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)e present work studies the influence of water-cement ratio and types of mixing water on the hydration process and mi-
crostructure of calcium sulphoaluminate (CSA) cement. Experimental tests on the setting time, physical properties, compressive
strength, chemical shrinkage, X-ray diffraction (XRD), and scanning electron microscopy (SEM) of CSA cement paste were
carried out.)e XRD analysis confirmed that the main hydration product is ettringite in both freshwater and seawater mixed CSA
cement with different w/c ratios. )e SEM analysis and physical properties test show that both low w/c ratio and seawater can
improve the microstructure of CSA cement. )e test results also find out that the high w/c ratio can accelerate the hydration
process, extend the setting time, lower the compressive strength, and increase the chemical shrinkage of CSA cement, and the
seawater presents a similar influence except for the mechanical property. )e seawater increases the compressive strength of CSA
cement in the early stage of hydration but will increase the microcracks at the later hydration stage of CSA cement and reduce its
mechanical properties.

1. Introduction

Calcium sulphoaluminate (CSA) cement is considered an
environmentally friendly material, which has been used in
China formore than 40 years [1, 2]. It has become increasingly
popular in civil engineering nowadays because of its rapid
hydration speed, high early strength [3], high impermeability
[4, 5] and sulfate corrosion resistance [4, 6], lower energy
consumption [7, 8], and lower CO2 emissions during the
calcination process of cement clinkers [6], as well as its low
drying shrinkage and low solution alkalinity [9]. Ettringite
and aluminum gel are the main hydration products of CSA
cement produced via the chemical reaction shown in equation
(1), which has good corrosion resistance against sulfate attack
[10], where the absence of calcium hydroxide is another
advantage for CSA in sulfate environment.

)e primary mechanism of sulfate attack is the chemical
interaction between sulfate ions and hydration products
[11]. )erefore, the usual approaches to create sulfate-
resisting concrete are improving the permeability to stop the
permeation of sulfate ions and controlling the chemical
composition of cement to decrease the unfavorable raw
materials [10]. When there is calcium hydroxide in the
hydration products of Portland cement, Ca(OH)2 will react
with the sulfate ions in seawater to create gypsum, which is
shown in equation (2). When the gypsum is depleted, the
AFt will transform to AFm, which is shown in equation (3).
However, if the sulfate ions keep penetrating into the
concrete matrix, the AFm will react with sulfate ions to
produce AFt again, which is shown in equation (4).
Equations (2) to (4) show that the seawater may provide
sulfate attack against Portland cement.
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3CaO · 3Al2O3 · CaSO4 + 34H2O⟶ 3CaO · Al2O3 · 3CaSO4 · 32H2O(AFt) + 2 Al2O3 · 3H2O(  (1)

Ca(OH)2 + Na2SO4 + 2H2O⟶ CaSO4 · 2H2O + 2NaOH (2)

AFt + 2 3CaO · Al2O3 · 6H2O( ⟶ 3 3CaO · Al2O3 · CaSO4 · 12H2O( (AFm) (3)

2 CaSO4 · 2H2O(  + AFm + 16H2O⟶ AFt (4)

CSA cement is a potential material that can be used in
the marine environment as explained in equation (1). Xu
et al. [12] pointed out that CSA cement can significantly
improve the microstructure of concrete and decrease the
water absorption rate compared with OPC. Some other
researches [4, 13–15] have also concluded that the CSA
cement can reduce the porosity of concrete.

Usually, decreasing w/c ratio is a very effective approach
to improve the sulfate resistance of concrete. w/c ratio is one
of the most fundamental parameters in concrete mixture
proportioning [16] as excessive water causes strength re-
duction, while insufficient water incurs poor workability
[17]. Hou et al. [10] found that the CSA cement with a w/c
ratio of 0.5 had a much greater diffusion coefficient of sulfate
ions than the CSA with a w/c ratio of 0.3. Wang et al. [18]
also concluded that a lower w/c provides a more obvious
increase in the strength. Luo et al. [19] explained that the
capillary pores were interconnected in the cement matrix
with a high w/c ratio, which helps to transfer external ions
into the inside of the matrix. Zhou and Ge [20] found that
the mortar with a low w/c ratio is more brittle than that of
mortar with a high w/c ratio. Zivica [21] also studied the
influence of the w/c ratio on the mechanical performance
and microstructure of the cement paste.

