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Abstract 1In cold regions, the freezing of pore water
in rock affects the mechanical behavior of the rock.
This paper studied the ice content of frozen sand-
stone at different temperatures and its effects on the
mechanical properties of sandstone. First, the pro-
gressive freezing treatment (from 25.0 to—30.0 °C)
and in-situ nuclear magnetic resonance test were
conducted to study the evolution of the ice content
of sandstone with temperature. This evolution was
quantitatively described by the frozen ratio defined as
the percentage of the mass of ice and the total mass
of water. Then, the mechanical properties of frozen
sandstone at different temperatures (25.0 °C, 0.0 °C,
—-5.0 °C,—-10.0 °C,—-20.0 °C and —30.0 °C, respec-
tively) were tested, such as P-wave velocity, uniaxial
compressive strength (UCS), peak strain and elastic
modulus. Finally, the effects of the frozen ratio on
these properties were discussed. The results show
that the pore water in sandstone shows three stages as
the temperature decreases: stable liquid (from 25.0 to
0.0 °C), sharp phase transition (from 0.0 to—2.5 °C)
and slow phase transition (from—2.5 to—30.0 °C).
Especially, the capillary and bulk water in sandstone
is almost completely frozen in the sharp phase transi-
tion stage. As the temperature decreases, the frozen
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ratio first remains constant, then increases rapidly and
finally increases slowly. Moreover, as the frozen ratio
increases, the P-wave velocity, UCS and peak strain
increase while the elastic modulus decreases. Inter-
estingly, the compressive failure mode of sandstone
changes from brittle to ductile as the frozen ratio
increases.

Highlights

1. In-situ NMR tests were performed on sandstone
under low temperatures.

2. Evaluate of ice content of sandstone with temper-
ature was studied.

3. Effects of ice content on mechanical properties of
sandstone were discussed.

Keywords In-situ NMR technology - Low
temperature - Sandstone - P-wave velocity -
Compression characteristics

1 Introduction

In high-latitude and high-altitude regions, geotechni-
cal engineering, such as slope excavation, tunnelling
and mine construction, often faces the challenges
caused by extremely cold environments (Wu et al.
2010; Kodama et al. 2013; Fan et al. 2017, 2018,
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2020; Lu and Cai. 2019; Chen et al. 2022). Long-term
exposure to subzero environments forces rock masses
to remain permanently frozen and induces a series
of thermal-related responses in rock masses (Mat-
suoka. 1990; Ozbek. 2014; Deprez et al. 2020; Maji
and Murton. 2021; Chen et al. 2023). These thermal-
related responses mainly include the migration and
phase transition of pore water, frost heave cracking
of rock skeleton and shrinkage of mineral particles,
which may further affect the mechanical behavior of
rock masses under loading. Therefore, it is significant
to investigate the mechanical characteristics of frozen
rock and reveal the influence mechanism of tempera-
ture on frozen rock to ensure the safety and stability
of engineering rock masses (Zhang and Zhao. 2020;
Zhao et al. 2021; Zhong et al. 2023; Xu et al. 2023a,
b).

