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Hydraulic fracturing techniques are commonly used to enhance the production of tight reservoirs.
Generally, the effect of hydraulic fracturing can be appraised through hydraulic fracturing experiments
in the laboratory, in which acoustic emission (AE) is often used to monitor the fracturing process. At
present, the number of AE events and spatial distribution of AE locations are the two main factors
commonly considered in hydraulic fracturing effectiveness evaluation. However, these commonly used
evaluation methods overlook two crucial aspects: the connectivity among fractures and the tensile and
shear properties of fractures induced by hydraulic fracturing. In this technical note, we consider the
influence of these two previously overlooked aspects on the evaluation of hydraulic fracturing effec-
tiveness by establishing a connected fracture model using AE data. The proposed approach links up AE
events based on their spatio-temporal relationship and builds a fracture network called the connection
model. Then, the characteristic of the fracture network is represented by the fractal dimension to reveal
the complexity of fractures in the network. We extract the tensile-shear properties of each fracture
based on the inversion of AE events’ focal mechanism. Finally, based on the pre-known fracturing
effectiveness of a fracture network, we compare the connection model of AE events in several triaxial
hydraulic experiments. Our findings indicate that a comprehensive evaluation of hydraulic fracturing
effectiveness can be achieved by considering both the connectivity of AE locations and the tensile-shear
properties of AE events. This work aims to provide a more rational method for characterizing rock
fracture networks and evaluating rock fracturing effects using AE data.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Edited by Jia-Jia Fei

Keywords:

Fracturing effectiveness
Connection model

True tri-axial experiment

1. Introduction is significant for optimizing hydraulic fracturing operations to

enhance production.

Hydraulic fracturing is an essential technology for efficient
production in low-permeability reservoirs (Warpinski et al., 2013).
High-pressure fluids are injected into the reservoir to create new
fractures or activate natural fractures. As a result, the permeability
of a tight reservoir in large volume areas is improved (Gale et al,,
2018; Taleghani et al., 2013), which is a direct reflection of the
hydraulic fracturing effectiveness. Evaluating the fracturing effect
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To investigate the fracturing effect under controlled conditions,
tri-axial hydraulic fracturing experiments that simulate the frac-
turing process in the field are often conducted with acoustic
emission (AE) monitoring. As it is difficult to measure the frac-
turing effect (the improvement of permeability) directly, ranges of
fractures induced by hydraulic fracturing can be an indicator to
represent the fracturing effect (Wu et al.,, 2025). Typically, the
range of fractures is determined by the envelope volume of AE
locations, which is analogous to the application of microseismic
events in field studies (Maxwell, 2011; Mayerhofer et al., 2010).
However, the envelope volume can only roughly signify the spatial
area of fractures represented by AE events rather than the detailed
structures of fracture networks (Liu et al., 2018). Specifically, it
cannot capture the degree of zigzagging in fractures or the
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complexity of fracture networks caused by branching. Since these
two factors can significantly impact reservoir permeability after
fracturing, a method that can accurately reflect the structure of
fracture networks is essential for evaluating the fracturing effect.

To determine the structure of the fracture network, the first
step is to establish the connections between dispersed AE events
that merely represent the initiation of each fracture. The method
of obtaining the complete structure of fractures through their
initiation points has been a primary focus in the study of faults in
seismology. Frohlich and Davis (1990) employed a single-link
cluster (SLC) method to quantitatively measure the degree of
clustering or isolation of seismic events to determine the migra-
tion process of seismic faults. Hugot et al. (2015) proposed a more
advanced connection method based on the SLC method to link
microseismic events from hydraulic fractures in the field. Hugot's
approach considers the influence of in-situ stress, reservoir rock
properties, and injection pressure on the connections between
microseismic events. Although this new connection model has
been applied to evaluate the effects of hydraulic fracturing using
microseismic events in the field, its use in analyzing AE data for
evaluating hydraulic fracturing effectiveness in laboratory settings
is rare, and its applicability has not been fully discussed.

