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In order to explore the impact of freeze-thaw temperature on the sputtering rate of water-saturated yellow sandstone under impact
loading, in this paper, the Hopkinson pressure bar is used to conduct impact loading test on the water-saturated yellow sandstone
at the same strain rate (74.22 s− 1) under five different freeze-thaw temperatures. After impact loading, the yellow sandstone
fragments are graded and screened by using the sizing screen, and the mass of fragments with different particle sizes after
screening is counted. By transforming the fragments into spheres with the corresponding particle sizes, and combining the
dissipated energy, the surface specific energy of yellow sandstone with different freeze-thaw temperatures is calculated. Finally, the
sputtering rate of the fragments is obtained by using the relationship of total work, dissipated energy, and kinetic energy..emain
conclusions are as follows: .e freeze-thaw temperature has a significant effect on the fracture degree of yellow sandstone. .e
lower the freeze-thaw temperature is, the higher the fracture degree of yellow sandstone is, and the smaller the particle size
distribution of fragments is. .e fractal dimension of yellow sandstone increases with the decrease of freeze-thaw temperature,
indicating that the damage of yellow sandstone is more serious. .e dissipative energy of yellow sandstone increases with the
decrease of freezing temperature, while the kinetic energy increases gradually when the freeze-thaw temperature is − 30°C to − 15°C
and decreases gradually when the freeze-thaw temperature is − 15°C to − 5°C..e surface area and surface specific energy of yellow
sandstone fragments both increase with the increase of freeze-thaw temperature. And the sputtering rate of yellow sandstone
fragments increases gradually at freezing temperature from − 30°C to − 15°C and decreases gradually at − 15°C to − 5°C. .erefore,
from the perspective of dynamic destruction process, the sputtering of yellow sandstone fragments at freezing temperatures of
− 15°C, − 20°C, and − 30°C is more intense than that at − 5°C and − 10°C. .e results can provide some guidance for production in
winter and winter regions.

1. Introduction

In the frost area, the seasons change obviously, and the
rainfall or groundwater is abundant, so the temperature
difference between day and night in this area is too large,
which will easily lead to the phenomenon of freezing and
thawing of water-saturated rocks [1, 2]. .e process of
freezing and thawing affects the stability of water-saturated
rocks [3]. However, in the process of coal open-pit mining
and tunnel tunneling, in addition to freezing-thawing
phenomenon, it is often accompanied by the impact load on
rocks. Under the impact load, the energy inside the rocks

accumulates and releases rapidly for a short time [4, 5],
resulting in rock fragments sputtering around. .erefore, it
is of great significance to take freeze-thaw temperature as a
prominent factor to study the impact load and freeze-thaw
cycle on the sputtering rate of water-saturated yellow
sandstone.

As a brittle material with disordered internal pores, rock
has a significant impact on rock crack evolution under
freeze-thaw conditions [6–10]. When the water-saturated
rock is under freeze-thaw conditions, the water connects
microcracks and generates expansion [11] in the rock, which
aggravates the development of these cracks. .e
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development of these cracks is mainly manifested in the
following aspects: on the one hand, the size of these cracks is
further increased [12]; on the other hand, the crack tip
continues to extend; meanwhile, in the local cracks, adjacent
cracks close due to expansion of ice, while the size of cracks
without water filling shrinks [13]. In addition, freezing and
thawing will also have an impact on the water polymer.
When the temperature drops, some water polymer particles
inside the rock shrink, leading to local collapse, which affects
the overall internal structure of the rock to a certain extent
[14]. Due to the change of pore structure inside the rock, the
physical andmechanical parameters of the rock change, such
as compressive strength [15–17], tensile strength [18],
damage [19], acoustic emission [20–22], pore structure [23],
and resistivity [24, 25]. Ince et al. [26] collected 10 volcanic
clastic rock samples from Cappadocia for test. Water-sat-
urated rock was frozen in 12 hours at − 18 ± 2.5°C and then
thawed for 12 hours at 32 ± 2.5°C, so after 30 times, the
compressive strength, P wave velocity, dry density, point
load strength index, and coefficient of durability test of
samples after the freeze-thaw cycle were measured. So the
multiple linear regression equations of the above parameters
are obtained, and the equations can well predict the impact
of the freeze-thaw cycle on rock compressive strength in
other areas. Zhou et al. [27] conducted large-scale triaxial
tests on roadbed gravel soil samples after the freeze-thaw
cycle. And it is found that the elastic modulus and shear
strength of soil-rock mixture decreased after the freeze-thaw
cycle.

