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Propagation path tracing of
hydraulically created fractures
based on microseismic
monitoring

Liu Hong-lei', Huang Hai-ting?, Zhang Peng-hai'*,
Li Lian-chong?, Hou Jun-xu?, Zhang Liao-yuan? and
Zhang Zi-lin?

School of Resources & Civil Engineering, Northeastern University, Shenyang, China, ?Institute of
Petroleum Engineering, Shengli Oilfield Company, SINOPEC, Harbin, China

To evaluate the effect of hydraulic fracturing in a low-permeability reservoir, a
propagation path tracing method for hydraulically created fractures was
established based on microseismic monitoring data. First, the numerical
simulation of the wave propagation process, grid search, and error-weight
coefficient method was combined to locate the microseismic source. Then, the
moment tensor inversion method was used to determine the tensile angle and
source mechanism of hydraulically created fractures. Next, the tensile angle
was used as the weight-index to determine the size of the mixed-source
mechanism fracture combined with the shear and tensile source size
quantization model. Finally, the spatial topological relationship between
fractures was determined by comprehensively considering the spatial
location and radius of the fractures, to realize the propagation path tracing
of hydraulically created fractures. These tracking results can be used as one of
the bases for the evaluation of the hydraulic fracturing effect.

KEYWORDS

microseismic monitoring, fracturing mechanism, fracture size, fracture propagation,
hydrofracturing

1 Introduction

Hydraulic fracturing is a method to produce cracks in rock strata by using high-
pressure liquid to overcome in-situ stress and rock strata strength (Ma et al., 2017; Cui
etal, 2021; Zhou et al., 2021), and this method is widely used to improve the permeability
and production of low-permeability oil and gas fields. When the reservoir of oil and gas
fields breaks under the action of water pressure, the strain energy accumulated in the
reservoir will get released, and propagate microseismic waves outwards. Hence, the
microseismic monitoring system can be used to collect and analyze the microseismic
waves to evaluate the fracturing effect of the reservoir.

In recent years, microseismic monitoring has been widely used in the development of
unconventional resources because the productivity is mainly controlled by the fracture
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network, and the fracture location in the reservoir and the
complexity of the fracture network can be speculated based
on the analysis of the microseismic monitoring results (Woo
et al, 2017). Lin and Zhang. (2016) proposed a method to
characterize the fracture zone by the reverse time scale (RTM)
of the micro-shear waveform. Through the RTM of the current
microseismic waveform, the fracture zone formed in the previous
stage can be determined by imaging the strong earthquake zone.
Zhu et al. (2017)used the improved signal-filtering method, the
time-window energy eigenvalue method of the first arrival
selection, and the four channel combination algorithm for
determining the source-position to obtain high-precision
source-location of microseismic events recorded in a field
hydraulic fracturing test in the Huafeng Coal Mine; on these
bases, these authors drew the frequency and energy contours of
the microseismic events to describe the development and
propagation of fractures. Li et al. (2020) conducted hydraulic
fracturing and microseismic monitoring simultaneously in shale-
gas wells and evaluated the microseismic source location based
on guided real-time fracture operation and fracture effect.

The complexity of the fracture network can be further
speculated based on the analysis of the microseismic source
spatial location (Maxwell et al., 2002; Li et al., 2022; Li et al,
2021a). For example, based on the short-time average/long-time
average (STA/LTA) method, interference signal recognition
method (ISR), and improved Akaike information criterion
(AIC) methods. Li et al. (2021b) characterized the spatial
shapes of fractures caused by hydraulic fracturing in coal
mines. Aminzadeh et al. (2013) determined the migration
direction of the fracture network based on the seismic-source
spatial location by using the fuzzy clustering method. Zhang et al.
(2019) speculated the fracture propagation path based on the
order of occurrence and the spatial distance between the
microseismic sources, but they did not consider the crack
scale and the topological relationship between cracks, which
reduces the reliability of path-prediction results.

The moment-tensor inversion method can be used to infer
the source mechanism, and the direction of hydraulic fracturing
cracks in reservoirs (Baig and Urbancic, 2010; Li N. et al, 2021;
He and Kusiak, 2017). For example, Urbancic et al. (2012) found
that the source mechanism of cracks formed by hydraulic
fracturing was very complex, and that the source mechanisms
can be mainly characterized by tension, compression, or shear.
Warpinski et al. found that the crack direction tended to be
consistent with the primary cracks, indicating that the activation
of primary cracks was one of the main reasons behind the
microseismic waves getting induced (Warpinski and Du,
2010). Combining the source-spatial location, the moment-
tensor inversion results, and the quantification of the source
scale, the discrete fracture network can be established to describe
the spatial distribution of reservoir fractures. For example,
Ardakani et al. (2018) evaluated the fracturing effect by
quantifying the topological relationship of discrete fracture
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network in different regions. However, since the influence of
source mechanism on the fracture scale was not considered, there
was a certain error in the quantification of the topological
relationship.

