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A liquid carbon dioxide blasting experiment was carried out under free field conditions, alongside a liquid carbon dioxide rock
breaking experiment, to investigate explosion pressure variation and rock breaking characteristics under liquid carbon dioxide
blasting. The experimental results show that the internal and external explosion pressures of the liquid carbon dioxide fracturing
devices all rapidly increased at first, before attenuating vibrantly after blasting. When the explosion pressure was raised, the
internal explosion pressure increased first exponentially and then linearly, while the external explosion pressure increased
exponentially throughout. The duration time of the blasting effect stage was about 45ms. Under the combined effect of jet
impingement and a gas wedge of high-pressure carbon dioxide, the rock is subjected to tensile failure. The impact failure and the
“gas wedge effect” of high-pressure carbon dioxide play a key role in the rock breaking of liquid carbon dioxide

blasting technology.

1. Introduction

In recent years, liquid carbon dioxide blasting technology
has attracted significant interest and is now widely used for
applications such as increasing the penetration of coal seams
[1], gas extraction, urban demolition blasting, and mining
[2, 3] as a safe and environmentally friendly blasting
technique, but research into the basic theory of liquid carbon
dioxide blasting technology currently lags far behind its
applications. Operating personnel mainly depend on their
prior site experience when using this technology to break
rock, rather than using empirically derived concepts, and so
it is very difficult to achieve the ideal blasting effect. Fur-
thermore, this approach can cause blasting failure or serious
blasting accidents. Therefore, it is particularly important to
research the basic theory of liquid carbon dioxide blasting
technology.

Research into liquid carbon dioxide blasting technology
is currently mainly concentrated in the blasting equipment
and its applications. Fong et al. [4] and Elbing et al. [5]
designed liquid carbon dioxide blasting equipment, and

Pickering [6] introduced the usage of carbon dioxide
blasting technology. Guo [7] invented a perfusion machine
for filling liquid carbon dioxide fracturing devices. In order
to solve a problem whereby existing liquid carbon dioxide
fracturing devices can easily fly back when blasting, Yin et al.
[8] designed a new carbon dioxide extractor with the
function of stopping this fault.

Liquid carbon dioxide blasting technology mainly uses
the phase energy of carbon dioxide to achieve its aims [1].
Miller [9] used liquid carbon dioxide blasting technology for
cleaning pipelines. Some countries such as Turkey, Russia,
and Poland also applied this technology to soften hard coal
and control gas [10, 11]. In scenarios where the target rock
mass is too fractured to mine, Zhou et al. [12] proposed
a mining method that adopted liquid carbon dioxide blasting
technology to induce caving. Guo [13] carried out a field test
of liquid carbon dioxide blasting the simulated coal. Wang
[14] introduced liquid carbon dioxide fracturing technology
into the Jiang Zhuang coal mine and greatly improved the
efficiency of injecting water in coal seams. Chen et al. [15]
found that the radius of the damaged area in a coal body
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caused by liquid carbon dioxide blasting technology can
reach 5m and that the permeability of the damaged area
increased six-fold after blasting. Lu et al. [16] and Zhou et al.
[17] used liquid carbon dioxide blasting technology to in-
crease the permeability of a high gas coal seam and improved
the effect of gas extraction significantly; Wang and Xiao [18]
used liquid carbon dioxide blasting technology to exploit the
marble in a limestone mine and the utilization ratio of the
rock was increased significantly. Wang et al. [19] analyzed
the hole distribution of liquid carbon dioxide blasting in
a coal mine. In addition to these application studies, some
experts have also carried out theoretical studies. Dong et al.
[20] calculated the TNT equivalence and fractal dimension
of liquid carbon dioxide blasting. Kang et al. [21] analyzed
the phase transition process of liquid carbon dioxide and
calculated the total energy released in this process. Ma et al.
[22] analyzed the fractal characteristics and damage effects of
the pore structure of specimens frozen by liquid carbon
dioxide.

