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ABSTRACT ARTICLE HISTORY
Shale gas is a crucial unconventional natural gas; carbon dioxide is a serious Received 21 March 2019
greenhouse gas. Therefore, using supercritical carbon dioxide as a fracturing Revised 5 July 2019
fluid can fracture shale reservoirs and exploit shale gas as well as store carbon Accepted 13 July 2019
dioxide to slow the greenhouse effect. In this study, supercritical carbon KEYWORDS
dioxide fracturing experiments were conducted at different drilling depths. Acoustic emission;
They showed that structural failure pressure decreased with the increase in fracturing; supercritical CO,;
borehole and sealing lengths owing to the larger excavation damage zone damage characteristic;
induced by borehole drilling. During the fracturing process, acoustic emission crack morphology
signals were recorded, which exhibited similar development tendencies, and

this process could be divided into four parts based on the acoustic emission

characteristic. The saltation of fluid pressure was due to the saltation of

isothermal compression and expansion occurring in phase change processes.

Moreover, crack morphology before and after the fracturing were scanned and

rebuilt by computed tomography instruments, which displayed that an effec-

tive fracturing crack could be generated by supercritical carbon dioxide.

Although the cark morphology was relatively simple, a complex crack could

be formed at a deep drilling depth as revealed by the comparisons of the box

dimension, crack perimeter, and crack area at different drilling depths. Based

on the acoustic emission accumulation counts, a damage variable was intro-

duced to describe failure degree. Furthermore, based on a previous work and

the damage characteristic and fluid pressure features, the entire process of

supercritical carbon dioxide fracturing could be divided into five main stages.

In addition, the chemical reaction between the shale matrix and the fracturing

fluid was analyzed. The supercritical fracturing fluid could dissolve and remove

substances, improving the shale porosity and connectivity.

Introduction

Shale is an important reservoir of unconventional gases (Xu et al. 2016; Yuan, Luo, and Feng 2015), and
shale gas has been attracting more focus as a significant source of natural gas since it was started to extract in
the United States (Stephenson 2016; Wang and Li 2016; Yap 2016). With the development and improve-
ment of the theory and technology of drilling and fracturing (Zhao et al. 2018b, 2019), shale gas has
exhibited large-scale commercial exploitation and production value (Cao, Liu, and Leong 2016; Zhang et al.
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2015; Zhu, Yuan, and Luo 2016). China also shows one of the most potentials for exploiting and developing
shale gas with its reserves of approximately 2.07 x 10'* m? (Li et al. 2016; Zhao et al. 2015; Zou et al. 2015).
However, most of the reservoirs in China have distinctive features of a high clay content, low or ultra-low
permeability, and low-porosity (Sun et al. 2017); therefore, it is necessary to develop the theory, apparatus,
and technology of shale gas exploitation. As a solution for the disadvantages of water blockage, waste, and
contamination of hydraulic fracture, recently, some scholars proposed supercritical CO, as a new type of
fracturing fluid (Cheng et al. 2013; Cheng et al. 2014; Du et al. 2011; Kubala and Mackay 2010; Liteanu and
Spiers 2011; Middleton et al. 2014; Wang, Li, and Shen 2012; Zhao et al. 2015), and the phase state features
show that the supercritical CO, phase transition conditions can be readily reached, as exhibited in Figure 1.
Fang et al. (2014) simulated fracturing involving pressurized cracks using supercritical CO,, water, and slick
water as fracturing fluids with the Universal Distinct Element Code software, and found that using
supercritical CO, as the fracturing fluid had a more effective, economic, and environmental significance.
Zhou et al. (2016) conducted a series of experiments of fracturing, computed tomography (CT) scanning,
and permeability tests, which indicated that supercritical CO, could generate complex fractures and
increased the shale permeability considerably. Zhang et al. (2016) performed some experimental research
on fracturing and crack propagation with different fracture fluids: water, L (low)-CO,, and supercritical
CO,, under different stress differences, and found that using supercritical CO, could increase the fracture
conductivity and shale gas production. Ishida et al. (2012) conducted hydraulic fracturing experiments with
supercritical CO, in granite blocks monitored by an acoustic emission (AE) instrument, and exhibited that
supercritical CO, fluid generated cracks extending more in a three-dimensional plane rather than a flat
plane. Moreover, the breakdown pressures were considerably lower with it than with other fracturing fluids.
Zhang et al. (2013) focused on the fracturing principle, generational and carrying capacities, and anti-
reflection effect, and analyzed the characteristics of a coal reservoir and coalbed gas and the feasibility and
necessity of using supercritical CO, as the fracturing fluid in coalbeds. Guo and Zeng (2015) proposed
a coupling model of the wellbore transient temperature and pressure of fracturing using supercritical CO,
based on the continuity equation, motion equation, law of conservation of energy, and heat transfer theory.
The result showed that the high friction and low viscosity of CO, limited the increase in the injection rate
and ratio. Middleton et al. (2015) theorized and outlined the potential advantages including enhanced
fracture propagation, reduction in the flow-blocking mechanisms, and increased desorption of adsorbed
methane (Xidong et al. 2019; Zhao et al. 2018a). In brief, using supercritical CO, as the fracturing fluid can
enhance gas production and minimize environmental concerns, and there are few theoretical analysis and
experimental research on AE characteristics and crack morphology features at different elapsed times.
Moreover, the drilling depth and sealing lengths are the critical parameters determining the success and
improving range of supercritical CO, fracturing. Studies on the drilling depth and sealing length also
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Figure 1. Phase state of carbon dioxide (Zhang et al. 2013).
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provide knowledge of small-scale applications or use of supercritical CO, in coalmine roadways to displace
or recover methane gas or eliminate methane disasters. A reasonable sealing length is required for
a successful fracturing, otherwise, it will lead to a waste of time, manpower, and money, or it may endanger
the worker safety. Therefore, it is necessary and urgent to improve the theory and technology of supercritical
CO, fracturing and determine its characteristics at different drilling depths and sealing lengths.