Moreover, with the introduction of some advanced
equipment, such as Hopkinson pressure bar test system, the
high-speed camera, and other advanced equipment, a large
number of scholars used Hopkinson pressure bar test system
to carry out the impact load test on rocks treated by freeze-
thaw cycle. It is found that freeze-thaw cycle has an im-
portant influence on physical and mechanical parameters
and energy dissipation of water-saturated rocks under high
strain rate [28–33]. .is influence is mainly reflected in the
different internal structures of water-saturated rocks treated
with different freeze-thaw cycle temperatures under high
strain rate, leading to differences in energy transformation
within the rocks. Wang et al. [34–36] studied the effects of
impact loading and freeze-thaw cycle (freeze-thaw tem-
perature ranges from − 20°C to 20°C, with cycles of 0, 5, 10,
15, and 25 times, respectively) on the damage of red
sandstone. It is found that the peak strength and elastic
modulus of red sandstone after freeze-thaw decrease with
the increase of cycle times when the strain rates are different.
But the damage, which is defined by total power and dis-
sipated energy, increases with the increase of cycle times. Ke
et al. [37, 38] conducted NMR tests on rocks after freeze-
thaw cycle (freeze-thaw temperature ranges from − 20°C to
20°C, with cycles of 0, 20, 60, 100, and 140 times, re-
spectively) and did dynamic experiments on rocks under
strain rate (75 s− 1) using the SHPB system. It is found that,
with the increase of freeze-thaw cycle, the porosity of
sandstone increases, the evolution of pore size tends to be
uniform, the dynamic peak stress decreases, and the energy
absorption increases..erefore, this series of research results

shows that freeze-thaw has an important influence on the
evolution law of physical and mechanical parameters of
water-saturated rocks, and the change of physical and
mechanical parameters will eventually affect the absorption
and transformation of internal energy of rocks under ex-
ternal loads.

At present, some scholars mainly focus on the impact of
freeze-thaw on physical and mechanical properties and
energy dissipation of rocks by changing the internal
structure of rocks and rarely study the change law of rock
fragments sputtering rate under the impact load [39], es-
pecially taking the freeze-thaw cycle into a prominent factor.
.erefore, in this paper, the freeze-thaw cycles of the water-
saturated yellow sandstone were performed for 8 times at
− 5°C, − 10°C, − 15°C, − 20°C, and − 30°C, respectively. .en,
impact tests were carried out on the yellow sandstone
samples after freeze-thaw cycles. .e impact of freeze-thaw
cycles on the sputtering rate of fragments was studied by
using the relationship between fragments and energy. And
the results can be used to guide the sputtering rate of rock
burst in seasonal frost zone.

2. Test Equipment and Methods

2.1. Preparation of Freeze-2aw Samples

2.1.1. 2e Production Process of Original Sample. In this
paper, the sample was selected from a mine in Inner
Mongolia. After drilling, cutting, and polishing, the original
sample was finally made into a cylinder of 25× 50mm
(height× diameter). According to the test requirements, the
nonparallelism at both ends of the cylinder is less than 0.5%,
and the flatness of the end face is ensured. .e final samples
are shown in Figure 1.

2.1.2. Water Saturation of Yellow Sandstone Samples.
.e prepared original sample was placed in the electric
thermostatic drying box DHG9076 and dried at 105°C for 24
hours. .e quality of yellow sandstone samples before and
after drying was recorded for several times until the quality
difference was less than 0.01 g, which means that the yellow
sandstone has been dried off at this time.

.en, the dried samples were placed in a sealed tank and
pumped with water and air for 24 hours at a vacuum
pressure of − 0.09MPa, until there was no bubble overflow
on the surface of the samples, and then, the pressure of the
sealed tank was adjusted to the standard atmosphere. When
the mass change of the sample is less than 0.01 g, it is
considered that the sample has been saturated at this time.
.e saturation rate of the sample obtained by forced satu-
ration treatment with vacuum extraction method is 5.71%.
All the saturated patterns were divided into five groups,
three in each group.

