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Abstract: As a non-explosive low-disturbance rock breaking technology, carbon dioxide phase transi-
tion blasting (CDPTB) is widely used in rock breaking projects such as pressure relief and permeability
enhancement in coal mines, open-pit mining, road subgrade excavation, foundation pit excavation,
etc. In this paper, the principle and equipment of CDPTB are systematically analyzed, and the charac-
teristics of a reusable fracturing tube and disposable fracturing tube are determined. Different energy
calculation methods are analyzed to determine the magnitude or equivalent explosive equivalent of
CDPTB. According to the characteristics of impact stress wave and high-pressure gas, the cracking
mechanism of CDPTB is proposed. Under the action of medium-impact stress, rock mass will produce
multi-point cracking, and high-pressure gas will produce a gas wedge effect in the initial fracture,
which determines the comprehensive action path of the stress wave and high-pressure gas. In terms
of fracture characteristics, the fractal method is used to evaluate the macroscopic crack and fragment,
microscopic fracture and pore characteristics. In terms of vibration characteristics, the attenuation law
of CDPTB vibration with distance is statistically analyzed, and the Hilbert-Huang transform method
is used to analyze the time—frequency characteristics of CDPTB. This rock breaking technology can
be widely used in different projects, and the existing problems and future challenges are put forward.

Keywords: carbon dioxide phase transition blasting; fracture mechanism; fracture characteristics;
rock fracture

1. Introduction

Rock breaking technology is widely used in coal, metallurgy, petroleum, natural gas,
hydropower, transportation and other industrial projects. Explosive blasting is the most
basic and common means of breaking rock. When an explosive explodes, it releases a lot
of heat and produces high-temperature and high-pressure gas, which destroys, throws
and compresses the surrounding materials. Due to the violent chemical changes in the
explosion process, the most common safety concerns and undesirable side effects include
ground vibrations, flyrock, noise, premature explosion and air/dust pollution [1]. More-
over, with the gradual deepening of environmental protection, labor protection policies,
and requirements for safe and efficient production, the use conditions of explosives are
more and more strictly restricted under certain engineering scopes or conditions. For
example, in China the coal mine safety regulations prohibit the use of explosives in the
mining affected area. In addition, explosive blasting is also prohibited in the surrounding
areas of some urban residential areas, adjacent to traffic trunk lines, urban tunnels and
subways, and subgrade rock excavation [2,3]. Using non-explosive blasting technology to
replace traditional blasting is required for construction safety, environmental protection
and actual production, which has a good development prospect. Significant progress has
been made in non-explosive rock breaking techniques such as thermal, chemical, hydraulic
and electrohydrodynamic, which hold considerable promise for being environmentally
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friendly as well as being cost-effective [4]. Among them, the carbon dioxide phase tran-
sition blasting (CDPTB) technology has the characteristics of good safety, low blasting
vibration, low environmental pollution, controllable energy and simple operation [5], and
has been widely used in rock breaking projects such as pressure relief and permeability
enhancement in coal mines, open-pit mining, road subgrade excavation, foundation pit
excavation, etc. [6,7], which has played an important role in promoting the progress of
blasting technology and improving the intrinsic safety of blasting and the level of social
public safety.

CDPTB is a non-explosive low-disturbance rock breaking technology. The carbon
dioxide is enclosed in a special blasting tube and is rapidly transformed into a gaseous
state by high heat excitation, resulting in a powerful expansion energy and a rapid release
of high-pressure gas to create a tensile stress field in the rock, so as to achieve the effect of
fracturing the rock mass. This technology originated from Cardox technology in Europe
and America in 1914, and was first applied to the mining of highly gassy coal seams.
It was widely used in the United States, Britain and Canada, and was praised as the
most famous technical invention in the field of coal mines by the United States Bureau of
Mines [8,9]. According to statistics, in the 1940s, CDPTB produced 25% of the coal output
of underground mines in the United States, with annual blasting volumes once reaching
as high as 2.8 million blasts [10]. With the continuous development of mechanized coal
mining technology and related integrated mining equipment, the technology has been
gradually withdrawn from the coal mining industry and gradually shifted to urban earth
and rock blasting and cement industry to clear blockages, etc. At this stage, the technology
is applied in more than 100 countries in total [11]. CDPTB technology was introduced to
China in the 1990s, and coal mining trials were conducted at the beginning of the 21st
century in coal mining faces of high-gas mines in China. The feasibility of applying this
technology to mine gas control is found through relevant practice [12]. Since 2012, this
technology has been widely applied to mine methane control in different mines [11]. After
2014, it was expanded from underground mines to open-pit mines, and was applied to
open-pit rock blasting projects such as mines, roads and foundation pits.

At present, although CDPTB technology has been widely used, there is a lack of
theoretical research and relevant specifications, resulting in certain difficulties in large-
scale promotion and application. In order to promote the application and expansion of
CDPTB, this paper systematically analyses the principles of CDPTB and its equipment, and
determines the method of calculating blasting energy, with reference to the current situation
of CDPTB research. Based on the characteristics of CDPTB impact stress waves and high-
pressure gas, the fracture mechanism of CDPTB is proposed, and the characteristics of
rock breaking under the combined effect of medium-impact stress and high-pressure gas
are revealed. In terms of fracture characteristics, the fractal method is used to evaluate
the macroscopic crack and fragment, microscopic fracture and pore characteristics. In
terms of vibration characteristics, the attenuation law of CDPTB vibration with distance
is statistically analyzed, and the Hilbert-Huang transform method is used to analyze the
time—frequency characteristics of CDPTB. This rock breaking technology can be widely
used in different projects, and the existing problems and future challenges are put forward.

2. Carbon Dioxide Phase Transition Blasting Technology
2.1. Principle of Carbon Dioxide Phase Transition Blasting

CDPTB is a non-explosive blasting technology, which uses the rapid expansion charac-
teristics of liquid carbon dioxide during phase change to apply energy to the surrounding
medium to achieve the effect of blasting. The whole process is a physical change and is
safe because it does not involve high temperatures, open flames or harmful gases as in tra-
ditional blasting. CDPTB uses a blasting cylinder, which consists of a filling head, a heating
element, a storage tube, a shear rupture disc and a releasing head. The principle of CDPTB
is shown in Figure 1. Liquid carbon dioxide is poured into the storage tube using the filling
equipment. When an electric current is passed through the heating element, it heats the
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carbon dioxide gas in the storage tube. With the increase in temperature, carbon dioxide
begins to vaporize rapidly, and its volume expands more than 660 times, and the pressure
in the liquid storage pipe increases sharply. When the pressure exceeds the strength of
the shear rupture disc, the high-pressure carbon dioxide ruptures the disc and is ejected
through the releasing head. The high-pressure gas acts directly in the surrounding solid
medium, causing the medium to destroy and invade its cracks, producing a wider range of
cracks, and producing less vibration and sound. The storage tube can be recycled at the
end of the blasting task to complete the CO, filling and blasting process again. Depending
on the parameters of the blast, blasting tubes of different lengths, diameters and sizes can
be selected to meet the practical requirements of the site.
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Figure 1. Principle of carbon dioxide phase transition blasting.

