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ABSTRACT The aim of this study is to appraise the potential of calcium sulfoaluminate (CSA) cement-based grouts
in simulated permafrost environments. The hydration and performance of CSA cement-based grouts cured in cold
environments (10, 0, and —10 °C) are investigated using a combination of tests, including temperature recording, X-ray
diffraction (XRD) tests, thermogravimetric analysis (TGA), and unconfined compressive strength (UCS) tests. The
recorded temperature shows a rapid increase in temperature at the early stage in all the samples. Meanwhile, results of
the TGA and XRD tests show the generation of a significant quantity of hydration products, which indicates the rapid
hydration of CSA cement-based grouts at the early stage at low temperatures. Consequently, the CSA cement-based
grouts exhibit remarkably high early strength. The UCS values of the samples cured for 2 h at —10, 0, and 10 °C are 6.5,
12.0, and 12.3 MPa, respectively. The UCS of the grouts cured at —10, 0, and 10 °C increases continuously with age and
ultimately reached 14.9, 19.0, and 30.6 MPa at 28 d, respectively. The findings show that the strength of grouts
fabricated using CSA cement can develop rapidly in cold environments, thus rendering them promising for permafrost
applications.
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1 Introduction soil and rock in underground stopes can reach —10 °C

[12,13]. In heated underground stopes, the temperature

Grouting is an enhancement technique involving the
injection of flowable mixtures (known as grouts) into the
fractures or voids of rock or soil mass to stabilize the
ground in mining and civil engineering [1-3]. Among the
different types of grouts, cement-based grouts are the
most frequently used. In particular, ordinary Portland
cement (OPC) is widely utilized owing to its advantages
of excellent stability, high strength, and low price [4-8].
The performance of OPC-based materials depends
primarily on their operating temperatures [9,10]. In
permafrost regions, the average annual air temperature is
typically below —1 °C [11], the minimum temperatures of
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can be as low as 5 °C [14]. Under such conditions, the
strength development of OPC-based materials is hindered
significantly. According to Huang et al. [15], the 1-d
strength of OPC mortar at 5 °C was only 0.2 MPa. Such
slow strength development at low temperatures may
cause grouting failure, affect construction efficiency, or
significantly threaten the safety of workers.

Compared with OPC, calcium sulfoaluminate (CSA)
cement exhibits rapid setting and strength development,
rendering it promising for permafrost applications
[10,16-18]. CSA cement is a sustainable cement material
manufactured via the calcination of bauxite, limestone,
and gypsum [19,20]. Unlike OPC, it can reduce the CO,
footprint by ~35% at the maximum owing to the lower
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calcination temperature of the CSA cement clinker
(~1250 °C, in contrast to ~1450 °C of OPC) [21]. The
CSA cement clinker is primarily composed of ye’elimite
(C,A;S) and belite (8—C,S) [22,23]. Moreover, other
minor phases, including calcium sulfates (CS),
brownmillerite (C,AF), calcium aluminates (CA, or
C,A,), gehlenite (C,AS), and calcium sulphosilicate

(CSSZ§) are discovered in CSA cement [24]. CSA cement
can hydrate quickly and generate various hydration
products, including ettringite (C(,A§3H32 or AFt), mono-
sulfoalminate (C4A§H12 or AFm), and aluminum
hydroxide (AH;) [20,24-26].

Owing to the rapid hydration of CSA cement, grouts
prepared using CSA cement have the potential to be used
in permafrost regions. Currently, only a few studies have
been done on CSA cement-based grouts. For instance,
Zhang et al. [27] prepared ultrafine CSA cement-based
double liquid grouts using various proportions of
anhydrite and quicklime. The results showed that the
UCS of grouts was the highest when the anhydrite—
quicklime ratio was 4:1. Based on this ratio, Zuo et al. [5]
investigated the effect of water—binder ratio on the
performance of CSA cement-based grouts. Based on their
findings, a water—binder ratio of 8:1 could be regarded as
a turning point. Beyond this ratio, the hydration heat
release in the grouts decreased obviously and the
formation of ettringite decelerated. Additionally, the
effects of various accelerators (e.g., lithium carbonate,
aluminum sulfate, and LiAl-layered double hydroxides)
on the performance of CSA cement-based grouts have
been investigated [28-30]. These studies demonstrated
that incorporating a low amount of accelerator accelerated
hydration reactions at the early age and promoted the
early compressive strength. Although a few studies have
conducted on CSA cement-based grouts, the potential of
using CSA cement-based grouts in permafrost environ-
ments (e.g., —10 °C) has not been investigated hitherto.
There is a need to appraise the potential of CSA cement-
based grouts in permafrost environments, ultimately to
provide a brand-new solution to fulfill the requirements
of rapid strength growth when grouting in permafrost
regions.

