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A B S T R A C T   

To effectively drain gas from coal seam, many technologies have been developed to fracture the coal which in 
turn to release the formation stress and increase permeability and finally achieve the desired gas drainage. CO2 
gas fracturing is a newly developed technique for coal seam stimulation towards effective gas drainage. This 
technique can provide radial fracturing from centimeter to meters scales, but the small-scale fracture system that 
feeds into this radial system, at millimeter to micrometer scale, has not previously been systematically studied for 
quantifying the matrix damages. This study addresses this deficiency through blast-loading experiments with CO2 
on anthracite specimens at overpressures of 120 MPa, 150 MPa and 185 MPa in the in-house novel experimental 
system. The Field Emission Scanning Electron Microscope (FESEM) images suggest that the cleat system is 
destroyed, and the intervening matrix effectively pulverized due to the impact load induced by the CO2 blasting. 
Radial and branching fractures are featured with the process, as typical in high velocity fracturing. The center 
point is a serious damage mark (DM) that always shows as a shallow pit, and number of smaller broken coal 
scatter surround the mark. These newly produced fractures are open and zigzag. Based on the observations, it is 
supposed that the matrix fracturing mechanism by CO2 gas impacting can be described as four consecutive steps: 
CO2 gas beam destroyed cleat system firstly, and coal broken to millimeter size particles. Meanwhile, CO2 gas jet 
beam impacting on coal matrix induce a DM and resulting in the matrix’s tensile deformation. Consequently, tri- 
fracture initiated from the DM and extending radially to different direction. When numerical tri-fracture con-
nected and formed a complex fracture network in which permeability is expected to be significantly promoted for 
the effective gas drainage.   

1. Introduction 

Coal mine gas accidents, such gas explosions and gas-coal outbursts, 
are the major mining safety challenge for the Chinese coal industry. 
From 1949 to 2009, 25 severe coal mine accidents were reported with 
more than 100 fatalities per event. Out of these 25 mine disasters, 19 
accidents were recognized as gas explosions or gas-coal outbursts [1–3]. 
By 2012, it was estimated that 3700 coal mines of 12,880 mines (~28%) 
were classified as gassy or outburst prone mines [4]. Gas related coal 
mine hazards are expected to worsen as mining depths progressively 
increase towards 1500 m [5,6]. 

Effective gas drainage is therefore a pre-requisite for safe mining to 
reduce gas content to a minimal level that ventilation system can 

accommodate [7–11]. Various technologies for gas drainage have been 
developed and implemented over the last century to mitigate gas related 
geohazards [12]. Common gas drainage technologies include: in-seam 
closely-spaced borehole drainage, hydraulic fracturing [13,14], in- 
seam hydraulic cavity formation and flushing [15–20], deep borehole 
explosive blasting [21], under-seam roadway drainage [22] and over- 
seam gallery drainage [23] together with the provision of dense arrays 
of in-seam boreholes [24,25]. These engineering interventions all 
attempt to effectively drain the gas in a cost-effective and timely manner 
and to thereby reduce formation gas content to an acceptable level. 

CO2 fracturing is a waterless stimulation technique [26–29] that has 
shown significant promise – mainly due to unique CO2-coal interactions. 
CO2 is being the idea gas medium for the nonflammable blasting because 
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it is safe and has triple point at 31.04 ◦C. As the invading CO2 displaces 
the methane by counter-diffusion, it leaves the gas pathway undamaged 
- as compared to water-based fracturing fluids. CO2 fracturing has been 
successfully applied in Shanxi and Guizhou provinces and Inner 
Mongolia since 2012. It is our estimated that this technology has enabled 
more than 250 km of coal seam roadways to be safely excavated in 
Shanxi and Guizhou provinces. CARDOX-based CO2 fracturing has been 
successfully applied in tens of outburst-prone coal mines in China since 
2012 and with impressive outcomes [28]. Multiple forensic observations 
of CO2-fractured seams have shown that the coal seam can be effectively 
fractured - with radial fractures from borehole commonly observed in 
situ. This, together with measurements of gas drainage, confirms that 
CO2 fracturing can be an effective technique for gas drainage. 

