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Abstract
The surrounding rocks are subjected to ultralow temperatures in applications like liquid nitrogen fracturing, underground 
storage of liquefied natural gas and polar constructions etc. The mechanical properties of sandstone with different saturations 
under freezing temperature and after one ultralow temperature freeze–thaw cycle test conditions were investigated in this 
study. The uniaxial compressive strength (UCS) of both dry and saturated samples increases with the decrease in temperature 
except at − 90 °C under freezing temperature test conditions, while the UCS of saturated samples is lower than that of dry 
samples after one ultralow temperature freeze–thaw cycle due to the water softening effects and the damage induced during 
the water–ice phase transition. The failure patterns of dry samples are more complex than those of saturated samples under 
freezing temperature, which is also indicated in the lower brittleness index for the saturated samples. The ice cohesion effect 
and its creep deformation increase the plastic deformation, while decreasing the Young’s modulus of saturated samples 
under freezing temperature. In addition, the ice net formed in the connected pores significantly increases the sample tensile 
strength and makes its failure less severe. The UCS, Young’s modulus and brittleness index decrease with saturation under 
− 120 °C, while the tensile strength increases with saturation. Porosity reduction measured by computerized tomography 
for the saturated samples after one freeze–thaw cycle is largest at − 120 °C compared with those at − 60 °C and − 180 °C, 
which is certified by the pore filling shown in scanning electron microscope images.

Highlights

•	 Tensile strength is more sensitive to the variations of subzero temperatures compared with the compression strength.
•	 The cohesion and creep deformation of ice increase the plastic deformation while decrease the elastic modulus.
•	 Porosity reduces after one freeze-thaw cycle due to pore filling.
•	 Compression strength and brittleness index decrease while tensile strength increases with the saturation under − 120℃.
•	 Failure patterns of dry samples are more complex than those of saturated samples under low temperatures.
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1  Introduction

Rocks are subjected to ultralow temperatures in various 
cryogenic rock engineering processes (Fig. 1), such as liq-
uid nitrogen fracturing (LNG, − 196 °C) in tight oil and gas 

reservoirs (Li et al. 2016), liquefied natural gas (− 162 °C) 
and liquid air (− 193 °C) storage in rock caverns (Xu et al. 
2013; He et  al. 2019; Looney. 2021) and constructions 
in severe cold and polar regions (Feng et al. 2014). The 
mechanical responses of rocks under such extreme temper-
ature conditions are important for the safety and stability 
of these projects. Hydraulic fracturing is an effective tech-
nique to stimulate the tight oil, gas and geothermal reser-
voirs. However, there are several issues in the conventional 
hydraulic fracturing practices, such as excessive water con-
sumption, formation damage and contamination of flowback 
fluids. Liquid nitrogen fracturing as an alternative is suitable 
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for water shortage areas and water-sensitive reservoirs. The 
temperature of the surrounding rocks during the liquid nitro-
gen fracturing is between − 196 °C and reservoir tempera-
ture, and rock damage is induced by the thermal stress and 
fluid phase change, etc. Therefore, it is of great significance 
to investigate the rock mechanical properties under different 
ultralow temperature and saturation conditions.

Experiments on rock mechanical responses under 
freezing temperature conditions were conducted by some 
researchers. Matsunaga et al. (1981) found that the compres-
sive strength of dry granite increased from 200 to 280 MPa 
when the temperature decreased from 20 to − 180 °C, while 
its tensile strength remained almost constant. The compres-
sive strength of saturated granite increased from 130 to 
230 MPa and its tensile strength increased from 6 to 12 MPa. 
Mardoukhi et al. (2020) found the tensile strength of satu-
rated granite fluctuated with the reduction of temperature, 
which was 20 MPa, 33 MPa and 26 MPa at 20 °C, − 30 °C 
and − 70 °C, respectively. The strength increase at freezing 
temperatures is due to particle shrinkage, pore closure and 
increases in rock cohesion and internal friction angle for dry 
rocks, while the pore filling and bonding effect caused by 
ice for saturated rocks further enhances the bearing capacity 
(Kammoshida et al. 2010). Kodama et al. (2013) showed that 

the compressive and tensile strengths of tuffs and andesites 
increased with water saturation at − 20 °C. Kammoshida 
et al. (2010) found that the compressive strength of saturated 
sandstone was lower than that of dry sandstone at 20 °C, but 
its strength at − 170 °C was higher for saturated sandstone, 
which implies that the strength enhancement is more signifi-
cant for saturated sandstone than for dry samples.

Inada and Yokota (1984) measured the compressive and 
tensile strengths of granite and andesite after one ultralow 
temperature freeze–thaw cycle, and the results showed that 
the rock strength decreased with the reduction of treatment 
temperature. Since the mineral particles will shrink/expand 
with the decrease/increase of temperature, the discrepancies 
of thermal expansion coefficients between different minerals 
result in thermal stress, which increases with the cooling 
or heating amplitude. When the thermal stress exceeds the 
cohesion strength between particles, cracks will be formed, 
so the ultralow temperature will induce irreversible damage. 
Cai et al. (2014a, b) froze the dry and water-saturated sand-
stones, marbles and shales with liquid nitrogen and analyzed 
the sample scanning electron microscope (SEM) and nuclear 
magnetic resonance (NMR) results before and after freezing. 
The results indicated that the pore number and volume of 
the dry sandstone increase after the liquid nitrogen treatment 

Fig. 1   a Liquid nitrogen fractur-
ing (Li et al. 2016); b under-
ground LNG storage (Chung 
et al. 2006)

Fig. 2   Schematics of two modes 
of water mitigation, freeze and 
expansion (Jia et al. 2020)
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due to its large mineral and pore size, while the interparticle 
fractures become more obvious for the compact marble and 
shale. Water-saturated samples demonstrated more damage 
with larger microfractures due to the volumetric expansion 
in the water–ice phase transition. Memon et al. (2020) found 
the shale fracture size and permeability increased with the 
liquid nitrogen immersion time.