According to the principle of CDPTB, it is clear that this technology has the following
characteristics.

(1) Good safety. All of the carbon dioxide is enclosed in a fixed container, and its
initiation method is to activate the heating element by electricity, which does not produce
an open flame to cause gas explosions and other accidents. At the same time, ordinary vi-
bration and impact cannot cause explosion. It has high safety in the storage, transportation,
use and management of blasting equipment.

(2) Environmentally friendly. Compared with the traditional explosive blasting,
CDPTB will not produce toxic and harmful gas and smoke during the whole process.
Carbon dioxide can effectively absorb the nearby temperature and reduce the ambient
temperature while expanding to do work.

(3) Good controllability. The explosion pressure of carbon dioxide phase change
is determined by the strength of the shear rupture disc. The explosion energy can be
reasonably controlled by changing the specification of the disc. At the same time, the
high-pressure carbon dioxide generated after blasting is applied to the surrounding media
through the releasing head. The main blasting direction of CDPTB can be controlled by the
number of holes on the releasing head. Precise control of blasting energy and direction can
be achieved according to site requirements.

2.2. Carbon Dioxide Phase Transition Blasting Equipment

The storage tube is the main device for phase change blasting and can be divided into
reusable fracturing tubes and disposable fracturing tubes, depending on the form of the
storage tube and the form of gas release (as shown in Figure 2). The reusable fracturing
tube uses a steel tube with a thicker wall (10 mm or more) as the storage tube, and the
high-pressure gas inside the tube is released through a shear rupture disc at the bottom
of the tube. The disposable fracturing tube has a thin wall (1.5 mm) and is reinforced by
a tube plate process. The welded seam on the side of the tube is a carbon dioxide release
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channel [13], where the carbon dioxide gas is released from the side of the tube rather than
from the bottom of the tube. This gas release method also helps to eliminate the “flying
tube” problem, and makes the gas expansion pressure more evenly used on the blast hole
wall. Although the two forms are different in structure, the principles of operation are
similar [3].
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Figure 2. Structure diagram and jet characteristics of different phase change blasting devices.

The traditional CDPTB mostly uses the reusable fracturing tube, which can be divided
into a filling head, a heating element, a storage tube, a shear rupture disc and a releasing
head. The structure is shown in Figure 3. The filling head contains a liquid filling valve and
an ignition head, the liquid filling valve is used to re-fill the CO, after each blast and the
ignition head electrode is connected to the external wire to heat the heat pipe. The heating
element is filled with chemical substances. During blasting, the ignition head electrode
is energized to produce heat that causes the chemicals to react rapidly, releasing a large
amount of heat and causing the carbon dioxide to vaporize rapidly. The shear rupture disc
is mainly used to control the blasting pressure during CDPTB. Once the pressure of the
vaporized carbon dioxide exceeds the strength of the bursting disc, the bursting disc will be
damaged and the gas will be released. Generally, a shear type bursting disc is used, which
is simple in structure and easy to install. To ensure the sealing effect, a gasket is added
between the disc and the main body of the storage tube to play a sealing role. The releasing
head is a carbon dioxide release channel with venting holes for controlling the gas release
method. Depending on the requirements, the releasing head can be set up with different
shapes of venting holes. The storage tube is the main body of the CDPTB device, which is
used to contain high-pressure carbon dioxide.

e

Filling head Heating element Shear rupture disc |

Releasing head

Figure 3. Carbon dioxide phase transition blasting equipment.
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2.3. Energy Characteristics of Carbon Dioxide Phase Transition Blasting

The energy density of CDPTB is less than that of a dense chemical explosive. Accurate
calculations of CDPTB energy are essential for assessment of blasting effectiveness and
quantification of blasting capacity.

The calculation of CDPTB energy includes using compressed gas and water vapor con-
tainers to calculate blasting energy, using jet velocity to calculate blasting energy, using the
volume of gaseous explosion products to calculate blasting energy, using blasting vibration
equivalent explosion energy and using a real state equation to calculate blasting energy.

(1) Calculation formula of explosion energy by using compressed gas and water vapor

containers [14]:
K-1
P\ K
1- (Pl) ] M

where: E is the gas explosion energy, kJ; P is the absolute pressure of the gas in the reservoir,
MPa; P, is the absolute pressure of the external environment, taken as 0.101325 MPa; V is
the volume of the reservoir, m3; K is the adiabatic index of CO,, taken as 1.295.

This formula is derived from the ideal gas equation of state and is applicable to
medium- and low-pressure conditions. When CO; is near the critical point or the pressure
is large, the error of the ideal gas equation of state is large, and the method does not
consider the part of explosion energy converted into a shock wave, so the calculation result
is often small.

(2) Calculation formula of explosion energy by using jet velocity [10]:

1,k p(p\"

PV
E=_1"
K—4

where: v is the outlet velocity of the bursting disc, m/s, p is the density in the container.

The formula mainly determines the value of explosion energy by the speed, while
the pressure has little influence on the explosion energy. Moreover, the formula does not
consider the influence of volume and mass on the explosion energy, so there is a large
error [15].

(3) Calculation formula of explosion energy by using the volume of gaseous explosion
products [16].

The volume of gaseous explosion products is a fundamental property of explosives
that directly determines their fracturing ability. The volume of high-pressure gas produced
by the phase change of liquid carbon dioxide is the basic characteristic of this technology,
which is equivalent to the volume of gaseous explosive explosion products. The analysis
and comparison of gas volume produced by an explosive explosion and CDPTB is of great
significance to the calculation and verification of a CDPTB equivalent.

_ QWrnt

E
QrNT

, ®)
where: Q is the volume of gaseous explosion products of CDPTB, Qryr is the volume of
gaseous explosion products of TNT explosive and Wyt is the explosive energy of unit
TNT explosive.

In the standard state, 509 L high-pressure gas is generated after 1 kg liquid carbon
dioxide phase change, and 740 L explosive gas is generated after 1 kg TNT explosive
explosion. From the calculation of the phase change equivalent of liquid carbon dioxide,
it is known that 1 kg of liquid carbon dioxide phase change equivalent is 397 g of TNT
explosive [16].

(4) Calculation formula of explosion energy by using blasting vibration [17].

As the external manifestation of the explosion energy, the vibration can also approxi-
mately reflect the total energy of the explosion source. A comparative analysis of the shock
wave formed by CDPTB and the shock wave formed by the explosion of a certain amount
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of TNT is used to determine a reasonable calculation method from the energy point of
view using the wavelet analysis principle. The phase change equivalent of 1 kg liquid
carbon dioxide is calculated to be 430 g TNT explosive through the analysis of the RMS
amplitude of explosive vibration wave. From the perspective of spectrum energy analysis,
the equivalent of phase change of 1 kg liquid carbon dioxide is 380 g TNT explosive.

