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In order to study the physical and dynamic properties of rock after damage, an open-type saturated water freeze-thaw test at +20°C
was carried out on the limestone specimen, the size, quality, and longitudinal wave velocity with measured after freeze-thaw cycles
for 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 times, and the SHPB test device was used to carry out the impact compression test
with eight kinds of loading rate. This text analyzes the damage evolution characteristics on the physical properties of limestone of
cycle times of freeze-thaw and discusses the dynamic compression mechanical characteristics and energy dissipation law of
limestone specimens after freeze-thaw cycles. The test results show that the mass and longitudinal wave velocity of the specimen
decreased and the volume and density increased. The damage factors have the quadratic function positive correlation with the
cycle time of freeze-thaw. Moreover, the dynamic compression stress-strain curves of the specimens under different loading rates
are similar in shape, and the curve shows an upward trend with increasing loading speed. In addition, with the loading rate
increasing, the dynamic compressive strength and dynamic elastic modulus of the specimen increased and the dynamic strain
decreased. In the SHPB test, the reflected energy, transmitted energy, and absorbed energy all increased linearly with incident
energy. The dynamic compressive strength and absorbed energy increase as a power function, and the strain rate and absorbed

energy increase as a quadratic function.

1. Introduction

There are different styles of climate and environment on
Earth. The coverage of permafrost, seasonal frozen soil, and
short-term frozen soil is about 50% of the land area, and the
distribution of frozen soil on the Earth has latitude zonality
and altitude zonality. However, in China, even though the
region is vast and the climate is diverse, the frozen soil area
still accounts for more than 70% of the total territory, of
which seasonal frozen soil accounts for half of the total land
area, which is generally distributed in the low latitude or low
temperature area, while the permafrost is distributed in the
northeast, the western mountain plateau, and some higher
mountains in the East (Changbai Mountain, Taibai
Mountain and Wutai Mountain). When carrying out resource

development and engineering construction in these areas,
we have to take into account the special geological condi-
tions of frozen soil area, generally such as the rock slope,
positive temperature gas transmission pipeline, tunnel,
foundation, etc. [1], especially with the national western
development and the transfer of strategic center in recent
years. The engineering construction is developing day by
day, so it is very urgent for us to recognize the rock and soil
mass in the frozen soil area.

Frozen soil generally refers to various geotechnical and
soil containing ice [2], whose temperature is at or below 0°C.
Among that, the soil is the accumulation of rock formed by
the various handling effects after natural weathering, but the
rock is a naturally produced mineral or glass aggregate with a
stable appearance, combined in a certain way. The difference
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between rock and soil is that rock mineral particles have a
strong connection (crystalline connection, cemented connec-
tion), which is not only an important structural feature of the
rock but also the main feature to distinguish it from the soil,
giving it excellent engineering geological properties. However,
the soil lacks such a connection or is weakly connected between
particles. Rock has the characteristics of high strength, difficult
deformation, integrity, and good water resistance. But it also has
defects when used as the foundation or building environment,
namely, its weak plane which can cause breaking up when it is
cut, damaging its integrity resulting in poor and uneven physical
and mechanical properties, so the rock (body) structure is far
more complicated than the soil. In other words, rocks have
strong anisotropy, heterogeneity, discontinuity, and complexity.
Compared with rocks, soil can be regarded as continuous,
uniform, and isotropic materials and media. Research on the
mechanics of frozen soil is earlier than that of frozen rock. But in
recent years, with the increasing demand for engineering, the
general frozen soil mechanics is no longer suitable for the study
of frozen rock. This is bound to make the frozen rock problem a
new problem to explore the idea; the effect of freeze-thaw on
rock damage expansion is actually very complicated. Different
freezing temperatures and freezing speeds have different effects
on the mechanical properties of different types of rock materials.
The freeze-thaw cycle is the main factor for the freeze-thaw
damage expansion of rocks [3].

In cold regions, due to seasonal climate change and
temperature change, the physical and mechanical properties of
rocks have changed under the action of freeze-thaw cycles. As
China continues to increase the construction in frozen rock
areas in the process of western development [4], such as the
Tamu Basin Sebei-Xining-Lanzhou Gas Pipeline, Qinghai-
Tibet Railway, South-to-North Water Transfer Project, and
West-East Power Transmission Project, the rock mass is lifted
and lowered around the freezing point one or more times
under the disturbance of the external environment, which
causes the internal continuous freezing and melting of the rock
mass, which is an important factor affecting the safety and
stability of the engineering. Therefore, it is of important
significance to study the mechanical and physical character-
istics of rock mass in the frozen region under the action of
freeze-thaw cycles for engineering construction, resource
development and utilization, and economy.

