforcements. The chloride ion comes into
a chemical reaction with the CsA phase and produces
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chloroaluminate [6]. The chloride ions ingress or are
involved in concrete in two major types: (i) internal
chlorides (i.e. chlorides present at the time of mixing); and
(ii) external chlorides (i.e. chlorides derived from an
external source such as seawater or deicing salts). In
addition, the chloride cations that come from NacCl, CaCly,
KCI, and salts have a significant effect on the amount and
intensity of reinforcing steel corrosion [7-8]. According to
the conducted studies, the type of chloride cations is
effective in reinforcement corrosion. CaCl,, NaCl is the
most common aggressive salts exposed to concrete
structures. The results of the researches showed that
corrosion intensity is remarkably subject to cation types
[7-9]. Also, it has been shown that the total porosity and
chloride concentration in pores solution or pH are not
factors controlling corrosion intensity, because they were
the same in all samples of the study. The difference is in
electrical resistivity of a factor of difference against
corrosion intensity. Whereas electrical resistivity is subject
to the size distribution of mortar pores, change in cations
brings about change in the size distribution of pores.
Meanwhile, according to the results of the studies
conducted in this regard, NaCl decreases pores sizes, and
concrete porosity is, therefore, subject to concrete mixture
type and cations [10-11]. In 2018, Cheng et al. studied the
bonding capacity of a type of coal gangue at the initial
phase of hydration, and they found that the ability to bind

of Ca/Si and Si/Al [12]. In 2020, Chunyu Qiao
investigated the binding capacity of Portland cement paste
containing fly ash exposed to CaCl; solution. They found
that the addition of fly ash contributed to the chloride
binding capacity of the cement paste. The binding capacity
increased at the beginning of the paste hydration and then
decreased with the formation of the CSH phase, which is
due to the change in the pH of the cement paste
environment [13]. In 2013, Xu et al. investigated the
binding of chloride added to blended cement in sulfate
exposure conditions. The results showed that after the
sulfate attack, Friedel's salt was converted to Ettringite,
which helps release bonded chlorides. In their studies, they
introduced the CI-/OH- index in the effect of cement-
containing blast furnace slag on chloride binding capacity
[14]. In addition, the amount of bonded chloride in cement
containing limestone, metakaolin, and other mineral
admixtures has been investigated [15-17]. In 2010,
Cheewaket et al. also investigated the effects of long-term
performance of fly-ash contained concretes on chloride
binding capacity in marine environments [18]. Zunino and
Scrivener studied the influencing factors related to the
sulfate balance in pure phase C3S/C3A systems via
various C3A contents added to the simulated Portland
cement paste. Then different concentrations of NaCl and
CaCl2 cations were measured, and then the influence of
these cations on the binding capacity was assessed [19].

increased and then decreased with increasing molar ratios

2. MATERIALS AND METHODS

2.1. C3A PREPARATION

2.1.1. Liquefaction Assessment Based on Energy Method

Based on the Phase diagram of the CaO-Al;O3; system
depicted in Figure 1, pure C3A is made using calcium
hydroxide and aluminum hydroxide. Figure 2 shows the

laboratory furnace with a maximum temperature of 1800
°C for CsA preparation. Table 1 summarizes the C3A
sample's stoichiometric ratios and their properties.
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Figure 1. Equilibrium phase diagram for the CaO-Al,O3 system
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Figure 2. Laboratory furnace with a maximum temperature of 1800 °C for C3A preparation

Table 1. Properties of C3A samples

Sample Chemical Stoichiometric
code composition ratios
Al,O4 Ca0
M-1 Al(OH)s+Ca(OH), 3.73 6.27
M-2 Al(OH)s+Ca(OH), 3.73 6.27
M-3 Al(OH)3+Ca(OH), 3.78 6.22
Al-4 Al(OH)3+Ca(OH), 3.78 6.22
M-5 Al(OH)s+Ca(OH), 3.85 6.15
M-6 Al(OH)s+Ca(OH), 3.95 6.05
M-7 Al(OH)s+Ca(OH), 4.00 6.00
M-8 Al(OH)s+Ca(OH), 5.80 8.30
M-9 Al(OH)s+Ca(OH), 5.80 8.30