Despite this success, mechanisms and controls on fracturing during 
the dynamic process remain poorly constrained. Although CO2 frac-
turing can effectively produce fractures at meter-to-nanometer scales, 
the portioning of damage between the gas-overpressure and the dy-
namic body wave remains unclear – inhibiting the optimization of 
design for greater reach and improved surface area in the fracture 
network – two features that would maximize gas recovery. The first 
description of the fracture system generated by CO2 -gas-fracturing was 
reported by Cao, et al. [28], but focused only on fractures at centimeter- 
to-meter scale and only from limited underground observations. These 
centimeter-to-meter scale fracture networks provide improved gas 
pathways, as indexed by an apparent increase in formation perme-
ability. However, through in-mine coal sampling, it is also evident that 
CO2 fracturing produces an extensive network of millimeter-to-micron 
scale fractures – likely impacting texture to nanometer-scale. Howev-
er, no systematic evaluation has been conducted of these micron-scale 
fracture networks. 

In this study, micrometer scale (micro-scale) fractures produced 
through CO2-blasting laboratory experiments are characterized and 
evaluated. Field emission scanning electron microscopy (FESEM) is 
employed as a probing tool to semi-quantitatively characterize damage 
at micron-to-nano scale and to provide mechanistic interpretations of 

network formation. This study provides an advanced understanding on 
the micromechanics of coal damage under blasting load. This study can 
shed light on the CO2 fracturing multi-scale damage mechanism and 
offer a unique explanation on the effectiveness of CO2 fracturing on coal 
drainage efficiency. 

2. Geological setting of Yuxi coal mine 

Samples are recovered from the Yuxi coal mine, located in the south- 
eastern limb of the Qinshui syncline, Shanxi province, China (Fig. 1). 
The mine accesses coal bearing strata of the Shanxi formation (P1s) of 
lower Permian that comprises six coal seams reaching a combined 
thickness of ~ 50 m. The objective of this study is Coal 3# with thickness 
varying from 5.12 ~ 7.20 m with an average of 5.85 m. 

The geological structure of the 3# seam is simple with only small 
normal faults and simple folds observed by 3D seismic. The first working 
longwall face, face 1301, was planned for the center of the mine. The 
working face is 1250 m long and 200 m wide (Fig. 1). To efficiently 
dilute methane content, three return roadways and two inlet roadways 
were designed to access the longwall working face. 

3. Sample preparation and experimental apparatus 

3.1. Coal sampling and preparation 

Fresh coal samples were collected from the 3# coal seam in the Yuxi 
coal mine. Fresh block samples (Fig. 2A) were collected from the active 
mine working face and transported to the lab for the analyses. Proximate 
analysis and ultimate analysis of the coal samples were conducted ac-
cording to China National Standards GB/T 31391–2015 and GB/T 
212–2008, the results are listed in Tables 1 and 2. As shown, volatile and 
maximum vitrinite reflectance were determined as 8.07% and Ro,max =

3.36% - indicating the coal as anthracite in type. 
Cylindrical coal core specimens with the dimension of ϕ50 × 100 

mm was prepared using a wire cutting machine (Fig. 2B and 2C1) by 
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Fig. 1. Geology of the coal mine and location of coal sampling location.  
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cutting along the bedding direction. The cylindrical specimen was first 
fitted within a thermoplastic jacket (Fig. 2 C2) to prevent collapse, and 
then placed in a steel core holder (Fig. 2 C3). The head of the specimen 
(Fig. 2 C1) is open to the high-pressure CO2 discharged from a nozzle 
(Fig. 2 C5) and impacting the sample with the base of the steel core 
holder sealed with a steel cap (Fig. 2 C6). 

