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Microseismic can build a bridge between engineering operations such as drilling and fracturing and stratum evaluation such as
earthquake, geology, and logging by fully excavating fracture time, spatial development characteristics, and focal information.
For the postseismic evaluation of microseisms, a comprehensive evaluation system integrating microseisms and
multidisciplines is established in this paper: through deep excavation of microseismic information such as the time and space
distribution of microseismic events, quantitative statistics, magnitude-frequency gradient (B-value) and S-P wave energy ratio
(Es/Ep), the effective identification of dry faults, wet faults, cracks, joints, sweet spots and nonsweet spots is realized, combined
with seismology and geology. The engineering problems (casing change, pressure change, fracturing barrier, etc.) are analyzed
accordingly, which enhances the comprehensive evaluation function of microseismic and multidiscipline.

1. Introduction

Shale gas is an important field of unconventional natural gas
exploration and development [1]. It mainly exists in the
micro-nano pores of shale and exists in two forms: free state
and adsorption state. China is rich in shale gas resources,
mainly distributed in the south, mainly in Paleozoic marine
shale formations, especially in Silurian Longmaxi Formation
and Cambrian Qiongzhusi Formation [2, 3]. Compared with
conventional oil and gas reservoirs, shale gas reservoirs have
the characteristics of self-generation, self-storage, low abun-
dance, continuous distribution, low porosity, and low per-
meability, and it is difficult to form natural productivity
[4]. Therefore, shale gas development must adopt a series
of stimulation measures, such as fracturing to release shale
gas and obtain economic benefits [5-7]. The core technology
of shale oil and gas resources development is horizontal well
and hydraulic fracturing technology. It is particularly impor-
tant to identify the distribution and development of hydrau-
lic fracturing fractures by means of microseismic

monitoring. However, in actual production, the application
of microseismic technology is not perfect, and the identifica-
tion of fracturing fractures and the evaluation of reservoir
after fracturing by using various information obtained by
microseismic has always been a problem that needs to be
studied.

To improve the efliciency of shale gas exploration and
development, it is necessary to strictly control the single well
investment and reduce the cost [8]. The traditional interpre-
tation of reflected seismic data is mainly based on the prop-
agation law and geological characteristics of seismic waves,
transforming various seismic wave information into infor-
mation such as structure and formation lithology, and trans-
forming seismic profiles into geological profiles for
interpretation. For the exploration and development of
unconventional oil and gas, it is necessary to carry out frac-
ture interpretation and evaluation after reservoir fracturing.
The microseismic monitoring data during fracturing pro-
vides reservoir evaluation information different from the
reflection seismic data. Microseismic monitoring can ensure
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the best effect of hydraulic fracturing as much as possible on
the premise of ensuring construction safety and controlling
fracturing cost through real-time monitoring. It is an indis-
pensable factor of shale gas revolution in the United States
that microseismic monitoring can obtain the time and space
distribution information of fractures and provide effective
technical support for fracturing reconstruction by combin-
ing various information related to engineering and geology.

Microseismic is a weak seismic wave, i.e., weak seismic
signal, produced by rock fracture caused by stress field
change in rock mass. Microseismic is different from artificial
earthquake in seismic exploration. It occurs naturally in the
production process and has the characteristics of small
energy and short duration. The acoustic emission phenome-
non caused by the fracture of underground rock mass is
called microseismic event. Microseismic monitoring tech-
nology is the most accurate, timely, and informative moni-
toring method for hydraulic fracturing fractures [9]. Its
application in hydraulic fracturing mainly includes three
aspects: real-time monitoring, comprehensive evaluation of
fracturing effect, and development scheme design. The so-
called comprehensive evaluation of fracturing effect means
that by providing the space-time distribution characteristics
of fractures, analyzing the potential geological information
and laws of seismic source information according to the
amplitude and statistics characteristics of signals, and relying
on the development characteristics of artificial fractures and
natural fractures, it can be integrated with previous earth-
quake, geology, and logging research and engineering-
related information such as drilling, cementing, and fractur-
ing, so as to achieve the purpose of comprehensive evalua-
tion. With the continuous evolution of production needs
and the in-depth research on shale gas, unconventional oil
and gas exploitation and various new energy exploitation,
microseismic monitoring technology, as the core of its
dependence, has become an important guarantee for ensur-
ing efficiency and personnel and equipment safety. It is
mostly used as a judgment basis for judging the formation
and development trend of fracturing fractures.

2. Microseismic Source Information

The joint inversion of microseismic and ground observation
data also improves the accuracy of source location, which
directly affects the interpretation of reservoir fracture. At
present, in the practical application of microseismic inver-
sion, the source location data is widely used, but the applica-
tion of the source mechanism and the seismological data
related to the source mechanism is not sufficient. In fact,
the focal mechanism of microseismic is directly related to
the characteristics of reservoir media, the occurrence of frac-
ture development, and the direction of formation stress. It is
very important to evaluate and interpret the fracturing effect
by using the seismological parameters obtained from micro-
seismic inversion.