After constructing the connection model, the next step is to
quantitatively characterize the structure of the fracture network. If
the fracture network consists of simple planar fractures, it can be
characterized by defining the length, width, and height. However,
in unconventional reservoirs, hydraulic fracturing typically forms
complex fracture networks. Quantitatively characterizing fracture
networks with irregular three-dimensional geometries is still
challenging. Fractal analysis provides a useful tool for describing
such irregular shapes and quantifying the complexity of fracture
networks (Zhang et al., 2017b). Lei (2019) employed the correlation
dimension in fractal analysis to describe the process of rock
rupture under uniaxial compression, showing that the nucleation
of multiple fractures is accompanied by an increase in fractal
dimension. Li et al. (2009) used the box dimension of fractal
analysis to describe the spatial complexity of a three-dimensional
fracture network. Applying fractal methods to the analysis of the
connection model can enable a quantitative description and
enhance the evaluation of the fracturing effect.

In addition to the structure of fracture networks, the tensile-
shear mechanical properties of fractures impact the permeability
of fractures as well and should also be considered in the evaluation
of hydraulic fracturing effectiveness. Tensile fractures often have a
certain degree of opening, which can greatly improve the
permeability of fractures. However, shear fractures have limited
capability to improve permeability (Auradou et al., 2005), and they
can improve the permeability only when they form self-support
between fracture surfaces (Wang et al., 2019). The tensile-shear
mechanical properties of fractures can be obtained by inversion
of the focal mechanism of AE. The simplified moment tensor
inversion method proposed by Ohtsu (1995) is the most
commonly used for such inversion, and it has been used in many
experiments in rock mechanics. This method is based on the
isotropic Green'’s field hypothesis, so it is commonly used in ho-
mogeneous rock/rock-like media such as cement, granite, and
marble (Chang and Lee, 2004; Hampton et al., 2013; Manthei,
2005; Ohno and Ohtsu, 2010; Wang et al., 2017). In recent years,
this method has also been used in rocks with strong heterogeneity,
such as coal and shale. Results show that it performs well in
assessing the tensile-shear properties of AE events with strong
heterogeneity. Therefore, the simplified moment tensor inversion
method can be used to determine the tensile-shear properties of
AE events. The tensile-shear properties of fractures can be inferred
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from the tensile-shear properties of the AE events involved, as a
single fracture typically contains multiple AE events.

In this paper, to better evaluate the hydraulic fracturing effec-
tiveness, we utilize the connection model to analyze AE results in
fracturing experiments considering both the structure of fracture
network and the tensile-shear properties of fractures (Li et al.,
2018b; Wu et al.,, 2019b). To validate the method, based on prior
analyses of the fracturing effect, we compare the fractal dimension
and the tensile-shear properties of a fracture network in different
rocks. This paper is organized as follows. In Section 2, we introduce
the establishment of the fracture connection model, fractal
method, and the moment tensor decomposition for obtaining
tensile-shear properties of fractures, and also present the experi-
mental data used in this paper. In Section 3, we present the
analysis results based on the connection model. Then, we discuss
the fracturing effect evaluation method in Section 4 based on the
connection model and conclude in Section 5.

2. Theory, method and data
2.1. The connection model of AE events

The connection model of fractures proposed by Hugot et al.
(2015) is based on the time sequence and spatial correlation of
AE events. The steps are demonstrated as follows.

(1) AE events are arranged in a time sequence forming a set M.
Each AE event is labeled as Py (x,y,z,t), where x, y, and z are
the coordinates, and t denotes time.

(2) Define N as the set of AE events constituting the connected
fracture network. Each AE event is labeled as Py(x,y,z,t). The
connecting procedure involves transferring AE events from
set M to N. The initial point Py, in N is also the initial point
PMo in M.