3.2. CO2 gas blasting apparatus 

The CO2 gas blasting device designed and manufactured for this 
specific experiment is shown in Fig. 3. The device contains: (1) a large 
steel blasting chamber with a diameter of 1500 mm and a length of 3000 
mm. The steel chamber was isolated within a sandbag box (1800 × 1800 
× 3000 mm) to protect against accidental rupture. All blasting opera-
tions carried out in the chamber are isolated for safety (Fig. 3A). (2) a 
2000 mm long steel test pipe (Fig. 3B) with OD 140 mm and ID 94 mm to 
a fix the CARDOX blasting system. This is sealed at its two ends with a 
steel case (Fig. 3B). (3) a CARDOX system for CO2 blasting. This includes 
a CARDOX tube (Fig. 3B3 and C8) containing liquid CO2 (Fig. 3C9), and 
a chemical heater (Fig. 3C10) to energize the CARDOX tool by vapor-
izing the liquid CO2 behind a rupture disc (Fig. 3C7) that limits the 
blasting pressure, and a discharge head (Fig. 3C6) to discharge high 
pressure CO2 to impact the coal sample (Fig. 3C1), and a firing head 
(Fig. 3C11) to ignite the heater. The CARDOX tube is charged with 2.2 

kg of liquid CO2. The designated pressures of the CO2 are selected as 120 
MPa, 150 MPa and 185 MPa as limited by the selection of the rupture 
discs. (4) Two diametrically opposed cylindrical steel core holders 
(Fig. 3C3) were fixed at the end of the steel test pipe with the ends open 
and facing to the CARDOX discharge nozzle (Fig. 3C4); (5) Two cylin-
drical coal samples (Fig. 3C1) are loaded into the specimen cases with 
the flat end of each coal sample facing the CARDOX discharge head 
nozzle to facilitate gas impact, The distance between nozzle and the coal 
is about 35 mm. In total, 12 coal samples were impacted with different 
pressures. 

Photo A: Safety blasting chamber for CO2 coal impact experiments: 
A1- sandbag isolation chamber; A2- inner room of the blasting chamber; 
A3 - blasting test pipe; A4- CARDOX tube held in the blasting test pipe. 

Photo B: Blasting test pipe inside the safety chamber: B1- test pipe; 
B2- the two steel core holders, B3- the CARDOX tube, B4- the discharge 
port in the discharge head for high pressure CO2 gas blasting and impact 
loading on the coal sample. 

Sketch C: CO2 blasting test system including test pipe, CARDOX 
system and core holders. C1- coal sample; C2– thermoplastic jacket 
containing the coal sample; C3– steel core holder for the thermoplastic 
case; C4- pressure gas through-hole in steel pipe connecting discharge 
port and coal sample; C5- high pressure CO2 gas discharge port; C6- 
discharge head; C7- rupture disc; C8- CARDOX tube; C9- liquid CO2 
within the tube; C10- chemical heater; C11- firing head; C12- blasting 
test pipe; C13- fixed member for fixing the test pipe; C14- sealing caps at 
the two ends of the test pipe. C5-C11 comprise the CARDOX system 
containing the 2.2 kg of liquid CO2 used in this study. 

3.3. CO2 gas blasting procedure 

The following procedures were repeated in each experiment:  

(1) Fix the steel pipe into the holder system within the blasting 
chamber.  

(2) Set and fix the CARDOX tube in the steel pipe.  
(3) Set the coal specimens within the thermoplastic jacket and load 

samples into the twin opposing core holders with sample-top 
faces open and facing the blasting nozzle. 