RMS

E=———"

WrNT, 4)

where RMS is the root mean square amplitude of the of explosive vibration wave.

(5) Calculation formula of explosion energy by using a real state equation.

The Span and Wagner equation of state is an empirical formula obtained by reviewing a
large amount of previous useful data on the thermodynamic characteristics of CO,. It covers
the calculation of the thermodynamic characteristics of CO; fluid from the three-phase
point temperature of 1100 k within the pressure range of 0~800 MPa, with high accuracy.

The equation of state is the basic equation expressed by the Helmholtz free energy
formula, including two independent variables, density p and temperature T. All thermody-
namic properties can be obtained by the derivation of this basic equation.

The Span and Wagner equation of state equation is given by

2
E= /1 pdV, 5)

where: V is the volume of the material expansion body, and p is the corresponding pressure.

According to the theory of explosion thermodynamics, the increase in the system
Helmbholtz free energy reflects the accumulation of energy and the magnitude of the system
explosion energy. The explosion energy equation can be expressed as follows.

2
E= / pdV = —AA = Aj — Ay = R(&1 Ty — 22T0), ©)
1

where the subscript “1” represents the state at the peak temperature point in the tube, and the
subscript “2” represents the state when the high-pressure gas is released to the atmosphere.
The magnitude of the blast energy is approximately equal to the reduction in the
Helmholtz free energy of the system. Therefore, it is only necessary to measure the density
p1 and temperature T; of the CO; in the blast tube before the blast, and the energy of the
phase change blast can be calculated by combining Equations (4) and (6).
The different CDPTB energies are calculated as shown in Table 1.

Table 1. Calculation method of CDPTB energy.

Calculation Calculation CO; Blasting Ener . .
Principle Formula per Unit l\/;gass/K]gy TNT Equivalent/g Evaluation
It is widely used, the parameters are
easy to obtain, the calculation is simple,
Compressed gas 90.6 the calculation result of explosion
and water Formula (1) 385.1~1256.4 N29'5 6 energy is small, the influence of
vapor containers ' temperature on explosion energy is not
considered and the influence of volume
on explosion energy is large.
1322 The influence of volume and mass on
Jet velocity Formula (2) 562.8~641.3 15 0 6 explosion energy is not considered, so

there is a large error.
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Table 1. Cont.

Calculation Calculation CO; Blasting Energy . .
Principle Formula per Unit Mass/K] TNT Equivalent/g Evaluation
The volume of gaseous explosion
Volume of roducts is affected by factors such as
gaseous explosion Formula (3) 1687.3 397.0 P ) . y
explosive ratio, and the result may not
products b
e very accurate.
380.0 The indirect test of blasting vibration
Blasting vibration Formula (4) 1615~2827.5 B 436 0 requires on-site blasting test, with
' large quantities.
The thermodynamic characteristic of
Real state Formula (5) 327 3-1250 77.0 CO, is a real equation of state, with high
equation Formula (6) ’ ~294.1 calculation accuracy and

complex calculation.

There are many factors affecting CDPTB, and the models and standards of differ-
ent manufacturers are not uniform. The theoretical calculation is only for reference.
The statistical distribution of blasting energy under different CDPTB modes is shown
in Figure 4 [18-25]. Due to the differences in standards and methods, the CDPTB energy
values are different, but the overall distribution is normal. The single tube blasting energy
is concentrated between 500 and 1000 KJ, and some of the energy values are higher, around
2500 KJ. After the statistics of different phase change blasting energies, it can be obtained
that the average value of single tube energy is 1018.3 KJ, and the median value is 904 K]J.
The average value of phase change blasting energy per unit mass of carbon dioxide is
825.5 KJ, and the median value is 618.3 KJ.

3000 -
2500 -

2000

Energy/KJ
&
8

1000

median values
500 -

Single tube energy Energy per unit mass of CO,
Figure 4. CDPTB energy distribution.

3. Fracture Mechanism of Carbon Dioxide Phase Transition Blasting
3.1. CDPTB Stress Wave Characteristics

The impact stress peak value and impact rate produced by different fracturing meth-
ods lead to different dynamic loads on the surrounding media. However, coal and rock
materials have significant strain dependence. When the strain rate increases, the strength
and hardening index of the materials will also increase. According to the different mag-
nitudes of strain rate, the loaded strain rate is divided into static or creep (<10’5 s’l),
quasi-static or low strain rate (1072 s 1~1071s71), dynamic (1072 s71~1071 s71) (divided
into medium strain rate (107! s71~102 s7!) and high strain rate (102 s71~10* s71)) and
super dynamic (>10* s71) [26,27]. As shown in Figure 5, the commonly used rock breaking
methods are in the quasi-static or dynamic stage.



Processes 2022, 10, 2434

8 of 28
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Figure 5. Strain rate classification characteristics and fracture mode distribution.

The traditional blasting method is that the explosive produces rapid and violent chem-
ical changes, and the high-energy and high-speed detonation wave acts on the surrounding
medium. The action energy is large, the detonation pressure can reach 10 GPa, the deto-
nation speed is 3000~4000 m/s [11], the propagation speed is fast and the action time is
short. Compared with blasting, CDPTB is a physical change that uses the expansion energy
generated by the phase change of carbon dioxide. Its stress wave propagation speed is small
(only about 1/10 of blasting), and the peak impact stress is much smaller than blasting.
Hydraulic fracturing uses the action of high-pressure water in the borehole to pressure the
medium, which has a longer duration of action and lower pressure. It can be regarded
as a quasi-static process. The pressure characteristics of the different fracturing methods
are shown in Table 2, and their pressure time history curves are shown in Figure 6 [28,29].
Based on the different impact stress characteristics and the dynamic strain rate range they
are in, blasting fracturing, CDPTB fracturing and hydraulic fracturing are identified as
high-stress rapid-impact, medium-impact and quasi-static impact, respectively.

Table 2. Technical parameters of different fracturing methods.

. . Peak Pressure Loading Rate .
Type Rise Time (s) (Mpa) (Mpals) Total Times (s)
Blasting 1077 10* >108 10-°
CDPTB fracturing 1073 102 10%~10° 1072
Hydraulic fracturing 102 10 <1071 10*
L
a
4]
o Blasting
(high stress rapid impact)
CDPTB fracturing
¢+~ < (medium impact)
’ AN
‘ N . .
S Hydraulic fracturing
S (quasi-static impact)
1 ~
1 N
I, = -
Time

Figure 6. Pressure time history curve of different fracturing methods.