2.1.3. Freeze-2aw Process of Yellow Sandstone Samples.
.e samples after water saturation were placed in the freezer
and thermostat for freeze-thaw cycle treatment [40, 41]. In
the freezer, the water-saturated samples experienced two
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hours of temperature changing, falling from 25°C to − 5°C,
− 10°C, − 15°C, − 20°C, and − 30°C, respectively. When the
sample reaches the set temperature, it is kept in a freezer for
six hours and then placed in a thermostat of 25°C for two
hours. .is process is repeated for 7 times, and the total
number of freeze-thaw cycles is 8 times. .e temperature
change process is shown in Figure 2.

.e standard model of saturated yellow sandstone after
freeze-thaw cycle was subjected to uniaxial compression test.
.e physical parameters of saturated yellow sandstone after
freeze-thaw cycle were obtained as shown in Table 1.

2.2. Test Equipment and Methods. .is impact load test
equipment is carried out by Hopkinson pressure bar system,
as shown in Figure 3. .e experimental system includes
dynamic loading system, pressure bar system, energy ab-
sorption system, and signal acquisition and processing
system. During the test, the bullet strikes the incident bar,
and the velocity of the impact bar is measured by the
speedometer. .e incident and reflected wave signals are
collected by the strain gauge on the incident bar, and the
transmitted wave signals are collected by the strain gauge on
the transmission bar.

Figure 4 shows the SHPB impact test system. In order to
observe the dynamic damage process of yellow sandstone,
high-speed camera was used.

Test process: firstly, a certain amount of Vaseline is
daubed on both ends of the sample, and it is fixed in the
middle of the incidence bar and transmission bar. Next, the
control valve and high-speed camera are opened, and when
the set pressure is reached in the launching chamber, the
bullet is driven by gas to hit the incident bar to complete the
impact test. During the test, the velocity of the impact bar
was obtained by the speedometer, the data of incident wave,
reflected wave, and transmitted wave were collected by the
strain gauge on the incident bar and transmission bar, and
the whole process of sample destruction was captured by the
high-speed camera. .e typical incident, reflected, and
transmitted waves obtained in this experiment are shown in
Figure 5.

3. Effect of Freeze-Thaw Temperature on
Macroscopic Properties of Yellow Sandstone

3.1. Effect of Freeze-2aw Temperature on Stress-Strain Curve
of Yellow Sandstone. Figure 6 shows the stress-strain curve
of yellow sandstone at different temperatures. It can be seen
that the stress-strain curve of yellow sandstone at different
temperatures has a certain temperature effect, which is
mainly reflected in the following:

(1) .e mechanical properties of yellow sandstone have
obvious temperature effect with the change of
temperature. For the stress-strain curve, the slope of
linear elastic rising stage and the postpeak
descending stage decreases gradually.

(2) Different freezing-thawing temperatures have sig-
nificant effects on peak strength, peak strain, and
dynamic elastic modulus of water-saturated yellow
sandstone.

From the above stress-strain curve, it can be seen that the
mechanical properties are significantly affected by

Figure 1: Yellow sandstone samples.
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Figure 2: Temperature-time curve of freeze-thaw cycle.
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temperature. .is is because the lower the freeze-thaw
temperature is, the more obvious the development and
expansion of internal cracks in the sample will be, which will
lead to the reduction of the internal integrity of the sample.
Finally, the physical properties of the sample will change
under the impact load.

3.2. Particle Size Distribution of Yellow Sandstone Fragments
at Freeze-2awTemperature. Particle size distribution is the
macroscopic manifestation of rock damage [40]. .e anal-
ysis of particle size distribution can directly reflect the
impact of freeze-thaw temperature on the damage degree of
sandstone. In order to describe the particle size distribution

Table 1: Physicomechanical parameters of sandstone under different freeze-thaw temperatures.