(3) Denote the distance from point Py, to set N as d(N, Py,).
There are two ways to define d(N,Py,): a) event-event, i.e,,
the distance from Py, to the AE events of N set (Fig. 1(a)); b)
event-network, i.e., the distance from Py, to the fractures of
N set (Fig. 1(b)).

(4) Connect Py, to the AE events with the smallest d(N, PM;),
forming a new fracture segment.

(5) Repeat steps (1)—(4) until all AE events in M are connected to
N, resulting in a complete connected fracture network.

The connection model defines a branch number of fractures.
Starting from the first fracture segment, when the fracture
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Fig. 1. The method for establishing models (modified from Hugot et al. (2015)).
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segment branches, the branch number of the new fracture
segment increases by one to the connected fracture segment. The
branching number of the first fracture segment is 1, which is then
accumulated, as shown in Fig. 2.

2.2. Fractal method

Hydraulic fracturing in shale and tight sandstone typically
creates complex fracture networks characterized by irregular,
three-dimensional geometries. Traditional geometric descriptors
struggle to effectively quantify such complexities. Therefore,
fractal dimension analysis, known for its ability to describe and
quantify geometric irregularities and spatial heterogeneity, is
employed here to better characterize the complexity of these
fracture networks. The fractal dimension can be used to quantify
the complexities of connection models, reflecting the degree of
zigzagging. In this paper, we use the correlation dimension to
quantify the fractal dimension (Lei, 2019). The calculation of the
correlation dimension is (Kurths and Herzel, 1987)

i1 3°(R=1).

where R is the length of fractures in the connected model, and
n;(R<r) is the number of fractures with a length less than r. R
reflects the length of links in the connection model, representing
the distance between AE events. The correlation dimension shows
the spatial distribution between fractures. If the correlation
dimension number is small, the propagation of fractures has a
small-scale span and thus yields a single-scale feature of the
fracture network. A large correlation dimension indicates a multi-
scale fracture network, reflecting a better fracturing effect that
benefits oil and gas production in tight reservoirs.

(1)

2.3. Mechanical properties of fractures

The moment tensor contains the mechanical mechanism of AE
events. Generally, the moment tensor of AE can be inverted by the
polarity and amplitude of the P wave. Ohtsu (1991) first applied
this method based on the simplified Green’s function and pro-
posed a procedure to decompose the moment tensor (Fig. 3). The
AE events can be divided into three types: tensile, shear, and
mixed. The components of the moment tensor reflect the tensile-
shear properties of each AE event. Then, the mechanical property
of each fracture in the connection model can be determined by the
ratio of tensile and shear AE events.

Branch 1
Branch 2
Branch 3

Fig. 2. Schematic diagram of the definition of branch number (modified from Hugot
et al. (2015)).
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Fig. 3. The decomposition of moment tensor (modified from Ohtsu (1991)).

2.4. Experimental data and prior information

The hydraulic fracturing effectiveness is influenced by rock li-
thology, fracturing fluid viscosity, and injection rate. This study
compares the hydraulic fracturing effectiveness on rock samples
with two types of lithologies using various fracturing fluids. The
experiments are conducted on a true triaxial fracturing simulation
system, and the AE data are collected using the DS5 multi-channel
continuous waveform monitoring equipment. A detailed intro-
duction about the equipment can be found in the referenced pa-
pers (Li et al., 2018b; Wu et al., 2019a). The experimental
parameters used in this paper are presented in Table 1, with some
of them sourced from published experiment data. We relabel the
samples and also provide their labels from the original paper. The
AE data from these experiments are employed to re-analyze the
hydraulic fracturing effectiveness based on the connection model.

