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Abstract
Water-bearing porous rocks can be greatly strengthened by freezing; its microscopic mechanisms lie in how subzero temperature
modifies pore structure but have not yet been clearly defined. In this study, we link the mechanical properties of frozen sandstone to
phase composition of pore water (i.e., relative amount of unfrozen water and ice). Both the strength (uniaxial compressive strength and
tensile strength) and the phase composition of pore water (tested through the nuclear magnetic resonance (NMR) method) of frozen
sandstone at nine subzero temperatures were measured. The results showed the following: (1) subzero temperature strengthened
saturated sandstone significantly, both the strengths increased in a three-stage mode and each stage showed an approximately linear
trend as temperature decreased from 0 to – 20 °C; and (2) change of phase composition with freezing displayed two distinct stages: the
rapid decreasing stage of unfrozen water content (0 to – 4 °C), when bulk water and capillary water froze almost completely, and the
slow decreasing stage (− 4 to – 20 °C), when adsorbedwater froze partially. Based on direct observations onmicroscopic pore structure
of sandstone and detailed discussion on the mechanical interactions between water, ice, and pore wall, phase composition may modify
themechanical properties of frozen rocks through the following effects: the supporting effect of ice under compression, the crack-filling
effect of ice, the cementing effect of unfrozen water film under tension or under shearing load, and the frost damage effect. The former
three are strengthening effects, while the latter one is weakening effect.
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Introduction

Understanding the mechanical properties of frozen rocks is fun-
damental for rock engineering in permafrost and polar regions
(Jia et al. 2019). Mechanical properties of frozen rocks are sen-
sitive to temperature change (Kodama et al. 2013; Atkinsona
et al. 2018; Bai et al. 2020), estimating the influence of temper-
ature change and revealing the mechanisms are of great signifi-
cance for engineering design and protection (Shen et al. 2019),
especially in the context of global warming (Gruber et al. 2004;
Jia et al. 2017).

A number of studies have been conducted on the mechanical
properties of frozen rocks; mechanical parameters including uni-
axial compressive strength, tensile strength, elastic modulus, and
fracture toughness have been tested under subzero temperatures
(Dwivedi et al. 2000; Yamabe and Neaupane 2001; Glamheden
and Lindblom 2002; Yang et al. 2010; Kodama et al. 2013;
Weng et al. 2020). Freezing temperature, initial water content,
loading rate, confining pressure, etc. have been regarded asmajor
factors influencing the mechanical properties of frozen rocks
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(Kodama et al. 2007; Atkinson et al. 2018; Jia et al. 2020;
Kodama et al. 2019). Temperature, as one of the basic meteoro-
logical elements, is a key factor that determines whether a rock
can freeze and to what extent it freezes (Kurilko and Novopashin
2005; Huang et al. 2018; Jia et al. 2019; Weng et al. 2019).
Previous studies referring to the effect of freezing temperature
have suggested the negative correlation between strength of fro-
zen rocks and freezing temperature and commonly attribute this
strengthening effect to pore ice (Atkinsona et al. 2018; Bai et al.
2020). However, due to the scarcity of data, generally 3~5 or
even less subzero temperatures were adopted to test the mechan-
ical properties of frozen rocks; the precise correlation between
strength of frozen rocks and freezing temperature has not been
revealed. Moreover, considering the fact that unfrozen water and
ice coexist in pores of frozen rocks (Watanabe and Mizoguchi
2002; Vlahou and Worster 2010; Jia et al. 2020), attributing the
strengthening effect of subzero temperature solely to pore ice
should be biased. Here, we suggest that the phase composition
of pore water at subzero temperatures, i.e., relative amount of
unfrozen water and ice, and the interactions between each frac-
tion determine the mechanical properties of frozen rocks.

