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Glass fibre reinforced cement (GFRC) is a composite material with great ductility but it undergoes severe strength and ductility
degradation with ageing. Calcium sulfoaluminate (CSA) cement is low carbon cement, and more importantly, it exhibits great
potential to produce more ductile and durable GFRC. )is study focuses on mechanical performance, e.g., compressive strength,
stress-strain curve, and freeze-thaw resistance of CSA/GFRC as well as its microstructural characteristics under low temperatures.
XRD was applied to investigate the hydration mechanism of CSA cement under −5°C, 0°C, and 5°C. It was found out that low-
temperature environments have very little effect on the type of hydration products, and the main hydration product of hydrated
CSA cement cured under low temperatures is ettringite. Moreover, low-curing temperatures have an adverse effect on the
compressive strength developments of CSA/GFRC but the strength difference compared with that under 20°C reduces gradually
with increasing curing ages. In terms of bending performance, both ultimate tensile strength and ultimate strain value indicate
considerable degradation with ageing under low temperatures after 14 d.)e ultimate strain value reduces to 0.34% at −5°C, 0.39%
at 0°C, and 0.44% at 5°C compared with 0.51% for that cured at 20°C for 28 d.)e tensile strength of samples cured at −5°C for 28 d
is only 15.2MPa, taking up only 40% of that under 20°C. CSA/GFRC also demonstrated great capability in the antifreeze-thaw
performance, and the corresponding strength remains 95.9%, 94.7%, 94.2%, and 94.3%, respectively, for that cured under 20°C,
5°C, 0°C, and −5°C after 50 freeze-thaw cycles. Microstructural studies reveal that densification of the interfilamentary space with
intermixtures of C-A-S-H and ettringite is the main reason that causes the degradation of CSA/GFRC, which may result in loss on
flexibility when forces are applied, therefore reducing the post-peak toughness to some extent.

1. Introduction

Glass fibre reinforced cement (GFRC) is widely applied in
practical engineering, e.g., façade panel and pavement over
the past two decades; this can be attributed to its superior
ductility resulted from the bridging effect of glass fibre [1–3].
However, it was reported that severe reductions in com-
pressive strength and ductility may occur in GFRC with
ageing [4, 5], which has become a common concern for the
service life of engineering members made of GFRC. )e
intrinsic microstructural reasons corresponding to this
degradation are normally associated with chemical corro-
sion of fibre by the alkalinity in pore solution [6] and severe
CH densification between and around fibres that results in

loss of flexibility [7]. At the same time, in the global
background of low carbon emission, cement industry is
faced with great challenge as it contributed about 6% to total
global anthropogenic CO2 emission every year [8, 9].
)erefore, in order to produce more environmental friendly,
ductile, and durable GFRC, efforts should be made to study
the modified cement matrix with lower carbon emission,
lower CH formation, and reduced alkalinity in the pore
solution.

Calcium sulfoaluminate (CSA) cement is characterized
as a kind of low carbon cementitious material due to lower
calcium content in the raw materials and a lower burning
temperature at 1250°C, which is about 200°C lower than that
for the production of Portland cement. More importantly,
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CSA cement has superior antifreeze property, high com-
pressive strength, and durability [10–12]. In addition, ex-
tremely low alkalinity can also be discovered in the pore
solution of CSA cement due to the absence of CH during
hydration process [13], which can provide a less aggressive
environment for the durability of embedded glass fibre.
)erefore, CSA cement possesses great potential to produce
more environmental friendly, ductile, and durable GFRC.

GFRC modified by CSA cement (CSA/GFRC) has
aroused great attention among researchers, and many
studies have been undertaken to investigate its mechanical
properties and microstructural characteristics under dif-
ferent curing regimes [14–16]. Research by Pe′ra and
Ambroise [17] showed that CSA/GFRC exhibited rapid
development of modulus of rupture, which reaches 8MPa at
3 h, 9.3MPa at 24 h, and 20.5MPa at 28 d. Song et al. [15]
demonstrated that CSA/GFRC still retained a large pro-
portion of toughness after ageing for 10 years at 25°C. )ere
were insignificant changes in the composite strength com-
pared with the unaged sample, and the fibres still showed
great ability to absorb energy and may control crack growth
by bridging effect. Corresponding ultimate strain reduced to
about 0.5% compared with a value of 0.8% for the unaged
sample. Microstructural studies revealed that the space
between and around the glass fibres was considerably vacant
and porous. Research by Purnell and Beddows [5] reported
that under accelerated ageing at 50°C for 140 d, tensile
strength and ultimate strain of CSA/GFRC remained almost
unchanged. However, at a longer age of 316 d under the same
regime, corresponding ultimate tensile strength exhibited a
medium reduction from 30MPa to 22MPa but the bridging
effect provided by glass fibres was still obvious.