Freezing and thawing temperature T (°C) Number
σs (MPa) εs (10− 3) Es (GPa)

Single
sample

Average
value

Single
sample

Average
value

Single
sample

Average
value

25
T0-1 34.56

34.82
13.25

13.62
4.61

4.43T0-2 34.18 13.52 4.41
T0-3 35.72 14.09 4.27

− 5
T1-1 30.78

30.57
13.68

14.29
4.15

4.28T1-2 29.39 14.47 4.23
T1-3 31.54 14.73 4.47

− 10
T2-1 29.38

30.29
15.34

15.26
3.81

3.99T2-2 30.82 15.12 4.04
T2-3 30.67 15.31 4.12

− 15
T3-1 27.54

28.57
15.52

15.51
3.44

3.35T3-2 29.19 15.87 3.15
T3-3 28.98 15.13 3.45

− 20
T4-1 25.41

26.43
17.54

17.34
3.35

3.06T4-2 26.09 17.07 2.95
T4-3 27.79 17.41 2.87

− 30
T5-1 25.41

24.39
18.86

18.71
2.72

2.80T5-2 23.66 19.00 2.58
T5-3 24.09 18.26 3.10

Note: σs is the uniaxial compressive strength, εs is the peak strain, and Es is the elastic modulus.
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Figure 3: Hopkinson pressure bar system.

Figure 4: Hopkinson impact apparatus.
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rule of sandstone scientifically, the fragmentation degree of
sandstone fragments at different temperatures is screened by
using a grading sieve. Since the smallest size of the pieces is
0mm, the largest size of the original pattern is 50 mm, so this
place is classified as 0–1 mm, 1–2.5 mm, 2.5–4 mm, 4–6 mm,
6–8.5 mm, 8.5–11 Mm, 11–13 mm, 13–15 mm, and 15–50.0
mm. After screening, electronic scales with high sensitivity
are used to weigh each level of fragments and record the test
data. .erefore, the fraction of the mass of fragments in the
whole mass in the range of particle size ηli is calculated by the
following equation [42]:

ηli �
mli

M
, (1)

where ηli is the mass occupied by fragments with this particle
size, mli is the mass of fragments with this particle size, and
M is the total mass of samples.

Secondly, the percentage between the mass of fragments
at all levels mli and the initial total mass of samples md after
screening is defined as the percentage of fragments ηli; then,
the average particle size of fragments in each grading group

dli is multiplied by the mass percentage of fragments under
this particle size ηli to obtain the size percentage of the group
in all particle sizes δ. At last, the percentage of particle size of
fragments at all levels of the sample was accumulated to
obtain the average particle size of the fragments..e relevant
calculation expressions were as follows:

δ � 
9

i�1
δli � 

9

i�1
ηlidli, (2)

where i is the number of grading sieve level, i� 1, 2, 3, . . ., 9,
and dli is the average particle size of the fragments in each
level, which is calculated by taking the average mesh size of
the two levels before and after the grading sieve.

Figure 7 shows the particle size distribution of yellow
sandstone under different freeze-thaw temperatures. It can
be seen that, with the decrease of freeze-thaw temperature,
the proportion of fragments with large particle size (15–
50mm) of yellow sandstone decreases, while that with small
particle size increases. However, the overall average particle
size shows a nearly linear downward trend.

4. Influence of Freeze-Thaw Temperature on
Energy Distribution of Yellow Sandstone

4.1. Calculation Method of Dissipated Energy and Total Ab-
sorption Energy of Yellow Sandstone. Yellow sandstone is a
typical physical change in the process of impact load, which
is a process of transforming mechanical energy into internal
energy [42–45]. However, the ultimate damage of yellow
sandstone is a state instability phenomenon after internal
energy accumulation reaches its limit driven by external
energy [42]. .erefore, the energy carried by the stress wave
can be calculated by the following equation [42, 44, 45]:

W �
AC

E


t

0
σ2(t)dt � ACE 

t

0
ε2(t)dt, (3)

where A is the cross-sectional area of the incident bar and
the transmission bar, which is 1963.49mm2; E is the elastic
modulus of the input bar and the transmission bar, which is
210GPa; and C is the one-dimensional stress wave velocity.
Since both the incident bar and the transmission bar are
rigid bodies, C is related to the density and elastic modulus E
of the incident bar. .e relationship between them can be
expressed in the following equation [42, 44, 45]:

C �

��
E

ρ



. (4)

According to equations (3) and (4), the incident energyWI,
reflected energy WR, and transmitted energy WT in the dy-
namic impact process of SHPB can be expressed as [42, 44, 45]

WI � ACE 
t

0
ε2i (t)dt,

WR � ACE 
t

0
ε2r(t)dt,

WT � ACE 
t

0
ε2t (t)dt,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(5)
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whereWI,WR andWT are incident energy, reflected energy,
and transmitted energy, respectively, εi(t) represents the
strain under the action of the incident stress wave, εr(t)
represents the strain under the action of the reflected stress
wave, and εt(t) represents the strain under the action of the
transmitted stress wave.

Based on the relationship between incident energy, re-
flected energy, and transmitted energy, the dissipated energy
of sandstone under impact failure WL can be finally ob-
tained, as shown in the following equation [42, 44, 45]:

WL � WI − WR − WT. (6)

In the process of studying the total absorption energy of
yellow sandstone, the work done by external forces causes
the deformation of yellow sandstone, so the area enclosed by
the stress-strain curve and the X-axis is the total absorption
energy U [44, 46], as shown in the following equation:

U �  σ dε. (7)

4.2. Influence of Freeze-2aw Temperature on Each Energy
Variation of Sandstone. For brittle rocks, the effect of ex-
ternal impact is an input process of external energy to rocks
[39]. When the rock is subjected to external mechanical
energy, the absorption energy is converted to the internal
energy of the rock, and when the energy accumulates more
than the energy storage limits, the rock fractures, and the
absorbed energy will transform into damage energy, plas-
ticity energy, kinetic energy, heat and friction heat energy,
radiant energy, and other forms of energy [43]. .e research
results show that the damage energy and kinetic energy
account for 95% of all energies [45], so it is approximately
believed that the total absorption energy of yellow sandstone
under impact is converted into damage energy and kinetic
energy [45, 46], and their relationship is shown in the fol-
lowing equation:

U � WL + Ue. (8)

Figure 8 shows the relationship between energy and
freeze-thaw temperature in yellow sandstone. It can be seen
that, under the same strain rate and different freeze-thaw
temperatures, the total absorption energy of yellow sand-
stone changes little, about 34 J. With the increase of freeze-
thaw temperature, the dissipation energy was 20.19 J at
− 30°C and was 27.81 J at − 5°C. And the former increases by
37.74%. However, the kinetic energy first increases and then
decreases with the increase of freeze-thaw temperature. It
was the maximum of 12.49 J at − 15°C and was the minimum
of 6.39 J at − 5°C.

It can be seen from the changing relationship between
the energy of the water-saturated yellow sandstone and the
freeze-thaw temperature, water fills the cracks in the internal
communication of the yellow sandstone. When the tem-
perature drops rapidly, the water changes from liquid state
to solid state, making the volume larger. Due to the time
required for temperature transfer, the water on the outer
surface of the yellow sandstone first condenses into solid ice
when the temperature drops rapidly. And at this time, the
internal cracks of the yellow sandstone are in a closed state.
As the temperature continues to drop, the water from the
outside to the inside changes from liquid to solid, which
causes the volume of water to increase gradually. As the
yellow sandstone is in a state of saturation, the water has
filled all the connected pores and cracks in the interior of
rocks, and the increase in the volume of water exerts an
expansive force on the internal pores and cracks, causing the
crack tips to be tensed apart from each other, or the bonding
force of adjacent interfaces to be weaken [47]. When the
temperature rises and the water is dissolved, the water flows
from the original crack to the newly sprouted crack and
redistributes in the yellow sandstone. And then the ice
continues to exert an expansive force on the crack tip when
refrozen. .erefore, when the temperature is lower, the
temperature drops more rapidly within the same time, and
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Figure 7: Distribution of yellow sandstone fragments at different freeze-thaw temperatures.
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the expansion force effect on crack growth and adhesion
reduction is more obvious [48].