Many researches have proved that seawater can be ap-
plied in the production of concrete [22, 23]. Wang et al. [24]
found that the concrete mixed with sweater develops more
enriched hydrates and finer microstructure. Seawater con-
tains a large number of ions (mainly chloride and sulfate
ions), where it has been already recognized that it can in-
fluence the properties of concrete [13]. However, there exists
a debate on the influence of seawater on the properties of
concrete [25–28]. Kaushik et al. [29] reported that the
compressive strength of concrete mixed with seawater was
cut down compared with the concrete mixed with fresh-
water. But Xiao et al. [30] and Shi et al. [31] reported that
seawater can improve concrete’s mechanical properties. At
present, most of the researches were conducted on concrete
made of Portland cement [32, 33] or on the CSA mixed with
freshwater [34, 35], and there is a lack of studies on the
concrete made of CSA cement mixed with seawater. It is
known from equation (1) that the chemical reaction im-
mediately occurs when CSA clinkers meet with calcium
sulfate and water, and there exist lots of free SO2−

4 in sea-
water. )erefore, it can be assured that the seawater defi-
nitely affects the properties of CSA cement. In summary, it is
necessary to investigate the influence of the w/c ratio and
mixing water on the hydration of CSA cement to promote a
wider application of CSA cement in offshore engineering.

)is paper aims to analyze the effects of mixing water
with different w/c ratios on the hydration process of CSA
cement.)e influence is evaluated by conducting tests on the
setting time, physical properties, compressive strength, and
chemical shrinkage of sulphoaluminate cement. Further-
more, the microstructure and hydration products of CSA
cement are analyzed via X-ray diffraction (XRD) and
scanning electron microscopy (SEM) as well.

2. Materials and Test Methods

2.1. RawMaterials. Commercial fast hardening CSA cement
42.5 is adopted in this research. Its main compositions and
properties are shown in Tables 1 and 2, and its XRD patterns
are shown in Figure 1. Seawater is prepared manually by
dissolving sea salt into freshwater, whose main chemical
compositions are shown in Table 3. Freshwater is tap water.

2.2. Sample Preparation. )e w/c ratios of 0.48, 0.44, 0.40,
0.36, and 0.32 were considered for investigation. )e
specimens were demoulded after 12 h and then cured in a
steaming environment at 20°C for 1 d, 3 d, and 7 d.

2.3. Test Method. )e method to determine the setting time
of CSA paste is adjusted based on the Chinese code “Test
methods for water requirement of normal consistency,
setting time and soundness of the Portland cement” (GB/T
1346-2011) [36]. )e compressive strength of CSA paste was
tested on a 50mm× 50mm× 50mm specimen. )e speci-
mens were compressed with a loading speed of 2.4 kN/s. )e
test rig to determine the chemical shrinkage of CSA paste
was carried out based on American Standard ASTM C1608-
12 [37], which is illustrated in Figure 2. )e physical
properties of CSA paste were recorded according to the
American Standard ASTMC20-2015 [38].)emeasurement
of XRD on CSA paste was performed using a diffractometer
provided by Bruker at 40 kV and 40mA between 10° and 60°
(2θ) at a step size of 0.0333 degrees. )e SEM investigation
on CSA paste was performed on JEOL JSM 6360LA.

3. Experimental Results and Discussion

3.1. Influence on the Setting Time. Figure 3 shows the in-
fluence of the w/c ratio and mixing water on the initial and
final setting time of CSA cement. It can be seen that the w/c
ratio and the mixing water have an evident impact on the
hydration process of CSA cement. )e initial setting time
and final setting time of CSA were greatly delayed with the
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increase of the w/c ratio. When the w/c ratio was increased
from 0.32 to 0.48, the initial setting time of CSA cement
mixed with freshwater and seawater was delayed by 7min
and 9min, respectively, and the final setting time was
delayed by 10min and 11min, respectively. Besides, the
initial and final setting time of CSA cement mixed with
seawater was longer than that of freshwater mixed under any
w/c ratio, which indicates that seawater can delay the initial
and final setting time of CSA cement. )is conclusion can
also be verified from Figure 4(a) in Section 3.5. )ough, in
the researches in [25, 28, 39] on Portland cement, the
seawater can reduce the setting time, in the research in [40]
on the fast hardening cement, like potassium magnesium
phosphate cement, seawater can postpone the initial setting
time. Also, Huang et al. [41] found that seawater can slightly
retard the setting time of magnesium oxychloride cement.

