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The mechanical behavior of rock materials is critically affected by water and temperature. To comprehensively study the coupled
effects of water saturation and low temperature on the mechanical properties of sandstone, both quasistatic and dynamic
compressive tests were performed on dry and water-saturated specimens under room temperature and -60°C. The results indicated
that under the same strain rate, at room temperature, the compression strength and elastic modulus of the sandstone specimen are
significantly reduced when the specimen becomes water-saturated. However, at -60°C, the compression strength and elastic
modulus of the dry specimen notably increase compared to that at room temperature. Interestingly, these mechanical parameters
of the saturated-frozen specimen are lower than that of the dry one but slightly higher than that of the saturated specimen under
room temperature. Moreover, regardless of temperature, the saturated specimens have a higher strain rate dependence in terms of
strength. The dual effects of water and subzero temperature of the mechanical behavior of rock are discussed.

1. Introduction

In China, a growing number of rock engineering projects
(such as mining, tunneling, and railway) are constructed
and proceeded in cold regions due to demands for resources
and national strategies. The air temperature regularly falls
below zero degrees Celsius in cold regions, where the rocks
on the ground are frozen [1]. Furthermore, in some severe
cold regions, such as Tibet plateau, Great Khingan moun-
tains, the north Xinjiang area, and Inner Mongolian plateau,
the lowest air temperature even can be below 60°C [2–4]. The
extremely low temperature will lead to the changes of
mechanical properties of rock especially with the presence
of water [5, 6]. Therefore, an in-depth understanding of the
freezing effects on rock performance is crucial for the security
and stability of rock engineering projects in cold regimes.

In recent years, the mechanical and deformation proper-
ties of frozen rocks have been extensively studied. For
instance, Winkler [7] conducted a lot of tests on rock at sub-
zero temperature. He found that the lower the temperature,
the greater the frost heave force generated by the pore ice.
Inada and Yokota [8] carried out uniaxial compression and
tension tests on granite and andesite specimens after being

frozen up to -160°C. They reported that at -160°C, the UCS
and tensile strength of two tested rocks increase compared
to that tested at room temperature. Aoki et al. [9] performed
similar tests on five kinds of rock types. They however dis-
covered that the mechanical properties of five rocks decrease
in different extents after freezing. The UCS loss of rocks
ranges from 20% to 70%, the loss in indirect tensile strength
from 50% to 100%, and the loss in Young’s modulus is about
20%. Yamabe and Neaupane [10] found that the UCS and
Young’s modulus decrease with the decline of temperature
from 20°C to −10°C, while the UCS increases in temperature
from -10°C to -20°C and Young’s modulus further decreases.
Moreover, Dwivedi et al. [11] conducted cracked chevron-
notched Brazilian disc tests on eight kinds of rocks in
temperature from -10°C to -50°C to study the temperature
dependence of fracture toughness. They suggested that the
fracture toughness of all tested rock types shows the negative
linear relationship with temperature. Tang et al. [12] carried
out triaxial compressive tests on granite specimens under
-10°C to -50°C. Their test results showed that the compres-
sive strength and cohesion of the granite are inversely pro-
portional to temperature. The temperature of -40°C is the
critical temperature below which the strength and cohesion
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become stable. It is universally accepted that the mechanical
behavior of rock materials tested under wet conditions is
more sensitive to low temperature than that tested under
dry condition [9]. For the wet rock under subzero tempera-
tures, it can be considered as a water-ice-rock mixture [13].
Prior studies indicate that the mechanical response of frozen
rock is very complicated, and the mechanical characteristics
are controlled by the coupled effects of water weakening
and ice enhancing. To be specific, the presence of water has
weakening effects on rock strength and stiffness [14–18],
whereas the ice can resist the rock deformation to enhance
the rock integrity [19–21].

The abovementioned works mainly focus on the mechan-
ical properties of rock under subzero temperatures tested in
quasistatic loading conditions, in which the strain rate of
rock specimen is very low around the magnitude of 10-4 s-1.
However, in some particular engineering projects con-
structed in cold regions, rock masses inevitably suffer from
low-temperature weathering and dynamic disturbances
concurrently [22]. The dynamic disturbances probably
come from mining, drilling tunneling, or seismic activities
[14, 15, 23–25]. As evidenced by previous studies [26, 27],
the mechanical behavior of rocks under dynamic loadings
is remarkably different from that under static ones [28].
Hence, it is necessary to study the dynamic mechanical
properties of rocks at extremely low temperature.