In this study, experimental tests of supercritical CO, fracturing at different drilling depths were
conducted by a high-precision plunger pump and triaxial loading apparatus with monitoring using
an AE instrument. The crack morphology before and after the supercritical CO, fracturing was
scanned and rebuilt by CT instruments. Damage variables were introduced to analyze the sample
damage characteristic. Subsequently, five reasonable stages were proposed based on the damage
characteristic, the fracturing fluid pressure curve, and a previous work.

Fracturing experiment
Samples preparation

Shale was the basic material of the supercritical CO, fracturing, and the core specimens were taken
from similar block shales of the Yibin-Changning district in the south of the Sichuan Basin, as shown
in Figure 2. The shale stratum belongs to the Longmaxi formation of the lower Silurian system. The
specimens were prepared as cylinders of a size of approximately ¢ 100 mm x (200 + 0.02) mm. The
porosity range of the shale sample was from 2.26% to 2.48% with an average of 2.36%, and the uniaxial
tensile strength was from 8.8 MPa to 9.5 MPa with an average of 9.17 MPa. The elasticity modulus was

L 5% 1P

Figure 2. Terrain map of the sampling location.
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from 15.08 GPa to 16.48 GPa with an average of 15.97 GPa. The Poisson ratio was from 0.29 to 0.32
with an average of 0.31.

Experimental apparatus

To obtain the pressure and AE of the fracturing process of shale, a high-precision plunger pump of
260D of America TELEDYNE ISCO CO. LTD., PCI-2 AE instrument, triaxial loading system, and
constant-temperature control system of an oil bath were used to conduct the laboratory test. This is
shown in Figure 2. The volume of the ISCO 260D plunger pump is 266 mL, velocity range is from
0.001 mL/min to 107 mL/min, and pressure range is 10-7500 psi. The maximum axial load stress
and confining pressure of the triaxial system are 100 MPa and 15 MPa, respectively, and the
maximum displacement of the axial direction and maximum circumference deformation are
60 mm and 10 mm, respectively. The AE device, PCI-2 made by PAC, has the advantages of low
noise, multiple channels, low threshold, and good stability, and to achieve high precision, the
threshold and collection frequency are set as 40 dB and 150 kHz, respectively.