A large number of microseismic event points are
obtained by microseismic positioning, and these event
points contain a large amount of source information, mainly
including source type information, time information, loca-
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tion information (x, y, and z coordinates), precision param-
eters, source-related parameters, source mechanism-related
parameters, and quality control-related parameters
(Table 1). Through the comprehensive application of these
information, the real-time monitoring of hydraulic fractur-
ing and comprehensive evaluation after fracturing can be
achieved.

Part of the seismic source information is directly
acquired during the acquisition and processing, such as
number, type, date and time, number of picked-up P-wave
and S-wave, spatial position (x, y, and z coordinates), P-
wave energy, S-wave energy, P-wave velocity ratio, signal-
to-noise ratio, and root-mean-square noise. Others need to
be obtained by indirect means, such as focal radius, position-
ing error, polarization error, seismic moment, moment mag-
nitude, main frequency, moment tensor parameters, and T-k
diagram. The related energy parameters are mainly reflected
by the energy after electromechanical conversion. Based on
the energy of P-wave and S-wave, the seismic moment,
moment magnitude, and other parameters are obtained.

The two most important results obtained from micro-
seismic monitoring are the spatial location and focal param-
eters of microseismic events, according to which the fracture
process and development characteristics can be described.
The spatial distribution of microseismic events can provide
the spatial location of fractures. The microseismic events of
each fracturing section may occur in the adjacent sections,
which indicates that the primary fractures of the adjacent
unfractured sections may be activated during the fracturing
reconstruction of the reservoir, so that the microseismic
events occur in the adjacent fracturing sections. Therefore,
the changes of the fracturing fractures can be qualitatively
analyzed according to the spatial-temporal distribution of
the microseismic events. After the spatial position of micro-
seismic events is determined, the difference between the time
difference of P-wave and S-wave obtained by forward
modeling of each geophone and the time difference actually
picked up is the time error. The error between the azimuth
obtained by polarization analysis of each geophone and the
spatial position of microseismic events and the azimuth of
the geophone is azimuth error, and a residual error is
obtained by averaging them, respectively.

The most commonly used source parameter is source
intensity, which is generally expressed by magnitude, which
is a measure of energy. The place where the vibration is
caused by the rupture of the rock layer in the earth is called
the focal point. It is an area with a certain size, also known as
the focal area or focal body, and it is the place where seismic
energy is accumulated and released. Using seismic waveform
data for seismic moment tensor inversion, people can
roughly distinguish the characteristics of these two sources.
There are four commonly used magnitude scales: local mag-
nitude ML, surface wave magnitude MS, body wave magni-
tude Mb, and moment magnitude MW [10]. There are also
a series of problems about the magnitude: first, these are
all obtained by experience, and there is no physical model
associated with them, so it is impossible to accurately give
the relevant information of the fault when the magnitude
is given. Another more practical problem is that these
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TaBLE 1: Information table of microseismic events.

Type Description

Types of microseismic . . . T s .
signals Number and type (such as perforation signal, microseismic signal, seismic wave, and noise)
Time Year, month, day, hour, minute, second, millisecond

Positional information
Accuracy parameter
Seismic source correlation
parameter

Focal mechanism-related
parameters

Quality control-related
parameters

North (X), east (Y), depth (Z)
Positioning error, residual error, polarization error

Seismic moment, moment magnitude, P-wave energy, S-wave energy, S-wave energy ratio (Es/Ep), focal
radius, and S-wave dominant frequency

Tensor parameters (such as double couple component DC, compensated linear vector coupling CLVD, and
isotropic volume component ISO), T-k diagram

Signal-to-noise ratio, root-mean-square noise (RMS error), number of picked-up P-wave and S-wave

magnitudes are aimed at the largest earthquakes. The con-
cept of moment [11] overcomes these shortcomings, and
the formula is

Mw =

Wl N

(IgM0 - 9.1). (1)

When the seismic moment MO is obtained, the moment
magnitude Mw [12-14] can be calculated. Moment magni-
tude can reflect the magnitude of slip on the fracture surface,
and it is deduced by waveform inversion [15, 16]. Moment
magnitude is established by empirical and theoretical model-
ing research in seismology [17]. Seismic moment MO can
measure the energy generated by stratum rupture and slid-
ing and is the couple moment of one of the equivalent cou-
ples of the source. Its expression is

MO = uDA. ()

The unit is N.m (nm), where y is the stiffness coeflicient
of the medium, D is the dislocation quantity of the fracture,
and A is the area of the fracture surface. The larger the frac-
ture surface A is, the longer the period is, and the greater the
energy generated.

Focal mechanism-related parameters, namely, moment
tensor parameters, are used to identify the volume failure
mechanism of an event. They are mainly divided into three
components: the dual couple component DC describing
shear fracture, the isotropic component ISO (explosion or
collapse) describing volume strain, and the compensated lin-
ear vector dipole CLVD (describing the strain along one
axis, the strain in the other two axes will occur correspond-
ingly, such as crack opening or crack closing). The tensor
representation of seismic moment depends on the direction
and intensity of the source. The seismic source can be
expressed as the sum of expansion source, shear dislocation
source, and compensated linear vector dipole by seismic
moment tensor.