At present, when studying the characteristics of rock
mass under freeze-thaw cycles, static loads are generally
used, and dynamic mechanical characteristics of rocks are
less studied. Among them, the mechanical characteristics of
rocks under different cycle temperatures, cycle times, and
cycle times are studied more, while from a certain cycle
temperature to normal temperature, the effect of freeze-thaw
cycles on the rock is less studied. Due to blasting, excavation,
and dynamic loads affected by natural factors during the
construction of open-air engineering, this article aims to
study the mechanical properties of rocks in SHPB dynamic
impact compression tests under certain freeze-thaw cycles
and different strain rates, which is of great significance for
cold area engineering.

At present, a lot of work has been done at home and
abroad on the study of physical and mechanical characteristics
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of rock under freeze-thaw conditions. PARK et al. [5] used
diorite, basalt, and tuff as specimens to maintain saturation
and studied the changes in the internal microstructure of the
rock during repeated freeze-thaw cycles; Khalari et al. [6]
performed freeze-thaw, dry-wet, cold-heat cycle tests on
sandstones, measured longitudinal wave velocity, porosity,
and uniaxial compression strength and analyzed physical
and mechanical properties of the rock specimens. Martinez-
Martinez [7] carried out tests on a series of changes in wave
speed, intensity, porosity, etc. on carbonate rock specimens
after 100 freeze-thaw cycles. Deng et al. [8] further
researched the effects of freeze-thaw weathering on sand-
stone damage from the perspective of energy analysis. Liu
et al. [9] used NMR technology to study the damage evo-
lution law of rocks with macrodefects and microdefects in
the freeze-thaw cycles. Yang Niange et al. [10] studied the
dynamic characteristics and failure law of sandstone under
the freeze-thaw cycles and revealed the mechanism of freeze-
thaw damage. Lei et al. [11] analyzed the relationship with
dynamic load strength, strain rate, and freeze-thaw cycles in
granite-porphyry. Hailiang et al. [12] carried out a study on
the damage model of saturated sandstone under freeze-thaw
cycles. Yang et al. [13] clarified the freeze-thaw damage
identification methods and damage mechanisms under
different scale conditions.

In the above results, the SHPB test is more common for
different numbers of cycles and the same strain rate of rock
specimens under freeze-thaw cycles [14]. Considering the
effects of dynamic characteristics of different strain rates
under certain freeze-thaw cycles, there are fewer experi-
mental studies.

In this paper, to freeze-thaw cycles test of —20°C~+20°C on
limestone from Bagong Mountain, Huainan, Anhui was car-
ried out, performing the static and dynamic load mechanics
experiments on rock specimens before and after freezing and
thawing. Research on the regularity of the dynamic perfor-
mance and physical properties of the vehicle was also carried
out, exploring the forms of dynamic failure and providing
research ideas and methods for the dynamic disturbance of
rocks in the cold region under the freeze-thaw cycles.

2. Test Design

2.1. Sample Preparation. Limestone with good granularity
and uniformity was selected as the specimen. In order to
compare the dynamic and static load test strength and re-
duce the end effect and inertial effect of the specimens [15],
the specimens were uniformly processed into a 25mm
height and 50 mm diameter Cylinder. All specimens are
ground at both ends. The allowable deviation of the un-
evenness of the two end faces is £0.05mm. The end face
should be perpendicular to the axis of the test piece, and the
allowable deviation is +0.25".

2.2. Test Equipment. Related equipment of freeze-thaw test:
TEST-1000 Freezing Chamber whose working room is
1000 mm x 1000 mm x 1000 mm, the temperature range to
—60°C~150°C, 101-3A electric blast constant temperature
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drying oven, C61 nonmetal ultrasonic detector, electronic
balance, dryer, test piece saturation equipment, and static
mechanics experimental system (RMT-150B), which are
frozen in water and dissolved in water protocol to perform
freeze-thaw tests.