Jia et al. (2016, 2020) analyzed the freezing damage 
mechanisms of sandstone and pointed out that water in 
the primary crack first freezes, followed by two potential 
freezing damage modes (Fig. 2): (1) the unfrozen water 
in the secondary crack migrates and freezes in the stem 
crack, which induces the freezing stress and expansion of 
the stem crack; (2) unfrozen water migrates and freezes 
in the secondary crack leading to the secondary crack 
extension.

Huang et al. (2020) proposed a freezing damage model 
for the dual pore structure, which incorporated the pore size 
distribution, effect of unfrozen water film and the interfa-
cial free energy, and further investigated the influence of 
unfrozen water film thickness on the separation pressure 
and frost heaving strain. Ming et al. (2021) built a Weibull 
damage distribution constitutive model to describe the dam-
age evolution in frozen rock based on the triaxial compres-
sion tests under ultralow temperatures. Bai et al. (2020) 
developed a frozen rock statistical damage model for the 
void compaction and deformation at residual stress stages 
based on the Weibull damage distribution (Weibull 1951), 
the Lemaitre strain equivalence principle and the triaxial 
stress–strain curves (Lemaitre 1985). Xie et al. (2014) used 
Gaussian peak function to fit the energy absorption curve of 
frozen soil and established a dynamic constitutive frozen soil 
model, which can better reflect the stress–strain responses 
under impact loading. Ning et al. (2005) studied the fro-
zen rock characteristics from the perspective of mesoscopic 
mechanics of composite materials and derived the equivalent 
elastic modulus of frozen soil mixtures. An elastic constitu-
tive model of damaged frozen rock was also built. Li and 
Wang (2012) established a frozen rock model incorporating 
the coefficients of thermal stress and the ice expansion force 
based on the nonlinear thermoelastic theory with variable 
physical parameters, and the determination of thermal stress 
coefficients with temperature under uniaxial compression 
conditions was also introduced.

Although the rock freezing damage has been studied by 
many scholars, most studies are for temperatures above − 40 
°C with few focusing on the ultralow temperature conditions 
(− 200 to − 40 °C). Besides, many researchers only investi-
gated some specific ultralow temperatures such as − 196 °C 
in liquid nitrogen immersion; thus, a full-scale ultralow tem-
perature range study is needed. In addition, samples sub-
jected to the ultralow temperature treatment in literature are 
either in dry or fully saturated condition, while rocks are 

usually in partial water saturation conditions. Therefore, it 
is necessary to investigate the mechanical properties of par-
tially saturated rocks under ultralow temperatures.

Tight sandstone was used in this study, as it is usually 
the reservoir rock for unconventional oil and gas resources. 
The dry and water-saturated Sichuan Zigong sandstones with 
a porosity of 8.38% were subjected to a series of ultralow 
temperatures from − 30 to − 180 °C, and samples with dif-
ferent saturations were frozen at − 120 °C. Then uniaxial 
compression and Brazilian tensile strength (BTS) tests 
were conducted under freezing temperature and after one 
freeze–thaw cycle test conditions, and the pore structure 
changes before and after the ultralow temperature treatments 
were analyzed by computerized tomography (CT) and scan-
ning electron microscope (SEM). The effects of ultralow 
temperature treatments and water saturation conditions on 
the rock mechanical and microstructure properties are ana-
lyzed in detail.

2 � Experimental Methods

2.1 � Sample Preparation

The sample is caesious sandstone from Zigong, Sichuan 
Province, China. The bedding structure is not obvious and 
the dry density of the sample is 2460 kg/m3. The sample 
mineral composition was tested by the X-ray diffraction 
(XRD) equipment (Rigaku Smartlab 9kw, Japan) in Hebei 
University of Technology. The test power was 4 kW and 
the scanning angle was 5–90° with a speed of 6°/min. The 
Zigong sandstone is composed by 60.4% albite, 30.1% 
quartz, 6.5% calcite and small amounts of other minerals 
such as clinochlore and muscovite as shown in Fig. 3. The 
pore size distribution was measured by the mercury intru-
sion test (Micromeritics AutoPore IV 9500) with a maxi-
mum filling pressure of 40,000 psia and a contact angle 
of 130°. The sample porosity is 8.38% with the pore size 
mainly distributed between 0.005 and 350 μm as shown in 
Fig. 4. The properties of the sandstone used in the experi-
ments are shown in Table 1.

Samples were first cored from the blocks, then cut 
and ground to standard cylinders with dimensions of 
Φ50 × 100 mm and Φ50 × 25 mm for uniaxial compression 
and Brazilian tensile strength tests, respectively, as shown 
in Fig. 5. The unevenness of the end surface is less than 
0.25 mm, while its departure from the perpendicularity 
is within 0.25°, which satisfy the requirements of ISRM 
(Ulusay 2015).

Dry samples were prepared by placing the samples in an 
oven at 105 °C until the difference between two successive 
mass measurements (every 4 h) was less than 0.1%. The 
samples were then cooled to room temperature and wrapped 
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with a cling wrap. Vacuum saturation method was used to 
fully saturate the sandstone sample. Samples were placed in 
a vacuum chamber, and water was injected to the chamber 
slowly after it was fully vacuumed. Once the samples were 
fully immersed in water, they were weighed every 12 h until 
the mass difference between two successive measurements 
was less than 0.1%. Then cling wrap was used to prevent the 
water evaporation of saturated samples. The partial saturated 
samples were prepared according to the weight of adsorbed 
water. Samples were first fully saturated and weighed, and 
then they were completely dried in an oven at 105 °C The 

water content at full saturation was calculated, from which 
the target water contents at 25%, 50% and 75% saturations 
were calculated. Then these samples were put into the water 
chamber and taken out every 1 min to weigh until they 
reached the target masses with 25%, 50% and 75% satura-
tions. Water spray and sample evaporation were conducted 
to reach the exact saturation level. Finally, the partial satu-
rated samples were wrapped with the cling wrap and kept in 
a container at room temperature for 30 days for the uniform 
moisture distribution. The sample mass was weighed again 
before freezing and no change was found.