3. Microseismic Signal Analysis

Microseismic monitoring can not only provide magnitude
and space-time location information of microseismic events

for fracture interpretation, but also its data itself contains a
lot of potential information. The microseismic source infor-
mation is mainly obtained on the basis of ray propagation
energy and inversion positioning. Effective and widely used
microseismic event analysis methods mainly include statisti-
cal analysis of source information, intersection analysis of
source information, nodal surface analysis, magnitude-
frequency b value analysis, and moment tensor inversion.
By further mining the microseismic information, we can
study the fracturing process more fully and obtain the frac-
ture scale, development characteristics, and distribution
information of reservoir stress in the fractured area, so as
to realize the optimization of reservoir reconstruction.

The magnitudes of most microseismic events are
between -2.8 and -2. From the overall distribution of micro-
seismic events, it can be seen that the magnitude in the mid-
dle of the fracturing area is relatively small and the
distribution is very concentrated, and the magnitude of
microseismic events in the fracturing sections on both sides
is relatively large and the distribution is relatively scattered.
According to the characteristics of strong heterogeneity of
the reservoir in the study area, it can be qualitatively
explained that the lithological mud content in the middle
of the reservoir in the fracturing area is high, the brittleness
is poor, and it is not easy to fracture, while the lithological
mud content of the reservoirs on both sides is low, the brit-
tleness is good, and it is easy to fracture.

3.1. Statistical Analysis of Source Information. Under the
condition of homogeneous stratum and the same fracturing
scale, the number of microseismic events induced by single-
stage fracturing will decrease with the increase of monitoring
distance, and the minimum magnitude will increase with the
increase of monitoring distance.

Under the condition of heterogeneous stratum, the num-
ber, magnitude, and Es/Ep of microseismic events received
vary with the same fracturing scale and different fracturing
areas due to the difference of petrophysical properties of
stratum itself. Any condition of distance, matrix, or crack
will change the statistical law of the received events. Usually,
the microseismic events received in areas with close moni-
toring distance, good formation brittleness, and developed
fractures are characterized by high signal-to-noise ratio,
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FIGURrk 1: Intersection of signal-to-noise ratio SNR and monitoring distance (a), moment magnitude and monitoring distance (b), and
moment magnitude and signal-to-noise ratio (c) of microseismic signals.

large number, strong magnitude, and high Es/Ep value. By
counting the number, magnitude, and Es/Ep histograms of
microseismic events, the basic evaluation of stratum matrix
or fracture can be realized.

3.2. Analysis of Seismic Source Information Intersection.
Focal intersection analysis is a common method of micro-
seismic interpretation, which is mainly embodied in two
aspects: screening of microseismic abnormal events and
evaluation of microseismic reliability. Among them, the
intersection relationship between magnitude and monitor-
ing distance is the most widely used, through which the reli-
ability of microseismic processing results can be judged. In
addition, the intersection relation combined with the magni-
tude distribution interval can judge the effective monitoring
range of microseisms. In addition, the intersection of magni-
tude and signal-to-noise ratio of microseismic events can be
carried out. Through the intersection relationship between
magnitude and signal-to-noise ratio, the important role of

signal-to-noise ratio in providing threshold value for micro-
seismic first arrival pickup can be established.

3.3. Rupture Surface and Nodal Surface. The rupture surface
refers to that when the stress of the rock exceeds its strength,
that is, the stress difference exceeds the fracture strength, the
fracture begins. At the beginning of the fracture, the micro-
cracks first appear, and the microcracks gradually develop
and connect with each other in series to form an obvious
fracture surface, that is, the fracture surface where the two
walls of the fault slide relative to each other.

The characteristics of microseismic signals are similar to
those of natural earthquakes, which are mainly caused by
shear dislocation of strata [18, 19]. The microseismic focal
mechanism can be solved by using three constraints, namely,
the initial polarization of P-wave, the energy ratio of P-wave
and P-wave, and the correlation coeflicient of waveform
[20]. C. Cipolla et al. put forward the radiation pattern dia-
gram of P-wave and S-wave energy and clarified the



relationship between the development direction of faults and
P-wave and S-wave energy. It is pointed out that the maxi-
mum energy direction of the received P-wave is at an angle
of 45 degrees to the direction of the fracture surface, while
the maximum energy direction of the received S-wave is par-
allel or perpendicular to the direction of the fracture surface.
The spatial transition of P-wave energy and P-wave energy is
very obvious. The low P/SH value means that the azimuth
corresponding to the signal received by the geophone is par-
allel to or vertical to the fracture surface (vertical can be
judged according to the distribution law), and the corre-
sponding P-wave energy is very weak, which is called nodal
surface. At this position, the energy of P-wave is very weak
or nearly disappeared, so it is difficult to locate, and the
number of corresponding incident points will be reduced.