To this end, this study is performed to appraise the
potential of using CSA cement-based grouts cured in
simulated permafrost environments. Temperature record-
ing, thermogravimetric (TGA) analysis, and X-ray
diffraction (XRD) tests are performed to understand the
hydration of CSA cement-based grouts cured at low
temperatures. Unconfined compressive strength (UCS)
tests are performed to evaluate the strength development
of the grouts. This study can provide a valuable theoreti-
cal basis for the future applications of CSA cement-based
grouts in permafrost environments.
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2 Materials and methods
2.1 Materials

The CSA cement-based grouts used in this study are
composed of two components: Compositions A and B.
Composition A is composed of a CSA cement clinker,
Composition B is composed of anhydrite and quicklime
mixed in proportions of 4:1 by mass. Researchers have
shown that such grouts can achieve the highest
compressive strength when anhydrite and quicklime are
combined at a ratio of 4:1 by weight [27]. The primary
chemical and mineral compositions of the CSA cement
clinker are presented in Tables 1 and 2, respectively.

2.2 Sample preparation

Compositions A and B of the CSA cement-based grouts
were blended at a ratio of 1:1 such that they can be mixed
more easily, thus rendering grouting operations more
efficient. A water-to-solid ratio of 0.6 was used to ensure
that the grouts satisfied the mechanical performance and
workability of grouts simultaneously. Before blending the
grouts, Compositions A and B as well as water were
stored at 20 °C, and the temperature was controlled at
20 °C to maintain consistency.

Samples of the CSA cement-based grouts were
prepared as follows: First, water was added to
Compositions A (CSA clinker) and B (anhydrite and
quicklime), separately; subsequently, the mixtures were
stirred via whisking for 90 s at a speed of 150 r'min' to
form Slurries A and B. The two slurries were mixed

Table 1 Chemical composition of CSA cement clinker

chemical composition mass (%)
Si0, 10.59
CaO 45.02
ALO;, 29.54
Fe,0, 221
MgO 1.97
TiO, 1.45
SO, 8.45
loss 0.77

Table 2 Main mineral composition of CSA cement clinker

mineral composition mass (%)
C4A3S 56.44
f-C,S 31.19
C4AF 5.47
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rapidly and stirred for 90 s at 150 r'min'. Finally, the
pastes were placed in molds with a diameter of 50 mm
and a height of 100 mm. To ensure the compactness of
the specimens, the pastes were cast in two layers for each
specimen, and each layer was manually tamped 30 times
using a tamping rod after casting. All samples were
protected with plastic films to prevent water evaporation.
In this study, the samples were cured in cold sand to
achieve simulated permafrost environments, as proposed
in our previous study [15]. This was performed because
frozen sand has a thermal conductivity (1.2-3.6
W-m K") similar to that of ground in permafrost
regions (1.49-2.24 W-m "“K™) [31,32]. As shown in
Fig. 1, water-saturated sand was placed in a plastic bucket
and a cylindrical steel ring was inserted into it to
promptly embed the samples. Subsequently, the bucket
was placed in a freezer to cool the sand to a specific
temperature. After the pastes were cast in molds, the
samples were embedded into rings to begin curing. The
sand temperatures in this study were controlled at 10, 0,
and —10 °C. Moreover, samples cured at 20 °C in a
laboratory environment were used as the reference.