2.2 � Sample Low Temperature Treatment

The wrapped dry and saturated rock samples were frozen 
at − 30 °C, − 60 °C, − 90 °C and − 120 °C in a compres-
sor freezer (Guangdong Aoxue DW-150W42), while liquid 
nitrogen cryogenic chamber (Shanghai Gawler GL-50 N) 
was used for freezing at − 150  °C and − 180  °C. The 
partial saturated samples were frozen in the compressor 
freezer at − 120 °C. The cooling rate was 2 °C/min and 
the samples were kept at the target temperature for 12 h for 
all the freezing treatments. A dummy sample with a ther-
mocouple buried in the drilled hole at the sample center 
was used to measure the variations of the sample center 
temperature during the freezing process under different 
ultralow temperatures as shown in Fig. 6c, d. The diameter 
and depth of the hole were 5 mm and 52 mm, respectively. 
The sample center temperature was delayed in reaching 

Fig. 3   a X-ray diffraction pat-
tern; b mineral composition of 
sandstone
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Fig. 4   Pore size distribution of sandstone

Table 1   Properties of dry 
Zigong sandstone

� , density; � , porosity; UCS, uniaxial compressive strength; BTS, Brazilian tensile strength; E , elastic 
modulus; k , permeability (Liu et al. 2014); V

p
 , P-wave velocity; V

s
 , S-wave velocity (Wan et al. 2020)

Properties � (g/cm3) � (%) UCS (MPa) BTS (MPa) E (GPa) k (m2) Vp (km/s) Vs (km/s)

Value 2.43 8.38 87.2 5.9 16.2 8.6e−15 3.521 1.450
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the target ultralow temperatures than the cryogenic cham-
ber temperature. Therefore, the holding time at the target 
temperature was used for the whole sample to be fully 
frozen. Some samples were taken out from the cryostat 

and wrapped with the asbestos for the tests under freezing 
temperature conditions. The other samples were left in the 
cryostat to gradually return to the room temperature for the 
tests after one freeze–thaw cycle.

Fig. 5   Samples for a uniaxial 
compression test and b Brazil-
ian tensile test

Fig. 6   Test equipment and 
temperature measurement, a 
compressor freezer; b liquid 
nitrogen cryogenic chamber; 
c sample center temperature 
measurement; d cooling curves
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2.3 � Uniaxial Compression and Brazilian Tensile 
Strength Tests

A hydraulic servo-controlled Materials Test Systems (MTS, 
Landmark 370.5, USA) with a maximum load of 500 kN 
and an accuracy of 10–6 kN was used for our tests. The room 
temperature was controlled at 20 °C by an air conditioner. 
Samples were wrapped by the asbestos and compressed 
immediately after taking out from the freezer for the freezing 
temperature tests as shown in Fig. 7. The loading rate was 
0.2 mm/min for all the tests, and the load and displacement 
were monitored by MTS. Three samples were tested under 
each condition. Equations (1) and (2) were used to calculate 
the compressive and tensile strengths, respectively.

where �c is the compressive strength, D is the sample diam-
eter and P is the peak load.

where �t is the tensile strength and H is the sample thickness.

2.4 � Microscopic Tests

The sample microstructure changes before and after the 
ultralow temperature treatments were observed by using the 
FF35 X-ray CT (YXLON, Germany) and the JSM 7610F 
scanning electron microscope (JEOL, Japan). The saturated 
samples with a dimension of Φ7 × 15 mm were scanned 
before and after freezing at − 60 °C, − 120 °C and − 180 °C. 
The voltage and current for the X-ray tube were 200 V and 
230 A, respectively. The number of scanned slices was 1080 
with an image resolution of 2146 × 2146. The scanned data 
were analyzed by using the VGSTUDIO software. The sam-
ple thin slices were saturated and frozen at − 150 °C. The 

(1)�c =
4P

�D2
,

(2)�t =
2P

�DH
,

SEM scanning of sample thin slices was conducted before 
and after the ultralow temperature treatment.

3 � Results and Analysis

3.1 � UCS After the Cryogenic Treatments

3.1.1 � Stress–Strain Curve Analysis

The stress–strain curves of dry and saturated sandstones 
tested under freezing temperature and after one freeze–thaw 
cycle conditions are shown in Fig. 8.

Researchers have developed many models to fit the 
stress–strain curves, including the composite power-expo-
nential nonlinear model (Wang et al. 2017) and the viscoe-
lastic–plastic model (Zhu and Zhang 1992) etc. Wang et al. 
(2021) further improved the viscoelastic–plastic model by 
introducing the relationship between failure strain and tem-
perature as shown below:

where � is the stress, �max is the peak strength, � is the strain, 
�t is the total strain at failure, T is the temperature and � , b 
and n are coefficients.

These two equations are used to fit the stress–strain data 
of the saturated samples under different freezing tempera-
tures. The model curves fit well with the experimental data 
as shown in Fig. 9. The corresponding curve fitting param-
eters are listed in Table 2. Both n and b decrease with the 
reduction of temperature.