3.4. Evaluation of Magnitude-Frequency Gradient b Value.
The concept of value was first put forward by Gutenberg
and Richter. It mainly adopts the statistical principle and
obtains a constant value B by counting the frequency distri-
bution of rupture events with different moment magnitudes.
Main physical significance is as follows: when an earthquake
with a strong magnitude occurs, there will be an exponential
number of earthquake events with a weak energy level. Its
expression is

LogN = A - BMs, (3)

where n represents the number of events, A and B are
constants, and gradient B represents the frequency change
of events of different sizes in a series of events. The higher
the value of b, it means that a few high moment magnitude
events are accompanied by a large number of small moment
magnitude events. The lower b, the higher moment magni-
tude events, and the smaller the difference between low
moment magnitude events.

b value statistics is an effective way to identify crack
types. In practice, interpreters need to select local microseis-
mic event points for statistics according to the spatial distri-
bution characteristics of microseismic events. In order to
achieve a stable statistical effect, it is necessary to provide
enough incident points. And this statistical analysis is usu-
ally only used in fracture analysis after fracturing. Maxwell
et al. found that in the process of fracturing, the b value cor-
responding to natural fractures or faults is about 1, and the b
value corresponding to artificial fractures is about 2 or
higher. It is mainly because in natural fracture development
areas, hydraulic fracturing mainly induces microseisms by
leakage effect, and fracturing fluid entering faults or natural
fractures will produce a large number of high moment mag-
nitude events. If natural fractures are not developed, micro-
earthquakes are mainly induced by hydraulic fracturing with
tip effect, and high moment magnitude events are few.
Therefore, the value of b is directly related to the nature of
fractures, and it can be used to evaluate the natural fractures
of hydraulic fracturing under microseismic conditions.

In the field of earthquake prediction, it is found that
before a large earthquake, earthquakes within certain magni-
tude ranges often increase or decrease in the source and
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nearby areas, leading to the abnormal phenomenon that
the proportion of large and small earthquakes is out of bal-
ance and the value of b decreases. In addition, the increase
of regional stress accumulation level is a necessary condition
for the occurrence of a large earthquake. Therefore, it is
believed that the value of b reflects the state of in situ stress,
and the relationship between the two is inversely propor-
tional, and the value of B is related to the characteristics of
rock media, such as the brittleness, elasticity, plasticity, and
fracture degree of rock.

3.5. Moment Tensor Inversion. Rock fracture is mainly deter-
mined by the characteristics of rock itself and the changes of
surrounding rock physical conditions. The strike, type, and
formation physical properties of the fault can be judged
based on the dual couple component and the nondual cou-
ple component. The solution of focal mechanism is mainly
realized by moment tensor inversion. There are three com-
monly used methods to calculate seismic moment tensor
by seismic radiation mode: polarity method, amplitude
method, and full waveform method. If the bias part of the
moment tensor is limited, the unknown parameters can be
reduced and the stability of inversion can be improved.

Moment inversion is realized by solving Green’s func-
tion of elastic wave propagation. The point source propa-
gates in a uniform elastic medium. The expressions of P-
wave and S-wave amplitude are as follows:

1
Af(x, 1) = m%)’j)’ﬂjk’ (4)

S
Aj(xt) = W [(51']' - )’i)’j) Yijk} (5)
where VP and VS, respectively, represent P-wave velocity, X
represents spatial position, T represents time, p is density,
and R is the receiving distance; y;, y;, and y, are the direc-

tions from the source to the receiver. Find cosine results,
respectively; M ik 1s the moment tensor component; Aij is
Kronecker function. Time is ignored, and the above formula
is simplified:

u=G=*m, (6)

where u is displacement, G is Green matrix, and M is six
independent moment tensors. Its discrete expression form
is as follows:

U Gy G G Gy G5 Gy my
| Gy Gy Gy Gy Gy Gy m,
un Gnl Gn2 Gn3 Gn4 GnS Gn6 mé
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Solve the linear equations to obtain the moment tensor:

m=G"'xd. (8)
Because the equation is overdetermined, a large amount
of data is needed to ensure the stability of the solution. Fur-
ther derivation is
-1
m=(G'G) G'u. (9)
Moment inversion can be realized by using seismic wave

waveform, amplitude, or amplitude ratio. Sileny et al. pro-
posed that using amplitude alone can reduce the influence

of medium uncertainty to a certain extent. Assuming that
the ISO part of the volume variable is zero, the moment ten-
sor of a single well can be solved. To complete the full
moment tensor inversion, at least two monitoring wells are
needed. The inversion of focal moment tensor is divided into
four steps: (1) determining the spatial position of microseis-
mic events through focal location, (2) selecting events with
high signal-to-noise ratio and extracting longitudinal and
transverse wave amplitudes of corresponding events, (3) cal-
culating Green’s functions corresponding to P-wave and S-
wave, and (4) solve the linear equations and get six moment
tensor components.

Information such as fracture direction, fracture scale,
and in situ stress state can be obtained by inversion of
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moment tensor. Studying the solution of focal mechanism is
the main way to know the characteristics of fault occurrence
and rupture. It reflects the stress situation in the crust and is
the basis of studying the tectonic stress field. In principle, it
is necessary to use the P-wave and S-wave information of at
least two wells in the way of borehole microseismic monitor-
ing, and all the moment tensor information can be obtained
through joint data inversion. If there is only one monitoring
well, it is difficult to complete the inversion of moment ten-
sor due to the lack of parameters.

