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With the increasing number of infrastructures constructed in marine and cold regions, research on and applications of calcium
sulphoaluminate (CSA) cement have been flourished, but the hydration process of CSA at low temperature has not been
systematically investigated. To characterize the influence of low temperature on the hydration characteristics, freshly mixed CSA
mortars were cured at −10, −5, 0, 5, and 20°C, respectively. *e hydration process was investigated by electrical resistivity,
compressive strength, and microstructure analyses. Results show that the hydration process (especially the induction period) is
lengthened by low curing temperature. Both the electrical resistivity and compressive strength increase with an increase in the
curing temperature. *e compressive strength was reduced at a low curing temperature. Among these five curing temperatures,
5°C is the optimal curing temperature. Low temperatures do not change the kinds of hydrates, but reduce their amount. *e
scanning electron microscopy results illustrate that fewer hydrates fill the pores in specimens cured at low temperatures, while
more hydrates form at higher temperatures. Moreover, low curing temperature contributes to the formation of coarse ettringite
crystals. For the cement used at low temperature, the induction period should be reduced by adjusting the calcining process and
composition proportion.

1. Introduction

Over nearly three decades, many infrastructures have been
constructed in China, which has greatly promoted the de-
velopment of concrete structures and cements [1].*e future
development of cold and polar regions has become a trend.
However, traditional Portland cement cannot meet the
needs of engineering constructions in these low temperature
areas, such as high-early strength and better expansion fill
performance. Compared with other types of cement, calcium
sulphoaluminate (CSA) cement has the advantages of fast
setting, high early strength, and short construction period
[2]. CSA cement is not only suitable for projects with high
resistance to erosion, but is also very suitable for projects in
cold regions. Moreover, CSA cement is one of the most
economical rapid hardening cements with an annual output
about approximately 1.3 million tons [3]. Motivated by the

demand for environment protection and other special re-
quirements, research on and applications of CSA have re-
ceived increasing attention [4–6]. However, the hydration
process of CSA at low temperatures is not well characterized.

To date, many methods have been used to quantify the
hydration degree of cement [7–11]. During the hydration
process, with the consumption of free water, the resistivity of
mortar exhibits a large change. *erefore, the hydration
process can be indirectly reflected bymeasuring its resistivity
[12]. Moreover, resistivity can combine the chemical reac-
tion with the changes in physical properties. *us, it has
been used to describe the hydration characteristics of cement
at an early age [13]. Tamas noted out that two maxima
appeared in the resistivity curves: the first one occurred at
1–3 hours, and the second one occurred at 6–10 hours [14].
Furthermore, the time of the first maxima is close to the
initial setting time [15, 16]. Because the plasma impedance
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can accurately reflect the variation in the ion concentration
and structure [17], the electrical resistivity method has been
adopted as a standard method in cement engineering [18].
Based on the electrical resistivity and its differential curves,
the hydration process was first divided into three stages [12]
and then four stages [19].

*e hydration process is accompanied by the variation in
the pore structure. *e resistivity is an effective parameter
for describing the formation of the pore structure [20]. It is
found that the diffusion coefficient of ions in porous media
has a proportional relationship to their resistivity, and that
their permeabilities can be evaluated by their resistivities
[21]. However, results have indicated that the diffusivity
measured by the resistivity method is larger than that
measured by other methods. Moreover, there is no signif-
icant association between the diffusivity and porosity when
the admixtures are added [22]. As an improvement, on the
basis of the Nernst–Einstein equation, the resistivity has
been adopted as a rapid test method for determining the
permeability of concrete. *is method can be applied only
when the pores are saturated with saltwater. Even so, this has
not prevented the resistivity method from becoming the
standard method for determining the permeability of con-
crete [23, 24]. Moreover, there is a quantitative relationship
between the electrical resistivity and pore structure during
the hydration process [20]. Because the porosity and pore
structure are closely related to strength, the compressive
strength can be predicted through resistivity [25, 26]. In
addition, studies have demonstrated that resistivity can not
only describe the evolution of the pore structure, but also can
be used to evaluate the damage degree [27]. In other words,
the resistivity is a key parameter for the evaluation of the
pore structure and durability of concrete [28, 29].