In cold environments, when the hydraulic pressure
caused by freezing water exceeds the tensile strength of
GFRC, local cracking may initiate which significantly
threatens the safety and service life of GFRC structures.
More importantly, freeze-thaw cycles generated under cold
environment may cause multiphase damage media of water,
ice, cement, and aggregate, and the uneven frost heaving
force and deformation may subsequently lead to cracking
propagation. It was reported that CSA cement has favorable
antifreeze property due to the high compactness within the
matrix which is beneficial to resist the freezing pressure and
expansion pressure to some extent [12]. Research by Li et al.
[18] indicated that flexural strength of CSA cement mortar
was maintained 95% after 56 cycles of freeze-thaw were
conducted. Janotka and Krajei [19] demonstrated that the
dynamic modulus of elasticity of CSA cement mortar was
maintained 95% after 34 cycles of freeze-thaw, and crack
propagation was also observed on the surface of CSA cement
mortar.

In conclusion, CSA cement has favorable antifreeze
property and indicates great potential to produce durable
GFRC under low temperatures. However, previous studies
on CSA/GFRC mainly concentrated on its mechanical
properties and microstructure characteristics under stan-
dard curing or hot water accelerated ageing while the
performance of CSA/GFRC under cold temperatures re-
mains not fully understood; this is of great significance

before wider application of CSA/GFRC under low tem-
peratures can be made.)e present study aims to investigate
the effect of low temperatures on the hydration mechanism,
stress-strain performance, and freeze-thaw cycle property of
CSA/GFRC, and the underlying microstructure changes are
also investigated to correlate to the changes in
macroproperties.

2. Materials and Methods

2.1. Materials. To produce CSA/GFRC, commercial CSA
cement produced by Dengdian Cement Group in China was
used in the present study, as shown in Figure 1. CSA cement
and OPC were mixed with a ratio of 3 : 7, and quartz sand
was added with a sand to cement ratio of 1 :1. A water to
cement ratio of 0.3 was applied in this study. Chemical
compositions of CSA cement and ordinary Portland cement
(OPC) used in this study are listed in Table 1. In order to
improve the brittleness of cementitious materials, 0.5 wt. %
glass fibre was added in the dry mix to produce CSA/GFRC
composites. Glass fibre was chopped and randomly orien-
tated in the form of bundles. )e detailed mixing design is
listed in Table 2.

2.2. Experimental Work

2.2.1. XRD Analysis. Corresponding cement pastes were
prepared for XRD analysis to investigate the hydration
products of CSA-based cement under low temperatures.
XRD was carried out by Bruker D8 using CuKα1 radiation,
and XRD data of the powder samples were collected in a 2θ
range of 5° to 60° with a step size of 0.02°. After casting for
24 h, the specimens were cured in a water bath set at a
temperature of 20 ± 1°C. At a curing age of 7 d, the samples
were ground into fine powder and then applied in the XRD
equipment for testing.

2.2.2. Mechanical Testing. CSA/GFRC was cast in two dif-
ferent sizes, i.e., a thin slab size (250mm× 50mm× 10mm)
for stress-strain performance testing and a cubic size

Figure 1: Commercial CSA cement used in the present study.
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(100mm× 100mm× 100mm) for both compressive
strength and antifreeze testing. After casting for 24 h, they
were demolded and continued to be cured under different
temperatures (−5°C, 0°C, 5°C, and 20°C) for 1, 3, 7, 14, and
28 d.