The objective of the present study is to investigate the
effects of low temperature on the dynamic mechanical behav-
ior of rock. Series of high strain rate tests were conducted on
dry and water-saturated sandstone specimens under room
temperature and -60°C by using a split Hopkinson pressure
bar apparatus. Quasistatic compressive tests were also per-
formed for comparison. The effects of temperature and strain
rate on dynamic strength, Young’s modulus, failure strain, and
energy dissipation were obtained. The water-weakening and
ice-enhancing mechanisms for mechanical properties of
water-saturated sandstone specimens at -60°C were discussed.

2. Experimental Material and Methodology

2.1. Description of Rock Material. The rock material used in
this study is a sandstone collected from the southwest area
of Sichuan province, China. Figure 1 presents microscopic

images of the sandstone using optical microscopy. The
sandstone is fine-grained, and its cementation type is pore
cementation. The mineral compositions of this sandstone

Figure 1: Optical microscopy analysis of the sandstone.

Table 1: Mineral composition of sandstone specimen.

Mineral composition Content (%)

Quartz 46

Potash feldspar 18

Calcite 18

Plagioclase 8

Hematite 5

Chlorite 2

Sericite 2

Figure 2: MTS-322 used for quasistatic tests.
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and corresponding percentage were determined by the X-ray
diffraction (XRD) technique. As listed in Table 1, the sand-
stone consists mainly of five minerals, including quartz
(46%), potash feldspar (18%), calcite (18%), plagioclase
(8%), and hematite (5%). The chlorite and sericite contents
are less than 2% by weight. Crucial physical parameters of
the sandstone were also measured as density of 2410 kg/m3,
P-wave velocity of 3499m/s, and water absorption of 3.37%.

2.2. Specimen Preparation. All specimens were manufactured
in accordance with standards of the International Society for
Rock Mechanics and Rock Engineering (ISRM) [29, 30]. To
minimize the variation in properties across the specimens
and reduce the dispersion of tested data, all cores in 50mm
diameter were first drilled from the same rock in the same
direction. After which, rock cores were cut into the specified
lengths. For quasistatic tests, the aspect ratio of specimens is
about 2.0 while that for dynamic tests is 1.0. Then, the ends of
all specimens were polished with a grinder to make the
surface roughness less than 0.05mm, and the end face was
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Figure 3: Photographic view of SHPB setup.
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vertical to the axis of the specimen with a deviation less
than 0.25°.

All specimens were placed in an oven set at the 105°C
constant temperature for more than 48h to remove the mois-
ture in specimens. After that, they were taken out and placed
in laboratory for air-cooling. Then, half of them were sub-
merged in distilled water for at least 48 h for free soaking such
that specimens can reach a water-saturation state [16, 31]. To
prepare frozen specimens, half specimens were chosen from
each dry and saturated set of specimens. They were put
in a refrigerator at a constant temperature of -60°C for
more than 48h.

2.3. Experimental Apparatus

2.3.1. Quasistatic Test. Quasistatic uniaxial compression tests
were conducted on an electrohydraulic servo material testing
machine (MTS-322) housed in Advance Research Center of
Central South University, China, as shown in Figure 2. The
maximum vertical load of the device is up to 500 kN, and
the overall stiffness is 1370 kN/mm. The machine can suc-

cessfully reproduce the failure process of rock under low
strain rates and has been extensively used in the testing of
rock mechanics [32–34]. In this study, the loading speed
was maintained at 0.24mm/min, i.e., the strain rate of speci-
mens in quasistatic tests was 4 × 10−5 s−1.

