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A B S T R A C T   

In recent years, supercritical carbon dioxide (SC–CO2) has been attempted in hydraulic fracturing in shale reservoirs as a new type of fracturing tool to overcome the 
drawback of traditional water-based fluids. Because of the unique physical and chemical properties of SC-CO2, its fracturing mechanism is more complicated than 
traditional fluids and still unclear at present. In this paper, we hydraulically fracture a shale reservoir rock using SC-CO2 and monitor the fracturing process using 
acoustic emission (AE) data. The results show the fractures stimulated by SC-CO2 composite of both shear and tensile fractures. In the initiation stage, SC-CO2 
activates the natural fractures around the wellbore and induces shear fractures. In the propagation stage, SC-CO2 permeates the fracture tips quickly, results in a 
dynamic propagation process, and generates plenty of tensile fractures. The phase change of CO2 could be observed during the fracture propagation process, which is 
accompanied by a rapid pressure change and local stress shock formations in the fractures. Additionally, the experiments also demonstrate that the existence of 
bedding structures in shale could constrain the propagation of fractures, thus leading to a smaller volume of fracture network and limiting the complexity of the 
generated fractures. This research may help understand the fracturing mechanism of SC-CO2 and shed light on the development of hydraulic fracturing technology in 
shale reservoirs.   

1. Introduction 

High-pressure water is injected into reservoirs to stimulate complex 
fracture networks consisting of hydraulic fractures and natural frac
tures.1 This complex fracture network increases the stimulated reservoir 
volume and plays an important role in enhancing shale gas produc
tion.2,3 Currently, water-based hydraulic fluids are commonly used; 
however, water-based fracturing fluids may result in fluid retention ef
fects.45 And also, water shortage is another critical difficulty for frac
turing operations for places. To eliminate the problems caused by 
water-based fracturing fluids, the exploration of non-water fracturing 
fluids is becoming necessary. Among the many non-water fracturing 
fluids, supercritical carbon dioxide (SC–CO2) seems to be one of the best 
alternatives to water-based fracturing fluids because of its special 
physical and chemical properties. For example, it has zero water sensi
tivity and could thus avoid clay swelling; it is also of low viscosity and 
high diffusion capacity, making it an efficient tool to transmit energy to 
reservoir rocks.6 

Scattered researches have been found to explore the capability of SC- 
CO2 as a new fracturing fluid.7 However, there is still no consensus about 

whether SC-CO2 can promote the fracturing effect. According to the 
generated fracture pattern from laboratory experiments, Zhou et al.8 

found that the SC-CO2 fracturing is a mechanical-chemical-thermal 
coupling process. Such a multi-field coupling process may induce 
more complex fracture networks than that induced by water-based 
fracturing fluid.8,9 Another view is that SC-CO2 has a very low viscos
ity, making it easy to be filtered out along bedding structures in shale 
reservoirs,10–12 and consequently, the leakage of SC-CO2 may limit the 
fracturing area. There are also concerns that the width of fractures 
formed by SC-CO2 is generally small, and it is thus not conducive to the 
migration of proppants, which could also decrease the effect of SC-CO2 
fracturing.13,14 To date, it is still not clear whether SC-CO2 is effective 
and efficient for shale fracturing. 

Since the fracturing process of SC-CO2 is generally coupled with 
chemical processes, it is difficult to investigate its fracturing mechanism 
and fracture characteristics using pure numerical methods. Therefore, 
laboratory experiments with fracturing monitoring techniques have to 
be employed. True triaxial hydraulic fracturing experiments are 
commonly used to realize real fracturing conditions, together with the 
usage of acoustic emission (AE) for monitoring the whole dynamic 
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fracturing process.15–17 The AE results provide a critical basis for esti
mating the fracture morphology, propagation trends, and understanding 
the fracture mechanisms.18 However, shales usually have apparent 
anisotropy, making it challenging to accurately pinpoint AE events and 
the fracture mechanism. Previous research of SC-CO2 fracturing was 
mainly completed in isotropic rocks such as granite.19 For shale, Li 
et al.20 located AE events using algorithms with an anisotropic velocity 
model and proposed that the layered model is more suitable for AE event 
location in shales. But there is no further research about the SC-CO2 
fracturing in shale based on the AE location from the algorithms with an 
anisotropic velocity model. Zhang et al.21 and Zou et al.22 used the AE 
rates as an assistant to computed tomography (CT) images and proved 
that the SC-CO2 could enhance the complexity of the generated fracture 
network. Without the AE location results, there is no definite explana
tion for the critical phenomena in the experiments of SC-CO2 fracturing. 
For example, it has been observed that the initiation pressure is lower 
than the theoretical value21; however, there is no evidence to prove 
whether it is caused by the reduction of effective stress in the fractures or 
the activation of natural fractures. This problem can be studied by 
investigating the AE event location results and the mechanical proper
ties of fractures. 