The physical and mechanical characteristics of
frozen rock, such as thermal characteristics (Park
et al. 2004; Shen et al. 2018; Abdulagatova et al.
2010, 2020), wave propagation characteristics (Inada
and Yokota. 1984; Draebing and Krautblatter. 2012;
Huang et al. 2023), static mechanical properties
(Yamabe and Neaupane. 2001; Kodama et al. 2013;
Bai et al. 2020a, b; Wu et al. 2023) and dynamic
mechanical properties (Shan et al. 2019; Weng et al.
2019; Xu et al. 2022; Xu et al. 2023a, b), have been
extensively studied in the past decades. Specifically,
some studies show that freezing can enhance the ther-
mal conductivity of sandstone. The thermal conduc-
tivity of sandstone gradually increases with decreas-
ing temperature, regardless of whether the sandstone
is dry or water-saturated. At different temperatures,
especially in the range of —10.0-5.0 °C, the ther-
mal conductivity of water-saturated sandstone shows
a rapid increase and is larger than that of dry sand-
stone. This phenomenon indicates that the freezing
of pore water significantly affects the thermal con-
ductivity of sandstone (Shen et al. 2018). Meanwhile,
the ultrasonic velocities of frozen sandstone were
investigated. These studies show that as the tempera-
ture decreases, the P-wave and S-wave velocities of
sandstone first remain almost constant (from 20.0
to 0.0 °C) and then increase (from 0.0 to—25.0 °C).
Most of the increases in P-wave and S-wave veloci-
ties occur in the range of 0.0 to—5.0 °C. The increase
in ultrasonic velocity indicates that the compactness
of sandstone is enhanced in low-temperature envi-
ronments. In addition, these studies also find that the
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ultrasonic velocity is a good parameter to describe
the freezing and thawing processes of pore water
in sandstone and the estimation model based on the
ultrasonic velocity can accurately predict the unfro-
zen water content of sandstone at low temperatures
(Huang et al. 2023). Furthermore, many efforts have
been made to study the static mechanical properties
of frozen sandstone. These studies show that the static
mechanical strengths of frozen sandstone, such as
static compressive strength and static tensile strength,
are larger than those of natural sandstone and gradu-
ally increase with the decrease in frozen temperature
(Bai et al.2020a and b; Wang et al. 2021). However,
for the soft sandstone with smaller tensile strength,
the freezing of pore water may cause frost heave dam-
age to the sandstone skeleton, further weakening the
resistance to deformation of sandstone (Yamabe and
Neaupane. 2001; Li et al. 2021). With the develop-
ment of experimental techniques, the effects of pore
water freezing on the dynamic mechanical charac-
teristics of rock were studied in-depth. In particular,
the in-situ impact system equipped with the low-tem-
perature device provides an effective method for the
relevant studies (Weng et al. 2019; Xu et al. 2023a,
b). These studies show that at the same strain rate,
the dynamic compressive strength and dynamic ten-
sile strength of frozen sandstone increase as the fro-
zen temperature decreases. However, compared with
the frozen temperature, the strain rate may be a more
critical factor in determining the dynamic strengths of
frozen sandstone. In summary, previous studies have
successfully revealed the effects of frozen tempera-
ture on the physical and mechanical characteristics of
rock.

Apart from the physical and mechanical character-
istics, the strengthening mechanism of the mechanical
behavior of frozen rock has gradually attracted atten-
tion. It is widely accepted that the increase in mechani-
cal strength of frozen rock is mainly due to the transfor-
mation of pore water into ice, which fills the original
defects in rock and bears the external load together with
rock matrix (Atkinson et al. 2018; Bai et al. 2020a, b).
The freezing of pore water in rock is affected by various
factors (Huang et al. 2018; Jia et al. 2019; Deprez et al.
2020), such as frozen temperature, pore size and pore
pressure. The frozen temperature is an important factor
responsible for the frozen degree of pore water in rock
(Wang et al. 2021). Generally, the frozen degree of pore
water increases as the frozen temperature decreases,



Geomech. Geophys. Geo-energ. Geo-resour. (2023) 9:114

Page3of 14 114

which is manifested as the variations in unfrozen water
content and ice content (Weng et al. 2021, 2023). In
previous studies, the variations in unfrozen water con-
tent and ice content of frozen rocks were investigated by
various methods (Fabbri et al. 2006; Brunet et al. 2010;
Murton et al. 2016; Kozlowski et al. 2016; Jia et al.
2019), such as time-domain reflectometry, dielectric
capacity, differential scanning calorimetry, electrical
resistivity tomography and nuclear magnetic resonance
(NMR) technology. Among them, NMR technology
has been widely used as an efficient, accurate and non-
destructive method to study the distribution and con-
tent of unfrozen water in rock at low temperatures. For
example, some studies performed a series of NMR tests
to reveal the evolution of the unfrozen water content
of sandstone during the freezing process (Weng et al.
2021, 2023). These studies show that as the tempera-
ture decreases from room temperature to—25.0 °C, the
unfrozen water content of sandstone first keeps approxi-
mately constant and then gradually decreases. The
decrease in unfrozen water content indicates that more
and more pore water is converted to ice. In particular,
the decrease in unfrozen water content is significant in
the range of 0.0 to—5.0 °C. In addition, these studies
also find that the speed of the solid-liquid phase transi-
tion of pore water and the total volume of ice are obvi-
ously affected by the pore size distribution of the sand-
stone. The water in pores with larger equivalent radius
typically shows a faster freezing speed (Weng et al.
2021). Previous studies have successfully revealed the
effects of temperature on the phase transition of pore
water in rock and provided many good references and
experience for investigating the strengthening mecha-
nism of the mechanical characteristics of frozen rock.
However, the relationship between the ice content and
the mechanical characteristics of frozen rock has not
been well established and further study is needed. In
addition, the emerging in-situ NMR has the advantage
of investigating the ice content of frozen rock at differ-
ent temperatures. Therefore, it is necessary to study the
effects of ice content on the mechanical properties of
frozen sandstone by in-situ NMR technology.