2.3.2. Split Hopkinson Pressure Bar System. A split Hopkin-
son pressure bar (SHPB) device is used to conduct dynamic
compressive tests [35]. It can realize the dynamic testing on
rock materials within the range of strain rate from 100 to
102 s-1 [15, 36]. As shown in Figure 3, the SHPB system
consists of a gas gun, a striker, three 50mm diameter bars
(called incident bar, transmitted bar, and absorption bar),
and a momentum trap. The cone-shaped striker invented
by Li et al. [37, 38] is applied to generate a half-sine wave
for achieving stress equilibrium and avoiding premature
failure of rock material. All of the bars and striker are made
of high-strength 40 chromium alloy with a density of
7821 kg/m3, an elastic modulus of 233GPa, and a longitudi-
nal wave velocity is 5462m/s. In tests, the specimen is sand-
wiched between the incident and transmitted bars. The
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Figure 6: The (a) UCS, (b) E, and (c) failure strain values of specimens under uniaxial compression.
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interfaces are smeared with sufficient lubricant to eliminate
the end friction effect [27, 39, 40].

The cone-shaped striker is shot from the gas gun with a
high velocity and impacts the end of the incident bar.
Meanwhile, a slow-rising half-sine wave is produced and
propagates along the incident bar (called incident wave).
When the wave arrives in the interface between the incident
bar and the specimen, a portion of it will be reflected to the
incident bar (called reflected wave) due to the difference in
wave impedance, and the other portion will pass through
the specimen and transmitted into the transmitted bar (called
transmitted wave). The three waves are monitored by strain
gages glued on the middle of the incident and transmitted
bars and then recorded by a digital oscilloscope.

2.4. Data Processing

2.4.1. Dynamic Stress Equilibrium. In SHPB tests, one of the
prerequisites for test validity is the specimen reaching the
stress equilibrium before failure. Herein, the dynamic stress
equilibrium of the specimen is strictly examined by compar-
ing the dynamic stress on both sides of the specimen. Figure 4
depicts the stress history on both sides of the specimen in a
typical dynamic SHPB test. The time zeros of the incident
wave and reflected wave are moved to the specimen/incident
bar interface, and the time zero of the transmitted wave is
shift to the specimen/transmitted bar interface. From
Figure 4, the sum of the incident and the reflected stresses
is almost equal to the value of transmitted stress during the
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Figure 7: Dynamic stress-strain curves of (a) dry unfrozen, (b) saturated unfrozen, (c) dry frozen, and (d) saturated frozen specimens under
different strain rates.
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whole loading process. In this case, the axial inertial effect can
be ignored due to the fact that there is no overall force differ-
ence in the specimen to cause inertial force. Therefore, the
SHPB test is valid.

2.4.2. Determination of Stress, Strain, and Strain Rate.
According to the theory of one-dimensional wave, the histo-
ries of stress, strain rate, and strain in the specimen subjected
to dynamic loading can be calculated by the three-wave
method as [29, 41].

σd tð Þ = AbEb

2As
εi tð Þ + εr tð Þ + εt tð Þ½ �,

ε tð Þ = Cb

Ls

ðt
0
εi tð Þ − εr tð Þ − εt tð Þ½ �dt,

_ε tð Þ = Cb

Ls
εi tð Þ − εr tð Þ − εt tð Þ½ �,

8>>>>>>>><
>>>>>>>>:

ð1Þ

where σd , ε, and _ε are the dynamic compressive stress, strain,
and strain rate of the specimen, respectively; Ab, Eb, and Cb
are the cross-sectional area, elastic modulus, and P-wave
velocity of elastic bars; As and Ls are the cross-sectional area
and length of the specimen; and εi, εr , and εt are incident,
reflected, and transmitted wave signals. The strain rates of

specimens are controlled by the impact velocity of the striker,
which can be adjusted to the actuating gas pressure in the
gas gun.

3. Experimental Results

3.1. Quasistatic Mechanical Behavior of Dry and Water-
Saturated Sandstone. Figure 5 presents the typical stress-
strain curves of dry and water-saturated specimens tested
under room temperature and -60°C. Apparent changes in
the shape of the curve can be observed between dry and
saturated specimens at the same temperature but not found
between frozen and unfrozen specimens in the same water
condition. This means that in quasistatic condition, the
dominant factor controlling the rock properties is water
rather than temperature. Average values of uniaxial compres-
sive strength (UCS), Young’s modulus (E), and failure strain
of specimens are depicted in Figure 6. As shown in
Figure 6(a), it can be clearly seen that the presence of water
significantly weakens the UCS of sandstone specimens. At
room temperature and -60°C, the water-induced loss per-
centage in UCS is 45.0% and 42.4%, respectively. However,
for dry and water-saturated specimens, the UCS tested at
-60°C is 8.97%, 13.1% higher than that tested at room tem-
perature, respectively. The possible reason is that the frozen
pore water can enhance the rock strength to some extent.