The uniaxial compression stress–strain curve can be 
divided into four stages (Fig. 10): compaction stage, elastic 
stage, plastic stage and failure stage (Feng et al. 2022). The 
corresponding strains for the stages before failure are crack 

(3)�∕�max =

[
�

�t

]n
exp

[
n

(
1 −

�

�t

)]
,

(4)�t = a ⋅ exp (−b|T|),

Fig. 7   MTS system and sample 
wrapped by the asbestos
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closure strain 
(
�cl

)
 , elastic strain 

(
�e
)
 and plastic strain 

(
�p
)
 , 

while their summation is the total strain at failure 
(
�t
)
 . Strain 

variations with the temperature at different test and satura-
tion conditions are shown in Fig. 11.

The crack closure strain ranges from 0.08 to 0.23%, which 
generally reduces with the decrease of temperature. For tests 
under freezing temperature conditions, the shrinkage of pre-
existing cracks and the pore filling and expansion due to the 
water–ice phase transition result in the decrease of crack 
closure strain, especially for the saturated samples. While for 
tests after one freeze–thaw cycle, the gentle reduction in the 
crack closure strain indicates that the one-time freeze–thaw 
treatment causes little damage to the sample and the irre-
versible shrinkage strain induces the reduction of crack 
closure strain. The elastic strain ranges from 0.4 to 0.7% 
accounting for the most part of the total strain. The elastic 
strains for dry samples are higher than those for saturated 

       (a) Dry- freezing temperature                         (b) Saturated- freezing temperature 

       (c) Dry- after one freeze-thaw cycle           (d) Saturated- after one freeze-thaw cycle 
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Fig. 8   Stress–strain curves under freezing temperature (a, b) and after one freeze–thaw cycle (c, d) conditions
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samples, and tests under freezing temperature conditions 
have larger elastic strains compared with those tested after 
one freeze–thaw cycle. These findings are consistent with 
the strength behavoirs which are also higher under dry and 
freezing temperature test conditions. All the elastic strains 
increase as the temperature decreases. The contraction and 
ice filling increase the elastic strain under freezing tempera-
ture conditions, while the plastic strain fluctuates around 
0.03% except for the saturated samples under freezing tem-
perature conditions. Saturated samples can endure larger 
plastic strains at lower temperatures due to the increasing 
cohesion of ice. As the total strain is mainly composed of 
elastic strain, its variations at failure follow the same trends 
as those of elastic strains. Besides, the relative standard 
deviation of the total strain is less than 5%, which is much 
smaller than those of other stains values.

3.1.2 � UCS and Young’s Modulus

Figure 12 shows the changes of compressive strength and 
Young’s modulus with decreasing temperature under dif-
ferent test conditions. The Young’s modulus is the slope of 
the elastic stage on the stress–strain curve. Their relative 

standard deviations are both less than 6%, which shows the 
high accuracy of the measured data. Table 3 summarizes the 
variation trends and corresponding mechanisms.

Under freezing temperature test conditions, variations 
of the compressive strengths of dry and saturated sand-
stones follow the same pattern with strengths of dry sam-
ples being higher than those of saturated samples. This 
is due to the softening effects of water and ice between 
particles compared with the direct particle contacts. The 
UCS of dry and saturated sandstones increased by 8.23% 
and 17.22%, respectively, when the temperature decreased 
from 20 to − 60 °C. The thermal shrinkage made the sam-
ple more compact, which increased the UCS for both dry 
and saturated samples. The water freezing point gradu-
ally decreases with the reduction of pore diameter and the 
bound water has a lower freezing point than that of free 
water (Sammis and Biegel 2004; Jia et al. 2019). There-
fore, the pore water gradually froze at 0 to − 60 °C, which 
increased the bearing area and the cohesion between par-
ticles resulting in the higher sensitivity for the saturated 
rocks (Tang et al. 2010; Chen et al. 2004; Kurilko and 
Novopashin 2005). Besides, the strength of ice increases 
with the decrease of temperatures (Sammis and Biegel 
2004; Haynes 1980). The UCS of dry and saturated sand-
stones decreased by 9.43% and 7.69%, respectively, when 
the temperature reduced from − 60 to − 90 °C. Different 
thermal expansion coefficients between quartz and albite 
(Ma et al. 2021), which are the main constituent minerals 
of sandstone, induced the tensile and shear stress at the 
grain boundaries. When the stress exceeded the cohesion 
strength in the temperature range from − 60 to − 90 °C, 
tensile or shear failure occurred resulting in the cracks at 
grain boundaries, destruction of cementing minerals and 
the relative grain movement toward the original defects in 
the sample. The deformations of grains and pores in the 
dry and saturated samples during the freeze–thaw cycle are 
shown in Fig. 13, which are certified by the UCS behav-
iors and the microscopic observations by CT and SEM as 
stated in Sect. 3.4. Therefore, the damage of solid skeleton 
induced the reductions of UCS for both dry and saturated 
samples. Though the volume expansion in the water–ice 
phase transition also induces some cracks near the pores, 
these new created cracks are filled and cemented by the 

Table 2   Stress–strain curve 
fitting parameters

T/°C �max/MPa �t/% n a b R2

 − 30 68.212 0.673 5.18  − 0.88 1.52 0.982
 − 60 73.331 0.684 4.98  − 0.54 1.41 0.981
 − 90 67.242 0.7405 3.95  − 1.40 1.34 0.984
 − 120 74.734 0.7735 3.95  − 0.14 1.31 0.990
 − 150 80.556 0.814 2.83 0.25 1.25 0.994
 − 180 83.838 0.8535 2.99 0.23 1.21 0.987

Fig. 10   Different stages and strains in the uniaxial compression 
stress–strain curve
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ice resulting in the smaller strength reduction under freez-
ing temperatures. With the further temperature decrease to 
− 180 °C, the UCS of dry and saturated samples increased 
again due to the contractions of grains, pores and ice 
(Arakawa and Maeno 1997).