Because ettringite (AFt)/monosulphoaluminate (AFm)
has an obvious influence on compressive strength, many
laboratory tests have been conducted to investigate the
formation conditions of AFt/AFm. It is found that tem-
perature has a great influence on the hydration process of
cement paste. However, some researchers have found that
the amount of AFt and AFm reaches the maximum at 20°C
and 40°C [30], while some researchers have noted out that
the stable product is AFt at 80°C, while AFm at 120°C,
respectively [31]. Researchers believe that ettringite starts to
dehydrate rapidly at approximately 50°C under normal
humidity conditions [32]. *ese results indicate that an
elevated temperature can accelerate the formation of AFm
[33]. It can be seen that temperature not only influences the
hydration process, but also influences the kinds of hydration
products. At present, there are few studies on the hydration
mechanism of CSA cement at low (subzero) temperatures.
Furthermore, the influence of temperature on the hydration
process is not uniform, which provides an opportunity to
study the hydration mechanism of CSA cement cured at low
(subzero) temperatures.

It can be concluded that the resistivity method has been
widely used to characterize the hydration behavior of cement
in the early stage. However, few studies have focused on the
resistivity of CSA cement cured at low temperatures, es-
pecially at subzero temperatures.*e lack of data on the CSA

cement cured at low temperatures has hampered the further
application of CSA cement in cold regions. *erefore, a
series of macro- and microtests were conducted. In this
study, the hydration characteristics at low temperatures were
investigated, and the variations in resistivity, compressive
strength, and hydration products were analyzed.

2. Materials and Methods

2.1. Raw Materials. A rapid hardening calcium sulphoalu-
minate cement, which was taken from Tangshan, China, was
used in this study. Tables 1 and 2 show the chemical
components and the physical properties of the CSA cement,
respectively. Figure 1 presents the X-ray diffraction pattern.

A commercial standard sand was used, and its particle
size distribution is shown in Table 3.

*e antifreeze was ethanediol (C2H5OH, analytical pure,
with a mass fraction greater than 99.7% and a density of
0.789∼0.791 g/ml at 20°C), with a mass fraction of 10% of
water (this content can keep the water from freezing at
−10°C). Tap water was used to mix the mortar.

2.2. Specimen Preparation. According to the national
standards (methods of testing cement-determination of
strength (GB/T 17671)), the cement-sand ratio was deter-
mined as 1 : 3. Two water-cement ratios (w/c� 0.4 :1 and w/
c� 0.5 :1) were adopted in the laboratory tests. *e raw
material was stirred uniformly by a planetary-type mixer.
First, the cement, ethanediol, and water were mixed for 30 s
at 60 rpm. Second, sand was added and mixed for 30 s at
60 rpm. *ird, mixing was stopped 90 s and further mixing
was continued for 90 s at 120 rpm. *en, the mortars were
ready for electrical resistivity and compressive strength tests.
*ese sample preparation steps were conducted at room
temperature (approximately 25°C).

2.3. Curing Conditions. A thermostat (temperature range
−30∼60°C with an accuracy of 0.1°C) was used to provide the
required temperature. Before the electrical resistivity test,
the thermostat’s temperature was set at the required value
for at least 12 hours. Later, specimens were placed into the
thermostat, and the temperature remained unchanged until
the resistivity test was completed. *e specimens were
wrapped with plastic bag, so they were cured under airtight
conditions.

2.4. Testing Procedure. *e samples were only prepared for
electrical resistivity and compressive strength tests. *e
samples used for scanning electron microscopy (SEM),
X-ray diffraction (XRD), and Mercury intrusion porosim-
etry (MIP) tests were selected from the crushed samples
(after the compressive strength test).*e flow chart is shown
in Figure 2.