3.2. Mechanism of Fracture Initiation by Impact Stress Waves

The medium around the fracturing borehole is subjected to the external original in
situ stress and the impact pressure P inside the borehole. As shown in Figure 7, the stress
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of the medium around the borehole can be obtained by superposition of the two stress
characteristics [30].

2 2 2 4
= BP+ 31+ 1)(1-8) - 1 —-1)(1- 458 +35) cos26
o=8pP- M+ )1+ 8) - -0)(1438)0s20 , )
T = 51 (1—- 1) (1425 — 35 ) cos 26

where: 0, is the radial stress, Pa; 0y is the tangential stress, Pa; 7,9 is the shear stress, Pa; 6
is the horizontal angle of the point, °; A is the horizontal lateral pressure coefficient; H is
the burial depth of rock mass; 7 is the average unit weight of rock stratum, N/m3; R is the
radius of the crack hole, m; P is the impact pressure, Pa; r is the distance from the point to
the center of the borehole, m.

" l J 111 l l‘"” Vertical stress

| . | Or.082)«

ropd —_— . [0 I —

Horizontal stress

Burst pressure [ 3 W t 4 I I }

Figure 7. Stress analysis of borehole.

The stress characteristics around the borehole under hydrostatic pressure are plotted
in Figure 8 according to Equation (7). The radial stresses generated by the impact stress
and the ground stress have the same direction to play a superposition role. The medium
around the fracture hole bears a large compressive stress. The tangential stress produced
by impact stress and in situ stress acts on the contrary to weaken them. However, due
to the large impact stress value and rapid attenuation, the tensile stress is applied to the
place near the fracture. With the increase in the distance, the tensile stress value gradually
decreases and gradually converts to the compressive stress.

(a) Radial stress under hydrostatic (b) Tangential stress under hydrostatic
pressure pressure

Figure 8. Stress characteristics around blasting holes.
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When the blasting hole is at the limit of the lateral pressure coefficient of 0, the blasting
hole is only subjected to the compressive stress in the vertical direction, but not the force in
the horizontal direction. The shear stress as shown in Figure 9c is generated in the direction
of 45° above the borehole.

[

. g,

(a) Radial stress

(b) Tangential stress (c) Shear stress
Figure 9. Stress characteristics around blasting borehole when lateral pressure coefficient is 0.

Under the combined action of the initial in situ stress and the impact load of CDPTB,
the radial compressive stress and the tangential tensile stress are formed around the blasting
borehole. The initial stress of the rock stratum has no effect on the radial compressive stress
at the boundary, but plays a part in attenuating the tangential tensile stress at the boundary.
However, because the stresses generated by CDPTB are numerically larger than the initial
stresses, the tangential tensile stresses are mainly present around the blasting borehole. The
tensile strength of coal or rock mass is far less than the compressive strength. The coal or
rock mass around the borehole is subject to tangential tension. When the stress exceeds its
tensile strength, the coal and rock mass will produce an initial fracture.

When the material is subjected to drastic changes in impact loading, the dynamic
changes in the material are often accompanied by multiple damage generation because the
time required for the material damage evolution process is comparable to the loading time
and the stress wave propagation time [31]. The medium around the borehole is subjected to
radial compressive stress and tangential tensile stress. When the stress exceeds its strength,
a fracture occurs around the borehole. According to Mott theory [32], after the fracture is
generated, an unloading wave will be generated around the fracture and propagate to the
surroundings. The propagation of the unloading wave can effectively release the stress.
In other words, even if the area where the unloading wave propagates is affected by the
impact stress, the unloading will occur, and no new fracture will occur. The fracture can
only occur in the area not affected by the unloading wave.

The propagation velocity of the unloading wave in CDPTB is related to the properties
and motion parameters of the material itself. For the same material, the characteristic of
crack initiation around the borehole under different impact characteristics is shown in
Figure 10. According to the initiation mechanism and final state of impact fracture, the
damage caused by different impacts can be divided into three different paths: (D) high-stress
rapid impact (I — II); @) quasi-static action (I — III — IV); @) medium impact (I — IIl = V
— VI — VII — VIII).
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(b) Crack initiation process of CDPTB
Figure 10. Initiation mechanism of phase change impact stress.

(@ The core of different fracture forms is the difference of shock wave propagation
rate and stress peak. When the impact stress is large and the rate is fast, the stress directly
exceeds its compressive strength, and the coal body is compressed and destroyed. At the
same time, the impact rate is fast, and the coal rock body is completely destroyed before the
unloading wave is fully formed. The unloading wave cannot form an effective unloading
effect (I — II), and a crushing fracture zone is formed around the borehole.

@ As the peak value of impact stress decreases, the dynamic compressive strength of
coal or rock mass cannot be reached. However, when the tangential stress is greater than
the tensile strength, the coal body will produce an initial fracture (A, B) under the action of
the tangential tensile stress formed by the impact stress. After the initial fracture occurs, the
unloading wave propagates from the fracture to the surroundings (I — III). If the impact
stress rate is slow, the unloading wave is transmitted to the whole area, the coal body is
effectively unloaded and no new fracture will occur under the action of the internal stress
in the borehole, and finally a single fracture (I — III — IV) will be formed.

® If the impact velocity is between the above two conditions, after the initial fracture
(I — III) occurs, the impact wave will continue to act on the surrounding medium. The
shock wave propagates faster than the unloading wave, and new fracture (C, D) points
(I = III — V) are generated in the area where the unloading wave does not arrive due to the
tensile stress. The new fracture continues to produce unloading waves (I — III — V — VI).
The new fracture (E, F) points will still be produced (I — III - V — VI — VII) until
the unloading wave propagates to the whole region. Under the interaction of the cyclic
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unloading wave and shock wave, the coal or rock mass finally forms multiple fracture
forms, and multiple fracture initiation points are formed around the borehole.

3.3. Fracture Propagation Mechanism of High-Pressure Gas

The rock mass will produce an initial fracture under the action of the CDPTB stress
wave, and the high-pressure carbon dioxide after phase change will produce a gas wedge
effect along the fracture. The initial fracture continues to expand under the action of high-
pressure gas, producing a large range of extended radial fractures in the coal rock body and
forming a fracture extension area. The initial crack expands under the quasi-static action of
high-pressure gas, which belongs to type I crack. When the stress intensity factor K; at the
crack tip is greater than the fracture toughness Kjc of coal and rock mass, the crack will
continue to develop. When the stress intensity factor is less than the fracture toughness,
the fracture of CDPTB stops expanding and the final fracture state is formed.