The impact test of the rock specimen used the Hop-
kinson pressure bar test device (SHPB) of the State Key
Laboratory of Mining Response and Disaster Prevention and
Control of Deep Coal Mine of Anhui University of Science
and Technology to study the dynamic response character-
istics of the rock. The device is composed of a stress gen-
erating device, a stress propagation mechanism, a stress
absorption device, an axial pressure system, a confining
pressure system, and a data acquisition system. The device’s
punch, incident rod, transmission rod, and absorption rod
are made of 40Cr alloy steel. Poisson’s ratio is 0.28, the elastic
wave velocity is 5380 mm/s, the diameter of the incident rod
and the transmission rod are 50 mm, the length is 2000 mm
and 1500 mm, respectively, using a spindle punch, and the
data acquisition and display equipment is SDY2107A super
dynamic strain gauge and DL850E oscilloscope.

2.3. Text Method. According to the relevant specifications
and test conditions, the test piece is first placed in an oven,
and then it is baked at 105°C to 110°C for 24 hours, taken out,
and put in a dryer to cool to room temperature and then
weighed. Then, the free immersion method was used to
saturate the test block by freely absorbing water in for 48
hours, and the relevant physical parameters were measured.
The single cycle of rock freeze-thaw cycle is 8 h, that is, put
the saturated test piece into the storage box, then put it in the
freezing chamber (Figure 1), and freeze it at —20°C + 2°C for
4 h. Then remove the test piece and put it in the water-filled
temperature box. In the water temperature box, keep the
water temperature at 20°C + 2°C to dissolve for 4 h, which is
one freeze-thaw cycle [16]. The relationship between cycle
temperature and time is shown in Figure 2.

The test is divided into 8 groups according to the impact
pressure, and 100 freeze-thaw cycles are performed. The
SHPB device was used after the cycles (shown in Figure 3) to
do the text impact pressure. The impact pressures are 0.3 MPa,
0.325MPa, 0.35MPa, 0.375MPa, 0.4MPa, 0.425MPa,
0.45 MPa, and 0.475 MPa, 4 of which are a group to be used to
test rocks for dynamic mechanical properties.

The mass, size, wave velocity, and density of rock
specimen were measured after every 10 freeze-thaw cycles.
Before the impact test, a static test on the specimen was
performed, measuring its uniaxial compressive strength. The
incident wave, transmitted wave, and reflected waveform of
the specimen under different impact pressures were
recorded during the dynamic impact test, which is conve-
nient for the dynamic stress-strain curve fitting in the later.

3. Physical Properties and Damage Ratio of
Freeze-Thaw Saturated Rock

3.1. Damage Ratio Morphology of Freeze-Thaw Saturated
Rocks. Figure 4 is a typical photo of saturated limestone

FIGURE 1: Freezing and thawing cycle test freezing room.
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FIGURE 2: Cycle temperature and time.

Figure 3: SHPB device.

after the freeze-thaw cycles. It was found that the damage
ratio morphology of saturated limestone mainly manifested
as changes in the water molecule morphology inside the rock
specimen, which weakened the connection between the
surface particles after 20 freeze-thaw cycles and were ac-
companied by the generation of microfissures. After 60
cycles of freeze-thaw cycles, the limestone surface began to
fall off in slices and crack propagation increasingly. After 100
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FIGURE 4: Morphology of rock freezing and thawing: (a) 0 F-T cycles, (b) 20 F-T cycles, (c) 40 F-T cycles, (d) 60 F-T cycles, (e) 80 F-T cycles,

and (f) 100 F-T cycles.

freeze-thaw cycles, severe individual specimens fracture
along the bedding. This phenomenon is due to the uneven
expansion of the pore inside the rock specimen under the
continuous ice-water transformation of pore water, causing
the internal fractures to continuously expand and develop
along the frail belt of the rocks, eventually causing the rock
samples to converge and expand along the bedding fractures,
and eventually run through the rock samples.

3.2. Damage Performance of Freeze-Thaw Saturated Rock.
In primary materials, there is damage. With the effect of
external environment and load, microfissures, microvoids,
shear bands, and other mesodamaged elements in the
material began to initiate, converge, and develop, and finally
formed a dynamic evolution process of damage [17].
Therefore, this article selects the macro aspect as the
benchmark for measuring damage, studies the damage
changes of freeze-thaw saturated rocks, and reveals the
damage characteristics reflected by the changes of rock
macrophysical phenomena.