As indicated in Table 1, the results of C7_1, C7_2, and LMX_1
reflect the influence of lithology on the hydraulic fracturing
effectiveness. According to previous studies, hydraulic fracturing
forms a complex fracture network in shales; whereas in tight
sandstone, it tends to form relatively simple fracture structures
(Guo et al,, 2015; Zou et al., 2018). The LMX_4 and LMX_SCO; can
be used to compare the influence of different fracturing fluids. It is
known that supercritical CO, can promote the formation of com-
plex fractures (Ishida et al., 2016; Middleton et al., 2014; Zhang
et al.,, 2017a), whereas X-linked guar tends to form fractures with
simple shapes (Bennour et al., 2015; Ishida et al., 2004). The dif-
ference between LMX_2 and LMX_3 lies in the different oy, i.e., the
vertical in-situ stress. Fig. 4 illustrates detailed CT scan results
showing that complex fracture networks are formed in LMX_2,
while relatively simple fractures are formed in LMX_3.

The above prior information above provides a qualitative
comparison of the complexity of fracture networks in the samples.
It is worth noting that fracture complexity is not necessarily
equivalent to the effectiveness of hydraulic fracturing. Although
currently there is no deterministic conclusion, many field data and
numerical simulation analyses support the idea that complex
fracture networks are generally associated with better fracturing.
This paper does not intend to discuss such a relationship. Instead,
we adopt the general recognition that more complex fracture
networks represent a better fracturing effect. Therefore, the
following prior information is used to verify the evaluation of
hydraulic fracturing effectiveness based on the connection model
in this paper:
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Table 1
The experimental parameters of all the samples.
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Label of rock in the cited paper Lithology

Stress state op/oy/oy, MPa Fracturing fluid Injection rate, mL/min

C71 New data Tight sandstone
C7_2

LMX_1 Specimen 2 (Li et al., 2018a) Shale

LMX_2 Specimen 1 (Li et al.,, 2018a)

LMX_3 Specimen 4 (Li et al., 2018a)

LMX_4 New data

LMX_SCO, Shale_sc (Wu et al., 2019b)

10/15/25 Water 20
10/15/25 Water 20
10/15/25 Water 20
10/15/30 Water 20
10/15/15 Water 20
10/15/25 X-linked guar 20
10/15/25 Supercritical-CO, 5

r 300, (mm

I 200

- 100

-0

150 mm

15 MPa

-150 -50 50

oy =20 MPa, o, = 15 MPa, ¢, = 30 MPa

(a) CT scanning slice of LMX_2

r 300, mm

oy

- 200

- 100

-1'50 -'50 5'0
oy =20 MPa, g, = 15 MPa, ¢, = 15 MPa
(b) CT scanning slice of LMX_3

Fig. 4. The CT scanning slice figure (modified from Wu et al. (2019a)).

e The complexity of hydraulic fracture network in tight sand-
stone is simpler than that in shale.

e The complexity of the fracture network in shale is not constant
due to the influence of bedding. It is evident that LMX_2 is more
complex than LMX_3 due to a higher vertical loading on
bedding.

e The complexity of the fracture network of LMX_SC-CO, is more
complex than LMX_4 due to the low viscosity of SC-CO,, which
generates more branched fractures.

3. Results
3.1. Connection model of AE events

Fig. 5 shows the results of the established connection models of
C7_1 (top row) and LMX_1 (bottom row). The connection models
of other samples are attached in the Appendix. The color of the
fractures in Fig. 5 represents the branch number. Fig. 5(a) and (c)
are generated using the event-event method (Section 2.1), while
Fig. 5(b) and (d) utilize the event-network method (Section 2.1).
Although the overall difference between the two methods is
insignificant, the event-network method tends to produce a higher
number of branches. This occurs because the event-network
method allows connections to points beyond just AE event loca-
tions, thus increasing branching possibilities. While both methods
yield similar overall results, choosing between them may depend

on specific research purposes, such as computational efficiency or
the need for detailed fracture network complexity. From a
modeling perspective, the event-network method demonstrates
stronger robustness compared to the event-event method, espe-
cially considering the potential errors in AE locations. This is
because the event-network method allows for more flexible con-
nections, which can compensate for the inaccuracies of individual
AE locations. In both models (Fig. 5), branch-1 fractures, repre-
sented by the darkest red, can extend to the boundary, while
multi-level branch fractures in lighter red color tend to form in the
central area of the rock samples. This branching typically occurs in
regions where energy is concentrated. Theoretical studies
considering complex fracture criteria, such as the impact of non-
inverse-square-root stress singularity on crack propagation
criteria, provide additional context for interpreting fracture
branching behaviors observed in the connection model (Shen
et al., 2024). Since the fracturing fluid spreads from the central
area to the boundary, more fracture branching occurs near the
center of the sample. It is important to note that the connection
model represents the relationships between AE events and does
not depict the actual shape of the fractures.