The Young’s modulus of dry samples under freezing 
temperature test conditions has the same trend as its UCS 
but with a smaller variation magnitude, while the Young’s 

modulus of saturated samples are always lower than those 
of dry samples and reduce continuously with the decrease 
of temperature. The Young’s modulus of saturated sam-
ples at − 180 °C reduced by 25.97% compared with that at 
20 °C. The reduction was caused by the increase of ice con-
tent initially, as the Young’s modulus of ice is much smaller 
than those of rock minerals (Ji et al. 2011), while the larger 
thermal expansion coefficient of ice compared with those 
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of rock minerals increases the creep deformation inside the 
pores, which decreases the Young’s modulus at freezing 
temperatures.

After one freeze–thaw cycle, the UCS of saturated sam-
ples have the same trend with those of the dry samples, but 
the UCS of the saturated samples are always lower at the 
same temperature. The water softening effects after one 
freeze–thaw cycle test condition (Zhang et al. 2017) and 
the water–ice phase transition-induced damage during the 
freeze–thaw cycle resulted in the lower strength of the satu-
rated samples. In addition, the UCS of both dry and satu-
rated samples subjected to one freeze–thaw cycle treatments 
is always lower than those of untreated samples due to the 
irreversible damage caused by the discordant expansion 
between minerals (Jia et al. 2013; Zhao et al. 2019) and the 
volumetric expansion in the water to ice phase transition 
(Song et al. 2020). The UCS of dry and saturated sandstones 
decreased by 6.1% and 10.3%, respectively, for the tempera-
ture from 20 to − 60 °C due to irreversible damages, while 
the strengths increased for both dry and saturated samples 
as temperature decreased from − 60 to − 120 °C, which was 
also observed by Inada and Yokota (1984). As mentioned 
above, the tensile and shear failure occurred especially near 
large pores at around − 90 °C resulting in the pore filling by 
the destroyed debris and the mineral deformation toward the 
large defects after the thawing process as shown in Fig. 13, 
which was also confirmed by the microscopic observa-
tions in Sect. 3.4. The pore filling increased the compres-
sive strength. With the further decrease of subjected tem-
perature of one freeze–thaw cycle to − 180 °C, the UCS of 
dry and saturated samples decreased by 5.64% and 9.45%, 

respectively. The large shrinkage and expansion deforma-
tions of different minerals and the ice crystals during the 
temperature cycle induced greater damages to the sample; 
therefore, the UCS decreased in this temperature range. 
The Young’s modulus of dry samples was always higher 
than those of the saturated samples, and great declines were 
shown from − 120 to − 180 °C for both samples due to the 
large accumulated damage when subjected to the ultralow 
temperatures freeze–thaw cycle.

The UCS of both dry and saturated samples under freez-
ing temperature test conditions was higher than its counter-
parts after one freeze–thaw cycle test condition, indicating 
the enhancement effect of freezing temperature on strength. 
The Young’s modulus of dry samples after one freeze–thaw 
cycle is almost identical to those under freezing tempera-
ture when the temperature is above − 120 °C, while they are 
much lower under − 150 °C and − 180 °C due to the large 
strength difference. The Young’s modulus of saturated sam-
ples under freezing temperature conditions are always lower 
than those after one freeze–thaw cycle. This is because there 
are more direct grain contacts as water is discharged during 
compression after one freeze–thaw cycle compared with the 
ice-filled intergranular spaces under freezing temperature. 
The elastic modulus of ice is much smaller than those of 
rock minerals.

3.1.3 � Failure Pattern

Figure 14 shows the sample failure patterns after the uni-
axial compression tests under freezing temperature con-
ditions. The failure patterns of dry samples are diagonal 

Fig. 13   Grain and pore deformations of dry and saturated samples during freeze–thaw cycle
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shear at 20 °C, Y-type shear at − 30 °C, − 60 °C, − 90 °C 
and − 120 °C, and X-type shear at − 150 °C and − 180 °C. 
When referring to the strength of dry samples under freez-
ing temperatures, the failure becomes violent with more 
macroscopic fractures for samples with higher strengths. 
While the failure patterns of saturated samples are diagonal 
shear at 20 °C, Z-type shear at − 30 °C and − 60 °C and 
vertical splitting shear at − 90 °C, − 120 °C, − 150 °C and 

− 180 °C. Though the strength of saturated samples also 
increases with the decrease of temperature, the ice filling 
and cohesion effect make the sample more homogeneous 
resulting in the failure pattern change from oblique shear to 
vertical splitting. Compared with the saturated samples, the 
failure patterns are more complex for dry samples due to the 
high energy release upon destruction, as the strengths of dry 
samples are much higher than those of saturated samples.

3.2 � Tensile Strength and Brittleness

3.2.1 � Tensile Strength

Figure 15 shows the variations of sample tensile strength 
with temperature under different conditions with most of 
the relative standard deviations of the measured data being 
smaller than 10%. Table 4 summarizes the variation trends 
and the corresponding mechanisms. The tensile strength of 
dry sandstones under freezing temperature decreased from 
5.86 MPa at 20–3.93 MPa at − 60 °C, then it increased to 
7.41 MPa at − 90 °C, followed by a continuous decrease 
to 5.37 MPa at − 180 °C. This variation trend was also 
reported by Matsunaga et al. (1981). The tensile stress gen-
erated by the external load was coupled with the thermal 
stress induced by the different shrinkage deformations of 
quartz and albite at − 30 °C and − 60 °C, which resulted 
in the reduction of tensile strength. The thermal stress 
exceeded the intergranular cohesion at − 90 °C resulting in 

      20℃             -30℃            -60℃             -90℃           -120℃          -150℃          -180℃  