2.4.1. Electrical Resistivity. *e electrical resistivity test
methods included two phase electrodes, four phase elec-
trodes, and noncontact test techniques. Here, to reduce the
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disturbance caused by the electrodes, the two phase elec-
trode method was used in the resistivity test. A content of
500 g of mortar was placed into a plastic bucket (with a
diameter of 65mm and the length was measured after the
test), and, then, one copper plate was fixed at each sidewall of
the specimen. *e copper plates and the resistivity testing
equipment (type: TH 2830) were connected by a conducting
wire. After sample preparation, the specimens for the re-
sistivity test were placed into the thermostat. *e resistance
was automatically recorded by TH 2830 resistivity testing
equipment at an interval of 5min. *e testing frequency is
10 kHz. *e schematic diagram of the resistivity test is
shown in Figure 3. *e resistivity can be calculated as
follows:

ρ � R
A

L
, (1)

where ρ is the resistivity, R is the resistance, A and L are the
area and length of the sample, respectively.

2.4.2. Compressive Strength Tests. *emortar was poured in
a steel mold (with a size of 40mm× 40mm× 40mm), and
the mold was vibrated. *en, the mold was wrapped in a
plastic bag. Finally, the specimens were cured at constant
temperatures of −10, −5, 0, 5, and 20°C for 24 hours, and
then demolded and kept at the required temperature. *e
compressive strength tests were carried out at days 1, 3, and 7
on a universal testing machine with a loading rate of 2.4 kN/

Table 2: Physical properties of the CSA cement.

Material Specific surface area (m2/kg) Density (kg/m3)
Setting time (min)

Initial setting Final setting
CSA cement 460 2900 26 43

Table 1: Chemical components of the CSA cement (wt/%).

Material Al2O3 CaO SiO2 SO3 Fe2O3 MgO TiO2 LOI
CSA cement 33.36 43.01 8.28 7.90 1.95 1.69 1.35 0.89
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Figure 1: X-ray diffraction pattern of the tested cement.

Table 3: Particle size distribution of the sand.

Size (mm) 2.0 1.6 1.0 0.5 0.16 0.08
Accumulated retained
(%) 0 7± 3 32± 3 65± 3 87± 3 99± 1

CSA cement Sand

Tap water

Ethanediol

CSA mortar

Cured at -10, -5, 0, 5 and 20°C

Macro test Micro test

Electrical
resistivity

Compressive
strength

XRD SEM MIP

Hydration characteristics

Figure 2: Flow chart of the laboratory tests.
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Figure 3: Schematic diagram of the electrical resistivity test at
different temperatures.
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s. *e average value of the three specimens was used to
determine the compressive strength. If the range was more
than 30% of the average value, the value with the largest
deviation was eliminated, and the average of the other two
values was taken as the compressive strength.

2.4.3. SEM, XRD, and MIP Tests. After the compressive
strength, the crushed specimens with a size of 10–20mm
were selected and immersed in ethyl alcohol for 7 d to stop
hydration and then dehydrated in a drying oven at 45°C for
24 hours. After that, the specimens were crushed again, and
the specimens with a size of 5–10mm were selected. A fresh
fractured surface was scanned by using the field emission
scanning electron microscope (ESEM, QUANTA FEG 450).
Phase analysis was conducted by using X-ray diffraction
(type: Bruker D8A). *e diffraction patterns were recorded
within 10°–75° (2θ) with 0.01°/step. Finally, the pore
structure characteristics were investigated by using the MIP
tests (type: Autopore IV 9500).

3. Results

3.1. Electrical Resistivity. Figure 4 presents the development
of the electrical resistivity of the mortars cured at different
temperatures. *e laboratory results indicate that the re-
sistivity of mortar increases with curing time. *e resistivity
method actually tests ion migration in cementitious mate-
rials [11]. After water was added to the cement, the amount
of ions released by the cement particles in the liquid phase
continuously changed. In the dissolution and induction
stages, less water and ions were consumed, and there was
little change in the resistivity. At the acceleration stage, the
fast consumption of ions and water led to the formation of a
large amount of hydrates and gradually reduce the liquid
phase space. *is results in poor water connection. *ere-
fore, the resistivity gradually increased [19]. However, there
is the same difference between the results of two water-
cement ratios. As presented in Figure 4(a), at the same cured
age and temperature, the samples with low water-cement
ratio (0.4) have a larger resistivity than the samples with a
high water-cement ratio (0.5).

