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In-depth understanding of the calcium sulphoaluminate (CSA) cement, a type of environment-friendly cement, is essential
for its wide application in engineering practice. Partial replacement of CSA by alternative alumina-rich powders has
significant potential in the production of cost-effective CSA cement. In this work various supplementary cementitious
materials (SCMs) including slag, metakaolin and silica fume with different replacement levels were added into CSA
cement, and mixing with seawater, to prepare paste and concrete specimens. The development of hydration products in
the paste specimens was characterized by X-ray diffraction and Thermogravimetric analysis. The pore structures of the
seawater-mixed paste specimens obtained from mercury intrusion porosimetry tests, along with the pH value and free
chloride content in the pore solution, were analyzed. Results show that various SCMs have significantly different effects
on the pore solution chemistry, hydration and microstructural formation of the seawater-mixed CSA cement, resulting in
different mechanical behavior and durability properties. The results of this work are helpful for the development of cost-
effective CSA cement-based concrete used in marine constructions.
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1. INTRODUCTION

Calcium sulphoaluminate (CSA) cement has drawn
considerable attention since its first development in the
1970s. The interest in utilization of the CSA cement lies in
its superior performances such as fast setting, high early
strength, low permeability, high resistance to frost damage,
etc. [1-5]. The CSA clinker is derived by calcination of
pure chemicals and/or commercially available minerals like
gypsum, bauxite and limestone. The calcination temperature
is in the range of 1250-1350 °C, approximately 200 °C
lower than that of Portland cement clinker. The CSA clinker
has a better grindability and shows less energy consumption
and less CO; emission [6, 7]. CSA cement is produced by
mixing the CSA clinker with gypsum (CSH,) or anhydrite
(CS). The properties of CSA cement, e.g. setting time and
shrinkage, can readily be adjusted by changing the gypsum
content [8]. Standardization of various kinds of CSA cement
usually follows from Eq. 1:

Co = 0.13M A./S, (1)

where C; is the gypsum-clinker mass ratio; M is the
gypsum-ye’elimite molar ratio; A. and S are the mass
percentage of the ye’elimite in the clinker and the SOs in the
gypsum (or anhydrite), respectively.

Ye’elimite (C4AsS in cement notation) is the major
component of CSA cement. The AI®* within ye’elimite can
be partially replaced by Fe®*. Other phases including belite
(known as larnite C,S occasionally), ferrite phases (C4AF)
and mayenite (C12A7) are also present in the CSA cement.
The belite hydrates limited in the first 7 d and up to a degree

* Corresponding author. Tel.: +86-29-82205506; fax: +86-29-82205506.
E-mail address: niuditao@163.com (D. Niu)

347

about 5-40 % at 28 d [9].

The main hydration products of ye’elimite (C4AsS) are
monosulphoaluminate (AFm), aluminium hydroxide (AHs;)
and ettringite (AFt) (Eg.2a and b) [10]. Other minor
hydrates like CAHso or C4AH33 can be present depending on
the temperature and minerology of the CSA cement [11].
With the formation of AHjs, the hydrated particles are bound
together. The reaction according to Eq. 3 takes place when
the calcium sulfate is insufficient [12]. The belite reacts with
water to form C-S-H gels and calcium hydroxide (CH)
(Eq. 4). The reaction as provided in Eq. 5 occurs at later age.
AFt is expansive owing to its large specific volume. The
addition of supplementary cementitious materials may lead
to the occurrence of pozzolanic reaction (Eq. 6). The AFt or
AFm enables to bind a large amount of heavy metals [8].

C4AsS + 2CSH; + 34H — C3A-3CS-Hax(AFt) + 2AH; (gel);

(2a)
C4AsS + 2CS + 38H — C3A-3CS-Ha, (AFt) + 2AH;3 (gel);
(2b)
C4AsS + 18H — C3A-CS-Hiz (AFmM); (3)
C2S + 2H — C-S-H (gel) + CH; (4)

AH; + 3CH + 3CSH;, +20H — C3A-3CS-Ha; (AFt);  (5)
CH + S — C-S-H (gel).