Experimental scheme

A reasonable drilling depth and sealing length can determine the success of fracturing. To study the
effect of the drilling depth and sealing length on supercritical CO, fracturing, drilling was conducted
with three different sealing lengths for the experimental fracturing. The radius of drilling was 7 mm,
radius of the fracturing steel tube was 4 mm, and length of the fracturing chamber was 50 mm. The
sealing lengths were 70 mm, 80 mm, and 90 mm, respectively; the interspace between the steel tube
and drilling wall was filled with epoxy resin (Figure 3). The stress conditions and injection rates are
listed in Table 1.
The experimental procedures can be described as follows:
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Figure 3. System of supercritical carbon dioxide fracturing.



ENERGY SOURCES, PART A: RECOVERY, UTILIZATION, AND ENVIRONMENTAL EFFECTS . 5

Table 1. Experimental scheme at different sealing lengths.

Drilling depth Sealing length Axial load Confining pressure Injection rate
120 mm 70 mm 16 MPa 12 MPa 30 mL/min
130 mm 80 mm 16 MPa 12 MPa 30 mL/min
140 mm 90 mm 16 MPa 12 MPa 30 mL/min

(1) The specimen is prepared as shown in Figure 3 with epoxy resin as the sealing material and
a steel tube as the fracturing material. The specimen is painted with silicone rubber to prevent gas
leaks.

(2) The specimen is sealed with a heat shrinkable tube, the prepared specimen is installed, and
then the test instrument is assembled.

(3) The heat transfer is turned on for the experimental temperature to meet the required
condition of supercritical CO,.

(4) The stress condition is set to reach the experimental scheme.

(5) The specimen is fractured with increasing CO, pressure by using pump plungers.

(6) The specimen is scanned after fracturing with CT using a SOMATOM Scope.

Results of supercritical CO, fracturing
Fracturing curve

The injected fluid pressure data with the elapsed time were recorded by a pressure transducer, and the
representative fracturing curve at each drilling depth was selected, as shown in Figure 4. Three curves show
a similar developed rule, but they also exhibit different fluid pressures causing the sample failure. The
different states of CO, are marked with different colors, and it can be clearly seen that all the failure pressures
exceed the supercritical pressure of 7.38 MPa at an appropriate experimental temperature. This shows that
the experimental process has reached the required conditions of supercritical CO, fracturing. The injected
pressure increases until the specimen structural instability and then decreases immediately. The complete
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Figure 4. Injection CO, pressure vs. the elapsed time.
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fracturing process can be described as follows: first the gas pressure mainly dramatically accumulates in the
fracturing borehole owing to the gas compressibility. Then, the fluid containing a two-phase stage mainly
migrates and accumulates in the shale matrix owing to the fluid increase rate being higher than the fluid
migration rate in the shale matrix. Finally, the fluid pressure dramatically increases and then decreases
sharply, and a structural failure occurs in the shale matrix because of the sharp change in the fluid pressure.
The rapid increase in the pressure is caused by the fluid compressibility reaching its limit in this scenario.
However, these pressure curves show some differences, such as in the breakdown pressure, pressure
accumulated rate, and time of breakdown point, because of the difference in the experimental conditions.

Relation between drilling depth and failure pressure

An appropriate drilling depth and sealing length are the critical parameters for determining the
success and effect of supercritical CO, fracturing (Ge et al. 2015). Therefore, the relation between the
drilling depth, sealing length, and failure pressure is obtained, as shown in Figure 5. It can be easily
found that the failure pressure decreases with the increase in the borehole length and sealing length.
This may be attributed to the excavating damage zone of the borehole. To verify the effect of the
borehole excavating damage zone on the fracturing failure pressure, numerical experiments of the
borehole drilling were conducted by introducing the fast Lagrangian analysis of the continua
(FLAC). The numerical model can be simplified as Figure 6. The plastic zone is one of the factors
for assessing the failure mode, propagation of the fracturing crack, and effect zone of the pore
pressure (Yin 2014). Thus, the Mohr-Coulomb (M-C) failure criterion was used to estimate and
obtain the development of the plastic zone (Labuz and Zang 2012). All the numerical stress
conditions were similar to the experimental test conditions. The parameter in the numerical
model was obtained from the basic mechanical properties test, as given in Table 2. The plastic
zone can be used for representing the excavating damage zone in the numerical model based on
the M-C criterion. Therefore, in the numerical model, the excavating damage zone can be calculated
as shown in Figure 7. It can be found that the damage zone is larger at a deeper drilling depth, and
the damage zone around the fracturing chamber at a deeper drilling depth is larger than at other
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Ti20] 2 1122
g E =
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Figure 5. Relation between the failure pressure and borehole length.
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Specimen Drill hole