This article aims to use ultrasound as a medium to
explore the relevant information inside saturated rocks [18].
Ultrasonic inspection is a nondestructive testing method
that uses the difference in the acoustic performance of the
material and its defects to reflect the ultrasonic propagation
waveform and the energy change of the penetration time to
check the internal defects of the material. Because the
propagation speed of the longitudinal wave is fast, the
longitudinal wave is generally used for detection.

The propagation velocity of longitudinal waves is shown
in the following equation:

AN Y S e
o \p N+ -2p)
~_E 1-u

VL_J;VU+yM1+4J

(1)

In the formula, y is Poisson’s ratio of the continuous
medium material (assuming the material is isotropic and
Poisson’s ratio of the material does not change with dam-
age), E and p are the elastic modulus and density of the
saturated rock in the nondamaged state, E and p are the
elastic modulus and density of the damaged material, and
the volume change caused by the two-phase conversion of
water and ice under the conditions of freeze-thaw cycle leads
to the expansion of microfissures, which leads to the
macroscopic physical deterioration of performance. Elastic
modulus is generally used to quantify the degree of damage.
The damage formula is shown in the following equation:

E
D=1-— (2)
E
Bringing the longitudinal wave velocity formula into the
following, we obtain
=~ =2
p=1-2% (3)
PVL
When D is small, a in the formula can be approximately
equal to 1, so it can be assumed that

D=1--L (4)

After 100 freeze-thaw cycles, the damage changes caused
by the average wave velocity of the 8 groups of saturated rock
specimens are shown in Table 1.

It can be seen from Table 1 that with the increase of the
number of freeze-thaw cycles, the damage degree of satu-
rated limestone continues to increase, and various mineral
crystals within the rock are distorted by the water-ice two-
phase disturbance, resulting in the expansion of the initial
fractures, as well as the damage of the interface of the crystal
particles, and finally various cracks were generated around
the crystal grains. It is precise because of the freeze-thaw
cycle that the microcracks inside the rock sample continued
to develop, resulting in changes in the macrophysical
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TaBLE 1: Rock damage variables and freeze-thaw times.
. Number of freeze-thaw cycles
Specimen groups
0 10 20 30 40 50 60 70 80 90 100
D1 0 0.18 0.18 0.18 0.18 0.18 0.27 0.31 0.31 0.38 0.38
D2 0 0.20 0.27 0.20 0.29 0.33 0.29 0.33 0.36 0.40 0.40
D3 0 0.10 0.21 0.25 0.25 0.29 0.29 0.33 0.36 0.46 0.43
D4 0 0.18 0.31 0.28 0.31 0.37 0.31 0.31 0.36 0.41 0.46
D5 0 0.08 0.20 0.27 0.21 0.27 0.27 0.26 0.27 0.33 0.43
D6 0 0.15 0.26 0.19 0.32 0.32 0.32 0.32 0.37 0.42 0.37
D7 0 0.17 0.24 0.21 0.20 0.33 0.21 0.27 0.33 0.34 0.38
D8 0 0.20 0.23 0.20 0.33 0.33 0.33 0.43 0.38 0.38 0.42
properties of the rock sample, such as the continuous at-
tenuation of the longitudinal wave velocity. However, at the
late stage of the freeze-thaw cycle, due to the weakening 0.20

effect of freeze-thaw, the growth rate of the damage variable
has decreased [19].

3.3. Mass Changes of Freezing and Thawing Saturated Rock.
It can be seen from Figure 5 that after 100 freeze-thaw
cycles, the average saturation mass increase rate (M,) of
each group has an obvious correlation characteristic of the
number of freeze-thaw cycles, and it increases with the
increase of the number of freeze-thaw cycles. The cubic
function increases and its fitting formula is shown in the
following equation:

M, = 437E 'N* = 9.06E °N* + 0.00665N — 2.51748.
©)

The relative coefficient is R> = 0.996, and the basic
changes are as follows:

(1) In the first 40 freeze-thaw cycles, the increase rate of
the mass of the average saturated water almost in-
creased linearly, and the increase rate was relatively
large, reaching 0.096%. Due to the initial stage of the
freeze-thaw cycle test, the frost expansion force
generated by the continuous conversion of the two
water phases causing the rock sample cracks to
continue to expand and increase, and the initiation
of new cracks, the internal cracks in the rock sample
expands faster. During the melting process, the ex-
ternal water continuously migrated into the new
fissures and became saturated again, and the water
content of the rock sample increased [20], resulting
in the increasing rate of mass increase.