4. Reliability Evaluation of
Microseismic Monitoring

Reliability evaluation is the basis of microseismic interpreta-
tion, which is mainly realized by analyzing microseismic sig-
nals. Evaluating the reliability of monitoring results can not
only ensure the accuracy of the data used but also have a
more scientific and reasonable understanding of the uncer-
tainty in microseismic interpretation. The reliability evalua-
tion standard is suggested to refer to three aspects:
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perforation or detonating cord positioning, signal-to-noise
ratio, the relationship between magnitude energy, and mon-

itoring distance.

4.1. Perforation Positioning. The discrimination of position-
ing accuracy of microseismic signal processing can only be
realized if the signal position is known. Several possibilities

that can provide known positions of signals include detonat-
ing cord, perforating, and ball-throwing sliding sleeve.
Because perforating or ball-throwing sliding sleeve is usually
far away from geophone during the first fracturing, it is gen-
erally recommended to use detonating cord for positioning
and polarization rotation of geophone before fracturing.
On the premise of determining the orientation of the
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three-component geophone, the perforation signals of each
stage are located, respectively, and the corresponding posi-
tioning accuracy is statistically analyzed.

Generally, the detonating cord signal will be located
close to the detector with strong energy, and the azimuth
information of longitudinal wave signal is clear. As the dis-
tance between the perforation and the geophone decreases,
the signal clarity increases. The positioning error of perfora-
tion is mainly caused by the uncertainty of azimuth. The
overall positioning relative error (that is, the ratio of the dis-
tance between the positioning position and the perforation
point to the distance between the perforation point and the
geophone) is controlled within 2%, and the microseismic
monitoring is reliable.

4.2. SNR Analysis. Signal-to-noise ratio (SNR) is another
important index that needs to be paid attention to during
microseismic monitoring. Using the same instrument to
monitor in different monitoring wells, the signal-to-noise
ratio is obviously different. Because the sensitivity of the
instrument is certain, the main factor affecting the signal-
to-noise ratio is the background noise. During the fracturing
process, the background noise of the same monitoring well is
basically stable from beginning to end, which is mainly
affected by external factors such as cementing quality, geo-
phone coupling, and well site construction. As can be seen
from the intersection diagram of microseismic signal-to-
noise ratio and monitoring distance in Figure 1(a), the
signal-to-noise ratio of microseismic signals has nothing to
do with monitoring distance, and different monitoring dis-
tances can use the same threshold value of signal-to-noise
ratio to screen and identify microseismic signals.

4.3. Analysis of Intersection between Magnitude and
Monitoring Distance. When the monitoring distance is far,
the microseismic events are relatively less. Although the
background noise remains unchanged with the increase of
monitoring distance, the effective signal will be attenuated
with the increase of propagation distance. In order to mon-
itor signals with the same signal-to-noise ratio or higher, the
farther away the microseismic events are, the higher the
magnitude is. As can be seen from the intersection diagram

of moment magnitude and monitoring distance of micro-
seismic events in Figure 1(b), the magnitude of microseismic
events will increase with the increase of monitoring distance.
A baseline can be obtained by referring to the minimum
energy corresponding to different monitoring distances,
which is mainly determined by the signal-to-noise ratio,
and the threshold value of signal-to-noise ratio of the same
monitoring well is determined.

From the intersection of moment magnitude and signal-
to-noise ratio of microseismic events (Figure 1(c)), it can be
seen that there is a certain linear relationship between them,
and the signal-to-noise ratio of microseismic signals will
increase with the increase of magnitude. Because the back-
ground noise is relatively stable, the higher the effective sig-
nal energy, the higher the natural signal-to-noise ratio will
be.

Through the above analysis on the relationship between
perforation signal, micro seismic signal signal to noise ratio,
magnitude and monitoring distance. On the one hand, we
can judge the reliability of microseismic interpretation data
sources (microseismic processing results) and combine the
understanding of possible precision problems in microseis-
mic processing to better serve microseismic interpretation.
On the other hand, the different threshold values of signal-
to-noise ratio of microseismic signals received by different
monitoring wells in the same instrument show that improv-
ing signal-to-noise ratio is the key to reduce errors and
improve signal reliability.

5. Evaluation of Fracturing Effect

The accuracy of microseismic fault identification is much
higher than that of seismic identification technology, which
is mainly due to the problems existing in earthquake predic-
tion and the advantages of microseismic fault identification.
Even if the seismic acquisition conditions are good and the
processing process is accurate, the processed seismic data
itself has inherent limitations such as signal-to-noise ratio
and resolution, and the response of seismic data to small
faults and fractures is very weak or no response, especially
for microfractures, which is very difficult to predict and
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FIGURE 7: Probability statistics of Es/Ep value distribution and Es/Ep mean statistics of different microseismic event samples.

has certain multisolutions. However, microseismic monitor-
ing (taking underground monitoring as an example) locates
the fracture response caused by fracturing by placing the
instrument in the well and collecting the direct wave. The
interference of this monitoring method is far less than that
of the surface acquisition, and because the direct wave is col-
lected, the monitoring distance is closer than that of the sur-
face acquisition, and the signal reliability is higher. On the
other hand, from the response mode, compared with the
interface reflection wave transmitted to the surface through
the static fracture, microseismic monitoring can easily iden-
tify the fracture by receiving the signal generated by the
dynamic stretching or shearing of the fracture through the
geophone. Microseismic monitoring can not only identify

microcracks, joints, and faults but also monitor a large num-
ber of artificial joints.