CSA cement is a rapid hardening cement, it enters the
acceleration stage quickly at 20°C, and thus the resistivity
rapidly increases from 2 hours [11]. However, low tem-
peratures delay the hydration process. As shown in
Figure 4(b), the electrical resistivity is relatively large at 30
hours when the samples are cured at 5 and 20°C. *e
electrical resistivity is relatively small before 60 hours when
the samples are cured at −10 and −5°C. Compared with the
samples cured at a low temperature, the samples cured at a
high temperature have larger changes in the resistivity rate,
no matter the water-cement ratio. Moreover, when the
curing temperature is above 5°C, the resistivity curves have a
consistent trend and include four parts: a slight increase, a
decrease, stabilization, and then an increase followed by a
gradual stabilization. With the decreasing curing tempera-
ture (at −10°C), the stabilization part does not appear on the
resistivity curve. It is evident that the acceleration stage

appears significantly earlier with an increasing curing
temperature, and this indicates that a lower temperature
lengthens the induction stage and delays the hydration
process.

Previous studies have indicated that ions released by
cement cause a decrease in electrical resistivity [11, 16]. As
shown in Figures 4 and 5, there is a slight increase in
electrical resistivity and the increment increases gradually
with the decrease in the curing temperature. *ere are two
reasons for the change in resistivity in the dissolution stage.
One reason is the temperature decrease (from room tem-
perature 25°C to the tested temperature), and the other
reason is the dissolution of soluble ions from cement par-
ticles.*e former increases resistivity, and the later decreases
resistivity. *e diminution of resistivity is not apparent, and
resistivity shows an increasing trend. *e result shows little
difference from the results presented by literature [11]. *is
can be explained by the fact that (1) low temperatures
impede the dissolution of ions and (2) the decrease in re-
sistivity has little change (less than 0.5Ωm) [11, 16]. Fur-
thermore, the hydration process gradually reaches the
acceleration stage. However, the hydration process is sig-
nificantly delayed by the low curing temperature (−10°C and
−5°C). As seen in Figures 5(a) and 5(b), the curves of
variation rate of resistivity have similar change trends: there
are two peaks in the curves of the variation rate of resistivity
when the samples are cured at 20°C, 5°C, and 0°C. Only one
peak is observed at −5°C and −10°C. However, the node time
is different for different water-cement ratios. For the sample
with low water-cement ratio cured at 0°C and 5°C, the ac-
celeration stages start from 30 hours to 8.6 hours, respec-
tively (Figure 5(a)). For the sample with high water-cement
ratio cured at 0°C and 5°C, the acceleration stages start from
15.7 hours to 7.5 hours, respectively (Figure 5(b)). As shown
in Figure 4, the horizontal segment (induction stage) is
extended with the decreasing temperature, especially at
−10°C and −5°C. In the acceleration stage, the hydrates are
continuously formed [34].*e length of the conducting path
increased, which caused the increase in resistivity. In ad-
dition, the rate of electrical resistivity decreases with de-
creasing curing temperature, which can be explained by the
fact that a higher temperature can improve the activity of the
raw materials and promote the hydration process.

3.2. Compressive Strength. *e compressive strength of CSA
mortars cured at different temperatures was measured in 1 d,
3 d, and 7 d. *e compressive strength of CSA mortar in-
creases with increasing curing age, regardless of the curing
temperature and water-cement ratio. As shown in
Figure 6(a), the compressive strength of the sample cured at
−10°C is about 3.23MPa at day 1, which is only approxi-
mately 10% of that of the specimens cured at 20°C
(28.83MPa). *e similar result can be found in Figure 6(b).
*e test results indicate that the compressive strength de-
creases sharply at low curing temperature, especially from 0
to 1 d. Although the low temperature slows the hydration
rate, the compressive strength continuously increases with
the curing time.Moreover, at a water-cement ratio of 0.5, the
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compressive strength of the specimen cured at −5°C for 7 d is
only approximately 2MPa lower than that of the sample
cured at 0°C. *e sample cured at 5°C has a compressive
strength of 46.4MPa, while the sample cured at 20°C has a
compressive strength of 43.6MPa.*is trend is similar to the
results presented by Xu et al. [33]. It can be concluded that
there is an optimal curing temperature for CSA cement
cured at temperatures ranging from −10°C to 20°C.