Dry 

Saturated 

Fig. 14   UCS failure patterns of dry (upper row) and saturated (lower row) samples at different temperatures
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the relative movement between grains and the disappear-
ance of the internal thermal stress. In addition, the sample 
became more compacted under − 90 °C, which also con-
tributed to the higher tensile strength. With the further tem-
perature decrease, the internal thermal stress and accumu-
lated damage increased again resulting in the reduction of 
tensile strength, while the tensile strength of saturated rock 
under freezing temperature increased continuously with the 
decrease of temperature with the strength at − 180 °C being 
four times that at 20 °C. This is because the ice content 
and strength increased with the temperature decrease, which 
could fill the pores and cement the minerals. What is more, 
the ice in the connected pores formed an ice net, which sig-
nificantly increased the tensile strength. The tensile strengths 
of saturated samples were higher than those of dry samples 
under subzero temperatures, and their differences increased 
as the temperature decreased.

For tests after one freeze–thaw cycle, the tensile strength 
of both dry and saturated samples was almost constant when 
the subjected temperature was higher than − 120 °C, while 
obvious reductions were shown at − 150 °C and − 180 °C 
due to the significant damage induced at ultralow tempera-
ture freeze–thaw cycle. The tensile strengths of saturated 
samples were always lower than those of dry samples due 
to the water softening effect and damage in the water–ice 
phase transitions.

3.2.2 � Failure Pattern

Figure 16 shows the fracture morphologies after the ten-
sile failure under freezing temperature conditions. Bifurca-
tions occurred at temperatures of 20 °C and − 90 °C for 
dry samples. When referring to the tensile strengths of dry 
samples at different freezing temperatures, bifurcations were 
only shown for samples with high strengths, while bifurca-
tions occurred at 20 °C for saturated samples, which corre-
sponded to the lowest strength conditions. As the tempera-
ture decreased, no bifurcations were shown and the damaged 
area at the sample ends became smaller. In addition, the 
fracture became straighter at lower temperatures. This is 
because the bearing capacities of the sample defects were 
significantly enhanced due to the ice filling and cohesion 
effects, which increased the homogeneity and integrity of 
the sample. Therefore, the initiated fracture would propagate 
along a straight line without any branching.

3.2.3 � Brittleness Index

Brittleness index is usually used to describe the deforma-
tion and failure characteristics including the strain, energy, 
strength and failure pattern. Zhang et al. (2016) summarized 
the brittleness indices for rocks, which can be obtained from Ta
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the characteristics of stress–stain curves and geophysical 
data, etc. The quantification equation used in this study is 
shown in Eq. (5).

Variations of the brittleness index with temperature 
are shown in Fig. 17. The brittleness index of dry sam-
ples under freezing temperature first increases from 20 to 
− 60 °C, then decreases at − 90 °C, followed by an increase 
until − 180 °C, which is similar to the variations of its cor-
responding UCS, while the brittleness index of saturated 
sandstones under freezing temperature declines continu-
ously with decreasing temperature from 20 to − 180 °C, 
which is caused by the large increase in tensile strength. 
The ice filling and cohesion effects significantly increased 
the sample’s resistance to tensile and shear failure, espe-
cially at lower temperatures. The formed ice net within the 
connected pores prevents the quick fracture propagation 

(5)BI =
�c − �t

�c + �t
.

and sudden energy release, which is also validated by the 
less violent failure patterns for the UCS and tensile tests. 
The brittleness index of saturated samples is always lower 
than those of dry samples under freezing temperature con-
ditions, and their differences increase as the temperature 
decreases.

Compared with the freezing temperature test condition, 
the brittleness index after one freeze–thaw cycle is less 
affected by the temperature. The brittleness indices of dry 
and saturated samples after one freeze–thaw cycle remain 
almost constant at temperatures above − 120 °C, while they 
both increase at − 150 °C and − 180 °C due to the large dam-
age caused by the freeze and thaw treatment. The brittleness 
indices of dry samples are only slightly higher than those 
of saturated samples after one freeze–thaw cycle. The brit-
tleness indices of saturated samples after one freeze–thaw 
cycle are much higher than those under freezing tempera-
tures at temperatures below − 60 °C, while they are lower 
for dry samples after one freeze–thaw cycle than those under 
freezing temperature except at − 90 °C.

3.3 � Effect of Saturation on Rock Mechanical 
Properties Under Freezing Temperatures

3.3.1 � UCS Tests

The stress–strain curves and strains values at different water 
saturation levels under − 120 °C test condition are shown 
in Fig. 18.

The crack closure strain decreases with the increase in 
water saturation level, followed by an increase at fully satu-
rated condition. This is because the ice filling reduces the 
crack compressibility, while new cracks are formed under 
fully saturated condition due to the volume expansion during 
the water to ice phase transition. The plastic strain increases 
with the water saturation as the sample failure process is 
slowed down by the ice cohesion, while no obvious change 

       20℃            -30℃             -60℃            -90℃           -120℃          -150℃          -180℃  

Dry 

Saturated 

Fig. 16   Brazilian tensile failure patterns of dry (upper row) and saturated (lower row) samples under freezing temperature conditions
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Fig. 17   Variations of sandstone brittleness index with temperature
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is shown for the elastic strain. The total strain at failure is 
highest under dry condition as its UCS is largest, while it 
increases with the water saturation as ice enhances the bear-
ing capacity to deformation. Similarly, the relative standard 
deviations for total strain are smallest (< 4%).