(2) From the 50th to the 90th freeze-thaw cycles, the
average saturated water mass growth rate increases
more slowly, with an increased rate of only 0.02%.
This is because, during the freeze-thaw cycle, the
particles on the surface of the rock specimen are
peeled off due to water migration and the peeling and
erosion caused by the damage, resulting in the rate of
decrease in the quality of the rock specimen affects
the rate of increase in the pore water content,
resulting in the rock specimen, and the rate of mass
increase is slower.

0.10

0.05

Average saturated mass increase rate (%)

000 ——t 1 v e
0 10 20 30 40 50 60 70 80 90 100

Freeze-thaw cycles

FiGure 5: Change rate of average saturated water quality after
different freeze-thaw cycles.

(3) In the 100th freeze-thaw cycle, the rate of increase of
the rock mass sample was faster than before. This is
because the impact of the rate of decrease in the
quality of the rock sample on the rate of increase in
pore water gradually weakens in the late freeze-thaw
cycle.

3.4. Changes in Density of Freeze-Thaw Saturated Rocks.
As shown in Figure 6, the average volume change rate (V) of
the rock sample is negatively correlated with the number of
freeze-thaw cycles. It decreases with a cubic function as the
number of freeze-thaw cycles increases. The fitting formula
(6) is as follows:

V, = -6.94E'N’ + 1.0O1E"*N* - 0.0076N - 0.016.  (6)

The relative coefficient is R> = 0.97365, as can also be seen
from the figure. Before the 60th freeze-thaw cycle, the average
volume change rate of rock samples decreased by 0.14% and the
maximum volume reduction rate was 0.24%. At the 60th to
90th freeze-thaw cycles after the second freeze-thaw cycle, the
average volume change rate of the rock sample decreased by
0.18%, which was an increase compared with the previous one.
After the last 100 freeze-thaw cycles, the decrease rate of the
average volume change rate decreased.

As shown in Figure 7, the average saturation density (p)
of the rock sample is positively correlated with the number
of freeze-thaw cycles, and it increases with a quadratic
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FIGURE 6: Average volume change rate after different freeze-thaw
cycles.
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Figure 7: Changes in average saturation density under different
freeze-thaw cycles.

function as the number of freeze-thaw cycles increases. The
fitting formula (7) is as follows:

p=-2.03E °N’ +3.24E * + 2.6563. (7)

The relative coefficient is R* = 0.96089. It can also be seen
from the figure that before 60th freeze-thaw cycle, the ex-
pansion of primary cracks and the development of new cracks
due to the frost uplift and expansion caused increased water
migration and increased mass, and the average volume change
rate was negative. So the rock’s average saturation density of the
sample increased by a large margin, with a growth rate of
0.478%. After the 70th to 100th freeze-thaw cycles, the average
saturation density of the rock sample increased less than before,
with a growth rate of only 0.037%. This is because in the late
freeze-thaw cycle, water molecules severely weakened the in-
ternal connection of the rock sample, resulting in faster and
faster expansion of the fissures, and the rate of decrease in the
volume of the rock sample became gradually smaller than the
rate of increase in the mass of the rock sample.

3.5. Wave Velocity Changes of Freeze-Thaw Saturated Rocks.
As shown in Figure 8, as the number of freeze-thaw cycles
increases, the wave velocity of the average saturated rock
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FIGURE 8: Variation of mean saturation wave velocity under dif-
ferent freeze-thaw cycles.

sample continues to decline. Both can be represented by
cubic polynomial functions, and the fitting formula is as
follows:

V =3.61E >N’ + 0.625N* — 40.808N + 6324.532,  (8)

V is the average of the change of the average saturation of
wave velocity and N is the number of cycles, and the relative
coefficient between the two is R? = 0.95076. And before the
20th cycle of freezing and thawing, the wave velocity of the
rock specimen had a larger decrease amplitude, of which the
maximum decrease amplitude was 12.48%. This is mainly
due to the large increase in pore water at the beginning of the
freeze-thaw cycle, and the propagation velocity of waves in
water is less than that in rocks, resulting in a significant
decrease in wave propagation velocity. But after 20 times, the
wave velocity decreased more slowly. This is because the
increasing rate of pore water gradually became slower, and
because of the continuous generation of new fissures, the
wave propagation energy attenuated.