Fig. 6 displays the number of branching in all samples, with
solid boxes representing branching using the event-network
method and dashed boxes indicating branching using the event-
event method. The fracture network in LMX_3 is not complex
according to the CT scanning slice (Fig. 4(b)), but its branching
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(b) Event-network, sandstone (C7_1)
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(d) Event-network, shale (LMX_1)

Branching number

1 5

T 1
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Fig. 5. Left panel: the connected fractures model using the event-event method. Right panel: the connected fractures model using the event-network method. Top row: the results

of sample C7_1. Bottom row: the results of sample LMX_1.

number is very high (Fig. 6). Except for LMX_3, the branching
numbers in LMX shale are generally lower than that in C7 tight
sandstone. LMX_SCO; has the same branching number as LMX_1.
Since branching numbers do not correlate with the superior frac-
turing effect in LMX_2 compared to LMX_3, nor do they indicate
that the fracturing effect in shale is superior to that in sandstone,
or that SC-CO; fracturing is more effective than water fracturing,
we conclude that the branching numbers alone cannot reflect the
fracturing effect. The branching of fractures may be influenced by
local stress changes or lithological variations, and thus does not
necessarily represent the overall characteristics of the fracture
network.

4149

3.2. Correlation of fractal dimension

We calculate the correlation dimension of the connected frac-
ture models obtained based on the event-event and event-
network methods. Fig. 7 shows the results in terms of Igr and 1gC
(r) relationship for the seven rock samples. The models based on
the event-event method typically present a larger fractal dimen-
sion compared to the event-network method, as the fracture
lengths in the event-network method are generally shorter.
Therefore, the presence of more small-scale fractures in the event-
event method results in a high value of C(r) in the range of small Igr
on the lgr — 1gC(r) curve. These curves also show a small growth
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Fig. 6. The number of branching of all the samples.

rate in the large lgr area, which may be due to the boundary effects
on fracture propagation limited by the sizes of rock samples. To
mitigate the boundary limitation, we fit the lgr —1gC(r) curve in the
small Igr area to obtain the slopes as the correlation dimension. All
fitted curves have high R? (R? > 90%, Fig. 7). These results indicate
that the lengths of AE links exhibit fractal behavior, and the cor-
relation dimension is a good characteristic feature of fracture
networks.

3.3. Tensile-shear ratio of fractures

We use the proportion of tensile-type AE events to represent
the tensile-shear properties of each fracture. Since the results from
the event-event method exhibit similar characteristics, we only
present the tensile-shear properties of fractures based on the
event-network method in Fig. 8. We select the first tensile AE
event as the initial fracture in the network algorithm of connection
models, aligning with the initial tensile-fracture propagation
process during hydraulic fracturing. Therefore, the tensile-shear
ratio of first-branch fractures is 1 for all the samples. All C7 sam-
ples maintain a stable tensile-shear ratio across each branch
fracture, whereas the ratio of tensile fractures in LMX samples
decreases with an increasing number of branches. This indicates
that lithology affects fracture propagation. LMX_SC-CO> is a spe-
cial case, showing an increase in tensile fractures in the terminal
branch. This may be because supercritical SC-CO, promotes the
generation of tensile fractures even in areas far from the injection
point due to its high penetration capability in rocks.