Under the action of the stress wave, it is assumed that N initial cracks with an average
radius of 7, are generated along the borehole wall. The hole center is located at the origin of
polar coordinates, and the distributed pressure on the crack surface of rock mass is given by
P(r). By using the two-dimensional axisymmetric plane strain mechanical model (Figure 11)
to study the blasting problem in infinite rock mass, the dynamic propagation model of
plane wedge crack under a quasi-static state of high-pressure carbon dioxide gas can be
obtained. The stress intensity factor at the crack tip is as follows [33]:

_ —P(ra) [7r§ + (ro + ra)h(ra)]
K; = 7'[7‘% T (ro £ ra)h(r) 47rr. (8)

TTTTTTTTTTmTTTTHTFH .
llllllllll\_"/ﬂlluuu N

Figure 11. Dynamic propagation model of planar wedge cracks in infinite rock mass.

The fracture mechanism of CDPTB is shown in Figure 12. According to the action
principle and action stage, the process of CDPTB can be divided into two different stages:
the initiation of the impact stress wave and the expansion of high-pressure gas. The energy
source of these two stages is from the rapid phase change of carbon dioxide. Firstly, the
impact stress acts around the borehole, generating radial compressive stress and tangential
tensile stress around the borehole. Since the tensile strength of rock materials is far less
than the compressive strength, and the peak impact stress generated by phase change is
between the dynamic compressive strength and tensile strength of the rock mass, the rock
mass around the borehole generates a tensile fracture, forming the initial fracture of phase
change blasting, and generating a corresponding unloading wave at the fracture. Outside
the region where the unloading wave does not propagate, the impact stress continues to
generate new tensile fractures. At the time of CDPTB, the coupling effect of the shock
wave and unloading wave causes multiple initial fractures around the borehole. The high-
pressure gas generated after the carbon dioxide phase change fills the whole fracture. The
high-pressure gas acts around the fracture, making the stress intensity factor at the crack
tip greater than the fracture toughness of the rock mass, and the fracture expands. When
the fracture expands to a certain range, the gas pressure does not decrease enough to drive
the fracture expansion, and finally the rock mass is broken.
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Figure 12. Fracture mechanism of carbon dioxide phase transition blasting.

4. Fracture Characteristics of Carbon Dioxide Phase Transition Blasting
4.1. Overall Characteristics of CDPTB Cracks

In conventional explosive blasting, most of the energy is consumed in the form of
shock waves within a range of twice the radius of the blast hole, in which a rock crushing
zone is formed. The fracture zone is formed under the joint action of the stress wave and
explosive gas. CDPTB forms a medium-impact force and expansion static pressure in the
blast hole. The rock mass is cracked and broken along the natural microcracks under the
medium impact, and the radial and circumferential cracks are formed under the expansion
static pressure. The rock mass is cut into blocks to form a fracture zone, so as to achieve the
purpose of fracturing, as shown in Figure 13. The impact stress during CDPTB is low and
there will be no strong shock wave and rock crushing zone similar to blasting. Only the
initial crack is formed in the rock mass around the blast hole and the initial crack extends
and expands to the rock mass around the blast hole under the expansion static pressure, so
as to achieve the purpose of breaking the rock. Therefore, CDPTB often produces multiple
cracks. When the strength of rock mass is weak, CDPTB will also produce a small fracture
zone around the borehole, but its range is far smaller than that of explosive blasting, which
greatly improves the utilization rate of rock breaking energy.

Relevant scholars conducted CDPTB [34-37], and studied the cracks through pre-
fabricated concrete test blocks or primary coal samples. The characteristics of fracture
distribution are shown in Figure 13. After the rock mass is broken, 3~8 different fractures
will be formed around the borehole, and the concrete block will be divided into several
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pieces. A small fracture zone is generated in the center of some sample holes, and impact

pits are formed on the sample surface.
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Figure 13. Overall characteristics of CDPTB cracks. (a) Schematic diagram of CDPTB fracture
characteristics; (b) Experimental result from Bai [34]; (c) Experimental result from Shang et al. [35];

(d) Experimental result from Yang et al. [36]; (e) Experimental result from Shang et al.[37].

4.2. Macroscopic Fracture Characteristics of CDPTB

A large number of fissures are formed after the fracturing of coal body, and it is
impossible to quantitatively describe the exact location, angle and form of each fissure



Processes 2022, 10, 2434

15 of 28

due to different reasons of fissure formation and complex distribution. Therefore, it is an
effective way to establish a reasonable evaluation system of coal fracture and determine
a reasonable evaluation target. The fractures produced by a specific way often have self-
similarity. Relevant scholars [38,39] introduced the fractal theory into the fracture analysis
of coal and rock mass, and achieved good results.

Fractal geometry is the science of self-similarity and infinitely detailed images, which
can be used to describe irregular phenomena in nature and help to uncover the mechanisms
contained within them. The fractal dimension is the basic parameter for the quantitative
characterization of fractals, and the calculation of the fractal dimension mainly includes
the information dimension, similarity dimension, box counting dimension and Hausdorff
dimension. As the calculation of box dimension is simple and can effectively reflect the
distribution characteristics of the study subject, it is widely used. The calculation of fracture
distribution characteristics of CDPTB is shown in Figure 14. The fracture expansion area
is divided into square boxes with side length J;. By calculating the number of boxes
containing fractures, if the fracture shows a fractal pattern, the fracture box dimension is
as follows.

pet )

where: D is the fractal dimension of the fracture; J is the decreasing sequence of box size;
Ny is the number of boxes containing cracks.
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Figure 14. Schematic diagram of fractal box dimension calculation principle.

The fractal dimension of CDPTB crack shape is calculated by using the FracLab toolbox
in MATLAB. The fracture characteristics of CDPTB are determined by numerical simulation,
and the fractal box dimension is calculated, as shown in Figure 15. CDPTB acts on the coal
body, resulting in different lengths of cracks from the middle of the borehole to the outside.
Due to the small width of the fissures and the tendency of radial expansion, the coal body
is split into larger coal seam blocks by CDPTB. Multiple radial fractures are formed in the
radial direction of the borehole due to the concentration of blasting energy at locations
near the blast hole. With the decay of blasting stress in the coal body and the energy
consumption of the fracturing coal body, the energy generated by CDPTB only continues to
drive some of the multiple fractures to expand and form the main fractures through the coal
body beyond a certain range from the borehole. The fractures produced by CDPTB have
good fractal characteristics, and the fitted data points show a linear distribution. CDPTB
produces a wide number and range of multiple fractures with a fractal box dimension
of 1.78.
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Figure 15. Distribution and fractal characteristics of CDPTB fractures.

At present, the G-G-S distribution or R-R distribution is generally used to describe
the distribution of the block in the study of the degree of blast fragmentation. Since the
mass of the block is proportional to the block size, the mass distribution of the block can be
described by the G-G-S distribution. As shown in Figure 16, the fractal dimension can be
obtained by counting the mass distribution of the block after CDPTB [40].
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Figure 16. Block distribution and fractal characteristics of CDPTB sample [40].