)e setting and hardening time of cement paste are
mainly determined by the speed and quantity of hydration
products of the cement slurry. )e hydration products will
form a network structure after setting, which will change the
cement slurry and reduce the plasticity of the paste, and the
paste then starts to harden gradually. When the w/c ratio is
small, the distance between cement particles is small, which
is easy to form the skeleton of the structure, resulting in a

shorter setting time. )e larger the w/c ratio, the more
structural pores are needed to be filled by hydration products
during the setting of cement paste, which leads to the ex-
tension of setting and hardening time.

)e reason why the seawater can delay the initial setting
and final setting time of CSA cement is the SO2−

4 in seawater
that plays a significant role.)ere are a lot of free sulfate ions

Table 2: Properties of CSA.

Fineness gravity, m2/kg
Setting time (min) Strength in 1 d (MPa) Strength in 3 d (MPa)
Initial Final Flexural Compressive Flexural Compressive

408 15 30 6.3 35.8 6.6 45.8

Table 1: Chemical compositions of CSA (%).

MgO SiO2 Al2O3 SO3 CaO Fe2O3 TiO2

1.85 6.71 25.52 12.02 45.96 4.35 1.36
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Figure 1: XRD patterns of CSA.

Table 3: Composition of artificial seawater (g/L).

NaCl MgCl2 Na2SO4 CaCl2 KCl
24.36 5.12 4.02 1.16 0.69

Measuring
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Jar

Water

Plastic bottle
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Figure 2: Chemical shrinkage device.
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in seawater, which can rapidly combine with calcium ions in
CSA cement to form gypsum, and gypsum can combine with
C4A3S to form insoluble ettringite, which precipitates and
adheres on the surface of cement particles and hinders the
further hydration of CSA cement.

3.2. Influence on the Physical Properties. )e influence of the
w/c ratio andmixing water on the physical properties of CSA
cement paste is listed in Table 4. It displays that the w/c ratio
has a remarkable influence on the physical properties of CSA
paste. Specifically, the lower the w/c ratio, the lower the
porosity and the water absorption, which leads to greater
compactness. )e excessive water in cement paste with a
higher w/c ratio will evaporate and leave more pores in the
matrix. Furthermore, the seawater as mixing water can
slightly reduce the porosity and improve the compactness of
CSA paste. )e reason is that the ions in seawater react with
the clinkers in CSA and produce hydration products to fill
the pores. Moreover, the salts in the seawater which do not
participate in the hydration will also fill the pores.

3.3. Influence on the Compressive Strength. Figure 5 displays
the strength curves of CSA cement mixed with freshwater
and seawater with different w/c ratios. It can be seen that
CSA cement has the characteristics of super early strength
and high strength under any type of mixing water. After
curing for 1 d, the compressive strength of CSA paste ranges
from 40MPa to 62MPa. For CSAmixed with freshwater, the
compressive strength increases slightly with the increase of
curing time. For the seawater mixed CSA cement, when the
curing time was increased from 1 d to 3 d, the compressive
strength is greatly improved. However, when the curing time
was increased to 7 d, the compressive strength of all spec-
imens did not change much or even decreased slightly except
for the group with a w/c ratio of 0.48.

It also shows that the w/c ratio has a very significant
effect on the compressive strength of CSA cement. Specif-
ically, the performance is presented as follows: the lower the
w/c ratio, the higher the compressive strength of CSA paste
mixed with both seawater and freshwater. Besides, compared
with freshwater mixing, seawater mixing can improve the
compressive strength of CSA paste at the early stage of
curing, and the higher the w/c ratio, the more obvious the
improvement. However, when the curing time reaches 7 d,
the effect of seawater on the compressive strength of CSA
paste differs at different w/c ratios. )e results show that the
compressive strength of CSA cement is still promoted by
seawater at higher w/c ratios (0.48 and 0.44), but at lower w/c
ratios (0.40, 0.36, and 0.32), the compressive strength of CSA
paste mixed with seawater is slightly lower than that mixed
with freshwater.