There are few studies on the mechanism of using liquid
carbon dioxide for breaking rock. Nilson et al. [23] and
Goodarzi [24] used the extended finite element method to
simulate the evolution process of cracks in high energy gas
fracturing, and proposed a model for predicting crack
length. Zhu et al. [25] established the damage mechanics
model of high-pressure gas breaking rock and studied the
mechanics of crack initiation and propagation at two stages
of stress wave and quasistatic. However, these studies are
based on the theory of explosive blasting [26, 27], but the
variation law of explosion pressure and the rock breaking
characteristics of liquid carbon dioxide are not clear.

Here, tests of liquid carbon dioxide blasting under free
field conditions, and of rock breaking, are carried out to
reveal the variation rule of explosion pressure and the rock
breaking characteristics under liquid carbon dioxide blasting
and provide the theoretical basis for improving the blasting
effect of liquid carbon dioxide blasting technology.

2. Brief Introduction of Liquid Carbon Dioxide
Blasting Technology

2.1. Working Principle of Liquid Carbon Dioxide Fracturing
Device. The liquid carbon dioxide fracturing device used in
this experiment consists of a pneumatic valve, heating de-
vice, liquid storage pipe, energy-releasing sheet, sealing
gaskets, and a releasing pipe; its structure is shown in
Figure 1. The pneumatic valve is used to fill the liquid storage
pipe with liquid carbon dioxide. The heating device provides
the energy required to transform the liquid carbon dioxide.
The liquid storage pipe is used to store liquid carbon dioxide.
The energy-releasing sheet controls the maximum explosion
pressure of the device. The sealing gasket prevents the
leakage of carbon dioxide in the liquid storage pipe, and the
releasing pipe controls the release direction of carbon di-
oxide. When blasting, the heating device is detonated,
heating the liquid carbon dioxide; the liquid carbon dioxide
then becomes gasified, which increases the pressure in the
liquid storage pipe. When the pressure exceeds its maximum
shear strength, the energy-releasing sheet is destroyed,
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FiGuRre 1: Structural diagram of a liquid carbon dioxide fracturing
device. 1: pneumatic valve; 2: heating device; 3: liquid storage pipe;
4: energy-releasing sheet; 5: sealing gaskets; 6: releasing pipe.

quickly releasing the gasified carbon dioxide from the re-
leasing pipe towards the target rock.

2.2. Liquid Carbon Dioxide Filling System. The liquid carbon
dioxide filling system consists of a liquid carbon dioxide
storage tank, a filling control system, a filling bracket, and
a number of connecting pipes; its structure is shown in
Figure 2. The liquid carbon dioxide storage tank is used to
store liquid carbon dioxide. The filling control system
consists of a main switch, a console, a functional area, an
operating platform, and other components. The main switch
controls the opening and closing of the entire liquid carbon
dioxide filling system. The console can also be used to adjust
the filling pressure of the liquid carbon. The functional area
can be used to manipulate variables such as the filling speed
and the weighing filling quality. The operating platform
mainly controls the carbon dioxide filling operation. The
filling bracket is used to fix the liquid carbon dioxide
fracturing device and control its switch.

When filling, the first step is to open valve of the liquid
carbon dioxide storage tank (D and the valve of the filling
control system @; this drains the gasified carbon dioxide
from the storage tank and the filling system. The next step is
to open the valve of the filling bracket ® and the switch of
the fracturing device successively, naturally filling the device
with carbon dioxide. Valve ® is then closed and valve @ is
opened to clean the fracturing device. The filling process is
then initiated by closing valve ®, opening valve ®, and
pressing the start button. When the set pressure is reached,
the filling system is automatically turned off. The valves and
main switch of the liquid carbon dioxide filling system are
then closed to complete the process.