A higher ratio of AFt/AFm is found with a rise in the
gypsum content [13, 14]. The presence of AFt is influenced
basically by the hydration temperature. Mehta [15] stated
that AFt is stable at 65 °C while decomposes at around



93 °C in OPC pastes. A lower decomposition temperature of
the AFt in CSA cement pastes was found by Berger et al.
[14]. A rapid transition of AFt to AFm takes place with
elevated temperature from 50 to 80 °C [14]. As a major
hydration product, the AFt substantially contributes to the
superior properties of CSA cement, such as high early-age
strength, low shrinkage or even expansion. These properties,
however, largely depend on conditions of the AFt formation
[13]. The amorphous hydrates, C-S-H and AH3 gels, play an
important part in the densified microstructure at later age
[16]. Production of the CSA cement requires a large amount
of high-quality alumina source. This limits an abroad
application of the CSA cement in engineering practice.
Great opportunities lie in partial replacement of the CSA by
supplementary cementitious materials (SCMs). Additions of
SCMs will affect the hydration and microstructural
formation, due to changes of the chemical composition and
particle size distribution. Tan et al. [17] demonstrated that
lithium slag can be added into CSA cement to promote the
early strength. Ma et al. [18] found an increase of
compressive strength for the CSA cement concrete with
nano-SiO2. Bullerjahn et al. [19, 20] analyzed the chemical
shrinkage after ye’elimite hydration and explained as due to
recrystallization of the amorphous phases. Wang et al. [21]
found a homogeneous CSA cement paste matrix when
curing under 20 °C. At long ages, the CSA cement with 5 %
limestone powder presents a similar pore structure as that
formed by the pure CSA cement [22]. The limestone filler
enables to stabilize AFt and minimize the formation of AFm
[23].

There have, however, been few studies on the CSA
cement systems blended with reactive pozzolanic materials.
One reason is related to complexity of the microstructure
formed. In addition, little research is available regarding the
performance of CSA cementitious systems prepared with
seawater. Owing to the scarcity of fresh water, in particular
considering the convenience and economic practicality in
the marine engineering, utilization of seawater and reactive
SCMs has become a prevailing trend.

In this work a range of SCM-CSA binary cementitious
samples, mixed with seawater, was prepared. The pore
structures measured from mercury intrusion porosimetry
and the hydration products identified by X-ray diffraction
and thermogravimetric analysis were investigated. The pH
and free chloride content in the pore solution, as well as the
microstructure-strength relationship, were analyzed.

2. EXPERIMENTAL
2.1. Raw materials and samples

The raw materials were calcium sulphoaluminate (CSA)
cement, silica fume (SF), ground granulated blast furnace
slag (GS) and metakaolin (MK). The chemical composition
by X-ray fluorescence is given in Table 1.

Table 1. Chemical composition (wt%) of the raw materials

SiO2 | AlO3 Fe:O3 | CaO MgO SO3
CSA 6.1 16.4 2.0 49.2 1.4 20.6
MK 49.1 43.9 3.1 1.6 0.1 0.1
SF 94.9 0.5 0.2 1.3 0.2 0.1
GS 32.5 17.9 0.9 32.6 6.0 2.8
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The mineral compositions of the CSA clinker, by
quantitative X-ray diffraction analysis, were 60.12 % for
C4AsS, 24.12 % for C,S, 6.23 % for C,AF and 4.25 % for
mayenite (C12A7). The mean particle size dm was 2.95 pm,
4.77 pm, 11.46 pm and 13.23 pm for MK, SF, GB and FA,
respectively.

Different binders (Table 2) were mixed with seawater
for casting paste specimens. A fixed water-to-binder-ratio
(w/b) of 0.45 was used. The powders and seawater were
mixed at a low speed for 1 min and at a high speed for 2 min.
The paste mixtures were then poured into plastic bottles, and
vibrated continuously to remove the air bubbles that were
possibly introduced during the mixing process. The bottles
with paste mixtures were sealed and rotated for 24 h to avoid
segregation before they were cured at 20 £ 1 °C. Cement
concrete specimens were prepared for compressive strength
tests. All concrete specimens were made with the same
amount of fine/coarse aggregates, but varied with binders.
At the ages of 1 h, 7h, 1d, 7d and 28 d, the paste and
concrete specimens were carried out with various
measurements.