4. Mechanical Properties and Energy
Dissipation of Freeze-Thaw Saturated Rocks

4.1. Dynamic Stress-Strain Curve Change Law. As shown in
Figure 9, the stress-strain curve of limestone under static
load is divided into consolidation process, elastic stage, yield
stage, and failure stage, and the rock failure strength is
110.295 MPa, in which the consolidation process is more
obvious, and the residual strength decreases faster.

As shown in Figure 10, in order to make the specimen load
at near-constant strain rate before the dynamic mechanical
measurement, to ensure the reliability of the SHPB test [21], the
incident bar in this paper is a tapered transition variable cross-
section form, which can increase the stress uniformity of the
specimen [22]. And even in the postfailure stage of the
specimen, it can maintain a good stress equilibrium state [23].

As shown in Figure 11, the following conclusions can be
drawn from the dynamic stress-strain curve changes of
limestone under different loading pressures:
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FIGURE 9: Stress-strain curve of limestone under static load.
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FIGURE 10: Stress balance diagram.

(1) Asthe impact pressure increases, the dynamic stress-

strain curve of the rock tends to move away from the
strain coordinate axis, and the elastic-plastic stage
also approaches the stress coordinate axis. Also, the
curves under different impact pressures show an
envelope state. Under the condition of a certain
number of freeze-thaw cycles, the dynamic com-
pressive strength of rock increases with the increase
of impact pressure.

(2) Compared with the limestone stress-strain curve

under static load, the dynamic stress-strain curve has
a smaller strain range and the maximum value is only
about 0.015, only half of the static load. During the
dynamic impact process, the rock specimen directly
enters into the elastic stage before the consolidation
process. This is because the strain rate is too fast, and
the rock specimen deforms before it can be con-
solidated. The plastic yield stage is more obvious, and
the declining trend of residual strength during the
failure stage is gentler. The failure mode of rock
specimen changes from brittle failure to ductile
failure, and this is because although the freeze-thaw

140
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FIGURE 11: Dynamic stress-strain curves of limestone under dif-
ferent loading pressures.

experiment caused damage to the interior of the rock
specimen, the expanding cracks weakened the par-
ticle connection between the rock specimens. But at
the same time, it also increased the friction between
the particles, and this friction leads to deformability.
And as the strain rate increases, the yield stage of the
rock specimen becomes longer and longer, and the
unloading trend of the strain rate in the failure stage
becomes more and more rapid, and the ductility
characteristic is gradually blurred. This is because the
force between the water molecules of the saturated
rock specimen under the effect of high strain rate
becomes strong, so that the friction effect between
the particles gradually weakens, which leads to the
weakening of ductility.

(3) As the impact pressure increases, the average strain
rate of the rock specimen gradually increases. And as
the dynamic elastic modulus of the rock gradually
increases, the slope of the elastic phase in the stress-
strain curve becomes larger and larger, and the
dynamic elastic modulus of the rock specimen has a
strong sensitivity [24] to the corresponding rate as
shown in Figure 12.

There is a polynomial relationship between the two, and
the fitting relationship is shown in the following equation:

E=155E ** - 0.31¢ + 22.66. (9)

E is the dynamic elastic modulus, ¢ is the average strain
rate, and the correlation coefficient R* is 0.8494. When the
strain rate is less than 132.5s7", the curve is gentler, and the
dynamic elastic modulus increases more slowly. When the
strain rate is greater than 132.5s7', the curve gradually
becomes steeper and the growth rate becomes faster. For the
initial stage of the stress-strain curve, when the strain rate is
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FIGURE 12: Dynamic elastic modulus changes of saturated lime-
stone under different strain rates.

lower than 164.5s™" because the rock specimen is in the
comparison stage, the initial elastic modulus of the rock
specimen is small. While the strain rate is higher than
164.55™", the initial consolidation state of the rock specimen
disappeared, and it quickly approaches the elastic state.

4.2. Loading Rate and Dynamic Peak Stress. With the impact
pressure increasing, the loading rate increases, and the
dynamic loading strength of limestone has a significant
loading rate effect. Under the condition that the number of
freeze-thaw cycles is a fixed value, the dynamic peak strength
generally increases with the increase of the loading rate.
Rock specimens have different sensitivities to strain rate, so
individual dynamic load strengths are different. We can use
the cubic function mode to curve fit the curve, as shown in
Figure 13.