Change of phase composition of pore water is a direct indictor
of the freeze-thaw process of rock and soil. It is usually estimated
by measuring unfrozen water content. Several methods, such as
t ime-domain ref lec tometry (TDR), t ime-domain
transmissometry (TDT), electrical resistivity tomography
(ERT), ultrasonic testing, and low field nuclear magnetic reso-
nance (LF-NMR) (Zhou et al. 2014; Yoshikawa and Overduin
2005; Brunet et al. 2010) have been employed, amongwhich the
LF-NMR method should be the most accurate since it measures
the amount of hydrogen in liquid water directly. To investigate
the linkage between mechanical properties of frozen rock and
phase composition of pore water, mechanical parameters (uniax-
ial compressive strength, tensile strength, and deformability) of
saturated sandstones at nine subzero temperatures were system-
atically tested. Phase compositions of pore water in saturated
rocks at different subzero temperatures were measured using
the LF-NMR method. Correlation between mechanical proper-
ties of frozen rocks and phase composition was revealed.
Moreover, microscopic pore structure of used sandstone was
observed through scanning electron microscope (SEM), based
on which freezing pattern of pore water was analyzed.
Microscopic mechanisms of phase composition determining fro-
zen strength were discussed accordingly.

Experimental design

Sample preparations

Thirty-seven cylindrical specimens with a diameter of 50 mm
and a length of 100 mm for the uniaxial compressive strength
(UCS) test and thirty-two discal specimens with a diameter of

50 mm and a length of 25 mm for the Brazilian splitting test
were drilled from the same fresh sandstone block. Aiming to
further ensure the homogeneity of samples, P-wave velocities
of the specimens were tested using an NM-4B ultrasonic tes-
ter. The T2 spectrum of all water-saturated sandstones was
tested by NMR. Thirty-one cylindrical specimens and
twenty-seven discoid specimens that have similar P-wave ve-
locities and T2 spectrum (reflect the pore properties) were
selected for mechanical and physical testing, respectively
(Fig. 1a). All samples were numbered and the basic physical
parameters of dry density, porosity, total pore water, and P-
wave velocities were marked in Appendix Table 5. The aver-
age value of dry density, porosities, and P-wave velocities of
the selected samples were 2.1 g/cm3, 19.58%, and 2.67 km/s,
respectively.

The mean grain size of sandstone is 0.3 mm and the min-
eralogical properties (identified by X-ray diffraction) of the
sandstone are summarized in Table 1.

All the selected samples were firstly dried at 105 °C for at
least 48 h until their mass reached constant, and then placed in
a vacuum chamber at − 1 bar for 4 h, and finally immersed in
water for 72 h to achieve complete saturation. Afterwards,
samples were wrapped with cling film and placed in a humid-
ifier for 1 week to make the inner water distribution uniform.

Setups of experiments

Mechanical tests

The UCS tests and Brazilian tests were conducted using the
WES-300B/600B testing machine. The test machine is
equipped with a high-precision temperature-control chamber
(Fig. 1b) which could provide subzero temperatures as low as
− 30 °C with an accuracy of ± 0.1 °C.

Twenty-seven cylindrical specimens and discoid speci-
mens were evenly divided into 9 groups respectively, corre-
sponding to 9 testing temperatures, which were 0 °C, − 2 °C, −
4 °C, − 6 °C, − 8 °C, − 10 °C, − 12 °C, − 15 °C, and − 20 °C.
Testing processes of the UCS tests and Brazilian tests were as
follows: a saturated sample was firstly placed in the environ-
mental chamber, set the temperature as a testing value. When
the chamber temperature was achieved testing value, the sam-
ple was then frozen for 5 h (Fig. 2a) and maintained the testing
value until the test finished. Afterwards, it was compressed or
split to failure at an identical rate of 5 kN/min.

Measurement of the phase composition of sandstone
at different temperatures

An NMR equipment was employed to measure the phase
composition of pore water in sandstone at different subzero
temperatures (Fig. 1c). The signal intensity of NMR is propor-
tional to the number of water molecules (Watanabe and Wake
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2009). At low magnetic fields, signals from ice can barely be
detected (Zhao et al. 2017); therefore, the NMR signal can
serve as an indicator of the unfrozen water in frozen rocks.