3. Liquid Carbon Dioxide Blasting
Experiment under Free Field Conditions

3.1. Experiment Equipment and Experiment Scheme

3.1.1. The Main Experiment Equipment. Two pieces of ex-
periment were used during the experiment, a liquid carbon
dioxide filling system and a dynamic data acquisition system;
these are shown in Figures 3 and 4, respectively. The dy-
namic data acquisition system consisted of a TST6200
transient signal tester manufactured by Chengdu Test
Electronic Information Co., Ltd., and piezoelectric pressure
sensors with different measuring ranges. The system can
collect the internal and external pressure signals of the liquid
carbon dioxide fracturing device throughout the process of
carbon dioxide blasting.
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FiGure 2: The liquid carbon dioxide filling system. A: console; B:
functional area; C: operating platform; D: main switch.

3.1.2. Experiment Scheme. In order to gather the internal
and external pressure signals accurately throughout the
entire process of liquid carbon dioxide blasting, three
pressure sensors with different measuring ranges were
placed inside and outside the blasting pipe for the du-
ration of the experiment. The trigger surface of pressure
sensor A was inserted into the fracturing device to
measure the internal explosion pressure. Pressure sensors
B and C were placed outside the fracturing device to
measure the external explosion pressure; each pressure
sensor was placed the same distance from the air outlet.
The arrangement of the pressure sensors and their pa-
rameters is shown in Figure 5 and Table 1, respectively. In
this experiment, the rated explosion pressure of the
energy-releasing sheet was 150 MPa, and the volume of
the fracturing device was 48 L.

3.1.3. Equipment Modification. Conventional liquid carbon
dioxide fracturing devices are sealed and self-contained,
making it impossible to put pressure sensor A in its desired
location. In order to measure the internal explosion
pressure, the authors redesigned the liquid carbon frac-
turing device so that the trigger of the sensor could be
placed into the interior of the fracturing device. A com-
parative diagram between the conventional fracturing
device and the restructured fracturing device is shown in
Figure 6.

In order to protect the fracturing devices, the pressure
sensors, and to prevent the fracturing device from
throwing during blasting, the authors specially designed
experimental equipment suitable for liquid carbon di-
oxide blasting at free field conditions; its structure is
shown in Figure 7 [28]. When blasting, the filled frac-
turing device is placed in the experimental equipment and
fixed by fastening screws, and the pressure sensors that are
used to collect the external explosion pressure of frac-
turing device are attached onto the fixed base and its
direction is oriented in a way that is consistent with the
outlet direction. The fixed experimental equipment is
shown in Figure 8.

3.2. Analysis of the Experiment Results

3.2.1. Analysis of the Explosion Pressure Variation in Frac-
turing Device. The explosion pressure signals were obtained
by the TST6200 transient signal tester and pressure sensor A.
These signals need to be filtered to take into account the
interference of the stray current, wire arrangement, and
other surrounding environmental influences. In this study,
a smoothing filter with 16 smooth points was used. After
being filtered, the explosion pressure variation of the frac-
turing device during the entire process of blasting was
obtained; it is shown in Figure 9.

Figure 9 shows that the explosion pressure in the
fracturing device increased rapidly after the liquid carbon
dioxide fracturing device detonated. When the explosion
pressure reached the maximum shear strength of the energy-
releasing sheet, the energy-releasing sheet was destroyed,
and the explosion pressure reached its peak at this point. The
explosion pressure then decreased rapidly, and the rate at
which the explosion pressure decreased is higher than the
rate at which it increased. The explosion pressure in the
fracturing device then started to gradually return to at-
mospheric pressure after the pressure had decreased to its
minimum value. In the entire process of liquid carbon di-
oxide blasting, the duration time from the start of gasifying
to full release was 116 ms, and the maximum explosion
pressure in fracturing device during this time was
104.62 MPa. The negative pressure zone formed in the later
stage of blasting, and the minimum negative pressure was
—12.33 MPa. The entire process of liquid carbon dioxide
blasting can be divided into three stages: gasification of
liquid carbon dioxide, carbon dioxide release, and the re-
covery of the negative pressure zone.