Another problem in the SC-CO2 fracturing process is the phase 
change. Zhou & Zhang23 explained the possibility of phase change in 
theory. However, phase change has not been observed in their experi
ment. The process of phase change directly affects the source of AE. In 
the laboratory scale rupture, there may be overlaps of various sources in 
the time domain. At the same time, it is hard to distinguish such dif
ferences of the source with the inversion results. Therefore, it is neces
sary to use the frequency information of AE waveforms to reflect the 
characteristics of the source. At present, research on the frequency of AE 
waveforms to reveal the mechanism of phase change is still lacking. 
More experimental studies of the SC-CO2 fracturing by AE monitoring 
should be conducted. 

This paper studies the fracture characteristics of SC-CO2 fracturing 
based on AE monitoring. AE event location, source mechanism, and 
waveform frequency are calculated. Based on the AE results and the 
comparison with water fracturing, the fracture morphology and fracture 

mechanism characteristics under SC-CO2 fracturing are obtained. The 
paper is organized as follows. The samples, equipment, and procedures 
of the experiments are briefly introduced in Section 2. In Section 3, we 
overview the methods used to analyze AE data and present the results 
obtained from the analysis. In Section 4, we compare the experimental 
results of SC-CO2 fracturing with those of water fracturing. This is fol
lowed by a discussion of the particularity of SC-CO2 fracturing. The 
conclusion is given at the end. 

2. Experimental samples, equipment, and procedures 

The rock sample used in the current experiment is shale from an 
outcrop of Longmaxi (LMX) formation in China (Fig. 1a). The Young’s 
modulus and Poisson’s ratio of the sample are near 40 GPa and 0.2, 
respectively. There are many bedding structures in the sample where 
specific openings or weak cementation can be found. Each rock sample is 
cut into a 300 × 300 × 300 mm3 cube with all ends well polished. A hole 
with a diameter of 1.6 cm is drilled parallel to σh to simulate the well
bore. The length of the wellbore is 13.5 cm, and the end without steel 
pipe is kept at 3 cm (Fig. 1b). 

The experimental system has two main parts. The first part is the true 
triaxial fracturing simulation equipment developed at the China Uni
versity of Petroleum (Beijing), which can apply boundary forces from 
three orthogonal directions to simulate the stress condition underground 
(Fig. 1c). The boundary loading acting in the vertical direction (i.e., 
perpendicular to the bedding plane) on the sample is denoted as σv and 
the other two horizontal boundary loadings are respectively denoted as 
σH and σh, as shown in Fig. 1c. CO2 becomes supercritical when the 
temperature exceeds 31.3 ◦C and pressure is over 7.38 MPa. To ensure 
that CO2 becomes supercritical and is injected at a constant rate, CO2 is 
released to a cooling unit for liquefying until it transfers to the liquid 
state. Then, we pump liquid CO2 into a fluid separation vessel for 
increasing fluid pressure to 6.3 MPa. After that, we inject the liquid CO2 
into the heating-pressuring pipelines to reach the supercritical state at a 
constant rate. The heating-pressure pipelines warm up to 80 ◦C ac
cording to the formation temperature. Moreover, the sample is heated to 
80 ◦C by heating panels attached to the loading plates from one day 

Fig. 1. Schematic diagram of the sample and experimental system.  
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before the experiment until the ending of the experiment, thus ensuring 
that the internal temperature of the sample holds at 80 ◦C. This injection 
procedure can guarantee successful SC-CO2 fracturing in shale and 
sandstone.9,22 

The other part is the AE monitoring system. The multi-channel 
continuous waveform monitoring equipment named DS5 from Beijing 
Softland Company is used for acquiring the AE waveform. The AE sensor 
is the type of RS-2A from the same company, and it has a stable fre
quency response at 50–400 kHz. Sixteen sensors are arranged on the five 
surfaces (i.e., top, left, right, front, and back) of the sample (Fig. 1d). The 
sensor coverage to the sample satisfies the far-field source assumption 
for AE analysis. The amplitude threshold of each sensor is set to 100 mV, 
and the preamplifier is 40 dB; continuous waveform acquisition mode is 
adopted, and the sampling rate is set to 3 MHz per sensor. The pencil 
lead-breaking calibration in terms of amplitude has been conducted, 
which provides data for verifying AE event location and moment tensor 
inversion. We also calibrated the sensor and algorithm following Ono24 

and Grosse & Ohtsu.25 A more detailed introduction of the testing sys
tem is given by Zou et al.,26 and a complete illustration of the experi
mental setup can be found in Wu et al.27 