This paper aims to study the effects of ice content
in pores on the mechanical characteristics of frozen
sandstone. The progressive freezing treatment and in-
situ NMR test were performed to study the variation
in ice content of a sandstone with temperature. Then,

the freezing treatment, P-wave test and uniaxial com-
pression test were performed to study the mechanical
characteristics of frozen sandstone at different tem-
peratures. Lastly, the effects of frozen degree of pore
water on the mechanical characteristics of sandstone
were discussed.

2 Material and methodology
2.1 Rock material

The rock material used in this study is a fresh red
sandstone block retrieved from Hunan Province,
China. Then, the mineral composition of the red sand-
stone and the proportion of various minerals were
analyzed by performing the X-ray diffraction (XRD)
test (Fig. 1). The red sandstone is composed of quartz
(56.3%), k-feldspar (5.2%), plagioclase (16.5%), cal-
cite (14.2%), clay mineral (7.4%) and other (0.4%).

2.2 Sample preparation

The cylindrical samples (Fig. 2) with a diameter of
25.0 mm and a height of 50.0 mm were cored from
the red sandstone block in the same direction to avoid
the anisotropy of rock material. Then, both ends of the
cored samples were carefully polished to reduce the
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Fig. 1 Mineral composition and proportion of red sandstone
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Fig. 2 Experimental sample

stress concentration during the loading. Subsequently,
the polished samples were kept in a high-temperature
furnace at 105.0 °C for 48 h and then naturally cooled
to room temperature to obtain the dry samples. During
the heating process, a constant heating rate (2.0 °C/min)
was set to avoid thermal shock (Fan et al. 2021). After
the dry treatment, the mechanical properties of the dry
sample were tested. The density, P-wave velocity, UCS
and elastic modulus of the dry sample are approxi-
mately 2.10 g/cm®, 2719.67 m/s, 42.47 MPa and 9.09
GPa, respectively. Next, the dry samples with similar
densities and P-wave velocities were selected to reduce
the effects of sample differences on the experimental
results and then placed in a vacuum-pressure saturation
device for 48 h to obtain the water-saturated samples.
Finally, the water-saturated samples were wrapped in
cling film to prevent the moisture evaporation.

2.3 Experimental equipment

The experiments were conducted at the Rock
Mechanics Laboratory of Beijing University of Tech-
nology. The main experimental equipment includes
the SG-XL1200 high-temperature furnace, ZYB-II
vacuum-pressure saturation device, GDW-100 low-
temperature device, HS-YS2A rock wave velocity
tester, SHT4605 electro-hydraulic servo universal
testing machine and Niumag MesoMR14-060H-1
LF-NMR system equipped with TES-NM65N-T tem-
perature control device (Fig. 3). Noted that the NMR
system equipped with the temperature control device
can perform the in-situ NMR test on the sample at the
target temperature, avoiding the effects of tempera-
ture changes on the test results.
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2.4 Experimental procedure

Figure 3 also shows the experimental procedure of
this study. After the dry and water-saturated treat-
ments (step 1 of Fig. 3), two experimental works were
conducted on the water-saturated sandstone sample
(hereafter referred to as sandstone), namely the in-situ
NMR test of sandstone under the progressive freezing
treatment and the physical and mechanical properties
tests of frozen sandstone with different temperatures.
The detailed test methods are as follows.