Figure 19 shows the variations of UCS and E with water 
saturation at − 120 °C with the relative standard deviations 
being smaller than 6%, and Table 5 summarizes the cor-
responding mechanisms. As the saturation increases, the 
compressive strength gradually decreases especially at 25% 
and 100% water saturation levels. There is a small amount 
of unfrozen water existing as a film on the mineral surfaces 
and both the binding water and the ice reduce the friction 
between grains (Jia et  al. 2019). Therefore, the sample 
strengths are low at partial water saturation conditions. The 
damage induced by the 9% volume expansion during water 
to ice phase transition occurs at the fully saturated condi-
tion, which results in the strength deterioration. Reductions 
are also shown for the Young’s modulus with the saturation 
especially between 25 and 75%. The ice filling and bond-
ing effects become more significant with the increase of 

Fig. 18   a The stress–strain 
curves and b strain values at 
different water saturations 
at − 120 °C

                                     (a)                                                                    (b)  

0.0 0.2 0.4 0.6 0.8
0

20

40

60

80

100

S
tr

es
s 

(M
P

a)

Strain (%)

 0%

 25%

 50%

 75%

 100%

0 25 50 75 100

0.0

0.2

0.4

0.6

0.8

1.0

S
tr

ai
n

 (
%

)

Saturation (%)

 Crack closure strain      Plastic strain

 Elastic strain                 Total strain

0 25 50 75 100

70

75

80

85

90

95

100

105  UCS

U
C

S
 (

M
P

a)

Saturation (%)

10

11

12

13

14

15

16

17
 Young’s modulus

Y
o

u
n

g
’s

 m
o

d
u

lu
s 

(G
P

a)
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Table 5   Effect of water saturation level on mechanical properties at − 120 °C

Properties Change with saturation 
increase

Mechanisms

Crack closure strain 0–75% decrease Ice filling reduces the crack compressibility
75–100% increase New cracks formed at full saturation

Elastic strain Around 0.6% Remains almost constant
Plastic strain Increase Ice cohesion and creep increase plastic deformation
Total strain 0–25% decrease UCS decreases significantly

25–75% increase Ice increases the sample deformation bearing capacity
UCS Decrease (1) The unfrozen water film and ice reduce the friction between grains

(2) Damage induced by the 9% volume expansion during water to ice phase transition
Elastic modulus Decrease Lower elastic modulus of ice compared with the minerals and the ice creep deformation
BTS Increase (1) Cohesion effect of ice

(2) Ice in the connected pores acts as fibers
Brittleness index Decrease Sample fails in a gentler manner with larger strains as the saturation increases because 

of the ice cohesion and creep deformation
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saturation, which is also reflected in the decrease of crack 
closure strain. However, the lower elastic modulus of ice 
compared with the minerals and the ice creep deformation 
result in the reduction of Young’s modulus with the ice 
content.

Figure 20 shows the sample macroscopic fractures after 
failure with different saturations at − 120 °C. Multiple shear 
fractures are shown for dry and 25% saturated samples, 
while the number of fractures becomes less and the failure 
pattern turns to splitting with the increase of water satura-
tion. This failure pattern change is consistent with the vari-
ations of the UCS. The higher strength corresponds to larger 
energy release and more fractures.

3.3.2 � Tensile Strength Tests and the Brittleness Index

Figure 21 shows the variations of tensile strength with 
saturation at − 120 °C with the relative standard devia-
tions smaller than 8% except at full saturation conditions. 
The tensile strength increases with the water saturation, 
which is contrary to that of UCS. The tensile strength is 
5.55 MPa under dry condition and increases by 142% to 
13.46 MPa under fully saturated condition. The significant 
increase is caused by the cohesion effect of ice, which 
increases with the saturation. In addition, the ice crystals 
in the connected pores form a net, which acts as fibers to 
enhance the tensile strength.

The fracture becomes smoother and less damage occurs 
at the sample end with the increase of water saturation for 
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Fig. 20   Sample failure patterns at − 120 °C under different saturations
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Fig. 21   Tensile strength under different saturation levels at − 120 °C
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Fig. 22   Failure patterns of Brazilian tensile strength tests under different saturation levels at − 120 °C
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the Brazilian tensile strength tests as shown in Fig. 22, 
which is consistent with the failure patterns of saturated 
samples under different freezing temperatures. Bai et al. 
(2020) also found that the fracture roughness decreases 
with the increase of tensile strength. The sample defects 
are gradually filled and cemented by ice with the increase 
of saturation, which increases the homogeneity and integ-
rity resulting in the fracture extension along the shortest 
path.

The brittleness index is calculated by Eq. (5), which 
decreases with the saturation as shown in Fig. 23. The 
plastic deformation increases, while the Young’s modulus 
decreases with the water saturation under UCS tests, which 
are related to the ice cohesion and creep deformation. 
Therefore, the sample fails in a gentler manner with larger 
strains as the saturation increases. The less complicated 
fractures in the UCS and Brazilian tensile strength tests 
at higher saturation levels also indicate that the failure is 
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Fig. 23   Variations of brittleness index with saturation at − 120 °C
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Fig. 24   Pore changes of saturated samples before and after the ultralow temperature freeze–thaw cycle treatments at − 60  °C a; − 120  °C 
b; − 180 °C c and porosity d, respectively
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more moderate and the brittleness index is lower under 
large ice content.