Figure 3 the XRD of prepared CsA samples, respectively.
As can be seen, XRD data identified the three major phases
of specimens as Tricalcium aluminate (CasAl>Og),
Mayenite (Cai2Al14033), and Calcium oxide (CaO). Figure
4 shows the thermo-gravimetry analysis (TGA) using
STA-449 C. Figure 5. compares TG curves of 9 samples
baked in the furnace by STA method with a maximum
applied temperature of 1350 °C, rate of temperature rise of
10 °C/min, and retaining at a final temperature of 2 min.
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Considering the data analysis of TG and XRD revealed
that the C3A (CasAl,Og) melts at the temperature of 1544
°C and forms a liquid phase. In 9 samples, based on TG
data, the first pick could be observed in the temperature
range of 454 to 420 °C related to Ca(OH),, which not
reacted and decomposed to CaO and H20O. Weight loss
calculated through TG temperature picks denotes thermal
decompositions. The results of Ca(OH), weight loss are
presented in Table 2.
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Figure 3. XRD of C3A samples
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Figure 4. TG analysis of CzA samples

Table 2. C3A weight loss due to Ca(OH)2 decomposition in TG analysis

Sample
M-1
Al-2
M-3
M-4
M-5
M-6
M-7
M-8
M-9

Weight loss (%)

4.15
3.24
7.64
6.55
6.21
6.81
184
0.27
0.62

Free CaO (%)
12.91
10.08
23.80
20.38
19.32
21.19
5.72
0.84
1.93

In Figure 5, TG curves for 9 samples were compared. As
seen, for samples completely cooked, the decomposition

period time of Ca(OH); is very short. As can be seen, the
TG curve of M-8 revealed the best behavior.
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Figure 5. Comparison of TG curves of 9 samples baked in the furnace by STA method

The second temperature peak could be seen at 697 °C to
754 °C, which is related to the thermal decomposition of
the AI(OH)s that did not react. The weight loss calculated
through the mentioned peaks related to the TG curve,
showed that the amounts of unreacted Al(OH)s are very
small. The third temperature peak, which was observed at
the temperature range of 973 °C to 984 °C, is related to the
formation of Mayenite with the formula of Ca12Al;O6. The
fourth temperature peak, which is observed at 1259 °C to

2.2. MATERIALS
Customized factory-made Portland cement with C;A < 0.5

% was utilized with the chemical composition of Table 3.
Four laboratory-made types of cement (denoted as MC1-
MC4) were produced with the addition of 5%, 8%, 10%,
and 12% of pure C3A were considered to study. Pure

1297 °C , is related to the formation of CsA with the
chemical formula of CazAl,0s. The formation of
Tricalcium aluminate, Mayenite and calcium oxide could
be confirmed by XRD analysis, as seen in Figure 3. In
summary, M-8 demonstrated a more suitable
stoichiometric ratio than other samples, and the baking
process was completed at 1350 °C. According to the
results, M-8 was considered in this study.

sodium chloride (NaCl) and calcium chloride (CaCl,), and
tap water were used in sample preparation. Table 4
summarizes the details of the prepared 28 model cement
samples

Table 3. Properties of utilized Portland cement

Compound/ Property

Calcium oxide (CaO)

Silica (Si0O,)

Alumina (Al,Os)

Iron oxide (Fe,0s)
Magnesium oxide (MgO)
Sodium oxide (Na,O)
Potassium oxide (K;0)
Sulfur trioxide (SO3)

Loss on ignition (975°C)

Tri calcium aluminate (C;A)
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Cement

66.20
22.18
2.50
4.80
2.4
0.23
0.13
1.35
0.65
<0.5
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Batches consisting of 1.5 kg of each of the cement paste specimens stored in a steam room for up to 24 hours, then
mixes shown in Table 4 were cast in cylindrical PVC de-molded and moist-cured for 28 days. Figure 7 shows
molds (49mm dia.x100mm long) and compacted by the potentiometer for chloride ion measurements.

vibration (Figure 6). The molds were sealed and the

Figure 7. Potentiometer for chloride ion measurement

Table 4. Detail of specimens

Sample ID Characteristics wiC NaCl (%) CaCl, (%)
C1 MC1 (Cement+5% pure CzA) 0.32 0 0
Cc2 0.5 0
C3 1.0 0
C4 2.0 0
C5 0 0.5
C6 0 1.0
Cc7 0 20
C8 MC2(Cement+8% pure CsA) 0.32 0 0
Cc9 0.5 0