As shown in Figure 6, at these two water-cement ratios,
the early strength of the mortars decreased significantly at
low curing temperature. *is is because a lower curing
temperature delays the hydration process and decreases the

hydration rate, which leads to a decrease in the amount of
hydrates. It is known that the strength of the CSA mortar is
controlled by the amount of AFt crystals and its micro-
structure. When samples have the same hydration degree,
the connection between the hydration products and the
microstructure controls the strength [35]. As mentioned
above, a low curing temperature slows the hydration rate.
*erefore, the sample cured at a lower temperature has a
lower hydration degree than that cured at a high temper-
ature [36]. In other words, a lower curing temperature
decreases the hydration degree and reduces the amount of
hydrates. Consequently, an unstable microstructure is
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Figure 5: Rate of electrical resistivity of the mortar at different curing temperatures for 0–1 d. (a) w/c� 0.4. (b) w/c� 0.5.
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formed in the mortars without the connection provided by
the hydration production. *erefore, the compressive
strength decreases at low curing temperatures, no matter the
water-cement ratio.

3.3. X-Ray Diffraction (XRD). Figure 7 shows the XRD
patterns of CSA mortars cured under different conditions.
Previous study indicates that the main hydration products of
CSA cement are ettringite (AFt), monosulphoaluminate
(AFm), and alumina gel (AH3) [3]. *is can be verified by
the microanalysis (Figures 7 and 8). However, the main
hydration product of the samples cured at −10, −5, and 0°C is
AFt, almost without AFm and AH3 (Figure 8). For the
sample cured at 5 and 20°C, the dominant hydrates are AH3
and AFm. *is can be explain the fact that the formation of
hydrates is determined by the hydration degree, as reflected
by the consumption of gypsum. When calcium sulfate is
completely consumed, hydrates of AFm and AH3 will
gradually form according to (2) [3]. As noted byWang et al.,
the AFm will form in the middle of the hydration process.
*e XRD results show that the specimens cured at 20°C have
early access to the middle of the hydration process, which
illustrates that the hydration process is delayed by low curing
temperature [35].

C4A3S + 18H2O⟶ C4ASH12(AFm) + 2AH3 (2)

As shown in Figure 7(b), with prolonged hydration time,
the diffraction peak of AFt increases gradually and the
diffraction peak of Ye’eliminate decreases. In addition, be-
cause the hydration product AH3 has poor crystallinity, it is
difficult to characterize AH3 by using XRD. From the details
mentioned above, we can conclude that a low curing tem-
perature only suppresses the hydration reaction and does
not change the kinds of hydrates, but the amount of hydrates
obviously decreases. Moreover, because the lower curing
temperature delays the hydration process, the appearance
time of AH3 is postponed.

3.4. ScanningElectronMicroscope (SEM). Figure 8 shows the
microstructure of a hydrated paste cured at different tem-
peratures for 3 d. For the sample cured at 20°C, the hydration
products contain more plate-shaped AFm and pompon-
shaped AH3, almost without AFt (Figure 8(a)). With the
decrease in curing temperature, small, short, and fine needle
AFt gradually appears. At −10°C, more acicular ettringite can
be observed in the specimens. In total, as the curing tem-
perature drops from 20°C to −10°C, the AFm and AH3
gradually disappear, and the AFt becomes coarser
(Figure 8(e)). *is finding can be explained by the fact that
the solubility of ettringite at 20°C is larger than that at −10°C,
so it is easy to form ettringite at low temperature [37]. In
addition, the formation of hydrated calcium silicate gel at
−10°C is slower than that at 20°C, and there is a large residual
space between particles, which promotes the growth of
ettringite [35]. Moreover, when gypsum is completely
consumed, AFm will form according to equation (3) [3].
*erefore, the content of AFt at −10°C is higher than that at
20°C. In addition, a higher curing temperature results in
faster conversion from AFt to AFm,

C6AS3H32(AFt) + 2C3A + 4H2O⟶ 3C4ASH12(AFm)

(3)