Conducting hydraulic fracturing experiments successfully in shale is 
usually challenging because it could be influenced by many factors. We 
discuss the SC-CO2 fracturing by comparing it with a series of water 
fracturing experiments reported earlier using the same type of rock 
samples and equipment.20,28 Due to the existence of bedding structures, 
it is easy to cause failure in such experiments. This has also been proved 
in previous fracturing experiments in LMX shale. We have successfully 
achieved a complete set of SC-CO2 fracturing results and obtained the 
complete acoustic emission information (Fig. 2a). The boundary loading 
used in this experiment is σh = 10 MPa, σH = 15 MPa, and σv = 20 MPa, 
which is similar to the in situ stress in the field where σv ≥ σH > σh and is 
corresponding to the stress in the experiment of water fracturing.20 The 

injection rate of SC-CO2 is maintained constant at 5 ml/min. 

3. Experimental results 

3.1. Evolution of injection pressure and AE events 

AE waveforms are commonly used to demonstrate AE behavior 
during the injection process from an overall perspective of SC-CO2 
fracturing, which reflects the performance of AE rates and amplitude of 
AE events that can indicate the characteristic of AE in SC-CO2 frac
turing.29,30 The injection pressure curve of SC-CO2 and the waveform of 
generated AE are presented in Fig. 2a. The pressure curve shows a weak 
fluctuation. The initiation pressure of SC-CO2 fracturing is 9.6 MPa, 
which is much lower than the theoretical value in the fracturing theory 
for water-based fluid.21 Generally, the fracturing stage before the initi
ation pressure is called the initiation stage, followed by the fracture 
propagation stage. The injection pressure in the fracture propagation 
stage is below the minimum boundary loading as shown in Figs. 2a and 
3a. Similar phenomena have also been reported in other experiments of 
SC-CO2 fracturing.19,21,22 This may be attributed to the volume expan
sion of CO2 once hydraulic fractures formed and even penetrated the 
sample. From the AE waveform sequence, many AE events can be 
observed. In the initiation stage, the amplitude of the AE waveform is 
small, making the AE waveform barely observable in the whole 
sequence of the waveform. There are many AE waveforms with large 
amplitudes in the propagation stage. We have picked 235 AE events for 
source location and moment tensor analysis. 

The statistical parameters of AE events obtained from the sequence 
of AE waveform can directly reflect the dynamic characteristics of the 
fracturing process. The most frequently used statistical parameters are 
the AE rate and b-value.31,32 The AE rate is the number of AE events per 
unit time. The change of AE rate is usually used to interpret fracture 

Fig. 2. Injection pressure curve and AE waveform of 
(a) SC-CO2 fracturing and (b) water fracturing ex
periments. The SC-CO2 fracturing experiment shows a 
long period (350 s) containing high amplitude AE 
waveforms, which lasts almost from the initiation to 
the end of the whole fracturing process. In the water 
fracturing experiment, the active time with a high 
amplitude AE waveform lasts only about 150 s, fol
lowed by a long “quiet” time. The waveform shown 
here is recorded by an AE sensor located on the bot
tom surface of the sample, which has a high ratio of 
signal to noise.   
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convergence and nucleation in rock mechanics experiments. The un
stable propagation of cracks generally corresponds to a rapid increase in 
AE rate. The increase of AE rate further signifies the sudden change of 
stress inside the rock. As an important parameter related to fracture 
activity, the sudden increase of AE rate can be used as a macroscopic 
fracture formation indicator. Fig. 3a shows the AE rates over time; the 
evolution of the injection pressure is also plotted for comparison. The AE 
rate remains high for a while and reaches its first peak value at nearly 
210 s. Afterward, we can observe a gradual decrease in AE rate. This is 
different from the fracturing experiments with water-based fluid in 
which a sharp drop of the number of AE events could be observed after 
the peak value (Fig. 2b). We will discuss this in detail in a later section. 