C10 1.0 0

Cl1 20 0

C12 0 0.5

C13 0 1.0

Cl4 0 20
N
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C15 MC3 (Cement+10% pure CsA) 0.32 0 0
C16 0.5 0
C17 1.0 0
C18 2.0 0
C19 0 0.5
C20 0 1.0
c21 0 2.0
C22 MC4 (Cement+12% pure C;A) 0.32 0 0
C23 0.5 0
C24 1.0 0
C25 2.0 0
C26 0 0.5
c27 0 1.0
C28 0 2.0
3. RESULTS AND DISCUSSION
Standard test methods as per ASTM C1152 [20] and respectively. A potentiometer with an AgNOs; electrode
ASTM C1218 [21] were utilized to measure the acid- was used for measurements of chloride content in the
soluble and water-soluble chloride in prepared specimens, specimens. The results are summarized in Tables 5-8.
Table 5. Results of chloride measurements in samples with 5% of pure C3A
Sample Characteristics Chloride ion in added NaCl Chloride ion in added CaCl, Measured chloride ion with potentiometer
ID (%) (%) 0)
Acid soluble Water soluble
chloride chloride
c1l MC1l 0 0 0 0
C2 0.303 0 0.297 0.139
C3 0.607 0 0.598 0.271
c4 1.214 0 1.095 0.591
C5 0 0.320 0.298 0.111
C6 0 0.640 0.637 0.191
c7 0 1.279 1.102 0.448
Table 6. Results of chloride measurements in samples with 8% of pure CsA
Sample Characteristics Chloride ion in added NaCl Chloride ion in added CaCl, Measured chloride ion with potentiometer
ID (%) (%) (%)
Acid soluble Water soluble
chloride chloride
C8 MC2 0 0 0.001 0
C9 0.303 0 0.297 0.119
C10 0.607 0 0.598 0.656
Cl1 1.214 0 1.112 0.526
C12 0 0.320 0.297 0.108
C13 0 0.640 0.633 0.181
Cl4 0 1.279 1.178 0.399
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Table 7. Results of chloride measurements in samples with 10% of pure C3A

Sample Characteristics Chloride ion in added NaCl Chloride ion in added CaCl, Measured chloride ion with potentiometer
ID (%) (%) (%)
Acid soluble Water soluble
chloride chloride

C15 MC3 0 0 0 0

C16 0.303 0 0.296 0.104
C17 0.607 0 0.594 0.238
C18 1.214 0 1.193 0.471
C19 0 0.320 0.308 0.102
C20 0 0.640 0.635 0.129
C21 0 1.279 1.252 0.360

Table 8. Results of chloride measurements in samples with 12% of pure C3A

Sample Characteristics Chloride ion in added Chloride ion in added Measured chloride ion with
ID NaCl (%) CacCl, (%) potentiometer (%)
Acid soluble Water soluble
chloride chloride

C22 MC4 0 0 0 0

C23 0.303 0 0.289 0.094
C24 0.607 0 0.580 0.215
C25 1.214 0 1.196 0.454
C26 0 0.320 0.316 0.043
C27 0 0.640 0.618 0.108
C28 0 1.279 1.225 0.327

Produced cements (MC1-MC2) were qualified, and their 10 respectively.

chemical and physical properties presented in Tables 9 and

Table 9. Chemical properties of MCs

Compound/Property MC1 MC2 MC3 MC4
Silica (SiOy) 22.26 21.17 22.03 23.86
Alumina (Al,O3) 3.86 4.82 5.30 4.77
Iron oxide (Fe,0s) 4.03 3.62 3.43 0.63
Magnesium oxide (MgO) 3.18 291 1.02 2.48
Calcium oxide (CaO) 61.57 63.10 63.65 63.39
Sulfur trioxide (SOs) 2.86 2.57 2.57 2.09
Free CaO 0.39 0.45 1.00 0.87