Due to the influence of freeze-thaw temperature, the
ratio of total energy transforming into dissipated energy and
kinetic energy depends on the physical and mechanical
properties and the loading mode of yellow sandstone when it
is subjected to impact load. At the same strain rate, as the
temperature decreases, the cohesive force inside the yellow
sandstone decreases, and the energy required to form the
same crack area is less, thus the dissipated energy is smaller.

Meanwhile, in the process of dynamic impact com-
pression, the transformation of internal energy of yellow
sandstone leads to a dynamic process from deformation to
damage sputtering of yellow sandstone [39, 43], which is
characterized by the transformation and balance of total
energy, dissipated energy, and kinetic energy. For a specific
freeze-thaw temperature, there is a specific energy state
corresponding to it.

5. Influence of Freeze-Thaw Temperature on
Sputtering Rate of Sandstone

5.1. Influence of Freeze-2aw Temperature on Sandstone
Surface Energy. For sandstone, a brittle material, the dis-
sipated energy is mainly in the form of surface energy that
separates fragments from each other [43]. In order to further
explore the influence of freeze-thaw temperature on yellow
sandstone, fragments with different particle sizes are sim-
plified into spheres of corresponding sizes, as shown in
Figure 9 [42, 43].

.e number of spheres within the diameter range of
screening is calculated according to the following equation
[42, 43]:

ni �
mli

4ρr3i π/3
, (9)

where ni is the quantity of sphere with dimension i;mi is the
mass of sphere with dimension i; ρ is the density of yellow
sandstone, as 2395Kg/m− 3; and ri is the sphere radius
transformed with dimension i.

Formula (9) can be used to obtain the number of spheres
with different particle sizes, so that the surface area of
fragments can be further calculated (10). By subtracting the
upper and lower surface area and side area of the cylinder
when it is not damaged from the surface area of all frag-
ments, the internal damage area can be obtained, as shown in
the following equation [42, 43]:

S � 
9

i�1
4niπr

2
i − 2πrh − 2πr

2
, (10)

where r is the radius of sandstone sample in the impact test
and h is the height of sandstone sample in the impact test.

When the yellow sandstone is done work by external
force, the energy accumulated inside will work on the yellow
sandstone, leading to the fragmentation of each other, and
the sum of energy required by the separation of all fragments
is damage energy. As a brittle material, the dissipated energy
of the yellow sandstone can be regarded as the surface energy
when the yellow sandstone is broken, so the relationship
between surface energy and dissipated energy is as follows
[42–44]:

WL � Sc. (11)

Since most dissipated energy acts on the separation of all
fragments, the relationship between dissipated energy and
the surface area of fragments can be used to obtain the
surface specific energy of sandstone fragments at per unit
area [42–44]:

c �
WL

S
. (12)

Figure 10 shows the effect of freeze-thaw temperature on
surface specific energy of sandstone. It can be seen from the
figure that the broken surface area of yellow sandstone
decreases gradually with the increase of freeze-thaw tem-
perature. When the freeze-thaw temperature is − 30°C, the
broken surface area of yellow sandstone is 362.35 cm2.When
the freeze-thaw temperature is − 5°C, the broken surface area
of yellow sandstone is 105.30 cm2, which decreases by
70.94% compared with that at − 30°C. By fitting the surface
area of yellow sandstone fragments with the freeze-thaw
temperature, it is found that the surface area of yellow

50 15 13 1 0

32.5 0.514 Unit: mm

Figure 9: .e schematic diagram of the fragments transformed
into a sphere [40].
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sandstone fragments decreases linearly with the increase of
freeze-thaw temperature. However, the surface specific
energy of yellow sandstone increases gradually with the
increase of freeze-thaw temperature. When the freeze-thaw
temperature is − 30°C, the surface specific energy of yellow
sandstone can be 0.056 J·cm− 2. When the freeze-thaw
temperature is increased to − 5°C, the surface specific energy
of yellow sandstone can be increased to 0.264 J·cm− 2, which
increases by 373.99% compared with that at − 30°C. By fitting
the surface specific energy of yellow sandstone with the
freeze-thaw temperature, it is found that the surface specific
energy of yellow sandstone decreases linearly with the in-
crease of freeze-thaw temperature.