The statistics of the amplitude of AE events obey the Gutenberg- 
Ritcher formula.33 The b-value is the slope of the amplitude distribu
tion curve, which directly reflects the character of energy distribution in 
the failure process.34 When more AE events with large amplitude are 
generated, a smaller b-value will be yielded, and vice versa. The 
amplitude of AE waveform is positively correlated with the fracture size, 
i.e., a lower b-value indicates that macroscopic cracks are easy to form. 
In our analysis, the b-value of AE can be calculated using 

log 10 N = a − b ×
AdB

20
(1)  

where AdB is the amplitude of AE waveform expressed in the unit of dB, i. 
e., 

AdB = 10log 10A2
max = 20log 10Amax (2)  

and Amax is the amplitude of AE expressed in the unit of μv.33 

The distribution of AE amplitude of SC-CO2 fracturing is also 
different from that of water fracturing, as shown in Fig. 3b. The results of 
water fracturing are from the same experimental system conducted 
earlier, and the details of which can be found in Wu et al.27 There are 
more AE events with amplitude higher than 4 in the SC-CO2 fracturing, 
and thus a smaller b-value (smaller slope) is generated. 

3.2. AE event location and fractal analysis of generated fractures 

The locations of AE events reflect the positions of the generated 
fractures. We use the location of AE events to monitor the dynamic 
fracture propagation process. The AE event located inside the rock can 
be interpreted based on the arrival time of the P-wave.35 The calculation 
of AE event location adopts the combination of the classical Geige 
method and double-difference method.36,37 Since shale is composited of 
layered depositions, we use the transversely isotropic model to describe 
the P-wave anisotropy, which will reduce the location error. For the 

location and the moment tensor inversion later, we select the AE events, 
which are monitored by at least 11 AE sensors. The arrival times and the 
amplitudes were determined from the AE waveform by the 
STA/LTA-AIC picker method.38,39 In the whole process of the experi
ment, we have obtained 235 AE events after selection. Fig. 4 displays the 
spatial locations of all the AE events by dot, and Fig. 5 shows their 
projections on the three surfaces according to the axes. The AE event 
locations are scattered, and there are only a few dots near the injection 
point. Many fractures spread to the boundary. This fracture morphology 
is far from the planar fractures and shows the characteristics of complex 
fracture networks. 

Hydraulic fractures are usually assumed to be planar.40,41 The planar 
fracture can be characterized by its length, height, and width.42 How
ever, the AE event location of SC-CO2 fracturing indicates that the 
fractures are distributed more dispersed in space, which is quite 
different from the planar fracture.23 For complicated fracture networks, 
it is common to characterize them quantitatively using the fractal 
method. Lei43 used the correlation dimension to describe the nucleation 
process of fractures during the uniaxial compression tests of rocks. Li 

Fig. 3. (a) AE rates and injection pressure of SC-CO2 fracturing. The AE rate fluctuates with the change of injection pressure. After the first injection pressure peak 
point, the AE rate keeps a high value until after the second injection pressure peak point. (b) The distribution of AE amplitude for both SC-CO2 fracturing and 
water fracturing. 

Fig. 4. The locations of AE events of SC-CO2 fracturing. It shows all the 235 AE 
events in the experiment. The AE event location of SC-CO2 fracturing is more 
dispersed in space compared with the result of water fracturing (will be dis
cussed in detail in the Discussion section). 
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et al.44 used box dimensions to illustrate the spatial complexity of the 
fracture network and show that the fractal dimension increases during 
the failure process of rock. The fractal method can help obtain a quan
titative description of the characteristic of three-dimensional fractures. 
To describe such fracture morphology in SC-CO2 fracturing, we use the 
box-counting method to calculate the fractal dimension.44 The higher 
the fractal value is, the more complicated the fracture network is. The 
formula of box-counting for fractal dimension is 

D= lim
r→0

log 10 N(r)
log 10(r)

(3)  

where the sample space of rock is divided into small box spaces with 
length r, and N(r) is the number of boxes containing AE event location 
dots. The length r of the box starts from 1 mm to the maximum value of 
300 mm. Each value of r corresponds to an N(r). Then, we plot the results 
in a logarithmic scale to obtain the fractal dimension D, as is the slope of 
log 10(r) − log 10(N(r)) curve in the linear area (Fig. 6). The calculated D 
value of our SC-CO2 generated fractures is 1.56. 