CsS 41.62 47.08 43.84 37.82

C.S 32.44 26.72 30.09 39.82

C:A 342 6.65 8.24 11.57

C,AF 12.25 10.77 10.45 1.92

Lime saturation factor (LSF) 88.58 91.71 90.71 87.02
Silica modulus 2.82 2.57 2.52 4.42
Alumina modulus 0.96 1.33 1.54 7.57

Table 10. Physical properties of MCs

Property MC1 MC2 MC3 MC4
Specific surface, cm?/gr 3100 3277 3464 3270
Initial setting time, min 235 225 210 265
Final setting time, min 292 288 265 310
Loss on ignition (LOI) at 975°C 1.22 1.34 1.20 2.01
Sieve analysis of produced types of cement determined demonstrated in Figure 8. As seen, acceptable particle size
using laser particle size analyzer method and the results was found for all simulated cement.
I
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A microscopic study was conducted to determine the

formed oxide phase of simulated cement. The summary of

Type

MC1

MC2

MC3

MC4

The results obtained from the measurement of the chloride
in samples made of cement with pure C3A (5, 8, 10, and
12 percent) indicate that increase in cement CsA content
increases chloride bonds. Meanwhile, free chlorides and

Micrograph

Bound chlorides - %

Bound Chlorides - %

Table 11. Microscopic study of simulated cement

Composition Frequency, %
Alite 44-48
Belite 32-35
Alite 50-54
Belite 23-25
Alite 60-63
Belite 12-15
Alite 51-54
Belite 23-25
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Figure 9. Trend of increase in bound chlorides through increase in cement CsA content (samples made of Pure C3A and NaCl )
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this study is presented in Table 11.
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chloride bonds decrease through an increase in CsA.
Figure 9 and 10 show the trend of increase in chloride bond
through an increase in cement CszA content in samples
made with NaCl and CaCl,, respectively.

Figure 10. Trend of increase in bound chlorides through increase in cement CsA content (samples made of Pure C3A and CaCl, )

This paper studied the chloride binding of cement pastes
with different CsA contents when exposed to CaCl, and

NaCl solutions. The chloride binding of the cement pastes
exposed to CaCl,, and NaCl solutions can be divided into
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three parts: 1) the formation of Friedel’s salt; 2) the
formation of calcium oxychloride; 3) adsorption of CI-
ions by C-S-H. TGA was used to quantify the simulated
CsA. Standard test methods as per ASTM C1152 and
ASTM C1218 were utilized to measure the acid-soluble
and water-soluble chloride in prepared specimens,
respectively. The addition of C3A leads to a higher
amount of Friedel’s salt formed in the cement paste. The
chemistry of the materials can be used to estimate the
chloride binding associated with Friedel’s salt. In the case
of chloride ingress into the concrete or availability of
chloride-contaminated concrete material (like in
aggregates and cement), chloride ions could be found in

4. CONCLUSION

Based on the obtained results, the following conclusions
could be drowned: - The results showed that in cement
samples made with different percentages of C3A (5, 8,
10, and 12) with increasing the amount of C3A, the
chloride ions binding had been increased. - The amount
of acid-soluble and water-soluble chloride for NaCl and
CaCl2 cations decreased with an increase of the C3A,
indicating a better chloride ion binding potential. - For
cations of NaCl and CaCl2, at concentration levels, less

three states; free chlorides in pore solution, physically
absorbed or bonded with hydrated components, and CsA.
As known, from the viewpoint of corrosion processes, the
free chlorides have the governing effects. Chloride ions
bind with C3A and form Friedel's salt
(C3A.CaCl,.10H20). The chloride binding capacity of
cement, is strongly determined by the C3A of cement.
Water-soluble chlorides have no contributions to chloride
binding and are free in the pore solution. Acid-soluble
ones included the water-soluble chlorides and were bound
with the C3A component of cement. Generally, the
measurements of chlorides of concrete or paste include
the water-soluble ions and are bound with C;3A.

than about 1.3%, the changes in C3A are ignorable in
acid-soluble chloride. - For cations of CaCl2, the increase
of C3A is distinguished in water-soluble chloride in
comparison with NaCl cations. - CaCl2 cations have more
chloride binding capacity than NaCl ones, so in areas
contaminated with NaCl ions, it is recommendable to use
the more C3A content in the Portland cement.
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