.e lower the freezing-thawing temperature is, the faster
the water condenses, which leads to the reduction of the co-
hesive force within the yellow sandstone. At the same strain
rate, yellow sandstone with low freeze-thaw temperature re-
quires a little energy to separate fragments from each other,
which is consistent with the relationship between the freeze-
thaw temperature and the average particle size of fragments.

5.2. Influence of Freeze-2aw Cycle on Sputtering Rate of
Yellow Sandstone. When the water-saturated yellow sand-
stone after freeze-thaw cycle is subjected to impact load, a
part of the whole absorbed energy converts into dissipated
energy to separate fragments from each other and the other
part converts into kinetic energy of fragments. In order to
study the influence of freeze-thaw temperature on the
sputtering rate of fragments of yellow sandstone, assume
that the kinetic energy ratio is K, so the total absorbed energy
of yellow sandstone in the impact process is distributed as
follows [43]:
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(13)

where v is the sputtering rate of the fragments and K is the
proportion of kinetic energy in the total energy of yellow
sandstone.

According to equation (13), the sputtering rate of yellow
sandstone fragments after crushing under the impact load is
v, and the final expression is shown in the following equation
[43]:
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⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
.

(14)

According to equations [13] and [14] and the energy
value of yellow sandstone calculated previously, the sput-
tering rate of yellow sandstone fragments under the impact
load can be obtained. By combining the sputtering rate and
freeze-thaw temperature, the variation rule between them
can be obtained.

Figure 11 shows the relationship between the sput-
tering rate of yellow sandstone fragments and tempera-
ture. It can be seen from the figure that there are
significant differences between the deceleration rate of
yellow sandstone fragments and the freeze-thaw tem-
perature. .e main performance is that, when the freeze-
thaw temperature ranges from − 30°C to − 15°C, the
sputtering rate of yellow sandstone fragments gradually
increases with the increase of freeze-thaw temperature.
When the temperature is − 30°C, the sputtering speed of
yellow sandstone fragments is 14.13m·s− 1. When the
temperature is − 15°C, the sputtering speed of yellow
sandstone fragments is 14.86m·s− 1, which increases by
5.20% compared with that at − 30°C. However, when the
freeze-thaw temperature ranges from − 15°C to − 5°C, the
sputtering rate of yellow sandstone fragments gradually
increases with the increase of freeze-thaw temperature.
When the temperature is − 5°C, the sputtering rate of
yellow sandstone fragments is 14.13m·s− 1, which in-
creased by 28.27% compared with that at − 15°C.
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Figure 11: Relationship between the sputtering rate and
temperature.
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Figure 12: Continued.
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5.3. High-Speed Photography of Dynamic Failure Process of
Yellow Sandstone under Different Freeze-2awTemperatures.
In order to observe the impact of freeze-thaw temperature
on the whole fracture process of yellow sandstone more
intuitively, high-speed camera is adopted to film the whole
process of impact load on yellow sandstone with different
freeze-thaw temperatures. .e dynamic fracture process of
yellow sandstone can be recorded by high-speed camera. So
the initiation of cracks, cracking development, fragment
separation, and fragmentation sputtering process of yellow
sandstone can be observed from the deformation and failure
of yellow sandstone in the whole process. And five typical
state pictures are selected, which are, respectively, the first
contact of the incident bar with the sample, the first visible
crack of the sample surface, the complete distribution of the
sample cracks, the separation of the sample fragments, and
the sputtering of the separated fragments to the surrounding
areas.

Figure 12 shows the macroscopic damage process of
yellow sandstone under different freeze-thaw temperatures.
From the dynamic failure process of yellow sandstone, we
can get the following information: It can be seen that the
deformation and failure process of yellow sandstone under
impact at different freeze-thaw temperatures are roughly the
same, which all go through stages of compaction, crack
generation, crack growth, fragment separation, and frag-
mentation sputtering. But the stages are different. When the
freeze-thaw temperature is lower, the crack density of yellow
sandstone is higher and the final fracture is more severe,
which is consistent with the previous particle size distri-
bution. .e effect of freezing and thawing temperature on
the sputtering rate of the saturated yellow sandstone is
mainly reflected in the fact that the fragments are separated
from each other and sputtered in the direction of rod
motion. .e higher the sputtering rate, the greater the
distance from the center of mass of the fragments and the
smaller the distance from the system axis. According to the
final sputtering results, the freezing and thawing tempera-
tures of − 15°C, − 10°C, and − 5°C are more severe than those
of − 20°C and − 30°C, and the freezing and thawing tem-
perature is − 15°C..e fragmentation at °C is themost severe,

which is consistent with the sputtering rate of the yellow
sandstone fragments at different temperatures.