(4) Ignite the heater in the CARDOX tube. The chemical heater pro-
vides thermal energy heating the liquid CO2 transforming to 

Fig. 2. Original coal blocks and prepared cylindri-
cal specimen. Note: A, virgin coal block sample 
before cylindrical specimen preparation; B, cylin-
drical specimen (diameter of 50 mm and length of 
100 mm) prepared using a wire cutting machine; C, 
test specimen jacket including C1- coal test spec-
imen; C2– thermoplastic jacket to contain the sam-
ple; C3-steel core holder; C4- sealant within anulus; 
C5-CO2 gas ejecting nozzle; C6-steel cap to seal the 
end of the core holder. D1 = C1, cylindrical spec-
imen; D4 = C4, sealant within anulus; D5 = C5, CO2 
gas ejecting nozzle; D6 = C6, steel cap to seal the 
end of the core holder.   

Table 1 
Proximate analyses of the coal sample.  

Ro,max(%) Mad (%) Aad (%) Vdaf (%) VDad (t∙m− 3) 

2.9–3.73 0.86–4.34 11.74–17.76 7.43–9.17 1.31–1.53 
3.36 2.37 14.28 8.07 1.49 

Ro,max : vitrinite maximum reflectance ; Mad: air dry moisture content; Aad: air 
dry ash yield; Vdaf : dry ash free volatile matter; VDad: air dry volume density. 

Table 2 
Ultimate analysis of the coal sample.  

Cad/(%) Had/(%) Oad/(%) Nad/(%) Odaf/(%)  

82.90  2.90  2.46  1.15  2.46  
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supercritical CO2, which then discharge out of the tube in high 
pressure CO2 gas phase to directly impact the coal specimen 
through discharge port in the discharge head. Fracture the coal.  

(5) Collect specimens from the impacted sample for FESEM analysis. 

3.4. Scanning electron microscope 

A field-emission scanning electron microscope (FESEM) system was 
employed to analyze the resulting fractures in the coal specimens both 
before and after CO2 fracturing. This was completed in the Henan In-
ternational Joint Laboratory for Unconventional Energy Geology and 
Development. The SEM was manufactured by Carl Zeiss (Germany) with 
major specifications as listed in Table 3. Scanning observations used the 
high voltage (10.0kv) high resolution imaging model with backscattered 
electron (BSE) imaging utilized for improved resolution. A total of 23 
samples were prepared for FESEM including five pristine (un-impacted) 
and 18 impacted samples. 

Virgin coal samples were selected with bright vitrinite particles; 
particles from impacted samples were selected as < 10 mm fragments 
from the thermoplastic sheath, or larger friable particles were broken by 
hand to meet the SEM requirement. 

4. Results and discussion 

4.1. Specimens after CO2 gas impact 

After treatment by CO2 gas blasting, the specimens are damaged as 
shown in Fig. 4. It is expected that the intensity of damage progressively 
increases as the blasting pressure increases from 120 MPa to 185 MPa. 

The sample impacted at 120 MPa in Fig. 4A shows a half cracked cy-
lindrical column as circled by the white line (Fig. 4A upper half), and 
half crushed fragment (Fig. 4A lower part) into small particles at 
centimeter to millimeter scale. The sample impacted by 185 MPa 
(Fig. 4C and 4D) shows considerably greater damage with centimeter to 
millimeter scale particles broken in form. At 150 MPa, the degree of 
damage (Fig. 4B) is intermediate between that at 120 to 185 MPa, and 
the cylindrical part was cracked with loosened fragments compared to 
those of Fig. 4A but still connected together. 

4.2. Micro-scale coal damage evaluation from FESEM observation 

4.2.1. Fractures in virgin coal samples 
The morphology and micro-structures of the virgin coal without CO2 

blasting treatment are shown in Fig. 5. The structures are observed and 
classified as with even and smooth surface planes, cleats, pores and 
their combination. For the FESEM, all the impacted coal samples have 
been observed through a random manner. For the FESEM images, we 
focused on the qualitative fracture morphological analysis in this study 
with an intension of clarifying the effect of impact load on the fracture 
networks. Only representative data have been presented in this section. 