2.3 Methods

2.3.1 Temperature recording

The temperature profile as a function of time allows one
to understand the hydration of grouts, which is associated
significantly with the strength development and hydration
reaction of cement [4]. To investigate the hydration
process of grouts at each temperature, the temperature
variations exhibited by hardening CSA cement-based
grouts were recorded. After casting the samples,
temperature sensors were embedded in the centers of the
samples to measure the hardening temperatures of the
grouts at each curing temperature. Subsequently, a
temperature sensor was inserted in sand to record its
temperature and verify the curing conditions. All the
sensors were connected to a data logger to record the
temperature profiles. In this study, Pt100 temperature
sensors and an MIK-R200T recorder were used to record

temperature
sensor

water-saturated
sand

specimen

cylinderical steel ring plastic bucket

(a)
Fig. 1
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the temperatures. The temperature data were recorded
every 30 s.

2.3.2 XRD test

XRD tests can be performed to investigate the types and
amounts of hydration products in grouts [19]. In this
study, these tests were performed to analyze the hydration
process of grouts at different temperatures for 2 h and
28 d. Before the XRD tests were performed, small pieces
extracted from each sample were immersed in ethyl
alcohol for 36 h to halt hydration via solvent exchange
and then dried in an oven at 40 °C for 48 h. After
desiccation, the pieces were ground and sieved to obtain
pieces measuring 150 um or less.

XRD tests were performed using a Rigaku X-ray
diffractometer (model: SmartLab) and CuKo (1 =
1.54 A) radiation was applied. The scanning range of the
samples was between 5° and 50°, with a 26 increase of
0.01° per step.

233 TGA

TGA was performed to investigate the hydration of the
CSA cement-based grouts. The hydration products can be
identified by the derivative of weight loss during the
heating process [22]. In this study, TGA were conducted
on grouts cured at different temperatures for 2 h and 1, 7,
and 28 d. The preparation of the samples for the TGA
was the same as that for the XRD tests.

TGA was conducted using a Leco TGA 701 instrument.
The samples were heated from 20 to 450 °C at a rate of
5 °C/min under a nitrogen atmosphere.

2.3.4 UCS test

In this study, the UCS was determined based on the
ASTM-C39 standard [33]. The cylindrical samples
(®50 mm x 100 mm) were tested using an electro—
hydraulic servo pressure testing system, and their UCS at
2h,1d,3d,7d, and 28 d was obtained.

water-saturated sand

)

Curing condition of samples: (a) schematic illustration; (b) side view; (c) plan view.



Jian ZHAO et al. Appraising the potential of CSA cement-based grouts in permafrost environments

3 Results and discussion
3.1 Temperature recording analysis

Figure 2 shows the temperature profiles of CSA cement-
based grouts under different curing conditions. The
temperatures of the samples, sand, and laboratory
environment were recorded during the first 48 h. To
clearly show the hydration of the samples in the early
ages, the temperature profiles of the samples in the first
2 h are presented in zoomed-in figures under each
condition.

As shown in Fig. 2(a), the temperature of the sample
cured at 20 °C in a laboratory environment increased
significantly and peaked within a short time. Initially, the
temperature of the sample increased from 19.5 °C to
approximately 24.1 °C within 2 min. This process is the
initial period, during which cement particles were
dissolved and hydrated partially [23,34]. After the initial
period, the hydration of the grouts underwent a short
induction period and then rapidly reached the acceleration
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period [35]. During this period, the temperature of the
sample increased rapidly and reached 57.5 °C at 36 min,
which was almost three times the initial temperature. This
shows that the hydration of the CSA cement-based grouts
in the early stage was rapid and intensive at the ambient
temperature.