Table 2: Parameters and test results of the specimens in SHPB tests.

SN Length (mm) Diameter (mm) P-wave (m/s) Mass (g) Strain rate (s-1) UCSd (MPa) Ed (GPa)

DU-1 50.21 49.18 3536.15 230.07 114.01 133.54 13.56

DU-2 50.25 49.15 3513.99 230.98 145.28 139.16 13.32

DU-3 50.27 49.16 3490.74 229.54 149.05 140.75 13.62

DU-4 50.20 49.14 3510.26 228.76 170.18 145.68 13.65

DU-5 50.19 49.14 3509.56 229.83 180.68 151.18 13.93

DU-6 50.07 49.17 3525.82 228.56 193.00 153.43 14.02

SU-1 50.21 49.22 3511.19 229.52 119.20 78.19 9.71

SU-2 50.21 49.17 3487.04 229.55 125.90 82.66 9.98

SU-3 50.27 49.21 3490.97 229.80 152.80 86.57 10.23

SU-4 50.29 49.18 3541.55 230.51 174.80 92.26 9.95

SU-5 50.27 49.12 3442.92 231.11 183.50 96.98 10.56

SU-6 50.14 49.15 3434.47 229.03 197.30 100.01 10.79

DF-1 50.31 49.17 3493.75 230.88 111.39 136.76 15.62

DF-2 50.23 49.18 3613.43 229.90 130.57 161.07 16.30

DF-3 50.28 49.18 3516.32 229.36 144.82 156.86 16.00

DF-4 50.23 49.14 3587.86 231.13 150.76 164.07 16.02

DF-5 50.29 49.19 3492.13 231.08 159.97 154.04 15.70

DF-6 50.29 49.26 3468.51 229.98 188.68 160.69 16.33

SF-1 50.27 49.27 3490.97 228.97 113.03 84.72 10.26

SF-2 50.36 49.21 3571.63 229.64 154.69 95.02 9.98

SF-3 50.24 49.18 3513.05 230.14 177.85 98.98 11.09

SF-4 50.21 49.17 3438.81 229.04 161.33 100.75 10.78

SF-5 50.22 49.14 3416.33 229.28 188.63 102.04 11.05

SF-6 50.25 49.16 3514.22 230.05 191.26 110.10 11.22

Note: DU: dry unfrozen specimen; SU: saturated unfrozen specimen; DF: dry frozen specimen; SF: saturated frozen specimen; UCSd : dynamic uniaxial
compressive strength; Ed : dynamic elastic modulus.
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From Figures 6(b) and 6(c), Young’s modulus and failure
strain follow a similar changing pattern as for UCS. This
indicates that the water plays dual effects at subzero
temperature.

3.2. Dynamic Mechanical Behavior of Dry and
Water-Saturated Sandstone

3.2.1. Dynamic Stress-Strain Curves of Dry and Water-
Saturated Specimens under Room Temperature and -60°C.
Figure 7 presents the dynamic stress-strain curves of dry
and saturated specimens tested at room temperature and
-60°C. In each case, stress-strain curves obtained from six
different strain rates are plotted. Before peak stress, the
dynamic stress-strain curves show a similar pattern. How-
ever, the postpeak stress-strain curves are very different, indi-
cating different final pattern. The apparent rebounding of
postpeak curve means that the specimen is unbroken when
subjected to dynamic loading, such as in Figure 7(a) curve
with a strain rate of 114 s-1. This is due to the fact that the
incident energy is not enough to break the rock specimen
[14]. The other curves in postpeak regime show strain soften-
ing, i.e., the stress decreases as the strain increases, leaving a
large residual strain, such as Figure 7(a) curve with a strain
rate of 193 s-1. This indicates the specimen is fractured and
loses its cohesion.

3.2.2. Dynamic Strength of Dry and Water-Saturated
Specimens under Room Temperature and -60°C. According
to dynamic stress-strain curves, dynamic parameters of each
specimen are obtained as listed in Table 2.