In the field test of CDPTB, the method of “UAV camera shooting + image processing”
is adopted to quickly obtain the distribution characteristics of blasting blocks, and the
images before and after CDPTB are compared and analyzed to comprehensively evaluate
the fracturing effect [41]. The image is pre-processed by using the mean filtering method,
and then the image is binarized. The images are divided into two classes according to their
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grayscale features, and the optimal threshold is determined according to the separation of
intra-class variance and inter-class variance. The final image is shown in Figure 17b. The
volume of the fractured rock mass by CDPTB can be obtained by transforming the projected
area. The fractured rock masses are statistically self-similar in both geometry and fractal
distribution. The fractal description of the rock fracture process is as follows: the rock mass
will be initially broken into a limited number of blocks with similar shapes; under the load
condition, some of the blocks will be decomposed into sub-blocks with a similar shape to
the original rock mass; some sub-blocks will be further broken into smaller stones with
similar shapes; each repetition of this process will result in smaller blocks. Figure 17c shows
the screening percentage and fractal value of phase change blasting cracked rock mass. It is
shown through numerous experiments that different CDPTB parameters produce better
fractal characteristics, and the higher the percentage of small-sized fragments after rock
fragmentation, the larger the fractal dimension.

(a) Original imAagé (b) Processed image
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Figure 17. Distribution and fractal characteristics of CDPTB cracked blocks [41].

4.3. Microcosmic Fracture Characteristics of CDPTB

CDPTB is widely used in pressure relief and permeability enhancement of high-gas
coal seams. The pore structure state of coal seams determines the enrichment and free
state of gas. CDPTB changes the pore structure of coal and rock, making the gas in the
equilibrium adsorption and free state passively tend to free state. At present, the Hodot
pore size classification standard is widely used in coal rock pore test research. According
to the Hodot pore classification, the pore testing methods commonly used at this stage
are shown in Figure 18. Among them, the low-temperature nitrogen adsorption method
has a high accuracy in studying the micropore to mesopore (0.35-300 nm) stage, while the
mercury-pressure method has a high accuracy in the macropore section. Fractal theory is a
powerful tool not only to characterize the complexity of pore structure but also to describe
gas migration in porous media [39].
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Figure 18. Pore characterization method of coal or rock mass [42].

The SEM images of coal surface morphology before and after CDPTB fracturing are
shown in Figure 19. Figure 19A represents the state of the original coal sample, which has
widely distributed microporous clusters on the surface and fewer cracks. The pores in the
original coal body are not connected, resulting in poor permeability, which is not conducive
to gas extraction. After the CDPTB fracturing (Figure 19B-F), there are pores and fractures
with different shapes on the surface of the coal sample, and different microfractures connect
the original pores, greatly improving the permeability of the coal seam [43]. Fractal theory
has been shown to be a powerful tool for quantitative analysis of surface complexity of
porous media [44—47]. Therefore, based on the box counting method, as shown in Figure 20,
the fractal dimension D of coal can be obtained from the regression linear slope of the
In(N(5)) versus In(6) curve [47].

Figure 19. SEM images of surface morphology for studied samples [47].
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Figure 20. Box counting method for the calculation of DF [47].(a) Rriginal image, (b) Processed image,
(c) Fractal box division, (d) Fractal curve fitting.

A mercury injection test was carried out on coal samples before and after CDPTB. The
mercury injection and mercury removal curves of coal samples are shown in Figure 21.
The pore volume, average pore diameter and sample porosity of the cracked coal sample
are greater than that of the raw coal. It was found that the pore diameter in coal and rock
had an obvious fractal dimension change when it was 65 nm. Therefore, pores with a size
greater than 65 nm are classified as seepage pores, while pores with a size less than 65 nm
are classified as diffusion pores. The fractal dimension of the seepage pores and diffusion
pores was fitted by segmenting the 65 nm boundary. The fitting results for the seepage
holes are better, and their R2 is greater than 0.95, while their fractal dimension Ds is around
2.65-2.83. The fitting results for diffusion pores are worse than those for seepage pores,
with R2 less than 0.95. The fractal dimension DK of diffusion pores is greater than 3, so
its practical significance is not obvious. The reason for this situation is that the mercury
solution will force the internal cracks of coal and rock pores under the action of external
pressure to form new cracks, causing the internal surface of pores to be rough, so that the
fractal dimension increases [48].
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Figure 21. Mercury injection test curve and fractal characteristics [48].
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The nitrogen adsorption method is a method to determine the pore specific surface
area and pore size distribution based on the isothermal adsorption curve of nitrogen. The
low-temperature nitrogen adsorption method has an advantage over the mercury-pressure
method in the determination of micropores because it does not cause damage to the pore
structure, and the results are more accurate in the description of micropores. The BET
specific surface area ranges from 2.1699 to 2.8108 m?/g, and the BJH pore volume ranges
from 0.0040 to 0.0052 mL/g. The specific surface area of the fractured coal samples was
smaller than that of the original coal, while the pore volumes were all larger than that of
the original coal. The fractal dimension of the pores before and after fracturing is calculated
using data with P/PO at 0.46~1, as shown in Figure 22. The fractal dimension of the
fractured coal samples is smaller than that of the original coal. CDPTB has the effect of
smoothing the pore walls within the pores [42].
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Figure 22. Isothermal curve of liquid nitrogen adsorption and fractal curve [42].

5. Vibration Characteristics of Carbon Dioxide Phase Transition Blasting
5.1. Vibration Attenuation Law

The rock breaking mechanism of CDPTB is similar to that of traditional explosive
blasting, which is caused by the coordinated action of a stress wave and gas. CDPTB
vibration is excited by the impact of carbon dioxide gas, which belongs to the medium
strain rate dynamic impact rock breaking method [49]. As the peak value of the shock
wave produced by CDPTB is small, the attenuation speed of the blasting seismic wave is
fast, and the vibration speed is at a very low level. However, CDPTB is often used in rock
excavation projects in complex and sensitive environments with high vibration control
requirements. Its vibration effect cannot be ignored. The vibration velocity and stress of
CDPTB decrease with the increase in propagation distance [40,50,51], and the frequency
of the vibration velocity curve is 0-100 Hz [52], without high-frequency oscillation [53].
The measured vibration characteristics of different phase change blasting CDPTBs were
statistically calculated [3,13,40,41,47,49,51-58], and the variation curve of the vibration
velocity caused by CDPTB with the source distance was plotted as shown in Figure 23a.
Most of the vibration velocities are below 5 cm/s, and the vibration decays rapidly with
increasing distance. Compared with the vibration caused by typical explosive blasting
(Figure 10Db), the vibration caused by CDPTB is small and can be effectively applied to the
scene with high requirements for blasting vibration. At the same time, the vibration caused
by CDPTB is different in each direction due to the different principle of CDPTB and the
different structure of the air outlet. Figure 23c shows the statistical data of total vibration,
vertical vibration, longitudinal vibration and transverse vibration caused by CDPTB.