3.3. Moment tensor analysis and mechanism of fractures 

The AE mechanism can reflect the mechanism of generated fractures. 
The commonly used methods for solving the AE mechanism are polarity 
statistics and moment tensor inversion,45 and both can classify fractures 
according to tension-shear property. The moment tensor method can 
classify and calculate the orientation of fractures.46 The moment tensor 

of an AE can be inverted by the polarity statistics and amplitude of the 
P-wave. Ohtsu47 first applied this method based on the simplified green 
function. The components of a moment tensor contain the properties of a 
fracture. By decomposing the moment tensor (Fig. 7), the fracture 
properties can be divided into three types, i.e., the tensile, shear, and 
mixed, which form the mechanical foundation of fracture propagation. 
However, the propagation of fractures is a process that changes with 
time, and it is hard to understand the process only by the properties of 
fractures. We define a mechanism index (MI) for the shear-type AE as 1, 
tensile-type AE as − 1, and mixed-type AE as 0 (Table 1). The MI is added 
over time to obtain the accumulated MI. If a shear-type AE appears, the 
accumulated MI is added by 1, and an increasing trend can be observed 
on the accumulated MI curve (see Fig. 8). On the contrary, if a 
tensile-type AE arises, the accumulated MI is subtracted by − 1, and the 
accumulated MI curve will display a descending trend. The mix-type AE 
has the value of 0 and will not change on the accumulated MI curve. 
Therefore, when the curve shows an increasing trend, the propagation of 
fractures is dominated by shear-type; when the curve presents a 
decreasing trend, the propagation of fractures is dominated by tensile 
type. SC-CO2 fracturing shows an increasing trend in the initiation stage. 
While in the propagation stage, the curve has apparent downward 
fluctuations (Fig. 8). This demonstrates that it is easy to generate shear 
fractures in the initiation stage, while in the propagation stage, tensile 
fractures are dominant. 

3.4. Frequency spectrums of AE waveforms 

The AE acquisition system records the entire waveform during the 
fracturing process. The waveform frequency is determined by the AE 
source and affected by the AE wave’s spreading path. The main influ
encing factors on the spreading path are the attenuation of wave energy 

Fig. 5. The dots density of AE event location. The dots density is calculated by the ratio of the number of AE events in the local area, and here a cube of 40 mm3 is 
used to count the number of AE events. The results are projected in three views, σh − σv, σH − σv and σh − σH, respectively. 

Fig. 6. The result of box-counting fractal dimension. Because of the limitation 
of AE event positioning accuracy, the smaller-scale area is ignored, i.e., only the 
linear part with larger-scale is considered for fractal dimension fitting. Fig. 7. Decomposition of moment tensor (modified from Ohtsu47).  
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and the limitation of sensors’ frequency band. The uncertain influence of 
these factors leads to the difficulty of analyzing the waveform in the 
frequency domain. For this reason, we study the frequency of the AE 
waveform in the SC-CO2 fracturing process by comparing it with the AE 
waveform in water fracturing obtained from the same recording system 
and the same type of rock. By doing so, we limit the influence of rock 
samples and AE sensors. The waveform of water fracturing is shown in 

Fig. 2b. We select three typical AE events with high amplitude, corre
sponding to 548 s, 569 s, and 616 s, respectively, in the fracturing 
propagation stage of the water fracturing experiment. Because there are 
many AE events with high amplitude in the SC-CO2 experiment (Fig. 2a), 
we evenly chose three events at the time 212 s, 221 s, and 234 s. The 
waveform spectrums obtained by fast Fourier transformation for SC-CO2 
fracturing and water fracturing experiments are shown in Fig. 9. The 
maximum amplitude normalizes the amplitudes in the spectrogram to 
facilitate comparison. In the spectrogram of AE waveform in SC-CO2 
fracturing (top row of Fig. 9), there are relatively more components 
(especially in Fig. 9a and b) with a frequency higher than 0.1 MHz, 
compared to the spectrogram of AE waveform in water fracturing 
(bottom row of Fig. 9). The major frequency component of the spec
trogram for AE events at 548 s and 616 s in water fracturing is less than 
0.05 MHz (Fig. 9d–f). We also calculate the time-frequency diagram 
using wavelet transformation (Fig. 10). The results confirm that the AE 
events in SC-CO2 fracturing contain more high-frequency components, i. 
e., the time-frequency diagram of SC-CO2 fracturing (left column of 
Fig. 10) contains more areas with high-frequency values than those in 
the water fracturing diagram (right column of Fig. 10). 

4. Discussions 

We have obtained the amplitude, spatial distribution, focal mecha
nism, and waveform frequency of AE events during SC-CO2 fracturing 
from the experimental AE monitoring data. Next, we will discuss the 
characteristics of fractures formed by SC-CO2 fracturing from the aspects 
of fracture morphology and the mechanical mechanism by comparing 
them with the water fracturing experiments. 