Stress

Figure 6. Schematic of the drill hole.

Table 2. Parameters in the numerical model.

Parameter Value
Elasticity modulus 15.97 (GPa)
Poisson ratio 0.31
Internal friction angle 26.28 (9)
Cohesion 1.74 (MPa)
Tensile strength 9.17 (MPa)

Colorby: State -Average
None
shear-n shear-p

_—v
Fracture
chamber

Figure 7. Distribution of the excavating damage zone at different drilling depths.

locations. These are the main reasons for the decrease in the failure pressure with increasing
borehole length. Based on the stress contour, plastic zone distribution, and elastic strain softening
model (Li et al. 2015a), the zone characteristic around the borehole can be obtained, as exhibited in
Figure 8. The initial stress balance status is broken due to the borehole drilling, the stress redis-
tributes, and the limit stress balance point shifts away from the borehole. The new limit stress
balance point divides the zone around the borehole into two main parts: damage zone and elastic
zone. The damage zone can be divided into partial damage and micro-damage parts based on the
plastic zone obtained by the numerical computation. In comparison, the elastic zone can be divided
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Figure 8. Zone characteristic around the borehole.

into the stress restoration zone and initial stress zone. It is not difficult to note that a damage zone
with a “U” shape is formed around the borehole, as depicted in Figure 8 (1). The damage zone is one
of the main reasons for the structural failure in the fracturing experiment, whereas the partial
damage zone of the damage zone is majorly responsible for the shale structure failure. Therefore, an
appropriate control of the damage zone can affect the fracturing result and effect.

Phase change

The sample held in the chamber is kept in a high-temperature oil bath system with the temperature set as
39 °C. With increase in the fluid pressure caused by the plunger pump, the fluid state of CO, is changed to
a supercritical state from a gas state. It can be clearly found that the fluid pressure shows saltation in the
fluid phase change process based on the experimental data, as shown in Figure 9. To determine the reason
for the pressure saltation, the basic properties of the density, viscosity, isotherm compression, isothermal
expansion, and Adi. bulk modulus can be calculated and obtained with the constant critical temperature
based on the equation of state, as shown in Figure 10 (Span and Wagner 1996). It can be found that the
density, viscosity, and bulk modulus of CO, increase with the pressure increase and dramatic growth of
the density, viscosity, and bulk modulus occurring around the supercritical fluid pressure. Obviously, the
phase change of CO, should be responsible for the dramatic increases in the density, viscosity, and bulk
modulus. However, the pressure saltation in the experimental test cannot be directly explained by these
dramatic increases in the three parameters. In comparison, the isotherm compression and isothermal
expansion show different development tendencies compared to those of the other three mentioned above.
The isothermal expansion curve shows a ‘V’ shape, and its value reaches the minimum of 0.04038 when
the fluid pressure is at the supercritical point. This illustrates that the CO, fluid expands poorly or even
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Figure 9. Pressure saltation in the fluid phase change.
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Figure 10. change of CO, basic property with gas pressure increasing.

barely expands around the supercritical point of the fluid pressure. In addition, the compression isotherm
shows a ‘A’ shape, and its value leads to a second peak around the supercritical point, which illustrates that
the CO, fluid can be compressed early at this point. Overall, the CO, fluid possesses a poor isothermal
expansion property and good property of isotherm compression around the phase change point.
Therefore, the fluid pressure saltation of the test data around the supercritical point can be attributed
to the change in the isotherm compression and isothermal expansion.