)e above experimental phenomenon is mainly due to
the existence of a large amount of free SO2−

4 in seawater,
which can fasten the hydration of CSA cement to form
ettringite in the early stage. )e reaction process is shown in
equation (1). Ettringite is one of the main products of CSA
cement hydration, which can promote the strength for-
mation of CSA cement. )erefore, compared with fresh-
water mixed, the compressive strength of CSA paste mixed
with seawater increases faster because the hydration degree
and the amount of ettringite produced in seawater mixed
CSA paste are greater in the early stage. In the later stage of
hydration, a large quantity of ettringite is produced, and the
internal space of CSA cement matrix is filled up; the excess
ettringite will squeeze the matrix and increase the expansion
ratio of CSA cement matrix. Due to the low tensile strength
of CSA, microcracks appear in the expansion process of the
matrix, which leads to the decrease of matrix strength in the
later stage. For the CSA cement mixed with a high w/c ratio,
the large amount of free water in the matrix will form more
pores during evaporation in the hydration process, and the
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Figure 3: Influence curves of w/c ratio and mixing water on the setting time of CSA cement. (a) Initial setting time. (b) Final setting time.
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produced ettringite will fill the pores in the formation
process.)erefore, the strength of CSA cement mixed with a
high w/c ratio (0.48) will increase to a certain extent even
after curing for 7 d.

3.4. Influence on the Chemical Shrinkage. Figure 6 shows the
influence curves of the w/c ratio and mixing water on the
chemical shrinkage of CSA cement. )e shrinkage is caused
when CSA reacts with water and anhydrite, and the volume
of hydration product is smaller than the volume sum of
materials before reaction. It can be seen from the figure that
the w/c ratio has a significant effect on the chemical
shrinkage of CSA cement, while the type of mixing water
does not have a noticeable effect on the chemical shrinkage
of CSA cement compared with the w/c ratio. Specifically, the
lower the w/c ratio, the lower the chemical shrinkage of CSA
paste. )e reason for the higher w/c ratio resulting in higher
chemical shrinkage is that the higher w/c ratio provides
more water, which can speed up the hydration process.
When the hydration of cement particles is completed, the
chemical shrinkage tends to be stable.

)e chemical shrinkage value of CSA cement mixed with
seawater is very close to that of freshwater mixed at a higher
w/c ratio (0.48 and 0.40). However, at a lower w/c ratio
(0.32), the chemical shrinkage of CSAmixed with freshwater
is slightly greater than that of CSA mixed with seawater. )e
SO2−

4 in seawater combines with the ye’elimite in the CSA
cement clinkers to form insoluble ettringite. As the com-
bination speed is very fast, this causes the early produced
ettringite to precipitate and adhere to the surface of cement
particles and hinders the further hydration of CSA cement,
which means that the seawater delays the hydration process

in the very early stage, which is in accordance with the
findings in the setting time as well as in Figure 4(a).
However, when the CSA particles were depleted, the
chemical shrinkage of CSA pastes mixed with different w/c
ratios will gradually approach in the later stage of hydration.

3.5. XRDAnalysis. Figure 4 shows the effect of mixing water
and w/c ratio on the hydration products of CSA cement. It
can be seen from the figure that the hydration speed of CSA
cement is very fast under different w/c ratios. Figure 4(a)
illustrates that seawater can delay the setting time of CSA
cement. After curing for 30min, the XRD peak of ettringite
of CSA paste mixed with freshwater is much higher and
stronger than the paste mixed with seawater, which agrees
with the findings on setting time.)e reason can be found in
Section 3.1. However, after curing for 1 h, there is no much
difference between freshwater and seawater. Combining
with Figure 4(b), the XRD peak of ettringite of CSA paste
mixed with seawater is stronger than that of the one mixed
with freshwater. )e above phenomena show that the sea-
water can delay the setting time of CSA cement in the very
early hydration stage. However, the sweater will accelerate
the hydration process after curing for 1 h.

Figure 4(b) illustrates that there is still a small amount of
unhydrated CSA particles after curing for 1 d for the CSA
cement mixed with both freshwater and seawater with a w/c
ratio of 0.40. It can also be found that there is a small amount
of unhydrated cement particles in the CSA cement mixed
with a 0.48w/c ratio. However, compared with the sample
with a w/c ratio of 0.40, the diffraction peak decreases
significantly, which indicates that increasing the water
binder ratio can promote the hydration of CSA cement.
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Figure 4: XRD patterns of CSA cement with different types of mixing water and w/c ratios. (a) CSA cement paste with different mixing
water cured for 30 min and 1 h. (b) CSA pastes cured for 1 d. (c) CSA pastes cured for 7 d.
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However, it should be noted that the hydration degree does
not ensure a better mechanical performance as the

mechanical property is also related to the microstructure of
the paste.