The NMR facility (MacroMR12-150H) used in our experi-
ments was manufactured by Suzhou Niumag Analytical
Instrument Corporation. An environmental chamber providing
a uniform, three-dimensional freeze-thaw environment was inte-
grated with the coil. The temperature inside the coil was con-
trolled automatically by a software program; thus, the phase
composition of the pore water was measured in real-time during
freezing. The refrigerant fluid circulating through the environ-
mental chamber was Fluorinert FC40. Both air temperature and

rock surface temperature inside the chamber weremeasured with
optical fiber sensors.

Basic test parameters were as follows: static magnetic field
intensity 0.3 T, echo time 0.18 ms, waiting time 2000 ms, echo
numbers 1000, and numbers of scans 64. The Carr–Purcell–
Meiboom–Gill (Carr and Purcell 1954; Meiboom and Gill
1958) pulse sequence was adopted. To achieve a uniformly dis-
tributed temperature field across the sample, ten temperature
steps were preset (20 °C, 0 °C, − 2 °C, − 4 °C, − 6 °C, − 8 °C,
− 10 °C, − 12 °C, − 15 °C, and − 20 °C), each consisting of a
decreasing stage and a platform (Fig. 2b). The T2 spectrum was
measured every 15 min, each lasted for approximately 1 min.

Fig. 1 Samples used in experiments (a), the uniaxial compression test system (b), and the NMR test system with an environmental chamber (c)

Table 1 Mineral composition of
sandstone Mineral Quartz Kaolinite Siderite Microcline Laumontite Mica Albite Others

Content (%) 86.6 4.2 3.8 2.7 1 0.9 0.6 < 0.1
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Results

Variation of mechanical properties with subzero
temperatures

Stress-strain curves of the uniaxial compression tests

Freezing temperature had a significant effect on the stress-strain
curves of saturated sandstone. The pre-peak stress-strain curves
of frozen sandstone under uniaxial compression can be divided
into the pore-compaction phase, elastic-deformation phase, and
microcrack propagation phase (Fig. 3), which is similar to that of
rock under positive temperatures. The lower the freezing temper-
ature is, the higher the peak strength, failure strain, and elastic
modulus under the same freezing time (5 h).

Variation of strength with subzero temperatures

When rock temperature decreased from 0 to − 20 °C, the UCS
of saturated sandstones increased following a three-stage
mode and each stage showed an approximately linear trend
(Fig. 4a). The UCS of sandstone at − 20 °C was 3.3 times
higher than that at room temperature. The average rate of

increase within each stage decreased. Within the first stage
(temperature decreased from 0 to − 4 °C), the UCS increased
by 16.7MPa and the average rate of increase was 4.2MPa/°C.
When the temperature decreased from − 4 to − 12 °C (the
second stage), the UCS increased by 16 MPa and the rate of
increase was 1.9 MPa/°C. As the temperature decreased from
− 12 to − 20 °C, the USC increased by 5.2 MPa and the rate of
increase was 0.66 MPa/°C. The laws of UCS variation with
temperature within each stage can be approximately expressed
by Eq. 1. The fitting parameters “a” and “b” values of the
formula of UCS changing with temperature at different tem-
perature segments are showing Table 2.

σc ¼ aT þ b ð1Þ

The tensile strength of saturated sandstones changed with
subzero temperature similarly to the UCS, following a three-
stage mode as well (Fig. 4b). The tensile strength of sandstone
at − 20 °C was 4.8 times higher than that at room temperature.
The average rate of increase within each stage decreased.
Within the first stage (temperature decreased from 0 to − 4
°C), the tensile strength increased by 1.6 MPa and the average
rate of increase was 0.4 MPa/°C. When the temperature de-
creased from − 4 to − 10 °C (the second stage), the tensile
strength increased by 0.67 MPa and the rate of increase was
0.11MPa/°C. As the temperature decreased from − 10 to − 20
°C, the tensile strength increased by 0.4 MPa and the rate of
increase was 0.04MPa/°C. The laws of strength variation with
temperature within each stage can be approximately expressed
by Eq. 2. The fitting parameters “c” and “d” values of the