4. Discussion

4.1. Correlation dimension of the connected fracture system and
fracturing effect

Fig. 9 summarizes the correlation dimensions of all rock sam-
ples obtained in Fig. 7. The bars with dashed edges represent the
correlation dimensions obtained from the event-event method,
while the bars with solid edges represent the correlation di-
mensions obtained from the event-network method. The corre-
lation dimensions of tight sandstone are lower than those of shale,
indicating a higher percentage of short fractures in tight sandstone
and more long fractures in shale. This difference may be related to
the energy transfer efficiency in different rock types. Being hard
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and brittle, the shale has a higher energy transfer efficiency,
allowing longer fractures to form. Additionally, we observed that
the correlation dimension of LMX_2 is greater than that of LMX_3.
Lietal. (2018a) discussed that higher vertical stress on the bedding
structure can prevent fluid from leaking through the bedding,
enhancing the interaction between the bedding and hydraulic
fractures. This leads to a more complex fracture network, as
observed in LMX_2. The higher correlation dimensions suggest
that the fracture network in LMX_2 is more complex than that in
LMX_3, which is consistent with previous findings (Fig. 4). In
LMX_4, fractured using X-linked guar, only simple fractures are
formed near the wellhead, and its correlation dimension is the
lowest among all the shale samples (~1.04). The high viscosity of X-
linked guar makes it difficult to induce a complex fracture network
(Xiong et al., 2018; Zou et al., 2016). On the contrary, the injection
of supercritical CO, promotes the complexity of the fracture
network (Ishida et al., 2021; Zhang et al., 2017a; Zhou and Zhang,
2020), resulting in the highest correlation dimension for LMX_SC-
CO; among all shale samples.

We recognize that the correlation dimension can reflect the
complexity of the fracture propagation process, with a larger
correlation dimension indicating a more complex fracture
network. A complex fracture network constitutes multi-scale
permeability channels, which can enhance oil and gas extraction
from multi-scale pore storage spaces. The complex fracture net-
works also lead to compression of pore spaces at the nanoscale.
Recent findings by Huang and Zhao (2023) further suggest that
these nanoscale pores interact closely with fracture networks,
influencing permeability evolution. The correlation dimension, as
a quantitative measure of fractal dimension, effectively charac-
terizes the complexity of fracture networks by reflecting their
multi-scale spatial distribution. Higher fractal dimensions indicate
that fractures occupy larger effective volumes, forming denser and
more intricate networks with numerous branches spanning mul-
tiple scales (de Dreuzy et al., 2001; Guo et al., 2015; Wu et al,,
2017). Such complexity significantly enhances reservoir perme-
ability, as complex fracture networks provide abundant multi-
scale flow pathways, facilitating fluid flow across the reservoir
matrix more efficiently compared to simpler, planar fracture
structures (Jafari and Babadagli, 2012; Shokri et al., 2016; Zhou
et al,, 2017). Field observations and numerical simulations have
consistently demonstrated that higher fractal dimensions are
correlated with increased fluid recovery and stimulated reservoir
volumes due to improved connectivity and accessibility to isolated
hydrocarbon pockets (Adler et al., 2013; Raterman et al., 2018).
Therefore, the correlation dimension serves as a robust proxy for
evaluating fracturing effectiveness, directly linking fracture ge-
ometry complexity to permeability enhancement. Therefore, a
complex fracture network is beneficial for improving the frac-
turing effect, although there is no direct evidence linking a com-
plex fracture network to a better fracturing outcome. Now we can
conclude that the correlation dimension of the connection model
effectively reflects the complexity of the fracture network and can
be used to evaluate the hydraulic fracturing effectiveness.