The composition of the seawater, collected from the
South China Sea, is listed in Table 3. The initial and final
setting time of all mixtures were measured by a Vicat needle
following ASTM C191 [24]. The results are given in Table 2.
The blended mixtures have longer time of initial setting due
to the slower hydration as compared to the CSA.

Table 2. Binder mixtures and setting time (min)

Binders | CSA | MK | sF | gs | !mual | Final
setting | setting
CSA | 100% 43 72
MK5 9%5% | 5% 58 77
MK10 | 90% | 10% 55 70
MK15 | 85% | 15% 50 61
SF3 97 % 3% 75 84
SF6 94 % 6 % 73 81
SF10 90 % 10 % 63 69
GS10 90 % 10 % 74 82
GS20 80 % 20% 69 75
GS30 70 % 30 % 66 74
Table 3. Seawater composition of the south China sea
Elements Cl Na Mg S Ca K
Mass, g/kg 19.39 | 10.79 | 1.27 | 2.77 | 0.41 | 0.40

2.2. Pore structure by MIP

Mercury intrusion porosimetry (MIP) was applied for
characterizing the pore structure of various paste mixtures.
The paste specimens were split into pieces (around 1 cm?)
and then immersed in liquid nitrogen to stop further
hydration and subsequently moved to a freeze-drier under
vacuum and at —24 °C [25]. After the mass loss was below
0.01 % per day, the paste specimens can be used for MIP
tests. The applied pressure P (MPa) and pore diameter d
(um) can be described with the Washburn equation:

d = (—4ycos6)/P, )

where y and 6 are the surface tension of mercury and the
contact angle between mercury and pore wall, respectively.



2.3. Characterization of hydration products

X-Ray diffraction (XRD) was employed to identify the
main crystalline phases in various paste mixtures. Rigaku-
D/max2550VB3 with Cu Ko radiation (A=1.541A),
operating at 40 kV and 30 mA, was used. The scanning was
conducted over a 28 range of 5—70 °C with step size of
0.03°. The paste specimens after freeze-drying were ground
into powders while using ethyl alcohol to avoid
contamination of moisture or carbonation. The crystalline
phases of the powered samples were identified after
comparing with the standards of International Centre for
Diffraction Data.

Thermogravimetric analysis (TGA) was performed to
identify the chemically bound water. A NETZSCH STA
(TG-DTA-DSC) 449 F3 Jupiter was used. The powdered
sample was heated from 40 to 1000 °C with a heating rate
of 10 °C/min under the argon atmosphere.

2.4. Pore solution chemistry

Chloride content and pH are the main factors affecting
the reinforcement corrosion of concrete structures [26, 27].
Cylindrical paste specimens (¢ 50 x 100 mm) cured at ages
of 1d, 7 d and 28 d were compressed under high pressure
by following the method proposed by Barneyback and
Diamond [28]. The obtained pore solutions were filtered
using a 0.45 um pore size filter to remove the residual
particles, and then performed with pH measurement (using
a Metrohm 6.0255.100 Profitrode electrode) and free
chloride content measurement (using potentiometric
titration [29]). Buffer solutions of pH at 7, 10, 11, 12 and 13
were used to calibrate the Metrohm electrode.

2.5. Compressive strength

A testing machine with a capacity of 500 kN was used
for compressive strength tests. Concrete specimens
(40 x 40 x 160 mm) were cast and moist-cured after 1 d,
3d,7dand 28 d. A loading rate of 2.4 kN/s was applied for
the strength tests. For each mixture three parallel
measurements were carried out and the average was used for
report.

3. RESULTS AND DISCUSSION
3.1. Mineralogy by XRD

The hydration products of various cement pastes with
and without SCMs were characterized by XRD. The results
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are presented in Fig. 1. The products including C-S-H and
AHjs gels can hardly be seen in the XRD pattern owing to
their poor crystallinity. A phase with its amount less than
5% is difficult to be identified as well [30]. The main
components of the raw CSA cement, ye’elimite and
anhydrite, are clearly observed (Fig. 1 a). Both contents are
significantly decreased with hydration in the first 7 h,
followed by a gradual decrease afterwards. The amount of
AFt increases with age. The amount of belite and mayenite
is not clearly decreased and the amount of calcite stays
nearly constant in the first 7 d.