Coal particle surface mostly shows simple even and smooth plane 
from millimeter scale to micrometer scale in this research (left areas of 
Fig. 5A and 5B). It is also found some arc lineation cross with radial 
lineation (in Fig. 5A right field) close to the left smooth plane, which 
may occur during a brittle broken. When we took high magnification, 
the arc lineation image shows ladder pattern structures, which is a 
combination of several even smooth plane steps (Fig. 5B). 

Cleat formed with two cross straight fractures often appear shown in 
Fig. 5C, in which one fracture (F1) is open, and the second (F2) is filled 
with clay minerals. Different pores are frequently observed. Some single 
pores scatter in an even plane or as a group combined with many 
different size and shapes (Fig. 5D). Most of these pores are open without 
clay fillings. 

Fig. 3. Laboratory CO2 blasting device and major components.  

Table 3 
The major parameters of the FESEM imaging.  

Accelerating 
voltage（KV) 

Magnification 
(10 K times) 

Focus 
distance 
（mm) 

resolving 
power 
(nm@15kv) 

resolving 
power 
(nm@1kv) 

0.02–30 12–40 0.1–50  0.8  1.6  

Y. Cao et al.                                                                                                                                                                                                                                     



Fuel 311 (2022) 122148

5

Fig. 4. Damaged coal specimens after CO2 gas impact at different pressures.  

Fig. 5. SEM photos of microfractures in virgin coal (without CO2 blasting). A: Even and smooth plane (left) with arc lineation (right); B: Even and smooth plane (left) 
with ladder pattern (right) formed from brittle crack. C: X pattern fractures or named cleats formed with two straight fractures: F1 is open and straight and F2 is 
straight but filled with clay type minerals. D: Pore group pattern showing many open pores gathering together with different size and shape. 
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4.2.2. Micro-fractures in CO2 dynamically impacted coal 
The micro-fracture system in the coal specimens after high pressure 

CO2 impacting is much more complex, or multitudinous in the micro-
meter scale level. The most important new findings of this research are 
following 5 aspects.  

(1) Induced tri-radial-wing (TRW) fracture pattern. This is the 
most important and popular fractures pattern in the blasting 

treated coal specimens. This pattern contains two key points: 
firstly, the tri-fracture pattern means most fractures newly 
developed by high pressure CO2 gas impacting appear to be three 
single fracture shown as Fig. 6A, B, E, F, G and H. The three single 
fracture always initiate from one point, namely center point that 
circled by yellow lines in all images of Fig. 6. The length and open 
width of three fractures are different, one or two are greater than 
others. Secondly, the radial extending pattern means the three 

Fig. 6. SEM photos of microfractures in CO2 dynamically-impacted coal. Impact pressures of: A-D: 120 MPa, E-H: 150 MPa.  

Y. Cao et al.                                                                                                                                                                                                                                     
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single fracture mostly extend radially from the center point to 
three different directions. Even four fractures pattern （FRW) 
initiates from one center point and radial extending (Fig. 6A, B, E, 
F, G, H) was also found, but this is much less than the tri- fracture 
pattern. In the area of highly damaged, several tri-fracture 
pattern grouped together to be a fracture network (Fig. 6B, E, 
F, G), where high permeability can happen.  

(2) Damage mark（（DM) at the center point of the tri- radial 
fracture pattern. There always exists a distinct mark at the 
center point of the tri- radial fracture pattern circled with red line 
(Fig. 6C, D, E, F). All the three fractures exactly initiated from the 
mark center. The marks appear to be shallow pits showing 
damaged more serious with broken coal partial spared around the 
damage marks indicated with black arrow head (Fig. 6C, E, G). 
The damage mark size varies small and bigger, which is corre-
sponding with the fracture size. Fig. 6C, D, F, G, H show that in 
high resolution view, damage marks always related with clear 
fracture system with long and open property. The density of the 
damage mark distributed varies largely from tens of micrometers 
(Fig. 6D, F, H) to hundreds of micrometers (Fig. 6A, E). On the 
other hands, not all the damage marks produce tri- radial frac-
tures, but the most tri- radial fractures started from the mark 
point (Fig. 6E and F). The damage marks without fractures may 
imply that the fractures are too small to see at this condition, or 
the damage is not as enough to break the coal (Fig. 6G).  