In order to better analyze the change law of explosion
pressure in fracturing device, curves were obtained showing
the change in explosion pressure during each of the three
stages. The duration time of the first stage, the gasification of
liquid carbon dioxide, was 70.04 ms. During this time, the
explosion pressure in the fracturing device varied with the
rule of “exponential increase followed by linear increase,”
the early growth rate in the former was much higher than
that of the latter. The explosion pressure reached half of its
maximum value in 20.3 ms, which is only two sevenths of the
liquid carbon dioxide phase transition time. The explosion
pressure in the fracturing device followed this rule because
the carbon dioxide is liquid, and the explosion pressure in
fracturing device is relatively small at the beginning of the
blasting process. After energizing the heating device, the
heating device generated heat and the liquid carbon dioxide
absorbed heat, the carbon dioxide molecule motion then
intensified, and the intermolecular spacing increased.
Therefore, the liquid carbon dioxide gasified rapidly, and the
explosion pressure in the fracturing device increased ex-
ponentially. When the explosion pressure in fracturing
device increased to a certain point, the heat provided by the
heating device had decreased, and the increase in the rate of
carbon dioxide molecular motion became relatively stable
under the high-pressure action, thus the explosion pres-
sure in the fracturing device increased steadily. When the
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FIGURE 3: Liquid carbon dioxide filling system.

FIGURE 4: TST6200 transient signal tester.

explosion pressure in fracturing device exceeded the shear
strength of the energy-releasing sheet, the energy-releasing
sheet was destroyed and the gasified carbon dioxide was
released at high speed.

The explosion pressure in the fracturing device de-
creased following the law of oscillatory decay during the
second stage, the stage of carbon dioxide release. This
means that the explosion pressure decreased rapidly first,
then rose again, and repeated several times like this after
the energy-releasing sheet was destroyed. There are five
peak points in the process of oscillatory decay, and the
value of the peak points decreased gradually. The carbon
dioxide began to be released at 70.04 ms and continued
until 116.44 ms, therefore the entire release time was
46.4 ms. After 9 ms of carbon dioxide release, the explosion
pressure in the fracturing device began to fall below 0 MPa.
When the pressure in the fracturing device reached its
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FIGUure 5: Diagram showing the placement of pressure sensors.

minimum, the explosion pressure in the fracturing device
began to parabolically grow and gradually return to the
level of atmospheric pressure. The test results also show
that the tested maximum explosion pressure in the frac-
turing device was less than the rated explosion pressure of
the energy-releasing sheet.
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TaBLE 1: The parameters of the three pressure sensors.

Serial number Type Range (MPa) Sensitivity (Pc/MPa) Intercept (pC) Nonlinear (%)
A MYD-8432C 250 49.077 -105.6 0.20
B(C) MYD-8432E 40 50.269 -75.3 0.11

(a)

F1GUure 6: Comparative diagram between the conventional fracturing device and the restructured fracturing device. (a) Conventional liquid
carbon dioxide fracturing device. (b) Restructured liquid carbon dioxide fracturing device.

3.2.2. Analysis of the Explosion Pressure Outside of the
Fracturing Device. The test results of pressure sensor C were
chosen to analyze the variation of explosion pressure outside
the fracturing device. Prior to analysis, the test results of the
pressure sensor C needed to be filtered. The smoothing filter
model with 32 filter points was chosen. Considering that
liquid carbon dioxide blasting technology mainly uses high-
pressure carbon dioxide, the stage during which the ex-
plosion pressure outside the fracturing device is greater than
0 MPa is defined as the liquid carbon dioxide blasting effect
stage. In order to better analyze this variation, the change
curve of explosion pressure for this stage was amplified; it is
shown in Figure 10.