AE characteristics

Transient elastic waves are generated by the rapidly releasing energy of a local rock failure, and
this signal can be detected by an AE instrument (Chen et al. 2015). The AE characteristics were



10 (&) H.YANG ET AL

Post-failure
1200 ~
i
O AE count 0
1000 |- o
0]
0
= 800 - Energy accumulation i
=3
8 a8
w 600 ]
o Q
< Transitional stage (@)
a
400 | 9
0)
200 - /Micro-failure o) 2

Time (s)

Figure 11. AE characteristics at a drilling depth of 120 mm.
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Figure 12. AE characteristics at a drilling depth of 130 mm.

obtained by the instrument, PCI-2 acoustic emission, for the supercritical CO, fracturing
process, as shown in Figures 11-13. The AE characteristic of the three types of fracturing curves
show a similar development tendency, but differences can be found in certain details. Based on
the four colors of the AE count and AE count accumulation, the entire fracturing process can be
divided into four stages as follows. The first stage of fracturing, defined as micro-failure, shows
a micro failure of the plastic damage zone generated by the borehole excavation with a small AE
count signal and the gas pressure mainly accumulating in the fracturing chamber, an initial
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Figure 13. AE characteristics at a drilling depth of 140 mm.

fissure, and a micro-crack induced by the excavation. The second stage, the transitional stage,
shows an inconspicuous AE signal without obvious structure failure and yielding. The third
stage, energy accumulation, shows a sharp accumulation of the fluid pressure, obvious AE
counts, and an increase in the AE count accumulation with the stage. This AE signal can be
explained by the yielding of the part shale due to the rock anisotropy. The fourth stage, the so-
called post-failure, shows the strongest AE signal in the entire process caused by the shale
structure failure. It also exhibits a dramatic increase in the AE count accumulation. In addition,
it can be found that the fracturing process at a smaller drilling depth releases a larger AE count
and AE count accumulation, which also illustrates the effect of the drilling depth on the failure
pressure. Thus, a shorter drilling depth with less damage needs a larger fluid pressure to force
the shale break down, releasing numerous AE signal.

Fracturing crack morphology

The fracturing crack morphology is critical information for the assessment of fracturing effects and crack
propagation. To analyze the crack morphology induced by supercritical CO, fracturing, the CT instruments
of SOMATOM Scope were introduced in the experimental test, as shown in Figure 14. The CT scanning
planes were set as the vertical plane and horizontal plane crossing the sample center to compare the change
before and after supercritical CO, fracturing, as presented in Figure 15. The samples without CO, fracturing
did not have a discernible natural crack, as shown in Figure 15, whereas some obvious cracks induced by the
CO, fracturing can be found with a simple crack morphology. These results illustrate that effective crack
networks can be generated by supercritical CO, fracturing. The three-dimensional crack morphology can be
reconstructed based on CT scanning images, as shown in Figure 16. The fissure planes at the three drilling
depths were highlighted by transparentizing the shale matrix. It can be found that a sample at a drilling
depth of 120 mm forms a smooth fissure plane, whereas some more complex fissure planes can be generated
in samples at a drilling depth of 130 mm and 140 mm. This illustrates that a deeper drilling depth can
promote crack propagation with a larger damage area induced by the drilling. In general, the crack
morphology generated by supercritical CO, fracturing is relatively simple.

To quantitatively analyze the crack morphology differences in a sample as well as the differences
between samples, ten cutting planes of each sample were extracted from the three-dimensional CT
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Figure 16. Crack morphology of the three-dimensional reconstruction.