4.1. Spatial characteristics of fracture network 

The location of AE events and their fractal dimension can reflect the 
features of the generated fracture network morphology. We compare the 
fracture network caused by SC-CO2 fracturing with that by water frac
turing published in Wu et al.27 We chose two rock samples for water 
fracturing experiments, and they are labeled as LMX1 and LMX2. The 
rock samples after the fracturing experiment are shown in Fig. 11a–b. 
According to the AE event location (Fig. 11c–d), more generated frac
tures cover a larger rock volume in LMX1. While in LMX2, the induced 
fractures are more concentrated near the injecting point and only cover 
a small rock volume due to the constrain of bedding. The difference in 

Table 1 
Definition of mechanism index.  

Range of shear component Fracture Type Mechanism Index (MI) 

DC > 60% Shear type 1 
DC < 40% Tensile type − 1 
40% ≤ DC ≤ 60% Mix type 0  

Fig. 8. Accumulated mechanism index over time (black & red line) and in
jection pressure (blue line) over time. The descending curve segment represents 
that the tensile-type fractures are dominant (red); the increasing curve segment 
means that the shear-type fractures are dominant (black). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 9. Top row: (a–c) the frequency spectrums of three typical AE events in SC-CO2 fracturing. Bottom row: (d–f) the frequency spectrums of three typical AE events 
in water fracturing. 

S. Wu et al.                                                                                                                                                                                                                                      



International Journal of Rock Mechanics and Mining Sciences 152 (2022) 105065

7

the stimulated rock volume between LMX1 and LMX2 is caused by the 
different water permeability at the bedding area. And, this permeability 
difference is induced by the different vertical stress. The stimulated 
volume in LMX2 is similar to that in the SC-CO2 fracturing. The reason 
for such a small stimulated volume in both LMX2 in water fracturing and 
the previous SC-CO2 fracturing may lie in the bedding structures in rock 
samples. The high permeability of the bedding structures leads to an 
increased release of energy carried by the fracturing fluid. In addition, 
the low viscosity of SC-CO2 makes it easier to be filtered through the 
bedding structures. Therefore, shale bedding is a critical factor affecting 
the stimulated volume of the SC-CO2 fracturing. We plot the density map 
of the AE event location for the two samples for water fracturing 
(Fig. 11). The figures show a more concentrated area of AE events near 
the injecting point, which is different from the results in SC-CO2 frac
turing (Fig. 5). The fluid energy carried by SC-CO2 is more widely 
distributed than that of water due to the high permeability of SC-CO2 in 
rock. The fractal dimension of the generated fractures in SC-CO2 frac
turing (D = 1.56) is close to that in LMX2 in water fracturing (D = 1.50). 
However, both are lower than that in LMX1 in water fracturing (D =
1.79). The ultimate goal of hydraulic fracturing is to generate large and 
complex fracture networks. It seems easier to achieve this goal with 
SC-CO2 as it can release energy more evenly. However, due to the 
constrain from the bedding structure, the complexity of the generated 
fracture network in SC-CO2 fracturing is not as high as that predicted by 
the theory. 

4.2. Mechanism of the fracturing process 

The mechanism index curve of SC-CO2 fracturing shows an 
increasing trend in the initiation stage, which means the shear fractures 
dominate the failure process. We calculate the percentages of different 

fracture types in the initiation stage and compare them with those in 
water fracturing (LMX1 as an example) in Fig. 12. The results demon
strate that more shear fractures are generated in SC-CO2 fracturing. In 
the traditional tensile failure model, the fracture propagates along the 
direction of maximum principal stress. However, the initiation stage 
may be complicated for reservoirs with developed bedding. Li et al.20 

show an extensive fluctuation range of initiation pressure due to the 
influence of bedding. Two possibilities could lead to a complicated 
initiation stage. One is the heterogeneity of rock strength at the wellhead 
caused by bedding, and the other is the heterogeneity of stress distri
bution caused by the interaction of fluid and bedding. The former comes 
from the influence of rock properties, and the latter is influenced by 
fluid-solid coupling. The results of Zhou et al.48 and Zou et al.22 also 
show that the initiation pressure reduced obviously in the same rock but 
with SC-CO2, which indicates that the impact of fluid-solid coupling is 
more significant. For our experiment, the initiation pressure is 9.6 MPa. 
But the classical formula for evaluating the initiation pressure based on 
the tensile failure model is 

Pini =(3σh − σH) − σt (4)  

where σt is the tensile strength of rock. The tensile strength of the cur
rent shale specimen is near 15 MPa. According to Eq. (4), the initiation 
pressure is approximately 30 MPa under the triaxial stress condition of 
σh = 10 MPa, σH = 15 MPa, and σv = 20 MPa. This is higher than our 
results. The reason may be that the SC-CO2 can easily invade the bedding 
structure or the natural fractures around the wellhead and change the 
local stress condition (Fig. 13). Therefore, more shear-tensile mixed 
failure and pure shear failure appear at the wellhead. The traditional 
model for the initiation pressure cannot cover the hybrid failure process, 
which results in an inaccurate prediction. 