The maximum explosion pressure outside the fracturing
device is 5.847 MPa, and the minimum explosion pressure is
—0.921 MPa (Figure 10). The liquid carbon dioxide blasting
effect stage lasted 45ms. Overall, the explosion pressure
outside the fracturing device increased first and then de-
clined, and the rate at which it increased was higher than that
at which it decreased. In the rising stage, the explosion
pressure increased exponentially until it reached its maxi-
mum. In the falling stage, the explosion pressure did not
decrease consistently; it rose again after falling to a certain
extent, before declining again. After repeating this pattern
several times, the explosion pressure continued to decrease
slowly. During the later period of the blasting, the negative
pressure zone would have formed in a certain area outside of
the fracturing device. After a period of time, this negative
pressure zone will disappear. This change law of the ex-
plosion pressure outside the fracturing device showed that
liquid carbon dioxide blasting technology mainly uses cyclic
impacts to work outside at the initial stage of the blasting
effect.

The results presented in this paper show that the ex-
plosion pressure inside and outside the blasting pipe de-
creased in an oscillatory fashion. This phenomenon is caused
by the outlet structure of the liquid carbon dioxide fracturing
device. After the energy-releasing sheet is destroyed, the
gasified carbon dioxide will move down at a certain velocity.
When the gasified carbon dioxide arrives at the outlet, some
of the carbon dioxide will exit the device, whereas some will
continue to move down into the lowest level of the device.
The explosion pressure in the blasting pipe is always

FIGURE 7: Structural diagram of experiment equipment. 1: support
bar; 2: pedestal; 3: backbone; 4: liquid carbon dioxide fracturing
device; 5: fastening screw; 6: fixed base; 7: pressure sensor; 8:
regulation orifice.

FiGure 8: The fixed experimental equipment.

decreasing during this process. When a fraction of the
carbon dioxide arrives at the lowest level of the device, the
gasified carbon dioxide will be subjected to a reaction from
the device. The motion of the gasified carbon dioxide will be
hindered, so the explosion pressure in the blasting pipe will
increase. After a time, this reaction weakens, and the velocity
of the gasified carbon dioxide increases again. Therefore, the
explosion pressure in the blasting pipe decreases again. This
process repeats several times, leading to the observed
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FiGure 10: The change curve of external explosion pressure during the liquid carbon dioxide blasting.

oscillatory decrease in pressure. Because the explosion
pressure outside the blasting pipe is controlled by the ex-
plosion pressure in the blasting pipe, it also decreases in an
oscillatory pattern.

4. Liquid Carbon Dioxide Rock
Breaking Experiment

4.1. Test Scheme for the Liquid Carbon Dioxide Rock
Breaking Experiment. In order to research the rock
breaking characteristics of liquid carbon dioxide blasting,
a sample target was prepared with dimensions of
500 mm x 500 mm x 400 mm. It consisted of a ratio of 1 part
325# Portland cement:1 part fine sand: 0.5 parts water. The
blasting hole had a diameter and length of 45mm and
200 mm, respectively. A structural diagram of the sample
and the finished sample is shown in Figure 11. The arrows
represent the jetting direction of the liquid carbon dioxide
fracturing device. The corresponding experiment samples
that were used to obtain the physical and mechanical
parameters of the exploded sample were made at same time
and have the same materials and proportions. After 28 days
of maintenance, the indoor rock mechanics experiments

| 500mm

400 mm

FIGURre 11: Structural diagram of the sample and image of the
finished sample.

were carried out to obtain the physical and mechanical
parameters of the exploded sample; these are shown in
Table 2.

4.2. The Analysis of Experiment Results. Figure 12 shows that,
after liquid carbon dioxide blasting, sample A3 suffered
three main fractures; all of them penetrated through to the
edges of the sample. Aside from these fractures, the hole wall
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TaBLE 2: The physical and mechanical parameters of the exploded sample.

Density Uniaxial compressive  Uniaxial tensile . . . . - o
(x10° e /m?) strength (MPa) strength (MPa) Poisson ratio  Elastic modulus (GPa) Cohesion (MPa) Friction angle (°)
1.878 27.7 2.47 0.234 2.01 7.023 7.35

()

FIGURE 12: The exploded A3 sample after liquid carbon dioxide blasting.

was largely intact, and there was no crushing area around the
hole. This is in contrast to the use of explosives, which will
form an obvious crushing area [29, 30]. These results in-
dicate that liquid carbon dioxide blasting technology could
fracture rock rather than crush rock and have a better
fracturing effect than explosives. The entire sample damage
surfaces were very smooth, showing that the failure mode of
the specimen was tensile failure. This is mainly because of
the effect of the high-pressure carbon dioxide gas on the
exploded sample instantaneously after detonation, which
resulted in the crack initiating and propagating. The carbon
dioxide gas could then quickly penetrate into the crack.
Under the “gas wedge effect” of carbon dioxide, the sample is
damaged by tension.