4.2. The tensile-shear ratio of fractures and fracturing effect

A higher ratio of tensile fractures is associated with a larger
opening degree of fractures, which is beneficial for injecting
proppants to maintain fracture permeability. In LMX shales, the
ratio of tensile fractures gradually decreases as the number of
fracture branches increases, indicating a limited fracturing effect
due to lower opening degrees of fractures. However, when frac-
tured with supercritical CO,, the branch fractures maintain a
certain degree of opening. Enhancing the opening degree of
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Fig. 7. The correlation dimension of the connected fracture model for the seven rock samples.

fractures in shale may thus improve the fracturing effect. Super-
critical CO, is effective in this regard, as it can induce complex
fractures and increase the opening degree of branch fractures. In
contrast, in C7 tight sandstone, the ratio of tensile fractures does
not decrease with increasing branches, suggesting that the frac-
tures maintain a consistent opening degree. This may be due to the
fluid energy consistently maintained within the fracture networks
from the fluid injection point to the boundary. Consequently,
although LMX shale exhibits a more intricate fracture system than
the tight sandstone, this complexity does not necessarily correlate
with higher permeability in the fracture network.
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4.3. Sensitivity analysis of AE localization errors on connection
model robustness

To enhance the method’s robustness evaluation, we conducted a
sensitivity analysis by introducing synthetic noise into the AE event
locations and evaluating its impact on the branching number and
correlation dimension. Considering that localization errors might
also affect the moment tensor inversion results (tensile-shear char-
acteristics), Qin et al. (2025) previously discussed this aspect and
found that the impact of moderate localization errors on moment
tensor outcomes was relatively minor. Given the complexity of fully
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Fig. 8. The tensile and shear ratios of all seven rock samples.

assessing moment tensor sensitivity, our analysis specifically focuses
on the branching number and correlation dimension.

We introduced random localization errors in the x, y, and z
coordinates of AE events, with maximum error limits set to 6, 12,
18, 24, and 30 mm, corresponding respectively to 2%, 4%, 6%, 8%,
and 10% of the sample size (300 mm cubic). For each noise level,
calculations for branching number and correlation dimension
were repeated 100 times, and the average values were obtained
using both the event-event and event-network models. Fig. 10 il-
lustrates the outcomes: (a) branching number under the event-
event model for different noise levels, (b) branching number un-
der the event-network model for different noise levels, (c)
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correlation dimension under the event-event model for different
noise levels, (d) correlation dimension under the event-network
model for different noise levels. The results indicate that the
branching numbers and correlation dimension coefficients are
minimally affected by increasing localization errors. Importantly,
the rank order among samples remained consistent despite the
introduced noise. Notably, the event-network model exhibited
greater robustness compared to the event-event model, high-
lighting its superior reliability in the presence of localization
errors.

It is important to acknowledge that our sensitivity analysis
considers only randomized synthetic localization errors. Actual
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localization results are influenced by multiple complex and het-
erogeneous factors, making comprehensive quantification chal-
lenging. Thus, while we recognize the limitations of our current
analysis, we discuss the potential impacts qualitatively and aim to
explore more rigorous methods for quantifying sensitivity in
future research.
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5. Conclusions

We employ a connection method to establish relationships
between AE events by incorporating the connectivity between
fractures to evaluate the hydraulic fracturing effectiveness in
rocks. The application of fracture network complexity and the
tensile-shear properties of fractures based on this model is also
investigated. The correlation dimension of fracture links within
the connection model quantifies the complexity of fracture net-
works. Additionally, the moment tensor inversion of AE events is
used to define the tensile-shear properties of fractures. Based on
prior information from fracturing effect evaluations in several
experimental datasets, we validate that the correlation di-
mensions can help quantify the complexity of fracture networks.
Higher correlation dimensions in the connection model indicate
more complex fracture networks. The tensile-shear ratio of frac-
tures provides valuable information for evaluating permeability
enhancement after hydraulic fracturing, which is essential for
assessing the fracturing effect. The tensile-shear ratio in the
connection model changes with the propagation of fracture
branches. Maintaining a high proportion of tensile fractures in
each branching leads to a favorable fracturing effect. This AE-based
connection model offers a robust evaluation of hydraulic frac-
turing effectiveness and is particularly valuable in assessing gen-
eral rock fracturing processes, especially in the formation of
complex fracture networks resulting brittle failures.
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