Fig. 2 Temperature regime used
in uniaxial compressive and
tensile strength test (a) and NMR
test (b)

Fig. 3 Stress-strain curves of samples at different subzero temperatures

Table 2 The fitting parameters “a” and “b” values of the formula of
UCS changing with temperature at different temperature segments

T (°C) a (MPa/°C) b (MPa) R2

0°C≤T≤ −4°C − 4.2 18.2 0.92

−4°C≤T≤ −12°C − 1.9 27.3 0.96

−12°C≤T≤ −20°C − 0.66 41.4 0.99
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formula of tensile strength changing with temperature at dif-
ferent temperature segments are showed in Table 3.

σt ¼ cT þ d ð2Þ

Failure strain and elastic modulus under compression

The failure strain of saturated sandstones under compression
first increased rapidly and then approached a steady value
(Fig. 5a). The rapid-increase stage ended at around − 4 °C,
where the failure strain increased by 2.2%. As temperature
decreased from − 4 to − 20 °C, the failure strain approached
a steady value of 2.4%. The failure strain of frozen sandstone
at − 20 °C was 3.34 times higher than that at the room tem-
perature. The elastic modulus increased approximately linear-
ly from 26 to 33.8 GPa with rock temperature decreased from
0 to − 20 °C (Fig. 5b); this trend can be expressed by Eq. 3.
The “e” and “f” are − 0.42 GPa/°C and 25 GPa, respectively.

E ¼ eT þ f ð3Þ

Variation of phase composition with subzero
temperatures

T2 is a time constant for the exponential decay of the magni-
tude of a spin echo (Cowan 1997) for a single pore body. For a

multiple pore body system such as a porous network, the
exponential decay is a summation of the individual decays.
Using an inversion processing technique, the raw decay curve
can be fitted to a T2 spectrum. Most of the NMR interpreta-
tions and estimated petro-physical parameters are based on
this T2 spectrum (Dastidar 2007).

The relative unfrozen water content of each sample was
calculated using Eq. 4:

Sr ¼
Afrozen
T2

Ainitial
T2

*100 ð4Þ

where, Sr is the normalized unfrozen water content of a spec-

imen; Afrozen
T2

is the T2 area of the specimen frozen at a subzero

temperature; and Ainitial
T2

is the T2 area of the specimen at 0 °C.

The above values were calibrated to eliminate the effect of
temperature on NMR signals with the method proposed by
Tice et al. (1982).

Variation of T2 spectrum and unfrozen water content

The T2 spectrum of saturated sandstone before freezing had
three distinct peaks. With the decrease of temperature, the T2
spectrum shifted leftwards and its area firstly decreased sig-
nificantly (0~− 4 °C) and then slowly (− 4~− 20 °C) (Fig. 6a).
We calculated the unfrozen water content at different subzero
temperatures according to Eq. 4, the results are shown in Fig.
6b. As one can expect, the unfrozen water content first de-
creased rapidly (0~− 4 °C) and then slowly (− 4~− 20 °C) with
the decrease of temperature.

As rock temperature decreased from 0 to − 2 °C, peak 3
and peak 2 lowered significantly. The − 4 °C was a turning
point where peak 2 became negligible and peak 3 disap-
peared completely, indicating the freezing of bulk water
and capillary water, while peak 1 reduced remarkably as

Fig. 4 Strength of samples with different subzero temperatures showing a uniaxial compressive strengths (σc) and b tensile strengths (σt)

Table 3 The fitting parameters c and d values of the formula of tensile
strength changing with temperature at different temperature segments

T (°C) c (MPa/°C) d (MPa) R2

0°C≤T≤ −4°C − 0.4 0.8 0.9

−4°C≤T≤ −10°C − 0.11 1.9 0.95

−10°C≤T≤ −20°C − 0.04 2.5 0.6
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well. When rock temperature got below − 4 °C, peak 1
shrunk slowly.