Processes 2022, 10, 2434 21 of 28

w
o
I

@ Test Points
Fitted Curves
95% Confidence Band

N
&)
1
©

n
o
1

PPV (cm/s)
&
1

10 +

0 10 20 30

Distance from explosion source (m)
(a) Attenuation characteristics of vibration velocity
80

#-— Dynamite Blasting
—e— CDPTB

60

PPV (cm/s)
]
1

T T T
0 5 10 15 20 25 30
Distance from explosion source (m)

(b) Comparison curve of vibration speed

30 .
] @ Test points

254 o
20 1

1 8
5 °

PPV (cm/s)

E e

s a6 %
1= ;.'_“a > - a,

04 LA P N e S

T T
Vertical vibration Longitudinal vibration Transverse vibration

Total vibration
(c) Vibration speed in different directions

Figure 23. Vibration velocity characteristics of CDPTB.

5.2. Time-Frequency Characteristics of CDPTB

A blasting vibration signal is the carrier and physical manifestation of a blasting seis-
mic wave. Signal analysis and processing are the processes of transforming and identifying
the original signal to achieve the desired information and ease of use. For non-stationary
signals such as seismic waves, it is desirable to find an analysis method that combines
time-domain and frequency-domain analysis, which is expressed mathematically as a
two-dimensional function that reflects both the frequency content of the signal and the
frequency variation with time, and is known as the time—frequency representation analysis
technique [59]. As a typical signal processing method, fast Fourier transform can effectively
reveal the amplitude frequency characteristics of the signal, but it cannot accurately de-
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scribe the instantaneous frequency of the signal and is only applicable to linear stationary
signals. In order to better analyze non-stationary signals, wavelet analysis theory is pro-
posed, which has been widely used in blast vibration signal processing because of its good
localization characteristics in time and frequency domains. However, wavelet transform
is essentially a kind of fast Fourier transform with an adjustable window, which does not
get rid of the limitation of fast Fourier transform. In addition, when different wavelet
bases are used, the results of signal transformation are also different. Therefore, Huang
et al. proposed an empirical modal decomposition method and introduced the approach of
Hilbert spectral analysis (Hilbert-Huang transform) [60], which is a good method based on
the time-scale characteristics of the data themselves. The Hilbert-Huang transform does
not require an a priori basis, which makes the signal processing more flexible. In addition,
this method emphasizes the positioning characteristics and avoids the high-frequency and
low-frequency errors caused by the fast Fourier transform. Therefore, it is considered as
one of the most effective methods for processing non-linear and non-stationary signals,
and is widely used in seismic wave analysis, machine fault analysis, image edge detection
and other fields [61].

After removing all high-frequency noise components of each monitoring curve, Hilbert
transform is applied to IMF components corresponding to different monitoring points to
obtain an HHT spectrum. According to the obtained HHT spectrum, the fracturing vibra-
tion signal can be further analyzed. The vibration signal energy is mainly distributed from
0-0.7 s. The energy is mainly distributed from 0-48 Hz, and the blast energy distribution is
concentrated [62].

6. Engineering Application of Carbon Dioxide Phase Transition Blasting
6.1. Pressure Relief and Permeability Enhancement in High-Gas Seams

After the introduction of CDPTB technology in China, it has been widely used for
pressure relief and permeability enhancement in high gas seams [63]. When CDPTB is used
to increase the permeability of coal seams, the complex cracks produced by the fracturing
destroy the gas adsorption balance, and the gas in the raw coal is gradually desorbed
into free state. In addition, carbon dioxide and methane form a competitive adsorption
relationship, and can gradually displace methane in coal and rock fractures, which can
effectively improve the gas extraction rate. As for the gas treatment methods of high-gas
mines, due to the different spatial positions and construction procedures of drilling and
coal seams, they can be divided into bedding drilling, advance drilling and cross layer
drilling (Figure 24). CDPTB can be applied in different boreholes to generate multiple
cracks in the middle of the coal body [64]. After CDPTB fracturing, the permeability of the
coal seam increases, the gas extraction concentration and purity are greatly improved and
the gas pre-extraction time is shortened.

~<

(a) Bedding drilling (b) Advance drilling (c) Cross layer drilling

Figure 24. Pressure relief and permeability enhancement mode of high-gas coal seam.

6.2. Rock Breaking in Urban Engineering Construction

The different rock breaking methods during urban engineering construction are shown
in Table 3. The vibration caused by CDPTB is smaller than that caused by traditional blast-
ing. It is advantageous to use CDPTB to break rock in some places with high vibration
requirements. The use of CDPTB in urban subway construction can greatly improve
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construction efficiency and reduce vibration to surrounding buildings. In general engineer-
ing construction, it is necessary to break the rock by steps or tunnel pilot holes. CDPTB
boreholes are arranged in an explosive blasting-analogous manner as shown in Figure 25.
CDPTB safety is outstanding, with the characteristics of weak flying stone, weak vibration
and weak noise. The effect on the surrounding existing building environment is small, and
personnel basically do not feel the vibration. With reasonable design parameters, there is
no need for secondary blasting when the stripped rock block is of medium size.

() (b)

© (d)

Figure 25. Drilling layout plan for engineering construction. (a) Step single-row one-line type of
foundation pit slope; (b) Step plum-shaped foundation pit slope; (c) Parallel hole of subway tunnel;
(d) Cutting hole of subway tunnel.

Table 3. Comparison of different rock breaking methods.

Traditional Blasting ]IE_;;::;S;;?Z ?flf;:’ Hydraulic Hammer CDPTB

Carbon dioxide phase
change generates
high-pressure gas in
the hole, and the gas
pressure is lower than
the explosion pressure
of the explosive

Static crushing, expansion
agent flows into the rock
mass along the hole wall Hydraulic hammer
crack, resulting in the mechanical crushing
fracture of the
protection area

Detonation wave, and
Mechanism impact on the fractured
rock mass

Motive power Chemical reaction Chemical agents, hydraulic Machinery Physical work
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Table 3. Cont.

Traditional Blasting

Expansive Agent,
Hydraulic Tongs

Hydraulic Hammer

CDPTB

Special operation, strict
approval requirements

Less used in large-volume

Simple and easy to use,

Wide range of sources,

Technology and complicated sub-firm rock excavations hlgh-'stren.gth roFk simple approval,
technology crushing difficulties complex technology
High safety requirements, Silent, no flyrock, no Low vibration, less
. . ) : Less flyrock and flyrock, no
Security high evacuation and alert pollution to the hieh noise environmental
requirements, high dust environment, no vibration & .
pollution
High rock breaking e;j;i;?;gggf:; d Low rock breaking Short time, requiring
Efficiency efficiency and low P low rock efficiency and high the assistance
labor intensity breaking efficiency labor intensity of excavators
Cost 20 RMB/m® 100 RMB/m3 100 RMB/m3 30 RMB/m?