The hole wall after the blasting is shown in Figure 13.
This figure shows that the hole wall was largely undamaged
and retained its shape after the liquid carbon dioxide
blasting. However, the lower part of the hole wall, which was
adjacent to the outlet location of the liquid carbon dioxide
fracturing device, is relatively rough and has an obvious pit.
The pit is narrow and long, and its orientation is perpen-
dicular to the axial direction of the blasting. Its depth is
about 0.7 mm. At the bottom of the blasting hole, there was
a microcrack along the axial direction of blasting hole with
a length of 7cm. The trace of the microcrack is approxi-
mately straight, and there were no secondary microcracks in
the surrounding area. This phenomenon also shows that the
liquid carbon dioxide blasting technology has a good frac-
turing effect. The pit formed because the high-pressure
carbon dioxide was released at a speed of a few hundred
meters per second after blasting and formed into a gas jet,
under the impact of which the pit was formed.

The smooth conical block formed under the blasting hole
after blasting is shown in Figure 14, and the mechanism of its
formation is shown in Figure 15. The hole wall was subjected
to the repeated impact of high-pressure carbon dioxide, and
the torque in the corner of the blasting hole was at its

maximum. In addition, this part itself has obvious edges and
corners, so it was particularly easy to form stress concen-
tration. Under the dual action of these effects, the bottom of
the blasting hole was especially easy to fracture and form the
microcracks. The high-pressure carbon dioxide was then able
to invade into these microcracks and cause the stress con-
centration in the microcrack tip. Coupled with the “gas wedge
effect” of the high-pressure carbon dioxide, it appears that the
microcracks have further developed into the macro tensile
destroyed surfaces. Finally, the smooth conical block was
formed. The formation of the smooth conical block also shows
that the “gas wedge effect” of the high-pressure carbon di-
oxide plays a leading role in the rock breaking process.

5. Conclusion

(1) The entire process of liquid carbon dioxide blasting
can be viewed as having three stages: liquid gasifi-
cation of carbon dioxide, carbon dioxide release, and
the recovery of the negative pressure zone. The ex-
plosion pressure in the fracturing device varied
according to the law of “exponential followed by
linear increase,” “shock attenuation,” and “parabolic
growth,” respectively. The duration times of gasifi-
cation and the release of carbon dioxide were 70.04 ms
and 46.4 ms, respectively. The maximum explosion
pressure and the minimum explosion pressure were
104.62 MPa and —12.33 MPa, respectively.

(2) The duration time of the entire blasting effect stage
was about 45ms. During this time, the explosion
pressure outside the blasting pipe increased expo-
nentially and then attenuated in and oscillatory
fashion. The liquid carbon dioxide blasting tech-
nology mainly uses the cyclic impact created by this
oscillation to destroy the target object.

(3) The rock breaking characteristics of liquid carbon
dioxide blasting technology are characterized by
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F1GURE 13: The hole wall after liquid carbon dioxide blasting.

FIGURE 14: The smooth conical block after liquid carbon dioxide blasting.

(a)

Hole wall
P
(b)

(c) (d)

F1Gure 15: The formation mechanism of the smooth conical block. (a) Stress concentration. (b) Initiation of microcrack. (c) Development of

microcrack. (d) Formation of conical block.

fracturing without crushing and jet impingement.
The failure modes of the test specimens were mainly
tensile failure and the “gas wedge effect.” High-
pressure carbon dioxide plays a leading role in the
rock breaking process of liquid carbon dioxide
blasting technology.
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