To study the evolution of the ice content of sand-
stone with temperature, a series of in-situ NMR
tests were performed on the sandstone under the
progressive freezing treatment by the NMR system
equipped with the temperature control device (step 2
of Fig. 3). The sandstone was gradually frozen from
25.0 to—30.0 °C at a cooling rate of 2.0 °C/min. A
total of nine temperature levels were set during the
entire freezing process, namely 25.0 °C, 0.0 °C, —2.
5 °C,-5.0 °C,—-10.0 °C,-15.0 °C,-20.0 °C,-25.
0 °C and—30.0 °C. When the temperature reached
the preset level, the sandstone was held at the current
temperature for 4 h to ensure thermal equilibrium.
Figure 4 shows the freezing process of pore water
in sandstone within 4 h at—5.0 °C. As the frozen
time increases to 4 h, the transverse relaxation time
(T,) distribution curve of the pore water in sandstone
first shifts downward and left and then remains sta-
ble (Fig. 4a). Correspondingly, as the frozen time
increases, the T, peak area first rapidly decreases
and then remains almost constant (Fig. 4b). The vari-
ations in the T, distribution curve and T, peak area
with frozen time prove that the sandstone can achieve
thermal equilibrium within 4 h. When the frozen time
reached 4 h, the in-situ NMR test was conducted on
the sandstone to obtain the T, distribution of pore
water in sandstone at the current temperature. Sub-
sequently, the temperature was decreased to the
next preset level and then the above processes were
repeated to obtain the T, distribution of pore water in
sandstone at different temperatures. During the in-situ
NMR test, the temperature of the magnet was kept at
32.0+0.02 °C, the temperature of the probe coil was
kept at 25.0+0.50 °C, the test sequence was Carr-
Purcell-Meiboom-Gill (CPMG) (Carr and Purcell.
1954; Meiboom and Gill. 1958; Liu et al. 2020), the
resonance frequency was 12 MHz, the echo interval
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Studying the evolution of
ice content of sandstone Step 2
with temperature

Studying the mechanical
properties of frozen sandstone
at different temperatures
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Discussing the effects of frozen ratio on the mechanical properties of sandstone

Fig. 3 Schematic of experimental procedure and equipment.
a SG-XL1200 high-temperature furnace; b ZYB-II vacuum-
pressure saturation device; ¢ GDW-100 low-temperature
device; d HS-YS2A rock wave velocity tester; e SHT4605 elec-

was set to 0.20 ms, the number of echoes was 3200
and the accumulated sampling times were 64. Noted
that the T, of hydrion in solid materials, such as rock
and ice, is extremely short (typically less than 5 pm)
and much smaller than that of hydrion in water (Zhao
et al. 2017; Weng et al. 2021). The signals from ice
are barely detectable at low magnetic fields (Wang
et al. 2021). Therefore, it is considered that the inten-
sity of NMR signals of frozen sandstone comes from
the unfrozen pore water. Therefore, the unfrozen
water and ice in frozen sandstone can be further dis-
tinguished based on this principle. In addition, a total
of three samples were prepared for this work to avoid
experimental dispersion.

tro-hydraulic servo universal testing machine; f Niumag Mes-
oMR14-060H-I LF-NMR system equipped with TES-NM65N-
T temperature control device

To study the physical and mechanical characteris-
tics of frozen sandstone at different temperatures, the
freezing treatment, P-wave velocity test and uniaxial
compression experiment were conducted on the sand-
stone successively (step 3 of Fig. 3). First, the freezing
treatment was performed on the sandstone to obtain the
frozen sandstone. In this process, the target tempera-
tures were set to 25.0 °C, 0.0 °C,—5.0 °C,-10.0 °C
,—20.0 °C and—30.0 °C, respectively. Similarly, the
cooling rate was 2.0 °C/min and the frozen time was
4 h to ensure the thermal equilibrium. Right after the
sandstone was maintained at the preset temperature for
4 h, the P-wave velocity test and uniaxial compression
experiment were performed on the frozen sandstone.
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Fig. 4 Example of phase transition process of water in sand-
stone (—5.0 °C, 4 h)

In the uniaxial compression test, the loading mode
was stress control with a loading rate of 0.25 MPa/s. In
addition, three samples were prepared for each target
temperature to avoid experimental dispersion.