By adding SF (Fig. 1 b) the ye’elimite is considerably
reduced after 1d hydration and the AFt is increased,
irrespective of the SF replacement level from 3 % to 10 %.
The amount of belite is decreased and a larger decrease
corresponds to a higher replacement of SF from 3 % to 6 %.
This is a result of the pozzolanic reaction (Eq. 6) which
accelerates the belite hydration (Eq.4). There is little
difference in the diffraction peaks between SF6 and SF10.
Of particular interest is that more anhydrite is found in the
SF-blended binders than in the CSA binder. This is due to
the fact that the CH preferably reacts with SiO,, rather than
with AHjs, to form C-S-H gels and the reaction (Eq. 5) is thus
impeded. A higher amount of mayenite is found after
incorporation of the SF.

Similar observations are found between GS-blended
binders and SF-blended binders. As seen in Fig. 1c, the
amounts of ye’elimite and belite are substantially decreased.
The anhydrite, AFt and mayenite are increased while the
calcite is not significantly altered. Different roles of MK in
the hydration is found based on the pattern shown in
Fig. 1 d. By substituting CSA with MK, from 5 % to 15 %,
all peaks corresponding to various solid phases are not much
different, except the peak for anhydrite, which is
tremendously higher in the MK-blended binders than in the
CSA binder.

It appears that the hydration of ye’elimite proceeds to a
similar degree but the reaction of anhydrite is significantly
impeded after adding MK, regardless of the replacement
level. CH and gypsum are not found in the CSA-based
cementitious systems with and without blends, as can be
seen from all the XRD patterns shown in Fig. 1.

3.2. Mass loss by TGA

Fig. 2 shows the TG-curves for different cementitious
systems hydrated from 1 h to 28 d.
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Fig. 1. XRD patterns of CSA and blended cement paste specimens: a—age from 1 h to 7 d; b—effect of SF, age = 1 d; c-effect of GS,
age = 1 d; d—effect of MK, age = 7 d. Notes: 1-Ye’elimite (C4AsS); 2—Belite (C2S); 3- Anhydrite; 4 - Ettringite (AFt);

5—Mayenite (C12A7); 6 — Calcite
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Fig. 2. TG-curves of CSA and blended cement paste specimens from 1 h to 28 d

The mass loss with elevated temperature is mainly
owing to the release of water and carbon oxide (in the
temperature range 600-730 °C). The TG-curves confirm
the evolution of phase assemblages as already observed in
the XRD patterns. The mass loss generally increases with
age from 1h to 28d. Such increase is particularly
pronounced in the first 7 h, indicating a rapid and intensive
hydration process in the CSA-based binders. Relative to the
mass loss at 28 d, the mass loss of the first 7 h accounts for
88.5 %, 89.4 %, 83.1 % and 83.1 % for binders CSA, SF10,
GS30 and MK10, respectively.

After 1 h hydration (Fig. 3 a), the CSA binder has larger
total mass loss than the GS-blended binders, but smaller
than the SF-blended binders. With different replacement
levels, the binders GS10, GS20 and GS30 have similar total
mass loss. This finding holds also for the SF-blended
binders SF3, SF6 and SF10. A higher substitution of CSA
by GS from 10 % to 30 %, after 7 d hydration (Fig. 3 b),
results in a larger total mass loss. When CSA is partially
replaced by SF (Fig. 3 c), the total mass loss is increased at
a replacement level of 3 %. A slight decrease in the total
mass loss is found with a rise in the SF replacement level

from 3 % to 6 %. The total mass loss increases again when
the SF replacement level is further increased to 10 %. By
including 5 % MK (Fig. 3 d), the TG-curves of MKG5 differs
slightly from that of CSA. For higher replacement levels,
binders MK10 and MK15 exhibit similar mass loss against
temperature and both show larger total mass loss than MK5.