reconstruction model by the AVIZO software. These CT images of the cutting planes were processed by
MATLAB with the processing technology of edge detection, image dilation, image filling, and border
division. Moreover, the crack quantification characteristics of box-dimension, crack length, and crack
area were computed by a self-developed code, as shown in Figure 17. It can be found that the box-
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dimension of the three samples exhibits a fluctuation development tendency. The box-dimension
average value of the three samples is 1.6647, 1.6865, and 1.7229, respectively, explaining that the crack
morphology is more complex at a deep drilling depth. It can also be found that the crack length and area
show a sharp drop at the bottom of the fracturing borehole. The main reason is that the area and
perimeter of the cutting plane of the borehole are inevitably calculated. The box-dimension, crack length,
and crack area of the sample at a drilling depth of 120 mm change slightly despite ignoring the effect of
the borehole, illustrating that the crack morphology of each cutting plane is similar, i.e., the fissure plane
is relatively flat. This result is in accord with the result shown in Figure 16. Moreover, the crack length
and crack area at the sample drilling depth of 130 mm 140 mm increase with the sample length increase
at the drilling section, reach maximum at the bottom of the borehole, and then decrease dramatically at
the ending of the drilling borehole. These results exhibit that the crack morphology of the sample at
a drilling depth of 130 mm 140 mm is more complex at the bottom of the borehole, which matches the
exhibition shown in Figure 16. Therefore, it can be assumed that the fracturing crack initial failure occurs
at the borehole bottom under these two conditions. Overall, the crack area and crack length of the sample
at a drilling depth of 140 mm are larger than those of another sample, illustrating that the crack
morphology of a sample at a drilling depth of 140 mm is more complex. In general, the crack morphology
is relatively simple, which is slightly different with other research (Zhang et al. 2016).

Discussion
Damage model based on AE characteristic

The AE count can be a good parameter to reflect the change in the mechanical properties due to the
release of the strain energy of the material failure and crack propagation based on previous studies
(Jiang et al. 2013; Uetsuji and Zako 1998; Yang, Wang, and Qin 2000). Kachanov (1958) proposed
a damage variable to assess the damage degree of a material (Kachanov 1999). Thus, a damage
variable was introduced to describe the failure of the fracturing process and can be defined as
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T A

D (1)
where A, is the micro defected area of the bearing surface and A is the bearing area without damage.

If the accumulated AE count of the bearing area, A, with structure failure (complete failure) is C,,
then the AE count of the unit area failure can be obtained as

G
C,=— 2
- @
When the damaged area reaches A, the accumulated AE count can be obtained as
C
Ca= Cuhg =—Aq 3)
A
Therefore, the damage variable based on the AE characteristic can be defined as
Cy
D=— 4
: @

Owing to the testing machine lacking stiffness and test samples lacking complete failure, the damage
variable can be revised as

D=D, = )

where D, is the correction coefficient based on the test condition and damage degree of the test
sample, and its value ranges from 0 to 1.

Figure 18(a) shows that the AE count accumulation at the three drilling depths shows a similar
development tendency; however, some large differences between the extreme values can also be found.
Based on the AE count accumulation and theoretical analysis mentioned above, the damage variable at
the different drilling depths is obtained as shown in Figure 18(b). It is not difficult to find that a longer
drilling depth exhibits a larger initial damage. The main reason for this can be considered that the micro
defects induced by the drilling generate a secondary failure caused by the CO, fluid pressure in the initial
stage. Moreover, a larger damage variable is associated with the micro defects at a longer drilling depth,
which is in accordance with the damage zone distribution in the numerical simulation. Based on the
analysis of the three damage variable curves, the evolution of the damage variable can be idealized as
shown in Figure 18(c). The evolution process of the damage variable can be divided into four parts based
on its increase rate. The initial stage with a secondary damage in the micro defects shows a low increase
rate of the damage variable. The second stage, the stabilization stage, shows the lowest increase rate of the
damage variable. The third stage, progressive failure stage, shows a gradual increase in the increase rate of
the damage variable. The fourth stage, structural failure stage, shows the maximal increase rate of the
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Figure 18. Relationship between the damage variable and elapsed time.
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damage variable. This evolution of the damage variable can better illustrate the progressive failure
process of supercritical CO, fracturing and quantitatively analyze shale damage.

Typical fracturing curve of supercritical carbon dioxide

Supercritical CO, fracturing has been introduced as the main non-aqueous fracturing technology to
replace hydraulic fracture for better environmental protection and energy saving (Liu et al. 2014). There
exists some valuable research work on supercritical CO, fracturing, which exhibit a slightly similar
development trend as shown in Figure 19 (Inui et al. 2014; Zhang et al. 2016). All the pressure curves are
expected to change the development direction, and the pressure increase rate increases sharply at the
phase state supercritical point owing to the saltation change of the density and viscosity. Therefore, the
supercritical CO, fracturing process can be summarized as Figure 20 based on the zoning characteristics
and damage features.