(3) CO2 gas is high pressure jet beam when impacting on coal. 
From the observation of the FESEM view, the damage mark 
including its geometry property and tri- fractures initiation which 
reveals significant information of the CO2 gas physic property 
when the gas impacting on coal. It is our understanding that the 
CO2 gas is a high pressure and high velocity jet beam when the 
gas impacting on the coal or objective material. The damage 
marks are induced by CO2 gas jet beam impaction. The distri-
bution density of the gas jet beams may relate with the distance 
between the specimen and the CO2 gas blowout nozzle. The dis-
tance is shorter, the jet beam is denser, and coal damage more 
serious. The damage mark size may relate with the gas jet beam 
thick, the thicker the jet beam, the bigger the damage mark is. We 
understand that the damage marks are the significant evidence 
that was produced by the high pressure CO2 gas jet flow. There-
fore, the mechanism of damage includes gas jet beam impacting 
on coal, then coal break from the impacting point, and finally tri- 
fractures initiate from the impact point.  

(4) Broken coal matrix particles. In this study, the most important 
fracture pattern in virgin coal - cleats have not been observed in 
the treated coal, which indicates that cleat pattern of coal was 
fully destroyed by the CO2 gas jet beam, and the coal we can see 
at the FESEM is matrix particle, and all the damage marks and the 
tri- radial fractures pattern occurred in the matrix particles. From 
the FESEM view, the coal particles are identified as vitrinite or 
semi-vitrinite particles. This is a very important finds, which 
means that coal permeability can be highly increased by CO2 gas 
jet beam since the matrix is fractured as network state. 

Except the above 4 findings, additional important observations are 
described as following two points. Firstly, the fractures CO2 gas induced 
mostly are open and zigzag. As shown in Fig. 6, the newly formed 
fractures are open without any filling. The opening can be wide varying 
from several millimeter separating the sample in the eye observation 
level, but most fracture’s opening is narrow in micrometer scale shown 
in Fig. 6. It is believed that these open fractures newly developed formed 
by tensile action, and the opening will highly increase permeability of 
the coal. Most fractures appear to be zigzag (Fig. 6F, G, H) or curve shape 
(Fig. 6E) in plane view, and straight fractures only appear in a short way 
here. It is deduced that the open zigzag fractures formed from extensile 
stress condition, may trace some hidden zigzag damage in the coal 

which was stimulated as high gas pressure impacting on the coal. 
In Fig. 6, simples A to D are impacted by 120 MPa of CO2 gas, and E 

to G are impacted by 150 MPa. It is our understanding that the coal 
deformation mechanism in Fig. 6 belongs to impact-brittle-extend type, 
since the damage marks, the spare particles, and open zigzag tri-radial- 
wing fractures show brittle properties.  

(5) Flake (FL) and mortar (MO) texture. The coal impacted by high 
CO2 pressure of 185 MPa reveals a very different structure 
properties and deformation mechanism. The photos A, B and C in 
Fig. 7 shows flakes and mortars in different scale. The flake 
texture of coal here indicates very thin layer in nano meter scale 
in Fig. 7B and C, and the diameters vary largely in micrometer 
scale (Fig. 7C). The mortar size changes a lot from several 
micrometer (Fig. 7C MO3) to hundred micrometers (Fig. 7A 
MO2). In high magnification field, flakes appear evenly distrib-
uted circled with two white lines (Fig. 7C). In this study, it seems 
that the two structures of flake and mortar are appear together, 
flacks distributed in a complex fracture system that surrounding 
the mortars (Fig. 7A, B and C). 