Variation of each fraction of pore water during freezing

Regarding the confinement of pore water in porous rocks, it
can be broadly categorized into three types: bound water, cap-
illary water, and bulk water (or free water) (Coates et al.
1998). Fractions of pore water can be deduced from the T2
spectrum (Godefroy et al. 2001). The T2 of bound water in
sandstone is generally < 3 ms, that of capillary water is be-
tween 3 and 33 ms, and T2 greater than 33 ms is associated
with bulk water (Matteson et al. 1998; Martinez and Davis
2000). The above two critical values to partition pore water
fractions in the present study were employed.

Variation of each fraction during freezing differed (Fig. 7).
At early stage of freezing (0~− 4 °C), the content of bulk water
and capillary water dropped to near zero at – 4 °C, while the
content of adsorbed water firstly increased (0~− 2 °C) then
decreased rapidly (− 2~− 4 °C). As rock temperature

decreased below − 4 °C, the adsorbed water froze slowly
and its amount finally tend to be stable.

Discussion

Correlating strength of frozen sandstone with phase
composition

Both strengths of frozen sandstone had a piecewise-linear cor-
relation with phase composition (employing relative ice con-
tent Ir calculated with Ir = 100 − Sr as the variable, unfrozen
water content is equivalent) of pore water, as shown in Fig. 8.

The UCS of frozen sandstone increased with Ir following a
two-stage mode and each stage showed an approximately lin-
ear trend (Fig. 8a).Within the first stage (Ir increased from 0 to
88.5%), the average increase rate of UCS was 0.183 MPa/%,
while within the second stage (Ir increased from 88.5% to
95.8%), the average increase rate was 2.75 MPa/%, much
higher than in the first stage. Correlation between the UCS

Fig. 5 Failure strain (a) and elastic modulus (E) (b) of samples at different subzero temperatures

Fig. 6 Variation in T2 spectrum (a) and unfrozen water content (b) of samples with rock temperatures
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of frozen sandstone and Ir can be expressed by Eq. 5.

σc ¼ gI r þ h ð5Þ
where, “g” and “h” are linear fitting parameters. The tensile
strength of frozen sandstone changed with Ir following a two-
stage mode as well (Fig. 8b). As the Ir increased from 0 to
88.5% (first stage), the average increase rate of tensile strength
was 0.018 MPa/%; as Ir increased from 88.5% to 95.8%, the
average increase rate was 0.15 MPa/%, 8.3 times as fast as in
the first stage. Correlation between the tensile strength of fro-
zen sandstone and Ir can be expressed by Eq. 6.

σc ¼ jI r þ k ð6Þ
where, “j” and “k” are linear fitting parameters. Values of “g”,
“h”, “j”, and “k” are listed in Table 4.

Considering the high values of R2 (> 0.8) in all fitting
equations (Table 4), the piecewise-linear correlation between
strength of frozen sandstone and phase composition of pore
water is authentic. The temperature − 4 °C is the inflection
point of the above piecewise-linear correlation (Fig. 8), which

is also an inflection point of phase composition variation (Fig.
6b). This on one hand confirms the correlation between
strength of frozen sandstone and phase composition, and on
the other hand provides some clues to mechanism analysis on
phase composition determining frozen strength.

Pore structure of sandstone and freezing mode of
pore water

Pores are the space where water and ice stay; pore structure
has a significant influence in phase transition of water. Aiming
to reveal the intrinsic relationship between the phase compo-
sition and the mechanical properties of frozen rocks, the pore
structure should be observed first. The SEM (scanning elec-
tron microscopy) method was used to explore pore structure
of used sandstone; the result is shown in Fig. 9. Pores in
sandstone consist of macropores (diameter > 0.1 mm),
mesopores (diameter between 2 μm and 0.1 mm), and micro-
pores (diameter < 2μm) (Ondrášik and Kopecký 2014), and
have good connectivity (Fig. 9a, b). Abstracted pore structure
of sandstone is shown in Fig. 9c.