The properties of the generated fractures in the propagation stage 

Fig. 10. The time-frequency diagram of AE events with high amplitude in the fracturing propagation stage in (a–c) SC-CO2 (left column) and (d–f) water fracturing 
(right column) experiments. 
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show a different result. More tensile fractures are caused in the propa
gation stage in SC-CO2 fracturing (Fig. 12b). This phenomenon can be 
explained by the effect of fluid lag in fracture tips. In the process of 
fracture propagation, the fluid front usually lags behind the fracture 
front. The lag region increases the fracture toughness at the tip (Fig. 14). 
Jeffrey49 proposes a fracture toughness of lag and re-defines the tip’s 
fracture toughness as the effective toughness. The larger the fluid lag 
region is, the higher the effective toughness. SC-CO2 could easily enter 
the fracture tips due to its strong permeability, resulting in a small lag 
region and thus a low effective fracture toughness. Since fracture 
toughness has a significant influence on hydraulic fracture propagation 
under toughness regime and the fracturing process in laboratory scale is 
usually toughness-controlled, the more vital permeability of SC-CO2 at 
fracture tips can explain the more significant number of generated 
tensile fractures in the propagation stage. Previous results indicated that 

low viscosity might induce shear-dominant fractures, whereas high 
viscosity fluid tends to induce tensile-dominant fractures.19 Our results 
are not contrary to this because we only claim more tensile fractures in 
the propagation stage. Additionally, the size of our sample (300 × 300 ×
300 mm3) is larger than the sample size (170 × 170 × 170 mm3) in the 
experiment of Ishida et al.,19 which leads to a large area for the propa
gation of fractures, thus inducing more tensile fractures. 

It should be noted, in our results, there are more shear-type fractures 
than tensile in both water and SC-CO2 fracturing. This may be caused by 
the sensitivity of the AE sensor (RS-2A) to shear fractures. This type of 
AE sensor has a relatively low-frequency band (50–400 kHz) than the 
sensors applied in other experiments,19 such as the sensor with a reso
nance frequency of 300 kHz and a band-pass filter between 80 kHz and 
1 MHz. The shear-type fractures usually contain more low-frequency 
components.50 In addition, the criteria for classifying the shear-type 

Fig. 11. (a) CT scanning slice of water fracturing 
rock sample (LMX1). The scanning plane is parallel to 
the (σH − σv) view at around − 20 mm distance of the 
σh direction. The bedding planes are labeled in a CT 
scanning slice of the rock sample (modified from Wu 
et al.27) (b) CT scanning slice of water fracturing 
(LMX2). It has nearly the same scanning position as 
LMX1. (c) The dots density map of AE event locations 
of LMX1 at (σH − σv) view (all points are projected on 
the (σh − σH) view). (d) The dots density map of AE 
event locations of LMX1 at (σH − σv) view.   

Fig. 12. The statistics of hydraulic fracturing mechanism.  
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AE by the moment tensor may also lead to the preferred shear-type 
fractures in shale. The reason is that shales are often anisotropic, 
which affects the inversion and decomposition of moment tensor. Future 
works should be conducted to investigate new criteria for classifying the 
shear-tensile fractures in shale. Nevertheless, our conclusions that the 
more tensile fractures in the propagation stage and more shear-type 
fractures in the initiation stage of SC-CO2 fracturing can be observed 
are based on the comparison with water fracturing in the same type of 
shale rock. The errors induced by sensor sensitivity and the inversion of 
moment tensor are negligible. 

The AE rate is closely related to the fracture propagation speed. The 
active period of AE rates represents successive fractures. In water frac
turing, there is an intense outbreak of AE events near the peak of in
jection pressure. After this, in the propagation stage, the AE event tends 
to be quiet (Fig. 2a). However, in SC-CO2 fracturing, the AE events stay 
active for a long period (Fig. 2b), which indicates an unstable propa
gation of fractures in SC-CO2 fracturing. In addition, in the propagation 
stage, the amplitudes of AE events in SC-CO2 fracturing are generally 
higher than those in water fracturing. For comparison, we further 
calculate the b-values of water fracturing experiments in Li et al.20 The 
b-values in water fracturing are generally between 1.2 and 1.8; however, 
the b-value in the current SC-CO2 fracturing is 0.94. This demonstrates 
that the SC-CO2 fracturing could generate more AE events with large 
amplitude, and implies that fractures are easier to form in SC-CO2 
fracturing. In sum, the results above (i.e., continuously high AE rate and 
lower b-value) show that fractures propagate faster and energy transfers 
more efficiently in SC-CO2 fracturing. 