Figure 4(c) shows the XRD analysis results of CSA ce-
ment after curing for 7 d. When the w/c ratio is 0.40, there
are still some unhydrated cement particles in the freshwater
mixed samples, which indicates that the hydration is con-
tinuing. However, the diffraction peak of CSA crystals can
hardly be seen in the sample mixed with seawater, indicating
that the hydration of CSA is almost complete. Furthermore,
the samples with a w/c ratio of 0.48 present similar results,
indicating that seawater and a high w/c ratio can promote
the hydration of CSA. )is is because the hydration of CSA
requires the participation of water and calcium sulfate (see
equation (1)), while seawater and high w/c ratio can provide
more free sulfate ions and water; therefore, the hydration
degree of CSA cement mixed with seawater and greater w/c
ratio is increased.

3.6. SEMAnalysis. Figure 7 shows the SEM diagrams of CSA
cement mixed with seawater and freshwater at different w/c
ratios. From the comparative analysis of Figures 7(a) and
7(b), it can be seen that the ettringite production of CSA
paste mixed with seawater after 1 d hydration is more at the
w/c ratio of 0.40, and the matrix density is also higher.)is is
mainly because sulfate ions in seawater promote the hy-
dration of CSA cement and produce more ettringite.

Table 4: )e physical properties of CSA paste with different w/c ratios and mixing water.

Water-cement
ratio Type of mixing water Porosity (%) Water absorption (%) Apparent specific gravity

(g·cm−3)
Bulk density
(g·cm−3)

0.40 Freshwater 0.3997 0.2563 2.5984 1.5597
Seawater 0.4013 0.2570 2.6085 1.5616

0.48 Freshwater 0.4683 0.3311 2.6612 1.4148
Seawater 0.4532 0.3196 2.5941 1.4184
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Figure 5: )e influence of w/c ratio on the compressive strength of CSA cement. (a) Freshwater. (b) Seawater.
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However, when the w/c ratio was increased to 0.48
(Figures 7(c) and 7(d)), it is hard to find ettringite on the
SEM figures of CSA cement cured for 1 d. After comparison
of Figures 7(e) and 7(f), as well as 7(g) and 7(h), it is found
that the density of CSA paste mixed with seawater is higher
and the formation of ettringite is more uniform, which
confirms that the contents in seawater can promote the
hydration of cement and improve the microstructure of CSA
cement.

Comparing Figures 7(a) and 7(c), as well as 7(b) and
7(d), it can be found that the difference between the samples
with w/c ratio of 0.40 and 0.48 after 1 d hydration is not
particularly obvious, but the matrix of the sample with a
greater w/c ratio is looser and the ettringite is less on the
whole. From the comparison of Figures 7(e) and 7(g), as well
as 7(f ) and 7(h), it can be seen that the difference of samples
with different w/c ratios is more evident after curing for 7 d.
)e compactness of the CSA cement matrix with a w/c ratio
of 0.40 is higher, and the matrix with a w/c ratio of 0.48 is
more porous. )e main reason is that seawater can provide
more free SO2−

4 for CSA paste to hydrate. )e increase of
sulfate ions can increase the formation of ettringite, which
helps to improve the compactness of CSA cement.

Although the hydration of CSA cement with a w/c ratio
of 0.48 is more complete, the higher w/c ratio provides more
free water, which creates more capillary pores during hy-
dration and evaporation. )erefore, the microstructure of
CSA cement with a higher w/c ratio is looser and more
porous.

4. Conclusions

In this research, an experimental investigation on the in-
fluence of the w/c ratio and the types of mixing water on the
early hydration of CSA cement via setting time, physical
properties, compressive strength, chemical shrinkage, SEM,
and XRD was carried out. Based on the experimental study,
the following conclusions can be made:

(1) )e hydration rate of CSA cement is very fast, and
most of the hydration reactions are completed after
curing for 3 d.

(2) )e w/c ratio has a significant effect on the per-
formance of CSA cement. )e increase of w/c ratio
can speed up the hydration reaction, delay the setting
time, decrease the strength, increase the chemical
shrinkage, and make the cement matrix looser and
more porous.

(3) Seawater can promote the hydration of CSA cement,
delay the setting time, and increase the compactness
of the CSA paste matrix.

(4) Seawater can rapidly promote the formation of
ettringite in CSA cement after curing for 1 h, which
can improve the early strength of CSA cement.
However, the rapidly generated ettringite causes the
expansion of the CSA cement matrix and produces
microcracks in the interior, which reduces the
compressive strength, resulting in lower strength in

the later stage of hydration compared to that of CSA
cement mixed with freshwater.
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