When there is inconsistency between the results of earth-
quake and microseismic, on the premise of qualified micro-
seismic quality control, processing, and other analysis work,
the microseismic results should be recognized as more reli-
able at first, and then, the fracture evaluation work combin-
ing microseismic and multidisciplinary can be carried out.

5.1. Verification of Evaluation Results of Reservoir Elements.
Taking the microseismic fracturing monitoring of three
Longmaxi shale gas platforms A, B, and C in a block in
Changning area as an example, the relationship between well
trajectory and structural strike is as follows: platform A
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inclines from north to south, platform B rises from north to
south, and platform C inclines from south to north. The
horizon is the bottom of Wufeng Formation, and none of
the three wells drilled through the lower carbonate
formation.

Based on the seismic data, the geological-engineering
double dessert prediction of the three platforms is com-

pleted, and a series of elastic parameters (horizontal maxi-
mum principal stress, horizontal minimum principal stress,
horizontal maximum and minimum stress difference,
TOC, Young’s modulus, and Poisson’s ratio) which can
reflect the characteristics of the matrix are obtained, as well
as multiscale fracture detection bodies and ant bodies, etc.
The plane attributes of elastic parameters are extracted along
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the bottom of Longmaxi, respectively, and the plane diagram
of elastic parameters is obtained (Figure 2). It can be seen
from the figure that the favorable sweet spot area is charac-
terized by four lows and two highs on the elastic parameters,
namely, low maximum horizontal principal stress, mini-
mum horizontal principal stress, horizontal maximum min-
imum stress difference, Poisson’s ratio, high TOC, and
Young’s modulus. On the whole, except for the high in situ
stress in the first half of platform A, most of the other posi-
tions show “sweet spot” characteristics. The superposition of
elastic parameters and microseismic data further confirms
the development characteristics of this fracturing fracture.
Among the three platforms, the overall geostress of platform
A is the highest, followed by platform B and platform C,
which is consistent with the highest pressure of well A and
the lowest pressure of well C in the fracturing process. More-
over, the microseismic events monitored by platform C are
the most, followed by platform B, and platform A is the least.

Multiscale fracture detection technology combining deep
learning with messy detection is used for fracture prediction,
and the fracture detection plan of Longmaxi Formation is
obtained (Figure 3). From the prediction results, the multi-
scale prediction results are hierarchical, and it is easy to dis-
tinguish faults from fractures. Except that there are two
small faults near the toe of well A and well C on platform
C, there are no faults drilled on the whole. The cracks pre-
dicted by ants are relatively developed. The superposition

of fracture prediction results and microseismic results shows
that there is a very good correspondence on the whole. For
example, the microseismic events near the small fracture of
platform A have strong energy (the size of the event points
represents the intensity), and the characteristics of extending
along the northeast of the fracture are obvious. During the
first few fracturing stages of well C on platform C, microseis-
mic events continue to extend to the southwest of the frac-
ture, indicating that the two small fault zones are very
consistent with the actual microseismic results. The response
of ants to cracks is also a good reference. For example, the
cracks in the first half of platform B that extend from north-
east to the second half of platform B turn to north-south,
and the distribution characteristics of strong and microseis-
mic events are also consistent with them. The NE-trending
fractures in the second half of platform C are similar to the
NE-trending microseismic events. Judging from the trend
and development characteristics of fractures, the well trajec-
tory can be appropriately shifted from the north to the east,
and the fracturing effect will be better.

5.2. Fracture Identification and Evaluation. When the earth-
quake prediction results are inconsistent with the microseis-
mic monitoring results, and unexpected conditions occur
during fracturing, it is necessary to check the earthquake data,
especially to see if there is any omission in the fracture predic-
tion or the earthquake prediction results are inaccurate. In the



16

process of fracturing, when fracturing fluid enters fault, natu-
ral fracture, joint development area, page dessert area, nondes-
sert area, and other areas, microseismic data show different
manifestations. However, at present, the understanding of
the initiation and propagation laws of shale fracturing frac-
tures is not perfect. It is necessary to carry out further research
on the initiation and propagation laws and characterization of
complex fracture networks, clarify the fracture network struc-
ture of volume fracturing, and provide a reasonable and accu-
rate basis for the formulation of field construction parameters
and construction effect evaluation of shale gas development
strategies. Based on this, this paper proposes a process of frac-
ture identification and evaluation that combines microseismic
data mining with multidisciplinary information (earthquake,
geology, drilling, fracturing, etc.).