As shown in Figure 8, with the elevated curing tem-
perature, the amount of AH3 gradually increases. Combined
with the compressive strength results, it is found that the
compressive strength increases with increasing curing
temperature. *is conclusion agrees well with the previous
results [38]. During the hydration process, AFt forms first,
but its structure is relatively loose and the compressive
strength is low. By increasing the hydration time, the hy-
dration degree increases and AH3 is formed. Because AH3
has a high cohesion and large specific surface area of ap-
proximately 285m2/g [39], the connection between com-
ponents strengthened by AH3. Moreover, as the AH3 phase
fills the pore spaces, the structure becomes relatively dense.
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Figure 6: Compressive strength of mortar cured at −10, −5, 0, 5, and 20°C. (a) w/c� 0.4. (b) w/c� 0.5.
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*erefore, the compressive strength increases with hydra-
tion time, and the elevated curing temperature can enhance
the compressive strength.

3.5. Pore Sizes. *e pore structure can be treated as one of
the external manifestations of cement hydration. Figure 9
shows the pore size distribution of the specimens cured at
different temperatures (w/c� 0.5). At day 3, the pore vol-
umes of the samples cured at −10, −5, 0, 5, and 20°C are
0.288, 0.229, 0.213, 0.178, and 0.182mL/g, respectively. *e
porosity results show that the curing temperature has a
noticeable effect on the total porosity, and that 5°C is the
optimum curing temperature to obtain a minimum porosity.
Li et al. [40] pointed out that increasing the amount of
hydration products will decrease the total porosity. As the
temperature decreases, the hydration process is delayed.
Consequently, the amount of the hydration product is re-
duced. *erefore, with less hydrates filling the pore space,
porosity increases with the decreasing curing temperature.
Moreover, the results show that the pore size distribution
shows little difference at different curing temperatures. As
shown in Figure 9, the volume of a pore with a diameter
larger than 0.1 μm is 0.098mL/g at −10°C and 0.031mL/g at
20°C. Compared with the sample cured at 20°C, the number
of coarse pores noticeably increases when the sample is
cured at −10°C. *e change law is consistent with the in-
fluence of high-temperature curing on the pore structure of
the silicate cement [41, 42].

Because pores with different sizes have different effects
on the physical-mechanical properties of concrete, the pores
are divided into four classes depending on the endanger
degree (Table 4) [43]. Total porosity varies little at 5°C and
20°C. However, the proportion of harmful pores is larger at
20°C than that at 5°C. As a result, the specimen cured at 5°C
has a large compressive strength. *is indicates that the
optimal curing temperature can reduce the number of
harmful pores.

4. Discussion

4.1. Influence of Temperature on the Formation of Strength.
*e experimental results indicate that an elevated temper-
ature results in the compressive strength first increasing
(cured at −10°C∼5°C) and then decreasing (cured at
5°C∼20°C). *is changing trend does not completely agree
with the results presented by Li et al., which showed that the
strength tends to decrease with increasing curing temper-
ature (samples were cured at 5°C∼40°C) [40]. It is well
known that concrete has a resistant freezing critical strength
[44]. *e compressive strength of the specimens cured at
−10°C and −5°C for 1 d is lower than the resistant freezing
critical strength of 2.5MPa (the resistant freezing critical
strength is determined by the literature [45]). *erefore,
frost heaving stress, induced by pore water migration and
freezing, will destroy the structure of the mortars cured at
−10°C and −5°C and lead to a decrease in strength. More-
over, the specimens cured at −5°C and −10°C are still in the
deceleration stage at day 7. *is means that fewer hydrates

form and the components in the mortar have a poor con-
nection, which does not benefit in developing strength. For
curing temperature over 5°C, there is no frost heaving stress.
Under this condition, low temperatures are beneficial to the
formation of ettringite and increase in strength [35].
Moreover, the specimens cured at 20°C and 5°C have reached
the stable stage in 7 d. Many hydrates are formed, and the
components are strengthened by the hydrates. Conse-
quently, the mortar has a denser structure and a larger
compressive strength. At a high temperature (20°C), due to
the large hydration rate, more harmful pores will be formed.
Results show that higher and lower curing temperatures
result in an increase in the number of harmful pores. *us,
there is a critical curing temperature for obtaining the largest
compressive strength and lowest porosity. Moreover, as
shown in Table 5, the low temperature increases the total
porosity and results in a decrease in the proportion of
harmless pores.