It can be seen from Figure 13 that the fitting formula (10)
is as follows:

o =71.95v° — 475.3v* + 1070.238v — 748.0524.  (10)

Among them, the correlation coefficient is R* = 0.97559.
When the loading rate v increases from 1.7 m/s to 2.2 m/s,
the peak intensity o increases from 51.95 MPa to 70.7 MPa,
with an increased amplitude of 36.09%. When the loading
rate v increases from 2.3 m/s to 2.9 m/s, the corresponding
peak intensity ¢ increases from 77.1 MPa to 113.85MPa,
with a 47.67% increase amplitude. It shows that the loading
rate has a significant loading rate strengthening effect on the
dynamic peak strength of the rock specimen.

The time ¢,, required for rock rupture is shown in the
following equation:

ty = (m +4) 1/(m+3)“— 1/(m+3)é—m/(m+3), (11)
m and « are both constants. From the above formula, it can
be seen that when the average strain rate gradually increases
with the impact velocity, the rupture time of the rock
gradually decreases. The great conduction relationship be-
tween the dynamic strength of the rock and the instability of
the fissure expansion and the time experienced by the
general rock instability expansion phase is generally one-
tenth of the entire test time [25]. Since the saturated
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FiGure 13: Changes in peak limestone intensity at different impact
velocities.

limestone has undergone 100 freeze-thaw cycles, its internal
cracks are well developed. During the dynamic failure
process, due to the compression deformation of the rock
specimen, the pore water pressure continuously promotes
the expansion of the cracks. So when the impact velocity
increases, the cracks expand. The speed gradually increases,
and the time required for unstable expansion is getting less
and less, and even is less than the estimated failure time
during the failure phase of the entire experiment, resulting in
a gradual increase in peak strength, proving the dual in-
fluence of water and strain rate on strength [26]. And the
excessively high impact velocity increases the probability of
collision between the initial crack and the pores, making the
pore water pressure gradually increase, so the increase rate of
peak strength gradually went up [27, 28].

4.3. Principle of Energy Analysis of SHPB System. A natural
rock contains a lot of defects, and its deformation and
destruction process can be regarded as a process of con-
tinuous energy and material exchange with the external
environment. The mechanical energy and heat energy of the
external environment on the rock are emitted as heat energy,
radiation energy, and other energy [29]. According to the
one-dimensional elastic wave theory, the incident energy,
reflected energy, and transmitted energy in the SHPB ex-
periment can be obtained [30] and the following equation is

obtained:
ApCy 2, ]
Wi =( E, >J'Uldt

Wy =(A2Cb> j ond, t. (12)

b

ACp\ [ 2
WT:( Eb )JUTdt‘
A is the cross-sectional area of the test bar, C and E represent

the longitudinal wave velocity and elastic modulus of the test
bar. ¢ is the stress time history of the test bar stress wave.
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According to the principle of energy conservation, the
absorbed energy of the rock is shown in the following
equation:

W, =W;-W,-W,, (13)

Wy =Wgpp+ Wi+ W, (14)

Wip is the breakage energy, namely, the energy consumed
by the specimen when it is crushed (proliferation and ex-
pansion of cracks inside the specimen), and Wy is the kinetic
energy of the ejection, which is the energy carried by the
specimen when it is broken and splashed. W, refers to other
energy consumption, such as sound energy and heat energy.
Among them, ejection kinetic energy (W)) and other energy
consumption (W) are too little and can be ignored, and the
absorption energy W is used instead of the breakage energy
(Wgp), which has little effect on the results of the study
[31, 32].

According to the stress waveform and energy dissipation
formula of the SHPB compression test, the time history
curve of energy change can be obtained as shown in Fig-
ure 14 (p = 0.3 MPa).

It can be seen from Figure 15 that in the initial stage of
dynamic compression of limestone specimens, each energy
value increases with time and gradually stabilizes after
reaching a certain moment [33]. The total loading time of the
incident stress wave is about 150 S, and the loading time of
the transmitted stress wave is about 120 uS. After this time,
the incident energy no longer increases and the variation
trend of remaining energy is also approximately horizontal.