Fig. 7D shows another surface structure of coal fragment damaged by 
185 MPa CO2 gas. This kind of plume structure can be found in most 
view of the coal particles. Yellow arow head indicates the shearing di-
rection, and the white circle shows even smooth plane (Fig. 7D). This 
kind of structures have been found in fault or joint plane of hard sand 
rock or the igneous rock with fine mineral and even texture. It is an 
evidence revealing brittle and quick shearing broken action. 

In the view of coal fragments impacted by 185 MPa CO2 gas, we did 
not find tri-radial wing fracture and the damage marks. Furthermore, 
the flake structure was only found in the 185 MPa impacted coal, and 
has not found in the coal impacted by 120 to 150 MPa CO2 gas. It is our 
understanding that the flake structure is the most heavily deformation 
result in coal in our study history either in this research or the naturally 
deformed coal by tectonic origin. 

5. Discussion 

It has been proven that the CARDOX can effectively induce long 
fracture in the field application and there are more than 50 mines are 
currently using this technology to increase the permeability of coal in 
China. One of the challenges of optimizing the field implementation is to 
understand the multi-scale fracture network initiation and propagation, 
which is the thrust of this study. Fractures/cleats in coal have been 
extensively investigated since it controls not only the coal permeability 
but the coal strength and integrity. In terms of coal permeability, it has 
be a major changes for the tight and tectonically deformation coal to 
have a natural permeability for the gas drainage. For the technically 
deformed coal, the naturally occurring cleats and tectonic deformed 
fractures are the two major fracture system, and bedding planes is 
another gas migration pathway which is closely related to coal deposi-
tion process [30–34]. Since all these three existing fracture systems are 
characterized as weak planes under the dynamic loads which are all 
potentially partially or fully destroyed by CO2 gas jet beam, so that we 
did not recognize their damaged clues in this study under FESEM level. 

Technically, coal formation fracturing is one of the most important 
techniques that can economically increase the permeability of coal and 
thus promote the gas drainage efficiency and gas production. Many 
different laboratory experiments and field demonstrations have been 
completed for hydraulic fracturing coal formation treatments [35–38], 
but only hydraulic fracturing and CO2 gas fracturing were commercially 
adopted by coal mining industry. The laboratory physic simulation of 
coal fracturing by water-based technology provides direct evidence 
indicating fracture geometry and mechanism. A most recent study re-
ported that hydraulic stimulating on anthracite coal did not produce 
new fractures, but only dilate the existing fractures in aperture, lengthen 
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and fracture porosity, and finally increase permeability [38]. These 
fracture size distributed in a range of 10 to 1000 µm. Obviously, CO2 gas 
fracturing not only destroy the existing fractures like cleats/fractures, 
which will absolutely increase coal’s permeability significantly, but also 
produce complex new fractures forming network within impacted coal 
matrices as observed in this study, which is the key difference with 
water-based hydraulic fracturing. Another laboratory stimulation 
experimental on bituminous coal by multi-cyclic hot/cold shock found 
millimeter scale fractures caused by shrink and expansion process when 
temperature changes and found that the large-scale fracture highly 
increased permeability [39,40], but the fracture mechanism is very 
different with CO2 gas jet impacting. This cryogenic-fluid or super-hot 
fluid-based technologies are far away from field implementation due 
to its specific temperature requirements. Experiment of multiple cyclic 
liquid nitrogen freeze–thaw on coal reached a similar result as heating/ 
cooling did, produced straight open crakes [41], which are also different 
with the fractures induced by CO2 gas jet impacting in mechanism and 
fracture pattern. The fact is that these two kinds of technologies have 
only been demonstrated in the laboratory without direct adoption in the 
field scale pilot projects. Therefore, it is believed that CO2 gas impacting 
is a very specific fracturing measure comparing with hydraulic, heating/ 
cooling, and liquid nitrogen freeze and thaw. 