Moreover, the entire process of supercritical CO, fracturing can be divided into five main stages:
gas pressure buildup in the crack and fracture chamber, gas increase and penetration in the skeleton,
supercritical CO, pressure slow accumulation in the shale matrix, supercritical CO, pressure sharp
accumulation in the shale matrix, and shale structure failure. Stage I mainly shows that the CO, gas
pressure primarily accumulates in fracture chamber, joints, and crack induced by the drilling
process, and some secondary damage can be found based on the initial damage generated by the
drilling process. Stage II shows the characteristic of gas pressure accumulation in the shale matrix
with little matrix damage. Stage III mainly illustrates that the supercritical CO, pressure accumulates
in the shale matrix with little matrix damage. Stage IV shows that the supercritical CO, pressure
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Figure 19. Previous works on fracturing curves (Inui et al. 2014; Zhang et al. 2016).
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accelerates its accumulation in the shale matrix with an accelerated damage rate, which suggests that
the shale matrix may be subject to structure failure. Stage V is the stage of structural failure and post-
failure, which shows a dramatical drop in the CO, fluid pressure and a sharp damage. It also can be
found that the damage variable increases dramatically, and its value is close to 1, but not 1, which is
mainly owing to the effect of the shale residual strength without complete damage. The entire
process can be divided clearly with definite division points, and the division is also based on previous
works. Therefore, the division of the fracturing process is scientific and significant.

Chemical reaction between the shale matrix and supercritical CO,

It is well known that the pore structure, gas storage capability, and mechanical property of shale can be
influenced by the mineral composition (Li et al. 2015b). Nevertheless, the mineral composition can also
affect the using and implementing of a reservoir simulation technology owing to the chemical reaction
between the reservoir matrix and fracturing fluid. Therefore, the mineral composition is an essential
parameter to research and develop a reservoir simulation technology for supercritical CO, fracturing. By
X-ray diffraction (XRD) and using an adiabatic method, the mineral composition can be obtained as shown
in Figure 21 and listed in Table 3. It is not difficult to find that quartz, illite, and dolomite exhibit an obvious
intensity in the XRD patterns, which indicates that these three types of minerals occupy a major percentage.
In addition, from the mineral composition in Table 3, the content percentage of quartz, calcite, illite,
dolomite, and chlorite is 65.4%, 6.25%, 9.8%, 6.87%, and 6.59%, respectively. The remaining mineral
composition is 5.09%. The mineralogical constituents are quite similar. Overall, the analyzed specimen is
characterized by relatively high brittle mineral contents, which is in accordance with previous research (Tan
et al. 2014). The main chemical constituent of quartz is SiO,, which is relatively chemically stable, indicating
that silica does not react with water and a typical acid. Moreover, the main constituent of calcite, dolomite,
illite, and chlorite is CaCO;, CaMg(CO3),, KosMgo25Al; 8(Aly55i35010)(OH),, and Mg, sFe, 5ALSi301
(OH)g, respectively. These those constituents are not stable, indicating that they may react to some degree
with the weak acid formed by the injected CO, (Yang et al. 2014).
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900 5 2-llite
3-Dolomite

w

400

Intensity(a.u.)

100

Figure 21. XRD patterns of the shale specimen.

Table 3. Mineral composition.

Component Content (%)
Quartz 65.4
Calcite 6.25
lllite 9.8
Dolomite 6.87
Chlorite 6.59

Others 5.09
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Figure 22. Time effect on the shale specific surface and porosity (Jiang et al. 2016).