3.4 � Microscopic Observations After Ultralow 
Temperature Freeze–Thaw Cycle Treatment

Figure  24 shows the comparisons of CT images and 
total porosities of saturated sandstones before and after 
the ultralow temperature freeze–thaw cycle treatments 
at − 60 °C, − 120 °C and − 180 °C, respectively. Obvi-
ous reductions in the number of pores and porosity after 
the ultralow temperature freeze–thaw cycle treatments 
are shown. It should be noted that the nanopores can-
not be detected by the CT scanning due to the resolution 
limitations; therefore, the calculated porosities are much 
smaller than that in the mercury intrusion porosity tests. 
The porosity is lowest with the largest reduction after 
the − 120 °C treatment, which is consistent with that the 
UCS of saturated sample after the ultralow temperature 
freeze–thaw cycle treatment is highest at − 120 °C com-
pared with those at − 60 °C and − 180 °C. The incon-
gruous shrinkage and expansion of different minerals 
during the freeze–thaw cycle induce the relative move-
ment between grains. In addition, the volume expansion 
and shrinkage during water–ice phase transitions induce 
damages near the large pores. The lower resistance of 
pre-existing large pores and fractures result in the inward 
deformation, and the debris from the cement destruction 
will also fill the large defects, which is certified by the 
SEM images shown below. Though small cracks are cre-
ated between the grain boundaries, they are undetectable 
by the CT. Therefore, the filling of large pores results in 
the reduction of porosity. As the temperature variation for 
− 120 °C treatment is larger than that at − 60 °C, the pore 
filling is more significant resulting in the lower porosity. 
While the larger freeze–thaw damage at − 180 °C induces 
the cracking which increases the porosity. As a result, 
the porosity is lowest at − 120 °C compared with − 60 °C 
and − 180 °C. Though porosity becomes lower after the 
ultralow temperature freeze–thaw cycle treatment, the 
cohesion and internal structures are destroyed resulting 
in the lower UCS values compared with that at 20 °C.

The porosity increases after freeze–thaw cycles as 
reported in the literature are not shown in this study. 
This is because only one freeze–thaw cycle was con-
ducted for our tests and the initial sample was intact with 
a low porosity of 8.38%; therefore, the damage is small 
and is characterized by the plastic deformation toward 
the defects. Besides, the induced small cracks at grain 
boundaries are not counted due to the resolution limi-
tations of CT. Zhang et al. (2020) also found the rock 
porosities at some cross sections were reduced after 5 
freeze–thaw cycles. Zheng et al. (2019) demonstrated that 

porosity reductions and increases of longitudinal wave 
velocity were shown at small numbers of freeze–thaw 
cycles, then the porosity gradually increased and the 
wave velocity decreased with the increase of freeze–thaw 
cycles. It is expected that the porosity will increase if 
more freeze–thaw cycles are conducted for our samples, 
as the internal damage is induced resulting in lower resist-
ance to the ice expansion force.

Figure 25 shows the SEM images of saturated sand-
stone before and after the ultralow temperature treatment 
at − 150 °C. Less intergranular cracks are shown and 
pores are unfilled before thermal treatments as shown in 
Fig. 25a. Cracks are formed at the grain boundaries after 
the freeze–thaw cycle, which is due to the differences 
in the mineral thermal expansion coefficients. There are 
many damaged areas near the original defects, as the 
phase transitions between water and ice mainly occur in 
the pores and fractures inducing further damage. Pore and 
crack fillings are shown due to the cementation destruc-
tion and the relative movement between grains, which 
result in porosity reduction.

4 � Conclusions

The influences of temperature and saturation on the 
mechanical properties for Zigong sandstone samples 
under the freezing temperature and after one freeze–thaw 
cycle test conditions (− 30 to − 180 °C) are investigated 
by UCS and Brazilian tensile strength tests. The charac-
teristics of stress–strain curves, strengths, failure patterns 
and brittleness under different conditions are analyzed. 
The microscopic changes in the saturated samples after the 
freeze–thaw cycle were studied by CT and SEM observa-
tions. The main conclusions are as follows.

(1)	 The UCS of dry samples are always higher than those 
of saturated samples and are also larger under the freez-
ing temperature than those after one freeze–thaw cycle. 
The Young’s modulus of saturated samples is lower 
than its dry counterpart. The Young’s modulus of sat-
urated samples under freezing temperature is smaller 
than that after one freeze–thaw cycle and continuously 
decreases with the reduction of temperature due to the 
higher ice content. In general, the crack closure strain 
decreases, while the elastic strain increases with the 
decrease of temperature.

(2)	 The tensile strength of saturated samples under freez-
ing temperature increases with the decrease of tem-
perature, as the ice content and strength increase as 
the temperature decreases. In addition, the formed ice 
net in connected pores acts as fiber to enhance the ten-
sile strength, while the tensile strengths of dry samples 
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are higher than those of saturated samples after one 
freeze–thaw cycle, which is caused by the water soften-
ing effects and the damage induced by the water–ice 
phase transitions.

(3)	 The UCS failure pattern of dry samples under freezing 
temperature changes from diagonal shear at 20 °C to 
X-type shear at − 150 °C and − 180 °C, while vertical 
splitting dominates at freezing temperatures for satu-
rated samples as the filling and bonding effects of ice 
increase the sample homogeneity. Bifurcations occur 

in the tensile strength tests for dry sample with high 
strengths under freezing temperature, while the dam-
aged area becomes smaller and the fracture becomes 
smoother with the decrease of temperature for saturated 
samples. The brittleness indexes of dry samples are 
higher than those of saturated samples under freezing 
temperature, which is also verified by the more com-
plex fracture morphologies for dry samples.

(4)	 For tests of samples with different saturations at 
− 120 °C, the closure strain decreases with the satura-

Fig. 25   SEM images of 
sandstone before a and after b 
thermal treatment at − 150 °C
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tion except under fully saturated condition, while the 
plastic strain increases with the saturation. Both UCS 
and Young’s modulus decrease with saturation, while 
the tensile strength increases with saturation. The brit-
tleness index decreases with the saturation, and failure 
patterns become less destructive with the increase of 
saturation.

(5)	 The porosity of saturated samples measured by CT 
reduces after the one freeze–thaw cycle. The porosity 
is lowest after the treatment at − 120 °C compared with 
those at − 60 °C and − 180 °C. Pore filling resulting 
from the movement of grains and debris toward the 
defects induces porosity reduction, which is also indi-
cated by the SEM images.
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