3 Results and discussion

3.1 Evolution of ice content of sandstone with
temperature

3.1.1 T, distribution of water in sandstone
at different temperatures

Considering the similarity of the T, distribution pat-
terns of the three samples, sample 1 is taken as an
example to analyze the variation of water distribution
of sandstone as the temperature decreases. In previous
studies, pore water in porous rocks was usually classi-
fied into bound water, capillary water and bulk water
based on the corresponding T, values (Coates et al.
1998; Godefroy et al. 2001). For the sandstone, the T,
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value of bound water is less than 3 ms, the T, value
of capillary water is in the range of 3 ms to 33 mm
and the T, value of bulk water is larger than 33 ms
(Jia et al. 2019; Weng et al. 2021). Therefore, the two
critical T, values (3 ms and 33 ms) are adopted in this
study to divided the pore water of sandstone. Figure 5
shows the variation of T, distribution curve of sand-
stone with temperature and Table 1 shows the corre-
sponding T, peak area obtained by integrating the T,
distribution curve. As the temperature decreases from
25.0 to—30.0 °C, the T, distribution curve shifts
downward and left and changes from a bimodal mode
to a unimodal mode. Accordingly, the T, peak area
first decreases significantly and then decreases slowly.
As the temperature decreases from 25.0 to 0.0 °C, the
T, distribution curve changes slightly and exhibits a
bimodal mode, indicating that the vast majority of the
pore water in sandstone remains unfrozen. Then, as
the temperature decreases from 0.0 to—2.5 °C, the T,
distribution curve changes from bimodal mode to uni-
modal mode with the left peak shifting to the left and
the right peak decreasing to nearly zero. Accordingly,
the T, peak area decreases by 71.07% from 34,226.55
to 9902.55. This phenomenon indicates that most of
the pore water in sandstone, especially the bulk and
capillary water, is converted to ice when the tempera-
ture decreases to—2.5 °C. Interestingly, some bound
water is still in an unfrozen state at—2.5 °C. As the
temperature continues to decrease, the left peak of
the T, distribution curve gradually shifts downward
and the corresponding T, peak area slowly decreases.
This indicates that the bound water in sandstone grad-
ually transforms into ice. However, even when the

Table 1 T, peak area of three samples at different tempera-
tures

Temperature (°C) T, peak area

Sample 1 Sample 2 Sample 3
25.0 34,640.95 34,850.71 35,988.73
0.0 34,226.55 34,360.12 35,654.25
-25 9902.55 10,235.10 10,740.01
-5.0 8717.97 8990.77 9169.28
-10.0 6474.87 6787.38 6956.26
-15.0 4978.30 5251.31 5270.34
-20.0 3864.82 4135.96 4152.15
-25.0 3024.59 3411.31 3347.75
-30.0 2321.75 2731.75 2717.73
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Fig. 5 Variation in T, 1.2
distribution of water in
sandstone as temperature 1ok

0.8 |

0.6

0.4

0.2

NMR signal intensity (a.u., x10°)

0.0

Bound water Capillary water Bulk water

—0— 25.0°C

—O0— 0.0°C
—&— -25°C
—v— -5.0°C
—— -10.0°C
—— -15.0°C
—>— -20.0°C

-25.0°C

—0— -30.0°C

temperature decreases to—30 °C, there is still some
unfrozen bound water in the sandstone. This phenom-
enon has also been found in previous research (Jia
et al. 2019; Su et al. 2022). These studies also find
that some water in rocks doesn’t freeze within a cer-
tain negative temperature range. In fact, the freezing
of pore water is determined by various factors (Huang
et al. 2018; Jia et al. 2019; Deprez et al. 2020), such
as frozen temperature, pore size and pore pressure.
Especially, the water in small pores of rock requires a
lower temperature to freeze (Weng et al. 2021).

3.1.2 Variation in frozen ratio of sandstone
with temperature

The frozen ratio was introduced to quantitatively
characterize the frozen degree of pore water in sand-
stone under low-temperature environments, which
was defined as the percentage of the mass of ice in
sandstone to the total mass of water in sandstone.
The total mass of water in sandstone was measured
after water-saturated treatment. The mass of ice was
the difference between the total mass of water and
the mass of unfrozen water. Therefore, the frozen
ratio of sandstone can also be expressed as

Myor —

mMVl
M 100% 1
(D
ml{)t

Rf =
where R, is the frozen ratio of sandstone, m,,, is the
total mass of water in sandstone, m,,, is the mass of
unfrozen water in sandstone.

10° 10° 102 10° 10*

Transverse relaxation time (ms)

The mass of unfrozen water and ice in sandstone is
difficult to measure by directly using traditional meth-
ods. However, the unfrozen water in sandstone at low
temperatures can be reflected by the T, distribution
curve (Godefroy et al. 2001; Weng et al. 2021), as
shown in Sect. 3.1.1. Moreover, these studies found
that the relationship between T, peak area and water
mass in sandstone can be expressed by a linear func-
tion. In this study, the water-soaking treatment and
NMR test were conducted on the sandstone to obtain
the linear relationship as

Swat =dy - My (2)

where S, is the T, peak area of water in sandstone,
m,,, is the mass of water in sandstone and q is the
calculation parameter (a,=9981.52 and R?=0.99).