This study showing that all the newly developed fractures observed 
under FESEM only within in matrix induced by high pressure CO2 gas 
jetting. Coal matrices are observed as separated small cubic fragments 
by cleats and bedding fractures about millimeter to micrometer size. 
Matrix particles mostly composed with vitrinite and semi-vitrinite, 
which surface is clean, even and homogenous. When high CO2 gas 
impact on matrix, tri-fracture system has been generated. Thus, two 
types of fractures produced by CO2 gas fracturing: break or re-open the 
existing cleat or bedding system, and then damage the matrix particles 
forming tri-fracture networks. 

Consequently, the matrix fracturing mechanism by high pressure 
(120 to 150 MPa) CO2 gas blasting can be described as following (1) to 
(5) illustrated in Fig. 8.  

(1) High pressure CO2 gas ejects from the CARDOX tube nozzle 
forming massive amount of gas jet beams, which will be the 
impacting energy source due to the phase change;  

(2) The gas jet beam impacting on coal specimen breaking the coal 
through cleat re-open, and then coal fully collapsed becoming 
small matrix particles in millimeter size.  

(3) CO2 gas beam impacting on the matrix particles forming DMs 
where are the locations with excessive dynamic failure, in which 
three fracture occurred and extending radially and the particle 
destroyed or collapsed in micrometer scale.  

(4) When matrix particles broken, tri-fractures in multiple scale form 
a complex network where high stress in coal released and high 
permeability was built up (Fig. 7). Finally, gas drainage efficient 
will be highly improved.  

(5) The high pressure of CARDOX (185 MPa) induce two different 
deformation in the anthracite coal. One is quick sheering broken 
forming the plume structure and second is observed to be a strong 
ductile sheering deformation forming the flake structures at 
nanoscale. 

This study provides the direct visual fracture system through SEM in 
the scale of micrometer. It is observed that flake fractures in nanometer 
scale produced in the matrix also, and the CO2 gas jet beam might 

MO3  

Fig. 7. SEM photos of microfractures in coal damaged by CO2 gas blasting at 185 MPa.  

Fig. 8. A conceptual model of micro fracturing induced by CO2 gas blasting 
with pressures of 120 MPa to 150 MPa. 
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further open the nano scale porous, which will be an interesting research 
topic in the future. 

6. Conclusions 

High pressure CARDOX CO2 gas blasting is a non-explosive blasting 
technology, and it can be safely employed in gassy coal mine environ-
ment for efficiently gas drainage. This technology is being used in coal 
industry for more than a century. The induced complex fracture system 
by CO2 gas impacting are the primary mechanism for promoting the gas 
permeability and reduce the deviatoric stress for the virgin. The 
industry-scale field implementation over the past decade demonstrated 
that this technology has been and will be one of the most efficient 
measures for effective gas drainage in gas burst prone coal seams. We 
conducted field-scale (meters) CO2 blasting experiments on anthracite 
and the microstructure of coal has been investigated by FESEM. The key 
findings are listed as the following.  

1. Cleats can be observed only in the original coal specimens without 
CO2 gas damage, and did not see in the samples damaged by CO2 gas 
blasting. This phenomenon indicates that cleat system has been fully 
destroyed during the CO2 gas impacting the coal. The SEM results 
demonstrate that the coal matrices were damaged by the impacted 
loads.  

2. The two unique properties of micro-fractures induced by CO2 
impacting in coal matrix particle are tri-radial fracture pattern and 
the damage mark, which are very different with all other fractures 
induced by water-based fracturing techniques. The tri-radial fracture 
and damage mark are the essential elements for forming the inter- 
connected fracture network and fluid pathways for the gas drainage.  

3. Based on the geometry relationship of damage mark and the tri- 
fractures, it is evident that the CO2 gas beam impacting can induce a 
tensile breaking regime on coal matrix followed by a radial micro- 
fracture propagation.  

4. The highest CO2 CARDOX pressure at 185 MPa can induce two 
different deformations: One is plume structure and second is the 
flack structures with nanometer scale layers, which may reveal a 
very strong ductile sheering deformation mechanism. 
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