Figure 4 shows the top view of microseismic monitoring
results of platform A and platform B, in which each fractur-
ing stage is represented by a separate color, and the moment
magnitude is represented by the magnitude of the event.
Data representing different characteristic areas are selected
as samples to analyze microseismic signals, including small
faults, joint development areas, dessert areas (most areas
are dessert areas), and nondessert areas. Among them, the
microseismic events in the small faults have obvious longitu-
dinal span, and the crisscross microseismic signals are also
detected in the joint area (displayed in equal size of events),
and the events in the nondessert area are relatively few and
the energy is weak.

According to the B-value statistics of the sampled data
(Figure 5), it is found that the B-value of shale joint area is
-0.94, that of minor faults is -1.08, that of most shale dessert
areas is around -0.9, and that of nondessert areas is -1.74,
with obvious differences. Because the fault of this platform
is passively activated (caused by dry events without fractur-
ing fluid entering the fault), it cannot completely reflect the
B-value characteristics of fracturing fluid entering the fault.
In order to better reflect the difference of B-values under dif-
ferent stratum characteristics, the data sample of another
platform fault in the adjacent area (Figure 6) is introduced
to calculate the B-value as -0.47. It can be seen that when
fracturing fluid enters the fault-activated fault, the B-value
of microseismic events obtained is the highest, and the black
event point is a tight one in the east. To sum up, it can be
seen that faults (dry events and wet events), cracks, dessert
development areas, and nondessert development areas can
be well distinguished by B-value statistics.

Because the shear wave energy intensity is determined by
the medium rigidity coeflicient, dislocation amount, and
fracture surface area, the energy of faults, fractures, and
dense sections will be different. Compared with fracture
areas, the joint area is different in that it generally presents
the characteristics of X-shaped conjugation, and tensile frac-
tures and shear fractures exist simultaneously during frac-
turing. According to the Es/Ep energy statistics of the
above-mentioned different areas (Figure 7(a)), it can be seen
that the peak interval of Es/Ep range of fault response of the
highest dry event is similar to that of wet event, the peak
interval of shale joint and dessert area is smaller than that
of fault, the peak interval of tight sandstone layer is smaller
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than that of joint and dessert area, and the peak interval of
shale nondessert area is the lowest. Further calculate the
Es/Ep mean statistics of the above data points
(Figure 7(b)), and the order is as follows: small fault (wet
event) > shale sweet spot area > small fault (dry event) >
shale joints > tight sandstone layer > shale nonsweet spot
area.

The existence of faults is easy to cause construction acci-
dents or risks. During the fracturing of well A on platform A,
an accident happened because of the existence of faults.
When fracturing the second stage of well 1 on platform A,
there was always a sticking problem in the process of setting
the perforating gun, which could not be set down. During
the first-stage fracturing of wells A and B, not only a large
number of microseismic signals were received near the per-
forating section, but also a large number of strong-energy
microseismic signals near the deflecting section were moni-
tored. After picking up and locating these signals in the later
period, a large number of microseismic events are obtained.
From the shape and magnitude, it is preliminarily judged
that there may be faults, and casing deformation is caused
by strata dislocation caused by hydraulic fracturing
(Figure 4(b)). Combined with B-value statistics and Es/Ep
statistics, the existence of faults is further verified.

Combined with the prediction results of seismic data in
this area (Figure 8), the development of faults near the
kick-off section of well A on platform A was found on multi-
scale fault detection bodies and ant bodies, respectively.
Although the fault characteristics on the seismic profile near
the kick-oft section are not particularly obvious, the pre-
dicted faults above and below this section are also very obvi-
ous, and the faults are relatively reliable.

If it is simply fracturing of three horizontal wells on this
platform, the perforation section is far from the kick-off sec-
tion at the beginning of fracturing, so it will not generate
such strong energy in the kick-off section. After investiga-
tion in the nearby well site, it is found that the northern plat-
form which is really adjacent to this platform is undergoing
fracturing construction. As this platform does not belong to
the scope of mining rights of this oilfield, after providing the
demonstration of microseismic monitoring results, it is
agreed with the other party to suspend the related operations
of this platform through consultation and then continue
after the fracturing of this well is finished. Because the fault
exists, the reason why the perforating gun cannot be lowered
is found, that is, the casing deformation caused by the fault.
From the engineering point of view, the solution was found,
and finally, the coiled tubing sandblasting perforation
method was adopted, and finally, it was successful.

It can also be seen from this example that before the
fracturing operation monitoring starts, it is necessary to have
a comprehensive understanding of the geological conditions
in this area. If necessary, it is necessary to suspend drilling
and fracturing operations in the adjacent area, so as to pre-
vent signal interference on the one hand and influence on
construction on the other.

It is ideal that shale joints exist in the fracturing process.
Under this stratum condition, the stratum is brittle, and the
communication of microcracks between shale joints is also
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conducive to the preservation of shale gas. Figure 4(c) shows
the fracturing monitoring effect of platform B. It can be seen
that there are obvious parallel joint structures developed
between the two wells, and the main direction is 70 degrees
northeast. The average spacing between joints is 15m, and
the minimum spacing is about 10 m. In the range of 400 =
400m between the two wells, there are about 30 conjugate
joints, with the longest length of about 670 m.