Based on the abstracted pore structure model, the freezing
mode of pore water was analyzed. Bulk water exists in
macropores and gravity controls its movement; capillary water
exists primarily in mesopores and suffers from capillary pres-
sure, adsorbed water exists both in the micropores and on the
surface of mineral grains (i.e., the pore wall) and endures the
largest binding force (Fig. 10a). According to the Clapeyron
equation, the freezing point of water is negatively correlated
with pressure (De Groot and Mazur 2013). Consequently,
bulk water, capillary water, and adsorbed water freeze
successively.

As temperature decreased from 0 to – 4 °C, bulk water,
capillary water, and a part of adsorbed water froze. In this
process, the volume expansion during water-ice phase transi-
tion expanded the pore space (Colbeck 1982; Matsuoka and
Murton 2008). As a result, new micropores were generated

Fig. 7 Variation in each fraction of pore water in saturated sandstone with
different temperatures

Fig. 8 Variation in rock strength with different ice content and a uniaxial compressive strength (σc) and b tensile strength (σt) of samples
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and a portion of unfrozen water was pushed into them (Fig.
10b), which contributes to the temporary increase of adsorbed
water content (Fig. 7). At – 4 °C, 89% of the total pore water
had frozen (Figs. 6b and 7), and unfrozen water was adsorbed
water. With temperature continually decreasing, adsorbed wa-
ter either in smaller micropores or sandwiched between ice
and pore wall froze further (Fig. 10c), resulting in growth of
pore ice (Fig. 10c1) and thinning of unfrozen water film (Fig.
10c2) (Dash et al. 2006; Rempel 2007).

Microscopic mechanisms of phase composition
determining frozen strength

As discussed above, phase composition of pore water covers
on one hand the relative amount of unfrozen water and ice and
on the other hand the mechanical interactions between water,
ice, and rock skeleton. Considering the interactions between
the above three phases under external load, phase composition
maymodify the mechanical properties of frozen rocks through
the following effects.

(i) The supporting effect of ice under compression (Fig. 11,
strengthening effect I), pores tend to close under compres-
sion, pore ice provides supporting force and thus in-
creases compressive strength and modulus of frozen
rocks. The supporting effect could be enhanced by de-
creasing subzero temperatures since mechanical proper-
ties of ice increase with decreasing subzero temperatures.

(ii) The crack-filling effect of ice (Fig. 11, strengthening
effect II), with reference to fracture mechanics, stress

concentrates at crack tips under external load, which
causes the crack to propagate more easily. Degree of
stress concentration is usually measured by the stress
intensity factor which is positively correlated to the crack
length. As pore ice fills the cracks, its length becomes
shorter, effectively reducing the stress concentration at
crack tips. Therefore, the crack-filling effect strengthens
frozen rocks. The crack-filling effect is controlled by size
of pore ice and thus has a negative correlation with de-
creasing subzero temperatures.

(iii) The cementing effect of unfrozen water film under ten-
sion or under shearing load (Fig. 11, strengthening effect
III), pore walls are adhered to ice by unfrozen water
film, the resistance to tension and shear failure of the
pore is thereby increased. The adhesive force of unfro-
zen water film is primarily controlled by its thickness,
which is further determined by the freezing temperature
(Guerin et al. 2016; Chen et al. 2018). The relationship
between the adhesive force and temperature can be
expressed in Eq. (7):

ΔP ¼ 2γ cos θið Þ þ cos θsð Þ½ �
a−blog T f −Ta

� � ð7Þ

where,ΔP is the adhesive force, MPa; γ is the surface tension
of the water (N/m); θi is the contact angle between ice crystals
and the unfrozen water film; θs is the contact angle between
the unfrozen water film and the rock; Tf is the fusion temper-
ature of ice; Ta is the air temperature during precipitation; a =
32 nm and b = 21 nm. The above relationship is applicable
within the temperature interval of 0~− 12 °C, below the adhe-
sive force gradually decreases (Jellinek 1959).