Figure 6 shows the relationship between T, peak
area and mass of water in sandstone. It can be seen
that the linear function can describe this relation-
ship well with R? as high as 0.99. Therefore, the
frozen ratio of sandstone can be further expressed
as

St =S,

tot

Ry = =" % 100% 3)

tot

where S,,, is the T, peak area of all water in sand-
stone, S, is the T, peak area of unfrozen water in
sandstone.

According to the above method, the frozen
ratio of sandstone at different temperatures can be
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obtained. Figure 7 shows the variation of frozen
ratio of sandstone with temperature. Noted that the
frozen ratio in this figure is the average of the three
samples. As the temperature decreases from 25.0
to—30.0 °C, the frozen ratio first remains approxi-
mately constant, then increases sharply and finally
increases slowly. For the positive temperature stage,
the water in sandstone is always in an unfrozen
state, resulting in a constant frozen ratio of 0.00%.
When the temperature reaches 0.0 °C, the frozen
ratio remains approximately constant (it actually
only increases to 1.18%), indicating that the vast
majority of the pore water in sandstone is still in
an unfrozen state at this temperature. Then, for the
negative temperature stage, the frozen ratio shows
a monotonically increasing trend as the tempera-
ture decreases. As the temperature decreases from
0.0 to—2.5 °C, the frozen ratio increases sharply
from 1.18 to 70.73%, an increase of 5894.07%. This
phenomenon indicates that most of the pore water
in sandstone is transformed into ice in the range of
0.0 to—2.5 °C. Interestingly, it can be seen that for
the sandstone materials, there may be a critical fro-
zen temperature within the range of 0.0 to—2.5 °C,
which leads to the sudden phase transition of pore
water. Actually, previous studies have found that the
critical frozen temperature of water-saturated sand-
stone is about—0.97 °C (Jia et al. 2019; Weng et al.
2021). Subsequently, as the temperature decreases
from—2.5 to—10.0 °C, the frozen ratio increases
by 14.28% from 70.73 to 80.83%. As the tempera-
ture decreases from—10.0 to—20.0 °C, the frozen
ratio increases by 9.46% from 80.83 to 88.48%. As

4.0

O Experimental results
—— Fitting curve

3.0F

T, peak area (X 10%)
[38)
f=)

Water mass (g)

Fig. 6 Relationship between T, peak area and mass of water
in sandstone
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the temperature decreases from —20.0 to—30.0 °C,
the frozen ratio increases by 4.70% from 88.48 to
92.64%. The frozen ratio continuously increases as
the temperature decreases, but the rate of increase
gradually slows down.

According to the above analysis, the pore water
in sandstone mainly experiences three stages as
the temperature decreases from 25.0 to—30.0 °C,
which are stable liquid (from 25.0 to 0.0 °C), sharp
solid-liquid phase change (from 0.0 to—2.5 °C)
and slow solid-liquid phase change (from—2.5
to—30.0 °C). Therefore, to describe the changing
process, the relationship between the frozen ratio
and the temperature was established by a piecewise
function as

0 T>0
R(T) = { AT g 4
14+CT+DT?
where R, (T) is the frozen ratio of sandstone at T °C,
T is the temperature, A, B, C and D are the calculation
parameters.

The fitting results and calculation parameters are
presented in Fig. 7 and Table 2. It can be seen that
the fitting results are satisfying with R? as high as
0.99, indicating that the piecewise function can well
describe the relationship between frozen ratio and

Negative temperature stage Positive temperature stage

100.0 |

O Experimental results
80.0 I —— Fitting curve

Frozen ratio (%)

-30 -20 -10 0 10 20 30
Temperature (°C)

Fig.7 Variation in the frozen ratio of sandstone as tempera-
ture

Table 2 Calculation parameters of frozen ratio model of sand-
stone

A B C D R?

1.19 —185.24 -2.29 -0.01 0.99
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Table 3 Estimated results of frozen ratio at different temperatures

Temperature (°C) 25.0 0.0
Frozen ratio (%) 0.00 1.19

temperature. This function was used to estimate the
frozen ratio of sandstone at specific temperatures
(25.0 °C, 0.0 °C,-5.0 °C,—-10.0 °C,-20.0 °C
and —30.0 °C) in the subsequent experiments. The
estimated results of the frozen ratio at different tem-
peratures are presented in Table 3.