In view of the abovementioned problems, this article
establishes a crack propagation path tracking method
considering the influence of the source mechanism on the
crack scale and the topological relationship between cracks

and applies this method to an oilfield.

2 The crack propagation path tracing
method

The crack propagation path tracing method consists of five
steps. Step 1: source location, the numerical simulation of wave-
propagation process, grid search, and error-weight coefficient
method are combined to locate the microseismic source. Step 2:
source-mechanism judgment, the moment-tensor inversion
method is used to determine the tensile angle and source
mechanism. Step 3: crack-scale quantification, the tensile angle
is used as weight-index to determine the size of the mixed-source
mechanism fracture combined with shear and tensile source-size
quantization model. Step 4: crack topological-relation judgment,
where the spatial topological relationship (separation, proximity,
and intersection) between fractures is determined by the spatial
location and radius of the fractures. Step 5: crack propagation
path establishment, where the adjacent or intersecting cracks are
connected by line segments to establish the crack propagation
tracing path. The flow chart of crack propagation path tracing
method is shown in Figure 1, and the detailed principle and data
analysis process will be introduced in the following sections.

2.1 Source location

Substep 1: Establish and mesh the three-dimensional solid
geological model according to engineering geological conditions.
Assign physical and mechanical parameters such as wave velocity
to mesh units belonging to different strata. In order to balance the
accuracy and amount of the calculation, the grid scale near the
hydraulic fracturing zone is smaller, and the grid scale far away
from the hydraulic fracturing zone is larger. The grid scale range
Ly around the hydraulic fracturing zone is set as follows:

1

E < Lyt < €maxs
Sy
where Vp is the propagation velocity of P wave in rock mass, m/s;
S¢ is the sampling frequency of the microseismic monitoring
system, Hz; e,y is the maximum error that meets the positioning
requirements, m.

Substep 2: Apply an instantaneous step force (as virtual
source) at the nodes of the grid and simulate the propagation
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FIGURE1
Flow chart of crack propagation path tracing method.

process of microseismic wave induced by the instantaneous step
force. The time interval at which the instantaneous step force is
applied should ensure that the microseismic wave induced by the
previous instantaneous step force has propagated to the position
of all microseismic sensors. The time interval At can be set
according to the following:

Vs

At = (2)
where L, W, and H are the length, width, and height of the
numerical model, respectively.

Substep 3: Determine the moment when the instantaneous
step force is applied and the moment when the stress wave
induced by the instantaneous step force propagates to the
position of each microseismic sensor, and then calculate the
simulated arrival time difference matrix, AT for microseismic
wave propagating from grid node to each microseismic sensor
through the following formula:

ATi; = Tij — Timin (3)

where Tj is the travel-time matrix for the microseismic wave
propagating from the grid node, i, to the microseismic sensor j, s;
Timin is the smallest value in the row i of Tj;, s.

Substep 4: Using the microseismic monitoring system
installed in the field to collect waveform data, filter the actual
microseismic waves, and pick up the actual arrival time, and
calculate the actual arrival time difference matrix A#; according
to the following formula:

(4)

Atyj = tr; = tkmin

where #;; is the arrival-time matrix of kth actual source-induced
microseismic wave propagating to microseismic sensor j, s; fximin
is the smallest value in the row i of tigs S.

Substep 5: Match the row vector of the actual arrival time
difference matrix, Aty, with the row vector of the simulated
arrival time difference matrix, AT If the kth row vector of the
actual arrival time difference matrix, At is the same as the ith
row vector of the row vector of the simulated arrival time
ATy,  the of the kth
microseismic source can then be directly determined as the

difference  matrix, coordinates
coordinates of the ith grid node. If not, we select 4 row
vectors which are most similar to the actual arrival time

difference vector in the simulated arrival time difference
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matrix, that is, the four row vectors with the minimum sum
of absolute deviations, use these deviations as the weight
coefficient to locate the microseismic source as follows:

Skt Z ey Sk Z exp Sz Z ep Sk Z €kp

p=234 p=134 p=124 p=123
Cr = + >
Ckp 2 ek > e Y ek
p=1234 p=1234 p=1234 p=1234
z S e1Sk1 + exaSka + €x3Sks + €xaSks
= p — s
p=1234 Ckp

p=1234

®)

where ¢ is the coordinate of kth actual microseismic source, m;
Sk1>Sk2:Sk3> and Siy are the grid nodes corresponding to the four
row vectors with the minimum sum of absolute deviations, m; exp
is the total deviation of the time difference between the kth actual
microsource and the grid node p, s, which can be expressed as
follows:

€kp = Z|ATPJ‘ - Aty (6)

j=1

where n is the total number of microseismic sensors.

2.2 Source mechanism judgment

According to the moment-tensor inversion method (Grosse
and Ohtsu, 2008), the source moment is expressed in the form of
a symmetric second-order tensor, where the firs-motion
amplitude of the far-field P-wave induced by a fracture A(x),
can be determined by

C.R, (¢, r)ew?:,—fQR myp My My 81
A(x) = # (risra,r3)| my my mys L&)
mMyz Mz Ms3 73

(7)

where C; is the magnitude of the sensor response including
material constants, R.(t,r), where R, is the reflection
coefficient, t is the direction of the sensor, ¥ = (11, 15, 13) is
the direction vector from the source to the sensor, R is the
distance between the source and the receiving point, v, is the P
wave velocity, Q is the quality factor for P-wave, and f is the
frequency which can be replaced either by corner frequency or
main frequency.
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The source is actually a crack with a certain area. The crack
expanded from the initiation point to the final shape in a very
short time. If the source mechanism is constant during expansion
of the crack, the source mechanism corresponding to the crack
initiation point can represent the source mechanism of the whole
crack. The simplified green’s function moment tensor inversion
method the
instantaneously and the source mechanism of the point source
the
corresponding to the initiation point of the crack. Therefore,

treats source as a point source formed

determined by the method is source mechanism
the point source hypothesis is not inconsistent with the source
with a certain area.

When the microseismic wave induced by the same source
triggers more than six sensors, the moment tensor of the source
can be solved by Eqn. 7, and the motion vector and normal vector

of the fracture surface can be further obtained from

ey

M, - M”

M, — M,

1= 1M
-\ M-

n= VMl M331 +

®)

where My, M,, M5 (M; > M, > M) are the three eigenvalues of
the moment tensor, and e;, e, e; are the eigenvectors
corresponding to eigenvalues (M;, M,, M;). (eigenvalue e, is
missing in the above equation).

The moment tensor is symmetrical, so the vectors 1 and n are
interchangeable. The stress condition can be used to distinguish
the motion vector from the normal vector. The crack with a
smaller angle with the maximum principal stress is more prone to
shear or tensile motion, while the crack with a larger angle with
the maximum principal stress is more prone to compression
motion. Due to the vertical stress being less than the maximum
horizontal principal stress and greater than the minimum
horizontal principal stress in the reservoir stratum, the vector
with a greater angle with the maximum horizontal principal
stress is taken as the normal vector of the crack dominated by
shear or tensile component, and the vector with a greater angle
with the maximum horizontal principal stress is taken as the
normal vector of the compression crack dominated by shear or
tensile component.

The source mechanism can be directly judged by the angle
between the projection of motion direction, 1, on the fracture
plane, and the motion direction 1, namely, the tensile angle
(Kwiatek and Ben-Zion, 2013; Zhang et al., 2020):

180°
y =90° — arccos (n - l)—

&)

As shown in Figure 2, as the tensile angle, y, approaches 0°,
the proportion of the shear component in the source mechanism
gradually increases, which implies that when y is equal to 0°, the
source mechanism is pure shear. As y approaches —90° or 90°, the
proportion of the compression or tension components in the
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FIGURE 2
Schematic model of source mechanisms.

source mechanism increases gradually. When y is equal to 90°,
the source mechanism is pure tension. When the tensile angle y is
equal to —90°, the source mechanism is pure compression, usually
implying the compaction of primary cracks.

2.3 Crack scale quantification

According to seismology theory, the crack radius a is
inversely proportional to the corner frequency, f,, of the P- or
the S wave (Mendecki, 1996), namely,

Ve
a=Kc—
fe

where K¢ is a constant depending on the source model and V¢ is

(10)

the velocity of the P- or the S wave.