3.3. Pore structure

The results of cumulative pore volumes and their
differential curves for different binders after 28 d hydration,
obtained from MIP tests, are provided in Fig. 4. The total
pore volume is the highest in GS30, followed by SF10, CSA
and MK15 (Fig. 4 a). A main peak is present for the GS-
blended binder GS30 (Fig.4b). The diameter
corresponding to the main peak is defined as critical pore
diameter. Despite of a higher total pore volume, the CSA
has a finer pore size distribution than the MK15. The low
total pore volume of MK15 can be partly related to the high
reactivity of MK and partly related to its small particle sizes
(dm =2.95 pm).
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For a further examination, the pore family is
categorized into four groups: fine pores (<20 nm), micro
pores (20—50 nm), meso pores (50-200 nm) and macro
pores (> 200 nm). The volume of each pore group calculated
according to the data of Fig. 4 a is provided in Fig. 4 c. For
the macro pore group (> 200 nm), the mixtures CSA, SF10
and MK15 have similar volume, which is however four
times smaller than that of the mixture GS30. An abrupt
increase in the pore volume of the mixture SF10 is found
from the macro to the meso pore group. The volume of the
meso pores shows an obvious ascending order in the
mixtures CSA, MK15, SF10 and GS30. The volume of the
micro pores differs slightly between different mixtures. The
fine pores are less in the mixture MK15 than in the other
mixtures CSA, GS30 and SF10.

3.4. PH and chloride content

The pH of the pore solution in hydrated ordinary
Portland cement (OPC) based systems is normally in the
range 12.5-13.8 [31]. The lower limit of pH =125 is
related to the intrinsic ingredient of the cement pore
solution, which is often saturated with respect to Portlandite
(CH). The presence of alkalis Na" and K* enables to increase
the pH to a level above 12.5. The reinforcement is no longer
protected from corrosion once the pH is below
approximately 10 [32].

As indicated in Table 4, the pH of CSA-based mixtures
are all below 12.5, suggesting that the hydration products of
the CSA-based systems comprise limited amount of soluble
Ca®* and the pore solution is not saturated with respect to
CH. This can be confirmed by the results of XRD (Fig. 1)
and TG (Fig. 2) that little CH is found. The addition of MK
(5-15 %) increases the pH of the CSA system in the first
7 d of hydration, but decreases the pH at 28 d. Substitution
of CSA by SF (3-10 %) or by GS (10— 30 %) decreases the
pH in the first 28 d. Interestingly to note that the pH is
decreased by comparing the data between 1 d and 28 d. This
can be related to the increased amount of C-S-H gels that
adsorb alkalis from the pore solution.

For different binders the free chloride content is in the
range 1.494-2.523 for 1 d and 1.074-3.175 for 28 d (see
Table 4).

Table 4. pH and chloride content in the pore solution of paste
mixtures mixed with seawater

pH Chloride content, mol/L

1d 7d 28 d 1d 7d 28 d

CSA | 1119 | 11.28 | 11.11 | 1.961 | 2.195 | 3.175
MK5 | 1142 | 11.32 | 1098 | 2.216 | 1568 | 2.764
MK10 | 11.38 | 11.40 | 11.10 | 2.523 | 2.012 | 2.228
MK15 | 11.21 | 11.38 | 10.96 | 1.927 | 1.664 | 2.003
SF3 10.81 | 10.92 | 10.74 | 1.622 | 1.585 | 2.108

SF6 10.79 | 10.93 | 10.81 | 1.887 | 1.193 2.09

SF10 | 10.79 | 10.91 | 1094 | 1.559 | 1.183 | 2.176
GS10 | 1090 | 11.05 | 10.83 | 2.100 | 1.393 | 1.574
GS20 | 11.14 | 11.12 | 1051 | 1.494 | 1.473 | 1.528
GS30 | 11.18 | 11.14 | 10.35 | 1554 | 1.013 | 1.294

The free chloride content obviously increases with age
for CSA. In the 1d hydration, the chlorides have a high
capability to combine the alumina phases. As ongoing
hydration, the alumina phases react preferably with the
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sulfate phases to form a more stable product of ettringite. As
a consequence, the bound chlorides are released resulting in
a higher free chloride content in the pore solution.