6.3. Pre-Splitting Blasting in Hard Coal or Rock Mass

In the process of underground mining, due to the hard roof, when the suspended roof
of the goaf of the working face exceeds a certain area, it will pose a threat to the normal
safety production. CDPTB is used to pre-crack the roof of the working face, because the
construction process is simple, safe and reliable, and no harmful gas is generated. The cost
is low and good technical and economic benefits are obtained. Phase change blasting holes
can be arranged in the direction of gob at the open-off cut to solve the problem of initial
mining and top caving. They can also be arranged obliquely above the working face in
the mining roadway to solve the problem of a hanging roof at the end of the working face.
For the top coal caving face, when the top coal is hard and difficult to collapse, the phase
change blasting is used to pre-crack the top coal. After fracturing, the average coal mining
volume is increased by 18.6%, and the recovery ratio of top coal is increased by 7.6% [65].
Moreover, the coal body is relatively uniform after fracturing, and the coal block fluidity is
good in the coal drawing process, and there is no blockage in the coal drawing. The effect
is remarkable.

6.4. Other Applications

In coal mines, in addition to pressure relief and antireflection and pre-splitting roof,
CDPTB has also been tried to be applied in coal bunker clearing, vertical shaft uncovering,
improving lump coal rate, rock burst prevention and control, gangue pre-splitting, bottom
drum treatment, open-pit coal mining and other aspects, and has achieved good results. In
the process of mining of other energy minerals, CDPTB provides new ideas for dry heat
rock thermal storage construction [66]. For the mining of low-permeability sandstone type
uranium ore, CDPTB can realize the rock mass fracture failure under three-dimensional
stress conditions, and can effectively increase the distribution of rock mass damage and frac-
ture networks. It has the economic feasibility of breaking rock and increasing permeability,
reducing chemical precipitation, etc. It provides a new way to effectively solve the problems
of “difficult injection, difficult mining and low recovery” caused by low-permeability in
situ leaching of sandstone type uranium ore [67]. In geophysical exploration, CDPTB can
be used as a new type of seismic source, which is expected to play an important role in
the detection of urban hidden active faults, the detection of urban underground space and
the artificial seismic exploration of coal mine high-gas environments [68]. On the whole,
CDPTB is gradually being popularized and applied in various rock breaking projects.
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7. Research Prospect

As the concept of safe production and green construction continues to gain popularity,
safe and environmentally friendly detonation technology will have more development
potential than traditional explosive blasting. Although scholars at home and abroad
have conducted in-depth research on CDPTB, most of them draw on the theory related
to explosive blasting, and there are still problems such as difficulty in fracture control
and unstable fracturing effect in practical engineering. In order to further promote the
application of phase change blasting technology, it is still necessary to carry out further
research work on the mechanism of rock breaking by CDPTB, the design and optimization
of CDPTB devices, the influence characteristics of cracks on CDPTB and the design and
optimization of CDPTB parameters.

(1) Mechanism of rock breaking by CDPTB

CDPTB is a coordinated action of stress waves and high-pressure gas, but the ratio
of the two energies to the rock breaking effect is not yet clear. The shock wave caused
by CDPTB is smaller and longer than the peak of explosive blasting, and it will produce
multiple fractures around the rock. However, there is a lack of quantitative description of
the fracture initiation characteristics of medium-stress waves, and the number of fractures
cannot be quantitatively calculated. Therefore, there is an urgent need to establish the
quantitative relationship between the action of medium shock waves from CDPTB and to
clarify the mechanism of rock breaking by CDPTB.

(2) The design and optimization of CDPTB devices

At present, most CDPTB uses reusable tubes, and the blasting energy is affected by
the carbon dioxide filling amount, the thickness of the shear energy release plate and the
shape and position of the release port. The disposable phase change blasting device can
control the direction of energy discharge by scoring. However, the relationship between the
structural characteristics of different CDPTB devices and the effect of CDPTB is still unclear.
How to select the appropriate phase change blasting device according to the characteristics
of different rock masses to achieve the best rock breaking effect still needs to be clarified.

(3) The influence of characteristics of cracks on CDPTB

The source power of phase change blasting for rock breaking comes from the high-
pressure carbon dioxide gas generated by phase change. However, there are often a large
number of primary fissures in the project rock, which may form gas leakage channels,
causing dissipation of CDPTB energy, weakening the rock breaking effect. It may also have
an induced effect on phase change blasting fractures. The influence mechanism of cracks
on phase change blasting should be explored to realize reasonable induction and utilization
of different cracks.

(4) The design and optimization of CDPTB parameters

The design of the drilling and initiating network of CDPTB is often based on traditional
blasting, and the design specification of hole network parameters based on the principle
of CDPTB has not been formed. Different rock breaking projects have different geological
environments and expected targets, and CDPTB cannot simply rely on engineering expe-
rience. It is necessary to reveal the influence of geological factors such as rock strength,
fissures and laminae, as well as blasting parameters such as charging volume, detonation
time and sequence on the effect of rock breaking in complex geological environments, so as
to establish specifications for the design of CDPTB parameters and expand the application
of CDPTB.

8. Conclusions

(1) CDPTB has the characteristics of good safety, environmental friendliness and
controllability. It mainly relies on the high-pressure gas generated by the rapid phase
change of carbon dioxide in the liquid storage pipe to do work, which belongs to physical
changes. According to the characteristics of phase change blasting devices, they can be
divided into reusable equipment and disposable equipment. The average value of CDPTB
energy per unit mass of carbon dioxide is 825.5 KJ, and the median value is 618.3 KJ.
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(2) CDPTB is composed of a shock wave and high-pressure gas. The medium shock
wave produces tensile fractures around the blasting hole, and multiple initial fractures
are produced under the combined action of an unloading wave and impact wave. The
high-pressure gas expands along the initial fracture and finally forms the fracture of the
rock mass.

(3) Due to the small-impact stress, there is little or no crushing zone near the blasting
hole in CDPTB. The fracture produced by CDPTB presents fractal characteristics in the dis-
tribution of macroscopic fracture and fragmentation. At the micro level, the microfracture
and pore characteristics of CDPTB also show fractal characteristics. The vibration produced
by CDPTB is small and has obvious directionality.

(4) CDPTB technology is widely used in the fields of pressure relief and permeability
enhancement in high-gas seams, rock breaking in urban engineering construction, pre-
splitting blasting of hard coal and rock masses and it has expanded to new seismic sources,
geothermal mining and other fields. The cloud model can be used to reasonably evaluate
the rock mass phase change blasting crack ability.

(5) In order to further promote the application of phase change blasting technology,
it is still necessary to carry out further research on the mechanism of rock breaking by
CDPTB, the design and optimization of CDPTB devices, the influence of characteristics of
cracks on CDPTB and the design and optimization of CDPTB parameters.
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