Four-point bending test was undertaken by Tinius Olsen
H25KS with a major span of 200mm and a load rate at
1.8mm/min; relative experimental setup is shown in
Figure 2. In this study, stress-strain performance of CSA/
GFRC under −5°C, 0°C, 5°C, and 20°C for 1, 3, 7, 14, and 28 d
was tested, respectively. In order to investigate the durability
of CSA/GFRC under cold climates, antifreeze testing was
also undertaken according to Chinese Standard GB/T50082-
2009 (the standard for test method of long-term perfor-
mance and durability of ordinary concrete). Before testing,
the reference samples were still kept under the standard
curing condition, but the specimens for antifreeze testing
were taken out and then restored in water at 20± 1°C for 4 d.
)en, CSA/GFRC samples were weighed and then put in the
freeze-thaw testing chamber (set at −5°C, 0°C, and 5°C) for
6 h.

2.2.3. Microstructure Analysis. SEM was undertaken by
JEOL JSM-5800LV equipped with EDX. Backscattered
electron imaging mode was selected to characterize the
morphologies on polished surfaces of CSA/GFRC. Ele-
mental mapping was applied to investigate the arrangement
of chemical elements within the matrix. In order to inves-
tigate the chemical compositions at the interfilamentary
space, three representative points at the interfilamentary
space were selected to give overall information on the hy-
drated phases between fibres.

3. Results and Discussion

3.1. XRD Analysis. XRD results of corresponding CSA ce-
ment pastes cured at −5, 0, 5, and 20°C for 7 d are shown in
Figure 3. It can be found out that low-temperature envi-
ronments have very little effect on the type of hydration
products of CSA modified cement. Crystalline CH is still
absent, and large amounts of ettringite can be traced in all
the specimens of CSA modified cement under low-curing
temperatures, which is in agreement with the previous re-
search [14, 16]. )e sharp peak of ettringite in the CSA paste
cured at −5°C suggests that hydration of CSA cement still
continues at lower temperature, which is beneficial for the
development of both strength and densified microstructure.

It was reported that formation of ettringite was extremely
sensitive to curing temperatures and decreased levels of
ettringite are generated under low temperatures [12]. )is is
because lower curing temperature is not conducive to the
breaking of chemical bond and thus may lead to a slower
nucleation rate of ettringite, especially for those below 0°C
[16]. In addition, a broad peak at about 32° indicates
remnants of unhydrated belite clinker in all the specimens.
)is can be explained that hydration of calcium sulfoalu-
minate initiates rapidly once in contact with water, and it
continues readily in the first 1-2 days; therefore, insufficient
water will be remained for the hydration of belite at early
ages [20]. In particular, the broad peak of belite remnants in

Table 2: Mixing design of CSA/GFRC.

OPC (kg/m3) CSA (kg/m3) Water (kg/m3) Sand (kg/m3) Retarder (kg/m3) Glass fibre (wt. %)
666.7 285.7 285.7 952.4 4.8 0.5

L/3 L/3 L/3

b=55 mm

F

d=10 mm

Figure 2: Experimental setup of the four-point bending test.

0 10 20 30 40 50 60
0

2000

4000

6000

8000

10000

12000

14000

In
te

ns
ity

Degree (two theta)

-5°C@7d
0°C@7d

5°C@7d
20°C@7d

E E
E

B

Figure 3: XRD pattern of CSA pastes cured at −5°C, 0, 5°C, and
20°C at 7 d.

Table 1: Chemical compositions of CSA and OPC cement.

Composition (%) SiO2 Al2O3 Fe2O3 CaO MgO SO3 TiO2 Loss
CSA 8.92 32.15 1.32 44.68 1.71 8.92 1.85 0.54
OPC 19.38 4.99 1.96 63.69 2.33 4.95 0.47 2.23
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the CSA paste cured at −5°C suggests that hydration degree
of CSA cement is limited to some extent under lower
temperatures [21].

3.2. Compressive Strength. Compressive strength of CSA/
GFRC cured under −5, 0, 5, and 20°C for 1 d, 3 d, 7 d, and
28 d is shown in Figure 4. It can be found out that low-curing
temperatures, especially those below 0°C, have an adverse
effect on the compressive strength development of CSA/
GFRC. At an early age of 1 d, CSA/GFRC under lower
temperatures exhibited an extremely low compressive
strength compared with that cured at 20°C. )e corre-
sponding compressive strength is only 8.2MPa, 10.5MPa,
and 16.7MPa under −5°C, 0°C, and 5°C, which is 35.8%,
45.8%, and 72.9% of that cured at 20°C. )is is because
ettringite is the main contributions to the early strength of
CSA cement and reduced ettringite is generated at lower
curing temperatures owning to a reduced nucleation rate
[12]. With increasing curing ages, CSA/GFRC obtained
quick strength development under lower temperatures, and
strength difference with that under 20°C is reduced grad-
ually. In detail, compressive strength reaches 40.3MPa,
47.2MPa, and 50.2MPa under −5°C, 0°C, and 5°C for 28 d,
which occupies 67.7%, 79.3%, and 84.4% of that under 20°C.
)e relatively rapid strength development of CSA/GFRC
under low-curing temperatures suggests that it can ensure
the basic construction requirement in winter, and further
mechanical performance needs to be investigated before
wider application can be made.