4.2. Influence of Temperature on Electrical Resistivity.
Previous results indicated that the liquid phase played a key
role in determining the electrical resistivity [46]. After the
mortar was mixed, the hardening of mortar occurs in three
states: flow state, plastic state, and solid state. At the early
time, both the ion concentration and the volume of the
liquid phase were large. Sands are surrounded by pore water
in the mortar. All the pores were connected with each other,
and the length of the conducting path was short
(Figure 10(a)). Consequently, the electrical resistivity was
small. Due to the formation of hydration products, the
porosity and free water content were reduced continually.
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Figure 9: Pore structure of the CSA mortar at different curing
temperatures for 3 d.

Table 4: Pore-class classification [43].

Pore size/nm <20 20–100 100–200 >200
Hazard
ranking Harmless Less

harmful Harmful More
harmful

8 Advances in Materials Science and Engineering



With time going on, the volume of the solid phase increases
and the volume of the liquid phase decreases. Consequently,
the hydration products broke the conduction path and
lengthened the conducting path (Figure 10(b)). Moreover,
the formation of hydrates consumed many ions. *e de-
crease in ion concentration and the increase in the length of
the conducting path led to a dramatic increase in resistivity.

Actually, the variation in electrical resistivity reflects the
evolution of the pore structure. Here, the formation factor
was used for describing the pore structure, which can be
calculated as follows [24]:

F �
ρ
ρ0

, (4)

where ρ is the resistivity of the mortar and ρ0 is the resistivity
of the pore water in themortar. All the ions were dissolved in
water in the induction stage, and the minimum electrical
resistivity was treated as ρ0.

Based on the tested resistivity, the formation factor can
be calculated, as shown in Figure 11.*e results indicate that
at these two water-cement ratios, the formation factor in-
creases with prolonged hydration time. Moreover, as seen in
Figure 6, at the same curing age and temperature, the sample
with a low water-cement ratio has a larger electrical resis-
tivity. With the hydration process going on, free water is
gradually consumed and more hydrated cement is gener-
ated. *is results in a decrease in the volume of the liquid
phase and an increase in the volume of the solid phase [13].
As a result, the resistivity increases. *erefore, the formation
factors increase with hydration time. Moreover, at the same

age, specimens cured at high temperatures have a larger
formation factor. *is can be explained that a higher hy-
dration degree indicates more free water and ions have been
consumed.*erefore, compared with the specimens cured at
lower temperatures, the sample cured at 20°C has the
minimal volume for the liquid phase. A poor connection
between pore water results in the longest conducting path
formed in the sample cured at 20°C. Consequently, this
sample has the largest resistivity and formation factor.
Because the hydration rate is decelerated by low tempera-
ture, more free water exists in the pores, resulting in an
increase in the volume of the liquid phase. Better pore water
connection causes the decrease in resistivity. To some de-
gree, the change in the formation factor can reflect the
hydration degree. In addition, the sample with low water-
cement ratio has a smaller change rate in the formation
factor. A low water-cement ratio means that less water is
added in the cement, and the pore water connection is poor,
so the minimum electrical resistivity is larger in the low
water-cement ratio. When the resistivity of the mortar has
little difference, the formation factor was determined by the
minimum electrical resistivity ρ0.

4.3. Influencing Mechanism of Temperature on the Hydration
Process. *e hydration process can be summarized in three
steps: dissolution of cement particles, consumption of free
water, and formation of hydration products [3]. As seen, the
low curing temperature did not change the final hydration
products [47], but lengthened the hydration process (Table 6).

Table 5: Proportions of hazard ranking of pores.

Test condition
Hazard ranking

Harmless (%) Less harmful (%) Harmful (%) More harmful (%) Porosity (mL/g)
5°C, w/c� 0.4 51.28 21.60 8.38 18.74 0.110
5°C, w/c� 0.5 32.45 54.37 10.36 2.83 0.178
−5°C, w/c� 0.4 39.37 27.70 10.22 22.71 0.163
−5°C, w/c� 0.5 22.23 43.16 21.43 13.17 0.229

Sand

Hydrates

Conducting path

(a)

Sand

Hydrates

Conducting path

(b)

Figure 10: Schematic presentation of the conduction paths in the mortar (a) fresh mortar and (b) mortar hydrated for some time.
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Taking the age of 1 d, for example, the specimens with a water-
cement ratio 0.5 cured at 20°C and 5°C have access to the
deceleration stage, the specimens cured at 0°C have access to
the acceleration stage, but the specimens cured at −5°C and
−10°C are still in the induction stage. Moreover, the speci-
mens cured at −5°C and −10°C still did not enter the stable
stage even at 7 d.