The rapid increase in temperature of the samples cured
in cold environments occurred at the early stage and not
only at the ambient temperature, as depicted in Figs. 2(b)—
2(d). The temperature of grouts cured in sand at 10, 0,
and —10 °C increased immediately after casting and
reached 47.4, 37.8, and 29.8 °C within a short time,
respectively. The rapid increase in temperature indicates
the rapid hydration of the CSA cement-based grouts at
low temperatures. During this process, intensive heat was
released to mitigate the undesirable effects of the cold
environment on the hydration of the grouts. Meanwhile,
the released heat promoted hydration, thus resulting in
elevated peak temperatures of the samples. Notably, the
temperature of the OPC mortar cured at —10 °C barely
increased after the sample was embedded in cold sand
[15]. By contrast, a rapid increase in temperature
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Fig. 2 Temperature records of CSA cement-based grouts cured at (a) 20 °C, (b) 10 °C, (c¢) 0 °C, and (d) —10 °C.
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occurred in the CSA cement-based grouts, even when
they were cured at —10 °C, as shown in Fig. 2(d). This
implies that CSA cement-based grouts effectively
overcome the adverse effects of low temperatures on
hydration. Interestingly, a step appeared at 0 °C in the
temperature profiles of the sample cured at —10 °C. This
step was due to the freezing of water, which released
latent heat to mitigate the decrease in temperature [15]. In
conclusion, CSA cement-based grouts underwent rapid
hydration reactions at the early stage in cold environ-
ments.

3.2 XRD test analysis

Figure 3 shows the XRD patterns of CSA cement-based
grouts at 2 h and 28 d at various curing temperatures.
Ettringite (AFt) was identified as the main hydration
product in the CSA cement-based grouts. Other hydration
products, such as monosulfate (AFm) and alumina
hydroxide (AH,), were barely detected in the XRD
patterns owing to their inferior crystallinity [36]. In
addition to the significant quantity of AFt generated,
some ye’elimite, belite, and anhydrite were detected in
the XRD patterns.

Figure 3(a) shows the effect of curing temperature on
each phase of the CSA cement-based grouts after 2 h of
curing. The result shows that the type of hydration
product remained unchanged although the curing
temperature was varied in the early stages. Clear peaks
corresponding to AFt were indicated in all the XRD
patterns, which implies that the grouts were hydrated at
all temperatures within 2 h. However, the amount of
hydration products changed considerably with tempera-
ture, based on the peak intensity of AFt. The peaks of AFt
were the highest in the sample cured at 20 °C, implying
that the grouts underwent the highest degree of hydration
at that temperature. As the curing temperature decreased,
the AFt peaks decreased gradually. As the temperature
was reduced to —10 °C, the peaks of AFt descended to its
lowest point, which indicates that the hydration rate of the
grouts decreased with the curing temperature. Meanwhile,
the samples cured at —10 °C exhibited distinct peaks
corresponding to AFt. This shows that even though low
temperatures hindered hydration, the CSA cement-based
grouts remained hydrated at temperatures as low as
—10°C.

Figure 3(b) shows the effect of the curing temperature
on each phase of the CSA cement-based grouts at 28 d.
Similar to the findings at the early stage, the type of
hydration product was not affected by the curing
temperature at 28 d. The XRD patterns show that AFt,
unhydrated anhydrite, and belite were the dominant
crystalline phases in all samples except the sample cured
at —10 °C. A slight amount of unhydrated ye’elimite
remained in the XRD patterns of the grouts at —10 °C.
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This shows that, when compared with samples at other
curing temperatures, the hydration degree of the grouts
was the lowest after they were cured at —10 °C.
Compared with the results shown in Fig. 3(a), the
quantity of unhydrated products decreased, whereas the
quantity of hydration products increased in all groups,
including the samples cured at —10 °C. This indicates that
the grouts hydrated continuously at low temperatures,
even though the hydration rate was low.

33 TGA

Figure 4 shows the TGA curves of the CSA cement-based
grouts cured at various temperatures at 2 h, 1 d, 7 d, and
28 d. The TGA curves were composed of derivative
weight loss and residual weight curves. Depending on the
decomposition temperatures, the peaks in the derivative
weight loss curves correspond to different types of
hydration products. For the CSA cement-based grout
samples, two main peaks appeared at approximately 150
and 270 °C, which corresponded to the existence of AFt
and AH,, respectively. Moreover, AFm decomposed at
approximately 200 °C. As shown in Fig. 4(a), peaks
corresponding to AFt and AH, were detected in all the
samples at 2 h, even for the grouts cured at low
temperatures. This implies that intensive hydration
occurred, and a significant quantity of hydration products
was formed in the cold environment at the early stage.
AFm, which was formed by the hydration of ye’elimite,
was detected in all samples. Although the main types of
hydration products of CSA cement-based grouts remained
constant at all curing temperatures, their quantity was
significantly affected by the curing temperature. As
shown in Fig. 4(d), the grouts cured at 20 °C indicated the
highest peak for AFt at 28 d, whereas the lowest peak was
observed for the samples cured at —10 °C, indicating that
the generation of AFt decelerated at low temperatures.
The peaks for AH, were similar for the samples cured at
temperatures above 0 °C. This is attributable to the
reaction of AH; with portlandite (CH) and anhydrite to
generate more AFt, based on Eq. (1), and may be the
reason that portlandite was not detected in either the XRD
or TGA results [30]. In conclusion, although the quantity
of hydration products decreased at low temperatures, the
CSA cement-based grouts exhibited intensive hydration,
particularly at the early stage.