3.3. Stress-StrainPerformance. Stress-strain performances of
CSA/GFRC cured under low temperatures for 1 d, 7 d, 14 d,
and 28 d are illustrated in Figure 5. It can be observed that
there is insignificant changes in the ultimate strain value at
low temperatures at 1 d, which is 0.67% for −5°C, 0.78% for
0°C, and 0.87% for 5°C, respectively, compared with 0.82%
for 20°C. However, low-curing temperatures have an adverse
effect on the ultimate tensile strength of CSA/GFRC at early
ages. It reduces to ∼25MPa at 5°C, 23MPa at 0°C, and
18MPa at −5°C, which is 83.3%, 76.7%, and 60.0% compared
with that at 20°C.

With a progressive curing age until 14 d, CSA/GFRC
demonstrates slight degradation in stress but it still exhibits
great ductility properties. At a longer curing age of 28 d,
there are obvious reductions in both ultimate strain value
and ultimate tensile strength. For example, the ultimate
strain value reduces to 0.34% at −5°C, 0.39% at 0°C, and
0.44% at 5°C compared with 0.51% for that cured at 20°C.
)e tensile strength of samples cured at –5°C for 28 d is only
15.2MPa, taking up only 40% of that under 20°C.

It can be concluded that there is less influence of low-
curing temperatures on the ductility properties of CSA/
GFRC at early ages; however, both ultimate tensile strength
and ultimate strain value indicate medium degradation after
14 d. )is degradation process is similar to the previous
results on CSA/GFRC [5, 16], in which CSA/GFRC indicates
gradual and medium reduction on both strength and duc-
tility under accelerated ageing.

3.4. Freeze--aw Performance. )e compressive strength of
CSA/GFRC under freeze-thaw attack is present in Figure 6.
It can be found out that with increasing freeze-thaw cycles,
compressive strength of CSA/GFRC indicates gradual re-
duction and this strength reduction is more evident with
lower curing temperatures. Beneficial freeze-thaw resistance
property can be observed in CSA/GFRC, and the corre-
sponding strength remains 95.9%, 94.7%, 94.2%, and 94.3%,
respectively, for that cured under 20°C, 5°C, 0°C, and −5°C
after 50 freeze-thaw cycles. )is is in consistence with the
previous research [18, 19], suggesting that reduction in both
flexural strength and dynamic modulus of elasticity of CSA
cement mortar is less than 5% after more than 30 cycles of
freeze-thaw. )e favorable freeze-thaw resistance of CSA/
GFRC provides great confidence in its application under low
temperatures.

3.5. Microstructure at Interfilamental Space.
Microstructure of CSA/GFRC cured at −5°C for 28 d is
present in Figure 7. It can be seen from Figure 7(a) that the
interfilamentary spaces are partly occupied by hydration
products, with some empty voids between fibres occasion-
ally. )is densification at the interfilamentary space may
result in loss on flexibility when forces are applied [22, 23],
which subsequently reduce the post-peak toughness of CSA/
GFRC to some extent.)is is in agreement with the previous
studies concluding that partial densification of the space
between fibres by hydrated products may become a deciding
microstructural factor in the degradation of GFRC
[3, 13, 14]. Elemental mappings were also obtained in this
study to investigate the spatial distributions of Ca, S, and Al
as shown in Figure 7(b). It can be concluded that elements of
Ca, Si, and S are accumulated in the interfilamentary spaces.