Supercritical CO, fracturing is a complex process to improve shale reservoir permeability,
which competes with the complex fluid-mechanical coupling process and fluid-matrix chemical
reaction process. If the time effect is considered in the fracturing process, the chemical reaction
between the fracturing fluid and shale becomes more complex. By processing and analyzing
previous studies (Jiang et al. 2016), the effect of the treatment time of the shale immersion in
supercritical CO, on the specific surface area and porosity can be obtained as shown in Figure 22.
It is obvious that the specific surface area and porosity increase on adding treatment time to the
mass, whereas the porosity shows some fluctuation. The reason for the increased specific surface
area and porosity is the sufficient dissolving capability of supercritical CO,. In comparison, the
dissolving capability is owing to the reaction between the shale matrix and supercritical CO,.
When CO, is injected into a shale reservoir, the coexisting CO, (gas) and CO, (liquid) encounter
the moisture in the matrix and formation, and H*, HCO3", and COs> are provided by this
‘meeting’ reaction, as shown in equations (6-7).

HCO3~ — H'4+CO52~ (7)

In addition, Mg2+, Fe?*, AI’* Fe** and AlO,™ ions can be obtained from the solution of calcite, illite,
dolomite, and chlorite. These types of ions are the key minerals of the reaction between the CO,-H,0-
matrix for providing the raw material for the precipitation of carbonate minerals.

Mg*"+CO;3*~ — MgCO; (8)
Fe?*+C032~ — FeCO; 9
AlO,”+CO0,+2H,0 — HCO; ™ +Al(OH), (10)

The oxides, MgO, K,O, Na,O, and CaO, can also react with CO, and H,0O, producing the
precipitates of Mg,(OH),CO3, Ca(HCO3),, KHCO;3, NaHCO3, and CaCOj;. These reactions between
the shale matrix and supercritical CO, can dissolve and remove substances that hinder shale pores,
such as clay and carbonates, improving the shale porosity and connectivity. A complete contact
between the supercritical fluid and matrix can increase the displacement gas in the shale pore and
gas desorption from the shale pore surface. Supercritical CO, not only influences the shale micro-
structure in terms of the porosity and specific surface area but also the shale surface chemical
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properties of water wettability and surface tension (Qin et al. 2017). With a longer treatment time of
supercritical CO, fracturing, the chemical reaction between CO, and the shale solid skeleton will be
more sufficient. The reaction contact between a supercritical fluid and shale is more sufficient
compared to that with other improving fluids, which makes it easier to expel the clogging impurities
from the pores, thereby improving the porosity and pore connectivity and increasing the drainage of
shale gas and gas desorption (Lu et al. 2015). Therefore, for better reservoir simulation, the time
effect should be considered when supercritical CO, fracturing is implemented for shale gas
extraction.

Conclusions

Supercritical carbon dioxide experiments were conducted to determine the influence of drilling
depths, and acoustic emission signals were also recorded. In addition, the crack morphologies were
scanned by CT before and after the fracturing experiment. Moreover, the damage model, fracturing
curve, and chemical reaction were analyzed and discussed. Based on the above work, the following
conclusions were drawn:

(1) The structure failure pressure decreased with the increase in the borehole length and sealing
length, which was due to the larger excavation damage zone at deeper drilling depths. Moreover, the
region around the borehole could be divided into four parts: partial damage zone, micro-damage
zone, stress restoration zone, and initial stress zone, based on the damage and stress conditions.

(2) The saltation of the fracturing curves was due to the phase change of carbon dioxide, which was
critically led by the change in the isotherm compression and isothermal expansion. The acoustic emission
characteristics of the fracturing experiments showed a similar development trend, which could be divided
into four stages of micro-failure, transactional stage, energy accumulation, and post-failure.

(3) Comparison of the crack morphology before and after the fracturing experiments showed that
supercritical carbon dioxide could generate an obvious ‘wing’ crack. A complex crack could be
formed at a deeper drilling depth, as revealed by the comparisons of the box dimension, crack
perimeter, and crack area at different drilling depths.

(4) Based on previous works and the damage characteristic and fluid pressure features, the entire
process of supercritical carbon dioxide fracturing could be divided into five main stages: gas pressure
buildup in the crack and fracture chamber, gas pressure accumulation in the shale matrix, super-
critical phase pressure accumulation in the shale matrix, supercritical carbon dioxide pressure
accelerated accumulation in the shale matrix, structural failure, and post-failure. Supercritical CO,
could dissolve and remove substances, improving the shale porosity and connectivity.
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