Eqn. 10 can be used for both shear cracks and tension cracks.
For the Brune shear model (Brune, 1970), only the S wave is
considered, and the coefficient, K¢, is independent of the
observation angle, K¢ = 0.375. For the Madariaga shear model
(Madariaga, 1976), the coefficient, K¢, is a function of the
observation angle. After averaging, the coefficient, K¢, for the
P wave is 0.21, and the same for the S wave is 0.32. The fracture
radius calculated by the Madariaga shear model is about 56% of
the Brune shear model. In some mines and underground rock
engineering, the fracture radius, calculated by the Madariaga
shear model is more in line with the actual observation results
(Gibozicz and Kijko, 1994; Trifu et al., 1995). Therefore, this
article uses the Madariaga shear model to quantify the shear
crack radius. For the Sato tension model (Sato, 1978), the
coefficient, K, is a function of the observation angle. After
averaging, the coefficient, K, for the P wave is 0.509, and the
same for the S wave is 0.633. Since the motion direction of the
rock matrix on both sides of the compression crack is opposite to
the direction of the tension crack, the coefficient consistency of
the tension model is also used for the compression crack.

As shown in Eqn. 10, the source mechanism is one of the
factors that affect crack radius. Therefore, the proportion of shear
component in the source mechanism should also be considered
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Microseismic source location
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FIGURE 3
Schematic diagram of the fracture propagation path.

as a factor to quantify the radius of tension-shear or
compression-shear mixed cracks. The tensile angle is a
parameter that can represent the proportion of shear
components. In this article, the square of the trigonometric
function value of tensile angle is used as the weight coefficient
and the radius of shear-tension or shear-compression mixed
cracks can be calculated by the weight-coefficient method, that is,

1m

2 2
Apix = 08" yas + (1 = cos® y)aye,

where a,,,;, is the radius of the crack with mixed-source mechanism,
a, is the crack radius when the crack is regarded as a shear crack, and
ay. is the crack radius when the crack is regarded as a tensile crack.

2.4 Crack topological relation judgment

Considering the calculation error in the crack radius, an increase
and a decrease in the crack radius by 5% are regarded as the inner
and outer diameters of cracks, respectively. Due to the actual error
not being measurable, the determination of the value is subjective.
However, the crack radius calculation formula (Eqn. 10) has been
proved to be close to the actual observation (Gibozicz and Kijko,
1994; Trifu et al,, 1995), so it is reasonable to select a relatively small
error value. Then, the spatial topological relations between cracks are
divided into three types according to whether the cracks intersect or
not: separation, adjacency, and intersection. As shown in Figure 3, if
the inner diameters of two cracks (disks) intersect, they are defined
as intersection; if one crack in the two cracks intersects only with the
outer diameter of another crack (regardless of the inner and outer
diameters), they are defined as adjacency; if the two cracks are
completely separated, they are defined as separation.

2.5 Crack propagation path tracking
Each microseismic source represents a rock fracture at its

corresponding position. The increase in the number of fractures,

and fracture-expansion coalescence are the fundamental reasons
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FIGURE 4
Microseismic monitoring stations layout.

for the macroscopic failure of the rock. Therefore, crack-
occurrence time and spatial-topological relationship between
the cracks can be used to analyze the spatio-temporal
evolution of the hydraulically created fractures.

The
intersecting cracks can be used to connect centers, and then

intersection-line midpoint of two adjacent or
the crack propagation path can be traced by the network of line-
segment pairs. The line-segment pairs connecting the adjacent
cracks (shown in blue) and the intersecting cracks (shown in red)
are called the weak and strong paths, respectively. With the
increase in the number of cracks, the topological relationship
between the new cracks and the previous cracks is continuously
judged, and then the crack propagation path is updated.

In consideration of the error in the calculation of the crack
scale, strong and weak paths are used to distinguish the
Weak paths
possibility of intersection is relatively low, while strong paths

mean that the possibility of intersection is high.

possibility of intersection. mean that the

3 Engineering application
3.1 Project profile

An oil well is located in Dongying, Shandong Province,
China. The oil reservoir is a low-permeability glutenite, and
the vertical depth of the oil well is 3,850 m. In order to evaluate
the fracturing effect, 16 fully built-in ground microseismic
monitoring stations (green columns Table 1 and Figure 4)
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Logging velocity and wave velocity fitting.

were installed to monitor the microseismic wave induced by
hydraulic fracturing with a sampling frequency of 1,000 Hz.