*e results indicate that the hydration process was
lengthened by the low temperature. *e key piece of evi-
dence is that both compressive strength and electrical re-
sistivity decreased with decreased curing temperature at the
same age. *erefore, in some degree, we can conclude that
the low curing temperature decreases the hydration rate. In
this section, we will discuss how the temperature decreases
the hydration rate.

*e hardening of cement is accompanied by chemical
reactions. *erefore, we will analyze the influencing
mechanism from the perspective of chemical reactions. *e
“collision theory” in chemical reaction indicates that a re-
action may occur when reactant molecules collide with each
other [48, 49]. However, not every collision can result in a
reaction, and only an “effective collision” can result in a
reaction. An effective collision must meet two basic con-
ditions: (1) the molecules have high energy and (2) the
molecules collide with each other in a certain direction [49].

*e collision theory also noted that both increasing the
number of activation molecules and increasing the effective
collision times can speed up the reaction rate. At a lower
temperature, the molecules have lower energy and may not
meet the required activation energy compared to that at a
higher temperature, which means that a lower temperature
will reduce the number of activation molecules
(Figure 12(a)). Meanwhile, water is sticky at low tempera-
tures, and ions encounter more resistance during themoving
process. *erefore, the effective collision frequency is re-
duced by lower temperature (Figure 12(b)). As a result, the
decrease in the number of activation molecules and the
decrease in the effective collision frequency lead to a de-
crease in the hydration rate (Figure 12(c)). *us, at the same
age, the specimens cured at high temperature have a high
hydration degree. In other words, the hydration process is
lengthened by a lower curing temperature, as listed in Ta-
ble 4. Moreover, the Arrhenius theorem indicates that the
constant of the reaction rate decreases with decreasing
temperature. Because the hydration process is suppressed by
the low temperature, the amount of hydration products is
reduced. In turn, the compressive strength decreases. In
short, the low temperature decreases the hydration rate.
*erefore, when designing the cement for low temperature,
the induction period should be reduced.
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Figure 11: Variation in the formation factor at different curing temperatures for 1 d, 3 d, and 7 d. (a) w/c� 0.4; (b) w/c� 0.5.

Table 6: *e initial time of the mortar access to different hydration stages (unit: hour).

Hydration stages
Curing temperature

20°C 5°C 0°C −5°C −10°C
Dissolution stage 0.0 0.0 0.0 0.0 0.0
Induction stage 0.8 2.4 3.5 4.2 4.8
Acceleration stage 1.4 7.5 15.7 28.6 80.2
Deceleration stage 2.5 12.5 24.5 77.4 118.1
Stabilization stage 16.2 48.4 101.3 — —
Notes: *e symbol “—” means does not appear. Water-cement ratio is 0.5.
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5. Conclusion

A series of laboratory tests were conducted to investigate the
influence of low temperatures on the hydration character-
istics of CSA cement. *rough systematic analyses, the
following conclusions can be obtained:

(1) Temperature has a significant effect on the macro-
properties of mortar. *e influence degree of the
temperature decreases with the increase in curing
time. *e hydration rate determines the early
strength, but the later strength is controlled by the
amount of hydrates and the microstructure.

(2) Low curing temperatures slows the hydration rate,
lengthens the hydration process, and delays the
transformation of AFt to AFm.*e types of hydration
products are not changed by low curing temperature,
but their quantity decreases sharply with decreasing
temperature, especially at the early stage.

(3) For the tested CSA cement, the optimum curing
temperature is around 5°C. An appropriate hydra-
tion rate can decrease the number of harmful pores
and increase the compressive strength. *erefore, in
the engineering application, an appropriate curing
temperature should be provided.
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