The variations of peak stress versus strain rate for dry and
water-saturated specimens under room temperature and
-60°C are plotted in Figure 8. It can be seen that regardless
of temperature and water conditions, the peak stress
increases with the rise of the strain rate. Both low tempera-
ture and water saturation play crucial factors in controlling
the peak stress of the specimen. When tested at the same

temperature, the peak stress of water-saturated specimen is
much lower than that of dry ones at similar strain rates. This
is caused by water-weakening effects.

The strength changes of these four types of rocks can be
fitted with the exponential fitting relationship as follows:

UCSd = a ∗ _εb, ð2Þ

where a and b are the fitting parameters, b is the regression
coefficient. The larger the absolute value of b, the higher the
growth rate of the UCSd . The specific fitting relationship is
shown in Table 3.

A dynamic increasing factor (η), defined as the ratio of
dynamic strength to quasi-static one (η = σd/σs), is intro-
duced to quantify the strain rate effect on rock strength. From
Figure 9, it can be seen that η apparently increases as the
strain rate rises. Interestingly, η under different moisture
and temperature conditions is very distinct. At the same
strain rate, the saturated-unfrozen specimen has the largest
value of η, followed by saturated frozen, dry frozen, and dry
unfrozen specimens in descending order. This indicates that
the presence of water plays a more important role in control-
ling the rate dependence of rock strength compared to low
temperature.

Table 3: Fitting parameters of the relationship between dynamic
strength and strain rate.

Fitting relationship

Dry unfrozen UCSd = 35:6140_ε0:276

Saturated unfrozen UCSd = 8:8165_ε0:458

Dry frozen UCSd = 49:797_ε0:229

Saturated frozen UCSd = 11:388_ε0:423
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Figure 8: Variations in UCSd against strain rate under four conditions.
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3.2.3. Changes in Ed of Dry and Saturated Specimens at Room
and Subzero Temperatures. Figure 10 shows the variation in
the dynamic elastic modulus of sandstone under different
conditions versus strain rate. Unlike the dynamic strength,
the dynamic elastic modulus nearly keeps constant in the
testing range of strain rate for each condition. This implies
that the dynamic elastic modulus is not sensitive to strain
rate, which agrees with prior test results on other rock-like
materials, such as concrete [41], sandstone [14], marble
[42], limestone [43], and granite [44]. This is possibly due
to the fact that the initial elastic modulus under dynamic
loads is not affected by strain rate since no significant micro-
crack creates during the initial loading stage, as shown in
Figure 7.

From Figure 10, it can be also seen that, under each con-
dition, the average dynamic elastic modulus is greater than
the quasistatic value (see Figure 6(b)) probably due to the
inertial effect. Moreover, no matter on frozen or unfrozen
condition, the water-saturated specimen has the lower
dynamic modulus than the dry one. The observation is con-
trary to many previous studies [14, 41], in which the dynamic
elastic modulus will increase when the rock becomes water-
saturated.

3.2.4. The Energy Absorption of Dry and Saturated Specimens
at Room and Subzero Temperatures. To characterize the
prepeak (ef ) and total absorbed (et) energy, the shadow areas
under stress-strain curves before peak stress and during the
whole loading process are calculated [45], as shown in
Figure 11.

Figure 12 gives the results of energy absorbed in dynamic
tests. It can be found that, for each condition, both of prepeak
and total energy absorption rise with the increasing strain
rate. There is no obvious difference in energy absorption
between dry-frozen and dry-unfrozen specimens exposed to
the same strain rate also between saturated-frozen and

saturated-unfrozen specimens. In addition, regardless of
temperature, dry specimens consume much more energy
than saturated ones. These phenomena indicate that the
water significantly lowers the energy needed to break the rock
but the tested temperature has negligible effect.

4. Discussion

4.1. Effects of Water Saturation on Rock Strength

4.1.1. Water-Weakening Effects. At room temperature, water
weakens rock strength in quasistatic tests [18]. Prior
researchers proposed several mechanisms to reveal this
phenomenon, such as (1) the reduction of fracture energy
[17], (2) quartz hydrolysis [46–48], (3) friction reduction,
and [31, 49] (4) chemical and physical deterioration [50, 51].
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For the sandstone, the friction reduction can be
ignored because of the absence of minerals. Coupled
effects of fracture energy reduction, quartz hydrolysis,
and chemical and physical deterioration result in the loss
of strength. Possible chemical reactions are listed in
Table 4.