(iv) The frost damage effect (Fig. 11, weakening effect I), dur-
ing the freezing of pore water, volumetric expansion exerts
frost heaving force to pore walls leading to the expansion
of existing pores and generation of new micropores. In
other words, rock skeleton is damaged and mechanical
properties of frozen rock are weakened (Jia et al. 2020).

Table 4 Values of the fitting parameters “g”, “h”, “j”, and “k” in Eqs.
(5) and (6)

Ir σc σt

g (MPa ) h (MPa) R2 j (MPa) k (MPa) R2

0≤Ir≤88.5 0.183 18.6 0.85 0.018 0.8 0.9

0.885≤Ir≤95.8 2.75 − 211.4 0.85 0.15 − 10.9 0.85

Fig. 9 Pore structure of sandstone observed via scanning electron microscope (SEM) magnified by 25 times (a) and 1000 times (b), and the abstracted
pore structure model (c)
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The level of volumetric expansion-induced damage is pro-
portional to the volume of water that freezes; it has an
inverse correlation with decreasing subzero temperatures.

The above four effects work simultaneously during
freezing of pore water and shape the variation tendency
of strength of frozen rocks with freezing temperature.

Fig. 10 Freezing process of saturated sandstone a initial saturated state; b freeze of bulk water, capillary water, and partially absorbed water; and c freeze
of absorbed water within unfrozen water film (c1) and small pores (c2)

Fig. 11 Microscopic mechanisms of phase composition determining frozen strength
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During the first stage of freezing (0 to − 4 °C), rock
strength increased rapidly (Fig. 4), meanwhile, the major-
ity of pore water froze (Figs. 6 and 7), pore ice grew
remarkably (Fig. 10). This implies that all the above four
effects worked at this stage and three strengthening effects
suppressed the weakening effect, resulting in a rapid in-
crease in rock strength (Fig. 11). As temperature decreased
further to − 12 °C, strength of frozen rocks still increased
but with a lower rate (Fig. 4), only a bit of adsorbed water
froze (Figs. 6 and 7), the volume of pore ice changed little
(Fig. 10), thus strengthening effect I and II became insig-
nificant (Fig. 11). While the strengthening effect III dom-
inated the increase of strength due to the enlargement of
the adhesive force between ice and pore walls (Fig. 11).
When temperature dropped below – 12 °C, rock strength
continued to increase but with an even lower rate (Fig. 4).
Within this temperature interval, the strengthening effect
III still dominated the increase of strength; however, the
effect itself became weaker because of the decrease of the
adhesive force between ice and pore walls (Fig. 11).

Conclusion

In this study, we tested both the mechanical properties of
frozen sandstone and phase composition of pore water at a
number of subzero temperatures. Correlations between me-
chanical properties of frozen rocks and phase composition
and the microscopic mechanisms were analyzed, based on
direct observations on microscopic pore structure of used
sandstone through SEM and detailed discussion on the me-
chanical interactions between water, ice, and pore walls.
According to the above results and analysis, we drew the
following conclusions:

(1) Subzero temperature strengthened saturated sandstone
significantly, both the UCS and tensile strength in-
creased in a three-stage mode and each stage showed
an approximately linear trend as rock temperature de-
creases from 0 to − 20 °C; failure strain and elastic mod-
ulus of frozen sandstone increased as well. The UCS and
tensile strength at − 20 °C was 3.3 and 4.8 times higher
than that at 0 °C

(2) Change of phase composition with freezing displayed
two distinct stages. When temperature decreased from
0 to − 4 °C, the unfrozen water content decreased by
88.5% but merely by 7.3% as temperature decreased

further from − 4 to − 20 °C. At the rapid decreasing
stage of unfrozen water content (0 to − 4 °C), bulk
water, capillary water, and most of adsorbed water
froze, while at the slow decreasing stage (− 4 to −
20 °C), a portion of remained adsorbed water froze.

(3) Strength of frozen sandstone had a piecewise-linear cor-
relation with the relative ice content. Considering the
high values of R-square (> 0.9) in all fitting equations,
the piecewise-linear correlation between strength of fro-
zen sandstone and phase composition of pore water is
authentic.