4.3. Phase change of CO2 and the high-frequency AE events 

There are two possible phase changes of SC-CO2. One is from the 
supercritical state to the gaseous state, and the other is from the su
percritical state to liquid. According to the phase change diagram of CO2 
shown in Fig. 15, the former is controlled by temperature, while the 
latter is controlled by pressure. In our experiment, the temperature 
change is mainly due to the temperature evaluation of rock material, 
which is either constant or changes within a low-frequency change. 
Therefore, the speed of the phase changes caused by temperature should 
be synchronized with or even lower than the speed of fracture propa
gation. However, the phase changes caused by pressure may couple in 
the process of fracture propagation. The fracture volume increased when 
the fracture expanded, leading to a pressure decrease inside the fracture. 
Then SC-CO2 becomes gaseous according to the phase change diagram. 
The increasing importance of gaseous CO2 will generate an impact 
pressure on the fracture tip and thus accelerate the propagation of 
fractures. 

There is a high-frequency region in the AE waveform of SC-CO2 
compared with water fracturing (Fig. 10). The high frequency is over 
0.15 MHz and indicates a high speed of energy release. Such a rapid 
energy release may come from a high propagation speed of the fractures. 
Therefore, the change of frequency of this process is higher than that of 
water fracturing. The observation of higher frequency AE events sup
ports CO2 phase change from the supercritical state to a gaseous state. 

Fig. 13. Schematic diagram of bedding activation by hydraulic fractures at the injection point. If there is no bedding structure, the hydraulic fractures will propagate 
in the σH-axis direction (left column). If the bedding structures exist, the local stress would change, as it shows that the local stress coordinate system would rotate 
relative to the tip of fractures (right column). In the new stress coordinate, a shear force component will be generated. 

Fig. 14. Schematic diagram of fracture lag.  

Fig. 15. Phase change diagram of CO2 (modified from Zhou & Zhang23).  
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SC-CO2 can generate irregular fracture morphology, which has been 
proved by the dispersed distribution of AE event location (Fig. 5). In 
addition to the influence of permeability mentioned above, the phase 
change of CO2 during the fracturing process could also contribute to the 
irregular fracture morphology. Because the process of phase changes is 
similar to stress shock at the fracture tip, it will lead to a fracture 
branching and result in local complexity of fractures. 

5. Conclusions 

We have investigated the characteristics of SC-CO2 fracturing in 
shale reservoir rocks using AE monitoring. Combined with the unique 
physical and chemical properties of CO2, we have analyzed the spatial 
distribution of AE events, generated fracture morphology, investigated 
the mechanical mechanism of fracture network formed under SC-CO2 
fracturing. For LMX shale, due to the effect of bedding, the fracturing 
process has a small expansion area, and the AE event locations are 
scattered. In addition, the fractal index of AE points is lower than the 
fracture network in water fracturing. According to the moment tensor 
analysis of AE events, more shear fractures are formed in the initiation 
stage under SC-CO2 fracturing. This is because the SC-CO2 activates the 
natural fractures near the head of the well and complicates the frac
turing process. Because of its high permeability, SC-CO2 can easily reach 
the tip of fractures during the propagation process, which reduces the 
lag of fluid inside the fractures, energizes the fracture, and guarantees 
the propagation induced by tensorial stress. Therefore, SC-CO2 promotes 
the generation of fractures and limits the energy loss from the fracture. 
However, it is more vulnerable to bedding. SC-CO2 could constantly 
generate AE events with high amplitude and high frequency compared 
to water fracturing. There are more high-frequency AE components in 
SC-CO2 fracturing than those in water fracturing. The high-frequency 
components are closely related to the phase change of CO2, which is a 
special effect of SC-CO2 fracturing. 

To conclude, in the process of SC-CO2 fracturing, bedding structures 
and phase change of CO2 have strong influences not only on the initia
tion of fractures but also the propagation. All the factors lead to the 
unique characteristic of SC-CO2 fracturing, which shows a pretty 
different fracture morphology and mechanical mechanism than water 
fracturing. Our study could provide a further understanding of the 
application of SC-CO2 as a fracturing fluid in the development of shale 
oil and gas reservoirs. 
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