4.1.2. Water-Enhancing Effects. When the rock specimen is
subjected to dynamic loading, free water in rock defects will
hinder crack initiation and propagation through the follow-
ing aspects: (1) the increase of inertia [15], (2) the reduction
of local damage [52], (3) meniscus effect [53, 54], and (4) vis-
cous effects [53]. These will increase the dynamic strength of
rock to some extent and enhance the rate dependence of rock
strength.

4.2. Effects of Subzero Temperature on Rock Strength

4.2.1. Subzero Temperature Enhancing Effects.Under subzero
temperature condition, water in rock will be frozen. As a
solid, ice can support external force with rock skeleton [6].
Also, ice can connect and tighten neighbouring grains and
particles like binding agent [20]. In addition, subzero tem-
perature makes the matrix group of mineral particles more
compact and enhances the ability to resist deformation
[20]. These are beneficial for rock strength.

4.2.2. Subzero Temperature Weakening Effects. When rock is
completely saturated, water is filled with all connected pores.
When the rock is exposed to subzero temperature, the
dilation of frozen water will exert pore pressure to cause pore
damage [20].
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Figure 11: Calculation of energy absorption per unit volume: (a) absorption energy before peak stress and (b) total absorption energy.
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4.3. Coupled Effects of Water Saturation and Subzero
Temperature on the Compressive Strength of Sandstone. Test
results show that the sandstone under dry frozen condition
has the maximumUCS, followed by that under dry unfrozen,
saturated frozen, and saturated unfrozen conditions. For the
dry frozen specimen, the subzero temperature enhancing
effects dominates the increase of UCS. While for the satu-
rated unfrozen specimen, water-weakening effects are
responsible for the dramatic drop in UCS. When the satu-
rated specimen is exposed to subzero temperature, the
affecting mechanisms of rock strength are very complicated.
On the one hand, water-weakening effects and subzero tem-
perature weakening effects deteriorate rock skeleton and
make serious damage in rock. On the other hand, the concre-
tion and connection effects of ice can strengthen the rock. For
the tested sandstone, the water-weakening effects are very
significant. The subzero temperature enhancing effects are
not enough to fully compensate for the UCS loss induced
by water weakening. This leads to that the UCS of the satu-
rated frozen specimen is evidently lower than that of the
dry specimen but slightly greater than that of saturated
unfrozen one.

In fact, when subjected to dynamic loading, the enhanc-
ing effects of free water work to rise the UCS. The rate depen-
dence of UCS is primarily controlled by the content of liquid
water in rock. Water will freeze under subzero temperature
such that the content of liquid water decreases. Therefore,
the saturated unfrozen specimen holds the maximum rate
dependence of UCS while the UCS rate dependence of
saturated frozen specimen, dry unfrozen specimen, and dry
frozen specimen decreases in the cited order.

5. Conclusions

In this paper, quasistatic and dynamic compressive tests were
performed on dry and water-saturated sandstone specimens
under room and -60°C temperatures. The mechanical prop-
erties of specimens under different conditions were obtained.
The coupled effects of water and low temperature on rock
behavior were revealed. The following conclusions can be
drawn:

(1) At room temperature, in both quasistatic and dynamic
loading condition, when the rock specimen becomes
water-saturated from dry condition, its strength and
elastic modulus are significantly decreased

(2) The subzero temperature enhances the compressive
strength and elastic modulus of dry and water-

saturated specimens, such that these mechanical
parameters at subzero temperature are notably
greater than that at room temperature. However,
due to the water-weakening effects, the strength and
elastic modulus of the saturated-frozen specimen
are still lower than that of the dry-frozen and dry-
unfrozen specimens

(3) The compressive strength of sandstone is rate-
dependent. The saturated unfrozen specimen has
the highest rate dependence of strength, followed by
the saturated frozen, dry unfrozen, and dry frozen
specimens in degressive order. Contrarily, the elastic
modulus of sandstone seems to be not sensitive to
strain rate
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