During the monitoring period, the well underwent two stages of
hydraulic fracturing. In the first stage, the vertical depth-range of the
perforation section was 3,605.3 m-3607.7 m, 3,617.7 m-3619.0 m, and
3,622.6 m-3623.8 m, and the total vertical length was about 5 m. In the
second stage, the vertical depth-range of the perforation section was
3,581.6 m-3585.2 m, and the vertical total length was about 3.6 m, and
the vertical distance between the two stages was about 20 m.

3.2 Sonic velocity in the stratum

The well-logging speed of the oil well is shown in Figure 5.
According to the variation characteristics of the wave velocity, the
depth was divided into six sections, and the distinguishing depths
of each section are: 476.25, 1522.5, 2735, 3005, and 3,160 m. The
piece-wise linear-fitting method was used to simplify the variation
of the wave velocity with depth and the fitting results were used as
the wave velocity input of microseismic source location.

3.3 Numerical simulation of the
microseismic wave propagation process

A 1600 m x 1,350 m x 3,750 m (length x width X height)
numerical model of the oil well was established, and the scale of the
grid element in the fracturing area was 10 m (Figure 5). The initial
pressure set by the oil well was set to 0 MPa, and the displacement
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FIGURE 6
Calculation model.

constraints were imposed on the side and the bottom of the
numerical model. Since only the arrival time of the microseismic
wave was needed, the boundaries of the numerical model were set as
a complete transmission boundary in order to reduce the calculation
amount and improve the calculation efficiency. The P-wave velocity
corresponding to the grid unit was determined according to the
piece-wise fitting formula (Figure 6).

In the fractured zone and its adjacent area (depth range of
~3,550 m-3,650 m), instantaneous step force was applied on the
element grid nodes in turn. The propagation process of the
microseismic wave induced by the instantaneous step force
was simulated using the acoustic module of COMSOL

Multiphysics multi-physical field analysis software. The
control equation used in the simulation is as follows:
1 *p, 1
— Vo --(Vp - =Qum 12
pc: or p (Vp: - qa) Qm (12)

where p, is the total acoustic pressure, p is the fluid density, c is
the speed of the microseismic wave, g, is the dipole domain
source, and Q,, is the monopole domain source.

Figure 7 shows the propagation process of the microseismic wave
induced by the instantaneous step force at (0, 0, 3,617) in the numerical
model. Figure 8 shows the simulated microseismic wave propagation
from the instantaneous step force to each sensor. From the waveform
diagram, the simulated arrival-time matrix of the microseismic wave to
16 sensors is obtained (Table 2), and the simulated time-difference
matrix is calculated according to Eqn. 4 (Table 3).

3.4 Spatial distribution of hydraulic
fracturing cracks

The waveform collected by the station in the process of
hydraulic fracturing, and the method described in Section 1 were
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FIGURE 7
Total sound pressure isoline (Pa). (A), 1E-4s; (B), 7E-4s; (C), 9E-4s; (D), 6.45E-3s.
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used for data processing as the basic data for analyzing the
evolution of the fracturing crack propagation path in this article.

A total of 127 and 137 microseismic sources were induced in
the first- and second-stage fracturing, respectively. Based on the
microseismic monitoring data, the discrete fracture network
representing the fracturing crack was generated, as shown in
Figure 9. The center point of the disk is the location of the
microseismic source, and the radius of the disk represents the
radius of the crack, and different colors correspond to different
tensile angles.

Frontiers in Earth Science

The cracks induced by hydraulic fracturing in the two stages
are mainly extended in the northeast and southwest directions,
and the propagation direction of the second stage is closer to the
east-west direction than that of the first stage. The maximum
propagation ranges of the first- and the second-stage fracturing
are 346.8 and 395.0 m, respectively (Figures 9A,B).

The tensile angle ranges from —86.3°~89.2°, indicating that
the source mechanism of the cracks is complex, but the tensile
angle of more than 82% cracks is between —45° and 45°, indicating
that most cracks are still dominated by shear although they are
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TABLE 1 The coordinates of ground microseismic monitoring stations.

Serial number

O 0 NN N Ul e W N

_ =
N~ o

13

Note: Well head coordinates are (0,0).

TABLE 2 Arrival-time matrix.

sensor

O 0 N N Ul s W N

e e T e e T
A U s W N = O

accompanied by a certain degree of compression or tension

components.