3.2 Effects of frozen ratio on mechanical properties
of sandstone

3.2.1 P-wave velocity of sandstone

Figure 8a shows the variation in the P-wave veloc-
ity of sandstone with the temperature decreases. The
P-wave velocity first remains approximately constant
as the temperature decreases from 25.0 to 0.0 °C.
Then, the P-wave velocity increases sharply as the
temperature decreases from 0.0 to—5.0 °C. Finally,
as the temperature decreases from—35.0 to—30.0 °C,
the P-wave velocity continuously increases, but the
rate of increase slows down. It is interesting that as
the temperature decreases, the changing trend of the
P-wave velocity is similar to that of the frozen ratio,
indicating that the P-wave velocity may be a poten-
tial parameter for evaluating the frozen degree of pore
water in sandstone at low temperatures. Figure 8b
shows the effects of the frozen ratio on the P-wave
velocity of sandstone. The P-wave velocity shows a
monotonically increasing trend as the frozen ratio
increases. As the frozen ratio increases from 0.00 to
76.25%, the P-wave velocity of sandstone increases
by 27.49% from 3366.67 to 4292.33 m/s. In this stage,
most of the pore water in sandstone is converted into
ice, which causes the obvious increase in P-wave
velocity, because the ultrasonic velocity in solid (ice)
is much faster than that in liquid (water). Then, as
the frozen ratio increases from 76.25 to 81.41%, the
P-wave velocity increases by 4.78% from 4292.33
to 4497.33 m/s. Subsequently, as the frozen ratio
increases from 81.41 to 87.57%, the P-wave velocity
increases by 3.74% from 4497.33 m/s to 4665.67%
m/s. Finally, as the frozen ratio increases from 87.57
to 93.18%, the P-wave velocity increases by 2.05%
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76.25 81.41 87.57 93.18
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Fig. 8 Effects of frozen ratio on P-wave velocity of sandstone

from 4665.67 to 4761.33 m/s. Therefore, the frozen
degree of pore water in sandstone obviously affects
the P-wave velocity. The infill effect of ice may play
an important role in the increasing of P-wave velocity
(Inada and Yokota. 1984; Draebing and Krautblatter.
2012).

3.2.2 Compressive characteristics of sandstone

Figure 9 shows the stress—strain curves of sandstone
with different frozen ratios. The stress—strain curve
of sandstone gradually shifts upward and rightward
as the increase of frozen ratio, indicating that the
frozen degree of pore water in sandstone affects the
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Fig. 9 Stress—strain curves of sandstone with different frozen
ratios

mechanical behavior of sandstone under uniaxial
compression. Obviously, the peak stress of sandstone
increases with the frozen ratio increases, indicating
that the freezing of pore water in sandstone improves
the bearing capacity of sandstone under uniaxial
compression. Moreover, the peak strain (the strain
corresponding to the peak stress) gradually increases
as the frozen ratio increases, indicating that the axial
deformation of sandstone increases with the frozen
degree of pore water. Interestingly, the failure mode
of sandstone gradually transforms from brittle to duc-
tile as the frozen ratio increases.

Figure 10a shows the variation in the UCS of
sandstone with temperature. The UCS of sandstone
remains approximately constant as the temperature
decreases from 25.0 to 0.0 °C. Then, the UCS grad-
ually increases as the temperature decreases from
0.0 to—30.0 °C, indicating that the sandstone has a
stronger bearing capacity in low-temperature envi-
ronments. Especially, as the temperature decreases
from 0.0 to —2.5 °C, the UCS increases from 21.24 to
26.02 MPa and the enhancement effects of low tem-
perature are most significant. Figure 10b shows the
effects of the frozen ratio on the UCS of sandstone.
The UCS of sandstone increases monotonically as the
frozen ratio increases. As the frozen ratio increases
from 0.00 to 76.25%, the UCS increases by 23.67%
from 21.04 to 26.02 MPa. Then, as the frozen ratio
increases from 76.25 to 81.41%, the UCS increases
by 5.65% from 26.02 to 27.49 MPa. Subsequently, as
the frozen ratio increases from 81.41 to 87.57%, the
UCS increases by 1.93% from 27.49 MPa to 28.02%
MPa. Finally, as the frozen ratio increases from 87.57
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Fig. 10 Effects of frozen ratio on uniaxial compressive
strength of sandstone

to 93.18%, the UCS increases by 2.75% from 28.02
to 28.79 MPa. Therefore, the frozen degree of pore
water has significant effects on the bearing capac-
ity of sandstone under uniaxial compression. The
increase in frozen ratio means that more and more
water in sandstone transforms into ice, which shares
the external loads with the sandstone matrix (Yamabe
and Neaupane. 2001; Bai et al. 2020a, b). This phe-
nomenon may be the main reason for the increase in
UCS.