6. Conclusions

In this paper, firstly, Hopkinson pressure bar is used to
conduct dynamic impact on the water-saturated yellow
sandstone treated with five different freeze-thaw tempera-
tures under the same strain rate. Secondly, the yellow
sandstone fragments after impact are screened by a grading
sieve, and the mass of fragments with different particle sizes
after screening is counted. .en, fragments with different
particle sizes are transformed into spheres with corre-
sponding particle sizes. So the surface specific energy of
yellow sandstone at different freeze-thaw temperatures can
be obtained by combining dissipative energy. Finally, the
sputtering rate of the fragments is obtained by using the
relationship of total energy, dissipated energy, and kinetic
energy. .e main conclusions are as follows:

(1) .e elastic modulus and peak stress decrease with the
decrease of freeze-thaw temperature, while the peak
strain and unloading elastic modulus decrease with the
freeze-thaw temperature, indicating the mechanical
properties of freeze-thaw temperature on saturated
yellow sandstone. .e impact is significant, and the
freeze-thaw temperature changes to some extent
change the internal structure of the yellow sandstone,
reducing its crucible bearing capacity and resistance to
deformation. .e freeze-thaw temperature has a sig-
nificant effect on the damage of the yellow sandstone.
.e lower the freezing temperature, the more obvious
the damage of the yellow sandstone. .e smaller the
particle size distribution of the fragments, the lower the
freeze-thaw temperature, the weaker the interface
adhesion of the yellow sandstone, the same strain. At
the rate, the lower the freeze-thaw temperature is, the
more severe the yellow sandstone is destroyed, and the
internal damage is more serious.

(2) .e dissipated energy of yellow sandstone increases with
the decrease of freezing temperature. .e relationship

(e)

Figure 12: .e macroscopic damage process of yellow sandstone under different freeze-thaw temperatures: (a) T� − 5°C, (b) T� − 10°C,
(c) T� − 15°C, (d) T� − 20°C, and (e) T� − 30°C.
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between dissipative energy and freeze-thaw temperature
indicates that more cracks are formed inside the yellow
sandstone. .e generation of these cracks consumes
more energy. .e kinetic energy gradually increases at a
freeze-thaw temperature of − 30°C to − 15°C and grad-
ually decreases at − 15°C to − 5°C..e variation of kinetic
energy with freeze-thaw temperature shows that the
distribution of internal energy of the yellow sandstone is
different for the same loading rate.

(3) .e surface area of the yellow sandstone fragments
increases with the increase of the freezing and
thawing temperature, the surface specific energy
decreases with the decrease of the freezing tem-
perature, and the surface specific energy decreases
with the temperature, indicating that the saturated
yellow sandstone is different. At freezing and
thawing temperature, the bond strength per unit
area is gradually weakened. Under the impact load
with the same strain rate, the yellow sandstone with
weaker interface force is more likely to break up to
form more fragments, thus showing freezing and
thawing. .e lower the temperature, the larger the
surface area of the fragments.

(4) .e freezing and thawing temperature is − 5°C,
− 10°C, − 15°C, − 20°C, − 30°C. .e sputtering con-
ditions of − 15°C, − 10°C, and − 5°C compared with
− 20°C and − 30°C are more severe, and the freezing
and melting temperature of − 15°C is the most
severe, indicating that the freezing and thawing
temperature is lowered. .e sputtering conditions
of –15°C, − 10°C and − 5°C compared with − 20°C
and − 30°C are more severe, and the freezing and
melting temperature of − 15°C is the most severe,
indicating that the freezing and thawing temper-
ature is lowered. .e surface specific energy of the
saturated yellow sandstone changes its energy
distribution ratio. .erefore, under the impact
load with the same strain rate, the freezing rate of
the freeze-thaw temperature is − 15°C.
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