(4) Pores in sandstone consist of macropores, mesopores,
and micropores, and have good connectivity. As temper-
ature decreased from 0 to – 4 °C, the volumetric expan-
sion during water-ice phase transition expanded the pore
space, as a result, new micropores were generated and a
portion of unfrozen water was pushed into them. At – 4
°C, 89% of the total pore water had frozen, and unfrozen
water was adsorbed water. With temperature continually
decreasing, adsorbed water either in smaller micropores
or sandwiched between ice and pore wall froze further,
resulting in growth of pore ice and thinning of unfrozen
water film.

(5) The phase composition of pore water and the interac-
tions between each fraction determine the mechanical
properties of frozen sandstone. Considering the inter-
actions between the above three phases under exter-
nal load, phase composition may modify the mechan-
ical properties of frozen rocks through the following
effects: the supporting effect of ice under compres-
sion, the crack-filling effect of ice, the cementing ef-
fect of unfrozen water film under tension or under
shearing load, and the frost damage effect. The for-
mer three are strengthening effects, while the latter
one is weakening effect.

(6) The above four effects work simultaneously during
freezing of pore water and shape the variation tendency
of strength of frozen rocks with freezing temperature.
When temperature of rock was between 0 and − 4 °C,
three strengthening effects suppressed the weakening ef-
fect, resulting in a rapid increase in rock strength. As
rock temperature decreased to − 12 °C, strengthening
effect III dominated the increase of strength due to the
enlargement of the adhesive force between ice and pore
walls. With temperature decreasing further, the strength-
ening effect III still dominated the increase of strength;
however, the effect itself became weaker.
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Appendix. Physical parameters of samples
used in this research

Table 5 Physical parameters of samples

Number Dry density (g/cm3) Porosity (%) Total pore water (g) P-wave velocity (km/s)

UCS test 1 2.08 19.56% 36.01 2.67

2 2.08 19.68% 36.06 2.65

3 2.11 19.96% 37.24 2.63

4 2.09 19.23% 35.51 2.78

5 2.11 19.64% 35.95 2.64

6 2.09 19.25% 35.27 2.74

7 2.10 19.56% 36.34 2.65

8 2.09 19.78% 36.74 2.63

9 2.10 19.43% 35.83 2.74

10 2.11 19.79% 36.80 2.69

11 2.10 19.59% 36.10 2.71

12 2.11 19.37% 35.74 2.70

13 2.11 19.48% 36.33 2.68

14 2.12 19.69% 36.30 2.67

15 2.12 19.61% 36.11 2.63

16 2.11 19.16% 35.60 2.73

17 2.10 19.71% 36.46 2.68

18 2.11 19.45% 35.91 2.73

19 2.12 19.63% 36.04 2.66

20 2.08 19.71% 36.38 2.60

21 2.09 19.30% 35.68 2.75

22 2.11 19.78% 36.29 2.63

23 2.08 19.88% 37.11 2.62

24 2.08 19.91% 36.69 2.64

25 2.10 19.55% 36.58 2.74

26 2.11 19.35% 35.96 2.73

27 2.09 19.43% 35.66 2.67

NMR test 1 2.09 19.85% 36.52 2.66

2 2.11 19.49% 36.32 2.63

3 2.09 19.34% 35.53 2.65

4 2.10 19.69% 36.59 2.67

TS test 1 2.10 19.52% 8.99 2.65

2 2.11 19.73% 9.04 2.68

3 2.11 19.61% 9.15 2.75

4 2.09 19.56% 9.03 2.63

5 2.10 19.59% 8.96 2.65

6 2.10 19.63% 8.99 2.67

7 2.08 19.68% 9.14 2.73

8 2.10 19.56% 9.08 2.74

9 2.11 19.43% 8.96 2.67

10 2.12 19.69% 9.15 2.64

11 2.10 19.67% 9.06 2.74

12 2.10 19.49% 8.99 2.67

13 2.11 19.56% 9.12 2.65

14 2.12 19.34% 8.91 2.66
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