It can also be seen from Figure 15 that the reflected
energy is much greater than the transmitted energy, which is
due to the close contact between the specimen and the cross-
section of the pressure bar, which causes the end effect to
occur. When the incident stress wave reaches the specimen
cross-section, most of the incident energy is reflected back
through the incident bar, except for the large amount of
energy absorbed by the deformation and destruction of the
specimen and only a small amount of energy is transmitted
by the transmission bar.

Eight kinds of loading pressures were used to perform
SHPB compression tests on saturated limestone specimens
at different rates. The relationship among reflected, trans-
mitted, and absorbed energy and incident energy is shown in
Figure 14.

It can be seen from Figure 15 that when the incident
energy increases, the remaining energies tend to increase.
Absorptivity and transmittance both increase with the in-
crease of incident energy, while reflectivity decreases with
the increase of incident energy. Before the incident energy is
97.53], the reflected energy is greater than the absorbed
energy, indicating that when the air pressure is low, most of
the energy is emitted by the reflected wave. When the in-
cident energy is greater than 97.53J, the energy dissipation is
mainly determined by the energy absorbed by the rock
specimen. Because the rock specimen has undergone 100
freeze-thaw cycles, in the case of large initial damage, with
the incident energy increased, the degree of fragmentation
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FIGURE 14: The relationship among reflection, transmission, ab-
sorption energy, and incident energy.

increases and the transmittance increases. As mentioned
above, the dynamic elastic modulus of the rock specimen
increases with the increase of air pressure. The energy re-
quired for rock specimen fragmentation also gradually in-
creases. The absorption rate increases as well.

4.4. Strain Rate Effect and Dynamic Compressive Strength of
Rock Energy Dissipation. It can be seen from Figure 16 that
the strain rate of saturated limestone has an obvious energy
absorption effect, and the relationship between the increase
in strain rate and the energy absorption can be expressed by
a fitting formula, as shown in the following equation:

W, = —0.025¢" — 4.2867¢ — 4.98. (15)

Correlation coefficient (R?) is 0.9635. With the increase
of absorbed energy, the energy transfer speed inside the rock
specimen is accelerated, and the strain of the rock specimen
per unit time increases. But because the cracks in the sat-
urated limestone did not expand or penetrate in time, the
deformation of the specimen is lagged, resulting in the strain
rate of the rock specimen increasing more and more slowly.

The relationship between dynamic compressive strength
and energy absorption of saturated limestone is shown in
Figure 17.

It can be seen from Figure 17 that the dynamic com-
pressive strength increases as a function of power as the
absorbed energy increases and its fitting relationship is
shown in the following equation:

o, =10.7986 (W, )"*”. (16)

The correlation coefficient (R?) is 0.96689. This is due to
the deformation hysteresis of the specimen as the absorbed
energy increases [34]. The pore water inside the saturated
rock sample has no time to affect the original cracks and new
cracks, which leads to the growth rate of cracks lagging the
increase rate of energy absorption, resulting in the
strengthening of the dynamic strength of the rock specimen.
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When the absorbed energy is too much, the elastic strain
energy inside the rock sample gradually decreases, and with
the dissipated energy gradually increasing, the strength of
the rock sample gradually weakens [35]. The lag at this time
is negligible, which causes the trend increase of dynamic
compressive strength to become smaller.

5. Conclusion

(1) The average saturation mass increase rate of rock
specimens shows a continuous growth trend, but the
growth rate gradually decreases. The average volume
change rate of the rock specimen continued to de-
crease, and the decrease rate first decreased and then
increased. The wave velocity of the longitudinal wave
of the rock specimen continues to decline, and the
rate of change of the decrease gradually becomes
smaller.

(2) Asthe impact pressure increases, the elastic modulus
of the rock specimen has an obvious strain rate effect,
showing an increasing trend of decreasing growth
rate. In the initial stage, due to the small impact
pressure, most of the energy is reflected, resulting in
the reflection energy being greater than the ab-
sorption energy. As the incident energy increases, the
degree of rock specimen fragmentation increases and
the transmittance increases. The dynamic elastic
modulus of the rock specimen increases with the
increase of impact pressure, so the energy required
for rock specimen fragmentation also gradually in-
creases and the absorption energy increases.

(3) As the absorption energy increases, the average
strain rate and dynamic strength of the rock speci-
men increase, but the growth rate continues to de-
crease. While the dissipated energy gradually
increases, the strength of the rock specimen grad-
ually weakens.
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