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Deep Learning of Aftershock Hysteresis Effect Based on Elastic Dislocation Theory
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Abstract: This paper selects fault source models of typical earthquakes acrass the globe and uses a volume
extending 100 km horizontally from each mainshock rupture plane and 5 vertically as the primary area
of earthquake influence for calculation and analysis. A deep neural network is constructed toP“odel the
relationship between elastic stress tensor components and aftershock state at multiple time scales, and the
model is evaluated. Finally, based on the aftershock hysteresis model, the aftershock hysteresis effect of the
Wenchuan earthquake in 2008 and Tohoku earthquake in 2011 is analyzed, and the aftershock hysteresis
effect at different depths is compared and analyzed. The correlation between the aftershock hysteresis effect
and the Omori formula is also discussed and analyzed. The constructed aftershock hysteresis model has a
good fit to the data and can predict the aftershock pattern at multiple time scales after a large earthquake.
Compared with the traditional aftershock spatial analysis method, the model is more effective and fully
considers the distribution of actual faults, instead of treating the earthquake as a point source. The expansion
rate of the aftershock pattern is negatively correlated with time; and the aftershock patterns at all time scales
are roughly similar and anisotropic.

Key Words: Okada dislocation theory; FCNN; aftershock hysteresis effect; aftershock pattern; the Omori formula.
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1 Introduction

After the occurrence of strong earthquakes, there ften a large number of aftershocks, which
constitute the aftershock sequence. The aftershocks can lead to new damage to the area daf$2?ed by the main
earthquake. Therefore, it is necessary to study aftershocks and stimulate further discussion. Stein et al.
systematically discussed the influence of the static stress of the main earthquake on the spatial distribution
of aftershocks (Stein et al., 1983). A large number of earthquake examples show that the change in Coulomb
stress produced by the main earthquake is greater than 0.01 Mpa, which readily triggers aftershocks (Ma et
al., 2005; Toda, 2003; Harris, 1998). In addition to the Coulomb failure stress change method, the deep
learning method is a new emerging method that can address some questions of physical mechanism. The
prediction of the aftershock sequence based on the stress state of the crustal medium is also problematic and
is a focus of source physics. The neural network has the characteristics of a black box, which can avoid the
complicated physical mechanisms when predicting the aftershock pattern (Brodi, 2001; Moustra et al., 2011).
In 2018, Phoebe et al. proposed a deep neural network to study the spatial distribution of aftershocks
following the main earthquake. A neural network classifier based on stress variation was designed by the
to determine the possibility of a spatial distribution of aftershocks (Phoebe et al., 2018). This idea
combines traditional physical analysis mechanisms with data-driven machine learning mechanisms, which
can improve our understanding of the complex physical mechanism of earthquakes. Kong et al. also analyzed
its necessity (Kong et al., 2019).

The distribution of aftershocks is not only related to spatial change but also to temporal ich
may be related to the actual properties of the medium, i.e.; the viscoelastic medium and the porous two-phase
medium are closer to the actual geological medium than the elastic medium. The hysteresis effect of the
viscoelastic medium on stress change, the effect of readjustment of pore fluid on stress change and other
time-dependent medium properties are equally important to post-earthquake stress change, which is an issue
that is receiving increasing attention in post-earthquake effects research. In the study of the propagation of a
seismic wave and its focal mechanism, the earth medium is assumed to be a completely elastic body. Prior
to the main earthquake, the crustal medium will be continuo deformed due to the long-term and slow
actlon of tectonic stress. In the process of stress accumulatio strain energy of the crustal medium will
e continuously and be stored in the crust in the form of elastic strain energy. When the stress
lntenSIty is greater than the bearing stress intensity in the crust, the crust will lose its stability and form the
main earthquake fracture surface, which will produce the main-ea uake. Simultaneously, the elastic strain
energy stored in the crust will be released suddenly. After the occurrence of the main earthquake, the source
body and its surrounding medium will return tady state. However, because the main earthquake causes
a sudden change in the stress state of the medium. the accumulated elastic strain energy in the entire stress
field cannot be released completely at one(§2k, a¢Djt will continue to in other areas; and it will
ultimately be released in the form of an aftershock sequence. Therefore, there is a hysteresis effect between
the aftershock and the main earthquake (Gu et al., 1979). Omori and Utsu proposed the time distribution
formulas of aftershocks. However, the formulas are based on statistical significance, which cannot reflect the
underlying reason for the change in aftershock distribution over time; and cannot spatialize the temporal
change in aftershocks (Omori, 1894; Utsu, 1961). Many scholars also analyzed the te
distribution characteristics of aftershocks by building a model. For example, the ETAS model proposed by
Ogata (Ogata, 1988), the KJ model proposed by Kagan et al. (Kagan et al., 1994), and the model improved
by Ogata based on ETAS (Ogata, 1998). In 2009, Wong et al. proposed a joint distribution model that
parameterized the aftershock location based on the distance and relative angle between aftershocks and
mainshocks (Wong et al., 2009). '@’ bove Le,mpoze,djaual models of aftershocks are all based on point-
source earthquakes, while the actual earthquake sources are faults. So the distribution of the main fault zone
should be considered when predicting the aftershock pattern. Some spatial models also ignore the relative
angle or distance between mainshock and aftershocks. These deficiencies are taken into account when
building the new prediction model.
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In this paper, a method based on deep neural networks is proposed to analyze the probability distribution
of aftershocks following the main earthquake on multiple time scales, which indirectly reflects the hysteresis
effect of aftershocks at different positions under the stress field of the main earthquake. The SRCMOD fault
source model databas earthquake events are used as raw data. First, the analysis area of each main
earthquake is gridded, and then the aftershocks of each main earthquake are entered into the grids. The DC3D
displacement model is used to calculate the components of stress change tensor for each cell. Based on this
grid, the results of the calculation are used as the input to train the neural network, and the aftershock
hysteresis model is thenabtained. As the application analysis cases for the model, the Wenchuan earthquake
and the Tohoku are not included in the training set or the validation set. Finally, spatial
distribution and expansion characteristics of the aftershock hysteresis model are obtained for bot izontal