The free chloride content decreases in the period 1-7 d
while increases in the period 7—28 d. This is resonable. The
MK reacts with CH and concurrently the product AHs will
chemically combine the chlorides, resulting in a lower
amount of free chlorides in the pore solution. This finding
holds also for the SF-blended mixtures (SF3, SF6 and SF10)
and GS-blended mixtures (GS10, GS20 and GS30).

3.5. Compressive strength

The results of the compressive strength development
from 1 d to 28 d for CSA cement concrete specimens with
and without blends are presented in Table 5. All values are
based on measurements of three replicates. The standard
deviation of the strength value with respect to the average
was within 8% for all mixtures. In most cases the
compressive strength is higher with age, due to continuous
hydration and associated precipitation of hydration products.
Occasionally, at ages of 3-7d, a slight decrease in the
compressive strength can be found, which is attributable to
the formation of expansive ettringite at later age (Eq. 5) and
subsequently resulting in cracking. At 28 d, however, the
compressive strength is much higher than that in the first 7 d.
This holds for all mixtures tested.

Table 5. Evolution of compressive strength (MPa) of seawater-
mixed CSA-based concretes

Mixtures 1d 3d 7d 28 d
CSA 52.17 58.67 75.08 77.17
MK5 54.50 65.92 80.73 85.33
MK10 4492 51.75 58.75 65.58
MK15 48.00 48.83 55.33 69.75

SF3 52.67 54.42 52.58 64.13

SF6 51.52 50.58 50.33 63.50
SF10 50.50 51.63 51.67 61.42
GS10 39.75 45.50 46.83 61.17
GS20 40.17 52.67 47.17 65.08
GS30 36.42 40.33 40.17 49.17

With addition of 5% MK (MKS5), the compressive
strength is obviously higher than that of the pure CSA at
ages from 1 d to 28 d. For a higher addition, viz. MK10 and
MK15, the compressive strength decreases considerably
and it is even lower than that of the pure CSA. Between
MK10 and MK15, the values of compressive strength are
similar from 1 d to 28 d. These observations coincide well
with the hydration results, as reflected by the TG-curves in
Fig. 3 d. The presence of 3 % SF (SF3) results in the highest
compressive strength, compared to the higher replacement
levels of 6 % (SF6) and 10 % (SF10). By incorporating
20 % of GS, the mixture GS20 has higher compressive
strength, compared with the replacement levels of 10 % and
30 %. After 7 d, the increase of compressive strength is
limited for the CSA binder, but is significant for the blended
binders. The compressive strength presents an ascending
order in the binders CSA, MK15, SF10 and GS30. This is
consistent with the same ascending order for the total mass
loss in their TG-curves (Fig. 2). In general, the compressive
strength at 3 d reaches approximately 80 % of that at 28 d.

A pore structure with finer pore size distribution tends



to exhibit a higher compressive strength [33, 34]. As already
illustrated in Fig. 4 c, the volume of macro pores (> 200 nm)
is the largest in the mixture GS30, which is much higher
than that of the other three mixtures. The volume of meso
pores (50-200 nm) shows a clear descending order in the
mixtures GS30, SF10, MK15 and CSA, providing a solid
explanation for the ascending order in the compressive
strength of these mixtures.

4. CONCLUSIONS AND PROSPECTS

From the experimental results the main conclusions can

be summarized as follows:

1.

Hydration of the calcium sulphoaluminate (CSA)
cement with seawater is pronounced in the first 7 h and
becomes slow afterwards. Calcium hydroxide and
gypsum are not found in the hardened CSA
cementitious systems with and without SCMs.

For seawater-mixed CSA cementitious systems, the pH
is below 11.5 and it is lower at 28 d than at 1 d. A small
amount of supplementary cementitious materials
(SCMs) can substantially affect the hydration and
microstructural formation. The free chloride content is
significantly decreased with the addition of SCMs, and
particularly with slag.

The initial setting time of CSA cement is prolonged
with the addition of slag, silica fume or metakaolin. The
effects of SCMs on the compressive strength are
consistent with their role in the chemically bound water
content. The compressive strength increases quickly at
the early age, but develops slowly after 7 d.

Combined application of CSA cement, silica fume and

metakaolin (or slag) has a significant potential in promoting
the strength development of CSA cement, and this is a
subject well worthy to be carried out in future.
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