Figure 11a shows the variation in the peak strain of
sandstone as the decrease of temperature. Noted that
the peak strain is the strain corresponding to the UCS
of sandstone. As the decrease of temperature, the
peak strain of sandstone first keeps constant and then
increases obviously. Figure 11b presents the effects
of the frozen ratio on the peak strain of sandstone.
As the frozen ratio increases from 0.00 to 76.25%,
the peak strain increases by 42.31% from 0.52 to
0.74%. Next, as the frozen ratio increases from 76.25
to 81.41%, the peak strain increases by 18.92% from
0.74 to 0.88%. Subsequently, as the frozen ratio
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Fig. 11 Effects of frozen ratio on peak strain of sandstone

increases from 81.41 to 87.57%, the peak strain
increases by 21.59% from 0.88 to 1.07%. Finally, as
the frozen ratio increases from 87.57 to 93.18%, the
peak strain increases by 6.54% from 1.07 to 1.14%.
The increase in peak strain means that the axial defor-
mation of sandstone under uniaxial compression
gradually increases as the frozen degree of pore water
increases.

Figure 12a shows the variation in the elastic mod-
ulus of sandstone as the temperature decreases. It is
found that as the temperature decreases from 25.0 to
0.0 °C, the elastic modulus of sandstone remains con-
stant. Then, the elastic modulus gradually decreases
as the temperature decreases from 0.0 to—30.0 °C.
Figure 12b presents the effects of the frozen ratio on
the elastic modulus of sandstone. As the frozen ratio
increases from 0.00 to 76.25%, the elastic modulus
decreases by 13.10% from 6.03 to 5.24 GPa. Then, as
the frozen ratio increases from 76.25 to 81.41%, the
elastic modulus decreases by 17.94% from 5.24 to
4.30 GPa. Subsequently, as the frozen ratio increases
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Fig. 12 Effects of frozen ratio on elastic modulus of sandstone

from 81.41 to 87.57%, the elastic modulus decreases
by 10.70% from 4.30 to 3.84 GPa. Finally, as the fro-
zen ratio increases from 87.57 to 93.18%, the elastic
modulus decreases by 5.73% from 3.84 to 3.62 GPa.

4 Conclusions

This paper investigated the ice content of sandstone at
different temperatures and analyzed the effects of ice
content on the mechanical characteristics of sandstone.
First, the progressive freezing treatment and in-situ
NMR test were conducted. Then, the mechanical prop-
erties of sandstone with different temperatures were
tested. Finally, the effects of the frozen degree of pore
water on the mechanical properties of sandstone were
discussed. The conclusions obtained are as follows.

(1) The pore water in sandstone mainly shows three

stages as the temperature decreases from 25.0
to—30.0 °C, which are stable liquid (from 25.0 to
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0.0 °C), sharp solid-liquid phase transition (from
0.0 to—2.5 °C) and slow solid-liquid phase tran-
sition (from —2.5 to —30.0 °C), respectively. Cor-
respondingly, as the temperature decreases, the
frozen ratio of sandstone first remains approxi-
mately constant, then increases rapidly and
finally increases slowly. Particularly, the bulk and
capillary water in sandstone is rapidly frozen in
the range of 0.0 to—2.5 °C, leading to a signifi-
cant increase in the frozen ratio. Moreover, even
if the temperature decreases to—30 °C, there is
still bound water in sandstone that cannot be fro-
zen.

(2) The low temperature significantly affects the
mechanical behavior of sandstone. As the tem-
perature decreases, the P-wave velocity, UCS and
peak strain increase while the elastic modulus
decreases.

(3) As the frozen ratio of sandstone increases from
0.00% to 93.18%, the P-wave velocity, UCS and
peak strain increase by 41.43%, 36.83% and
119.23% while the elastic modulus decreases by
39.97%, indicating that the frozen degree of pore
water has obvious effects on the compressive
properties of sandstone.

(4) It is interesting that as the increase of frozen
ratio, the failure mode of the sandstone under
uniaxial compression gradually transforms from
brittle to ductile.
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