AH, +3CH +3CS +26H — C,AS,H,, (1)

Owing to the decomposition of the hydration products,
the residual weight decreased as the heating temperature
increased. When a specific temperature was attained, the
residual weight curves showed lower values, indicating
that more hydration products were dehydrated during
TGA and hence a higher hydration degree of the grouts.
Based on Fig. 4(a), the residual weights of the samples at
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Fig.3 XRD patterns of CSA cement-based grouts at various curing temperatures: (a) 2 h; (b) 28 d.

different temperatures were similar at 2 h, indicating that
the grouts exhibited similar degrees of hydration. This is
because the early hydration of the grouts was significan-
tly affected by the placing temperature, which was the
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same for all samples in this study. Subsequently, a
decrease in residual weight was observed in all samples
from day 1 to day 28, indicating that the grouts were
hydrated continually at all curing temperatures. However,
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the effects of the curing conditions on the hydration
degree of the grouts became increasingly significant after
2 h. Based on Figs. 4(b)—4(d), the grouts cured at 20 °C
indicated the most significant decrease in residual weight
from day 1 to day 28, whereas the least reduction was
observed in the sample cured at —10 °C. This implies that
temperature significantly affects the hydration degree of
the grouts and that a high curing temperature is more
conducive to the hydration of the grouts. Notably, most of
the weight loss occurred prior to day 1, and the difference
in residual weight between days 1 and 28 was less than
5% for the samples cured at all temperatures. This
indicates that the CSA cement-based grouts hydrated
rapidly and exhibited a considerably high degree of early
hydration, including the grouts cured at low temperatures.

3.4 UCS analysis

The effect of the curing temperature on the UCS of CSA
cement-based grouts at different curing ages is shown in
Fig. 5. The curing temperature exhibited distinct effects
on the UCS of the grouts at different ages. At 2 h, the
UCS of the samples decreased with the curing

temperature. In particular, the UCS of the samples cured
for 2 h at 20 °C was 13.8 MPa, which was the highest
among all curing temperatures. When the curing
temperature was decreased to —10 °C, the UCS of the
samples decreased to 6.5 MPa, which was approximately
53% lower than that of the samples cured at 20 °C. These
results are consistent with those of previous tests.
According to the temperature profiles of the samples, the
released hydration heat decreased with the -curing
temperature during the first 2 h, indicating that hydration
was restrained at low temperatures. Consequently, fewer
hydration products (e.g., AFt and AH,) were generated,
as shown in the results of the XRD test and TGA, which
resulted in a lower UCS. At 28 d, the UCS decreased with
the curing temperature, except for the samples cured at
10 °C. This trend can be explained by the results of the
XRD test and TGA: the hydration products and hydration
degree decreased as the curing temperature decreased.
However, the UCS of the samples cured at 10 °C was 8%
higher than that cured at 20 °C and was the highest
among all samples, which is contrary to the TGA results.
This is because the UCS of cementitious materials is
affected not only by the quantity of hydration products,
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Fig. 5 UCS of CSA cement-based grouts at various curing temperatures.

but also by their shape [4,37,38] and the microstructure of
the samples [13,16,39]. When the curing temperature was
high, the ettringite crystals appeared slender and needle-
shaped, whereas when the curing temperature was
decreased, the ettringite crystals transformed to a thicker
columnar shape, resulting in a denser microstructure
[4,10].