In order to investigate the chemical compositions of the
hydration phases, spot analysis on three representative points
located between fibres is listed in Figure 7(c). )e spot analysis
results on Point 1 showed a medium accumulation of Ca and S
at the interfilamentary zone, involving 26.1 wt. % Ca and 10.0
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Figure 4: Compressive strength of CSA/GFRC at −5, 0, 5, and 20°C.
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wt. % S, with small amounts of Al and Si included as well. )e
corresponding Al/Ca was 0.36 and S/Ca ratio was 0.48 at Point
1, which is considered as ettringite-type phases (Al/Ca� 0.33,
S/Ca� 0.5) with small inclusions of C-A-S-H gel. )e Al/Ca of
Point 2 and 3 reaches 0.54 and 0.55, respectively, with

corresponding S/Ca of 0.17 and 0.14.)is suggests an increased
level of Al inclusion and reduced level of S compared with
Point 1. It can be presumed that the main hydration phases at
the two points are ettringite intermixed with larger amount of
C-A-S-H. )erefore, it can be concluded that hydrated phases
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at the interfilamentary space of CSA/GFRC cured under low
temperature aremainly ettringite phases finely intermixed with
C-A-S-H gels at varying proportions.

4. Conclusions

It can be concluded that low-temperature environment has
very little effect on the type of hydration products in hy-
drated CSA cement. )e main hydration product of hy-
drated CSA cement cured under low temperatures is
ettringite which suggests that hydration of CSA cement still
continues under lower temperatures.

It can also be found out that low-curing temperatures
have an adverse effect on the strength development of CSA/
GFRC, but the strength difference compared with that under
20°C reduces gradually with increasing curing ages. Cor-
responding compressive strength is 40.3MPa, 47.2MPa, and
50.2MPa under −5°C, 0°C, and 5°C for 28 d, which occupies
67.7%, 79.3%, and 84.4% of that under 20°C.

In terms of bending performance, there are insignificant
changes in ultimate strain value at low temperatures at early
ages, however, but both ultimate tensile strength and ulti-
mate strain value indicate considerable degradation with
ageing under low temperatures after 14 d.)e ultimate strain
value reduces to 0.34% at −5°C, 0.39% at 0°C, and 0.44% at
5°C compared with 0.51% for that cured at 20°C for 28 d.)e
tensile strength of samples cured at −5°C for 28°d is only
15.2MPa, taking up only 40% of that under 20°C.

CSA/GFRC also demonstrated great capability in the
antifreeze-thaw performance. )e corresponding strength
remains 95.9%, 94.7%, 94.2%, and 94.3%, respectively, for
that cured under 20°C, 5°C, 0°C, and −5°C after 50 freeze-
thaw cycles.

Microstructural studies suggest that the interfilamentary
spaces are partly occupied by hydration products, with some
empty voids between fibres occasionally. Spot analysis on
three representative points at the interfilamentary space
demonstrates that hydrated phases at the interfilamentary

3
1

2
Glass fibre

(a)

Al Kα1

100 μm

Ca Kα1

100 μm

S Kα1

100 μm

(b)

20

15

10

5

0

cp
s (

eV
)

0 2 4 6 8 keV

O

C

Ca
Na

Si

Al

S

Ca

Spectrum 1

O

Ca
S

Al

Si

Fe

Mg

55.6

Wt %

26.1
10.0

6.4

0.1

0.1

0.1

0.2

σ

0.2
0.1

0.1

0.1

0.1

0.0

15

10

5

0
cp

s (
eV

)
0 2 4 6 8 keV

O

C

Ca

Fe

S

Fe Fe

Al

Ca
O

Ca
Al

S

Fe

Si

Mg

55.2

Wt %

28.8
10.5

4.0

1.4

0.1

0.0

0.3

σ

0.2
0.1

0.1

0.1

0.0

0.0

Spectrum 2

15

10

5

0

cp
s (

eV
)

0 2 4 6 8 keV

O

C

Ca

Fe

S

Fe Fe

Al

Ca
O

Ca
Al

S

Fe

Si

Mg

55.8

Wt %

28.4
10.5

3.2

2.0

0.2

0.0

0.3

σ

0.2
0.1

0.1

0.1

0.0

0.0

Spectrum 3

(c)
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space of CSA/GFRC cured under low temperature are
mainly ettringite phases finely intermixed with C-A-S-H gels
at varying proportions. )is densification may result in loss
on flexibility when forces are applied, therefore reducing the
post-peak toughness to some extent. )erefore, studies on
how to optimize the interfilamentary spaces with more
flexibility are necessary before durable CSA/GFRC can be
created and applied in field under low temperatures.
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