The crack diameter ranges from 15.1 to 42.4 m. Although the
perforating sections of the two fracturing stages are 20 m apart, it
can be observed from the side-view of the spatial distribution of
the discrete fracture network (Figure 9C) that the cracks induced

Arrival-time matrix (ms)

0.12276
0.12201
0.12318
0.12203
0.12300
0.12268
0.12343
0.12278
0.12288
0.12204
0.12206
0.12324
0.12341
0.12322
0.12205
0.12263

10.3389/feart.2022.952694

East-west coordinates (m) North-south coordinate (m)
301.53 473.45
286.76 ~583.60
~523.48 ~341.53
314.54 ~591.13
511.18 -822.92
285.73 451.20
1,023.86 122.52
916.01 ~116.89
943.38 -99.89
268.80 ~598.22
551.57 -818.07
~531.89 ~362.10
1,016.57 114.73
~520.13 ~378.34
280.92 ~599.35
280.55 438.79

by the two fracturing stages got interconnected.

Frontiers in Earth Science

TABLE 3 Time-difference matrix.

sensor Arrival-time travel matrix
(ms)

2 0

4 0.00002
10 0.00003
15 0.00004
11 0.00005
16 0.00062
6 0.00067
1 0.00075
8 0.00077
9 0.00087
5 0.00099
3 0.00117
14 0.00121
12 0.00123
13 0.00140
7 0.00142

3.5 Crack propagation path

The spatial distribution of the crack propagation path in the
two fracturing stages is shown in Figure 10. As shown in Figures
10A,B. 10a, most cracks are connected with each other through
strong and weak paths to form a main crack propagation path
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390111

Phase I and II (lateral view)

FIGURE 9

Microseismicity-derived discrete fracture network for

different fracturing stages. (A), Phase I(top view); (B), Phase Il(top
view); (C), Phase | and Il (lateral view).

with complex morphology, which is also the main seepage
channel of the fracturing fluid.

At the same time, in the area far away from the wellbore,
there are also some minor crack propagation paths whose length
and complexity are far lower than those of the main crack
propagation path, and they are not connected with the main
crack propagation paths. The formation of these minor crack
propagation paths can be attributed to the stress disturbance of
the hydraulic fracturing process on the initial stress field of the
reservoir where the fracturing fluid did not reach.
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Phase I and II (lateral view)

FIGURE 10

Fracture propagation path at different fracturing stages. (A),
Phase I(top view); (B), Phase ll(top view); (C), Phase | and Il (lateral
view).

Generally, the complexity of the crack propagation path
increases first and then decreases with increasing distance
between the wellbore and the crack. However, due to the
influence of the spatial distribution of the primary crack, the
complexity would include severe fluctuations in some local
area; for example, the complexity of the crack propagation
path in the northeast direction of the wellbore increases again
after the decrease (the area shown by the dotted line in Figures
10A,B).

It can be seen in Figure 10C that the crack propagation
paths formed by the first and second stages of fracturing have
multiple interconnected strong paths and weak paths,
indicating that the cracks formed by the two fracturing
stages got depth of the
propagation path in the first stage fracturing ranges from
3,589 m to 3,644 m (height difference of 55 m), and the depth

interconnected. The crack
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of the crack propagation path in the second stage fracturing
ranges from 3,566 m to 3,593 m (height difference of 27 m).
The depth-range of the crack propagation path in the second
stage is smaller than that of the same in the first stage. The
main reason for this phenomenon is that the perforating range
of the second stage is smaller than that of the first stage, and
the mutual penetration of the cracks in the two stages will also
inhibit the upward propagation of cracks in the second stage.

4 Conclusion

Based on the microseismic monitoring data, this study
established a method for tracing the propagation path of
hydraulic fracturing cracks, and used this method to quantify
and analyze the spatial distribution, source mechanism, and
propagation path of fracturing cracks in an oil well. The main
conclusions are as follows:

1 The cracks formed by hydraulic fracturing mainly
extend to the northeast and southwest directions, and
the source mechanism of the cracks is relatively complex.
Most of the cracks are dominated by shear, and
accompanied by compression or tension components to
a certain extent.

2 Most cracks induced by hydraulic fracturing connect with
each other, and form a complex main crack propagation
path, which provides the main seepage channel for the
fracturing fluid. At the same time, some minor crack
propagation paths that are not connected with the main
crack propagation path can also be induced by stress
disturbance.

3 There are multiple interconnected strong and weak paths
between the first and second fracturing stages, indicating that
the cracks formed in the two stages of fracturing have
penetrated each other, and the penetration of such cracks
inhibits the upward propagation of the cracks in the second
stage of fracturing, resulting in the depth range of the crack
propagation path in the second stage that is less than that in
the first stage.
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