Although low temperatures significantly affect the
strength development of grouts, CSA cement-based
grouts can still achieve high early-stage strengths in cold
environments. Based on Fig. 5, the UCS of the samples
cured in sand at 0 °C for 2 h reached 12.0 MPa, which
was only 13% lower than that of the samples cured at
20 °C. Moreover, the UCS of the samples cured for 2 h
was able to reach 6.5 MPa even when the curing
temperature was as low as —10 °C, which demonstrates
the rapid strength evolution of the grouts cured in cold
environments. By contrast, under similar conditions,
mortars prepared with OPC showed almost no strength
development after 2 h [15]. The high early UCS of the
grouts was due to their fast hydration, from which
sufficient hydration products were formed. Based on the
recorded temperature and the results of XRD test and
TGA, hydration products (e.g., AFt and AH,) were
generated and accumulated at 2 h, accompanied by the
release of intensive heat. Because of the rapid strength
evolution of the grouts, the 1-d UCS of the samples
almost reached 50% of their 28-d UCS at all curing
temperatures. The considerably high early strength of the
CSA cement-based grouts is advantageous to grouting
practices in permafrost environments.

The UCS of the grouts continued to increase with the

curing age at all curing temperatures. For the samples
cured above 0 °C, the UCS continued to increase with the
curing age. The constant strength development of the
grouts was attributed to the sustained formation and
accumulation of the hydration products. As shown in the
XRD and TGA results, the amount of hydration products
after 28 d was greater than that at 2 h for each curing
temperature. The residual weight based on the TGA
decreased as the curing age increased, which suggests an
increase in the hydration degree and the continuation of
hydration. For the grouts cured below 0 °C, the strength
development of the samples was impeded by the cold
environment. However, the UCS of the samples reached
149 MPa at 28 d when the curing temperature was
—10 °C. In conclusion, CSA cement-based grouts demon-
strated rapid strength development and excellent strength
performance at low temperatures, rendering them
promising for permafrost applications.

4 Conclusions

For the first time, the potential of CSA cement-based
grouts was appraised in simulated permafrost environ-
ments via a combination of tests, including temperature
recording, TGA, XRD, and UCS tests. An innovative
curing mode, namely, curing samples in cold sand, was
adopted to simulate permafrost environments. The
performance of the CSA cement-based grouts was
evaluated by curing samples in cold sand (10, 0, and
—10 °C) and in a laboratory environment (20 °C) as a
reference. Based on the results, the key conclusions
obtained were as follows.
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(1) Rapid temperature increases and extremely high
peak temperatures were observed in all samples even at
—10 °C, which implies that the hydration of CSA cement-
based grouts was rapid and intensive even at freezing
temperatures (i.e., 0 and —10 °C).

(2) The types of hydration products of CSA cement-
based grouts did not change with the curing temperature.

(3) The CSA cement-based grouts hydrated rapidly and
exhibited a high degree of early-age hydration even when
the grouts were cured at low temperatures. Hydration
continued at low temperatures over time.

(4) The rapid hydration reaction allowed the CSA
cement-based grouts to demonstrate high early strength.
The UCS values of the grouts cured at —10, 0, 10, and
20 °C were 6.5, 12.0, 12.3, and 13.8 MPa at 2 h,
respectively.

(5) Because of continued cement hydration, the UCS of
the CSA cement-based grouts increased with the curing
age; the UCS values of the grouts cured at —10, 0, 10, and
20 °C were 14.9, 19.0, 30.6, and 28.3 MPa at 28 d,
respectively.

(6) The CSA cement-based grouts overcame the slow
strength development of grouts used in permafrost
environments, thereby increasing the grouting efficiency,
ensuring the grouting quality, and improving the safety of
workers.

In summary, the CSA cement-based grouts achieved
fast hydration and rapid strength development, even when
they were cured in simulated permafrost environments,
and their strength continued to increase with the curing
age. Therefore, CSA cement-based grouts are promising
for permafrost applications. In future studies, the effect of
additives (e.g., accelerator, retarder, and superplasticizer)
on the physical (e.g., workability and setting time) and
mechanical properties (e.g., compressive strength,
flexural strength, and shear strength) of grouts must be
investigated to optimize their performance and satisfy the
requirements of different applications.
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