During the monitoring of hydraulic fracturing on this
platform, due to the existence of conjugate joints, the pump
pressure will rise in stages (Figure 9). The main reason is
that when the fracturing fluid advances rapidly along the
joint direction, the fracturing fluid will have certain filtration
failure. When the fracturing fluid enters the joint corner,
there will be a certain pressure hold-up. When this position
is flushed away, the fracturing fluid will move forward
quickly, and when it meets the next corner, it will hold back
pressure again, so the pressure curve will change from high
to low. From the statistics of microseismic event B-value
and Es/Ep, it can be seen that the shale sweet spot area is
similar to the joint area B-value, but the joint area Es/Ep
value is slightly smaller than the sweet spot area, indicating
that the opening of a series of joints makes the Es/Ep value
lower when the pressure rises.

5.3. Fracturing Barrier. The existence of natural fractures
will also form a fracturing barrier. The so-called fracture
barrier refers to the natural fractures or faults that the frac-
tures produced by hydraulic fracturing cannot penetrate
and prevent the hydraulic fractures from extending. This
concept was first put forward by Maxwell (2016). Or fault
fractures can be divided into open fractures and closed frac-
tures. The extension direction of the fracture corresponding
to the open fracture is the same as the extension direction of
the maximum principal stress of the regional stratum. This
fracture has conductivity and can provide a flow channel
for fracturing fluid. The extension direction of the fault or
fracture corresponding to the closed fracture is perpendicu-
lar to the direction of the maximum principal stress in the
region or obliquely crosses at a large angle, and the fault or
fracture plays a blocking role, forming a fracturing barrier.
When the fracture generated by hydraulic fracturing extends
here, it will stop extending, and the fracturing energy will be
released to both sides along the fracture, even forming sand
plugging. Curvature reflects the structural form of strata.
Nelson shows that there is a good positive correlation
between the maximum curvature value and the maximum
strain value in rocks, so the fracture can be predicted by cur-
vature attribute. Usually, the natural fracture development
zone is characterized by high curvature. When the develop-
ment direction of natural cracks is perpendicular to the cur-
rent stress direction, they are subjected to stress to form
closed cracks.

Figure 10 shows the fracturing monitoring results of a
shale gas horizontal well in Fuling block, with a grid interval
of 100 * 100 m, and the microseisms are expressed in the
form of event points with the maximum curvature attribute
in the background. It can be seen from the figure that most
of the microseismic events are distributed in the west side
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of the wellbore, and they can extend as far as the west side
of the horizontal well, with an extension distance of nearly
400m. The east crack stops developing after a short exten-
sion. Fractured fractures in the 14th and 15th sections
extend in the east and west sides, and the west side extends
normally, but they are affected by the fracturing barrier on
the east side of the wellbore. After reaching the fracturing
barrier, the fractures extend along the fracturing barrier to
the northeast. According to the comprehensive geological
evaluation study, the current horizontal maximum principal
stress direction is NW-SW, so the cracks on the curved body
on the east side of the wellbore are closed cracks, which play
the role of fracturing barrier.

6. Conclusion

The comprehensive evaluation of microseisms is realized by
comprehensive analysis of source signals. In this paper, the
source information of microseisms is systematically divided.
Five methods of seismic source information analysis are
summarized and put forward. Principle and idea of advocat-
ing reliability evaluation first for fracturing evaluation.
According to the fracturing effect evaluation, the compre-
hensive evaluation technology and ideas of multidisciplinary
matrix integration and fracture and engineering integration
are put forward, and the following results are obtained:

(1) That source information is a series of information
obtained by direct or indirect calculation in the pro-
cess of microseismic monitoring. In this paper, the
information is systematically divided and explain,
including microseismic signal type, time, position
information, precision parameters, source-related
parameters, focal mechanism-related parameters,
and quality control-related parameters

(2) Seismic source information analysis is the basis of
microseismic evaluation. This paper puts forward
and explains the research methods of microseismic
signal analysis from five aspects: statistical analysis,
intersection analysis, fracture surface and nodal sur-
face, magnitude-frequency gradient B-value analysis,
and moment tensor inversion

(3) Reliability evaluation of microseismic signal is the
basis of microseismic interpretation. This paper puts
forward three criteria for reliability evaluation: per-
foration or detonating cord positioning, signal-to-
noise ratio, and the intersection relationship between
magnitude energy and monitoring distance. On the
premise of ensuring the accuracy of adopted data,
reliability evaluation can make a more scientific
and reasonable judgment on the uncertainty in
microseismic interpretation

(4) A multidisciplinary integrated microseismic com-
prehensive interpretation technology is put forward,
which combines microseismic with engineering con-
struction such as drilling and fracturing with geolog-
ical, seismic, and logging evaluation. The
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multidisciplinary fracturing evaluation technology is
established from three aspects: verification of reser-
voir element evaluation results, identification and
evaluation of fractures, and interpretation of fractur-
ing barriers
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