d vertical directions. In addition, we focus on two important concepts, namely|¢ Dysteresis effect” and

ftershock pattern”. The “hysteresis effect” refers to the change in spatial distribution of aftershocks with
the change of time scale. The “aftershock pattern” refers to the spatial distribution of aftershocks at a certain
time.

2 Data and Methods
2.1 Data

2.1.1 Raw data

Two types of data ara=tysed in this_paper, SRCMOD finite fault data and the ISC (International
Seismological Centre) seis#Q catalogu

The inversion of finite fault source data facilitates a better understanding of the complexity of the
earthquake rupture process. Although the spatial resolution of the model is low, it can provide information
on deep seismic slip and fault evolution over time. Therefore, the finite fault model is an important means to
further study the mechanics and kinematics of the process of earthquake fracture. The online SRCMOD
database provides the inversion results for many typical earthquakes from 1906 to present. These results are
uploaded by seismologists globally after the main earthquake through inversion. Because the earth's crust is
used as an elastic medium in the calculation of coseismic displacement stress, we don’t consider the impact
of the background of each earthquake. There are 19 finite fault source models used in this analysis: 15 are
used as training data and 4 are used as validation data.

The aftershocks following each main earthquake are obtained from the i i chake ¢
(1SC). For the main earthquake examnles in this paper, the aftershocks within 1 d, 30 d 90 d 180 d; and 365
d and within a volume extending 10( @ horizontally from each mainshock rupture plane and SOgg/ertically
are used for analysis of the aftershock sequences.

2.1.2 Data processing

After acquiring the limited fault source data and aftershock sequence dafa—it is necessary to process
them to create the final data fer—analysis. First, the volume extending 10 horizontally from each
mainshock rupture plane and 1@ vertically is divided into a grid of 5 km® cubes. Five time scales of
aftershock sequence data are then entered into each cube. The aftershock state of a cell with an aftershock is
defined as 1 and that of a cell without an aftershock is defined as 0. The final training data has 15 aftershock
sequences containing 318,210 subcells, and the validation data has 4 aftershock sequences containing 89,900
subcells.
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2.2 Methods

2.2.1 Okada elastic dislocation theory

The inversion analysis of seismogenic faults after earthquakes is a popular topic in seismology, a@n
the process of inversion, the application of dislocation theory and models is essential. The dislocation model
was first used to analyze fault movement in 1958 (Steketee, 1958). Steketee introduced ¢ ¥location theory
into the study of seismic deformation fields; and described the relationship between discontinuous
displacement on the dislocation plane and the displacement field in an isotropic medium. Okada summarized
the existing research in 1985 and proposed a formula for the calculation of displacement in an isotropic,
uniform elastic half space. This formula can be used to calculatp_the coseismic deformation caused by any
fault in the elastic half space (Okada, 1985;Okada, 1992).x~kada dislocation theory systematically
summarizes the relationship between point source dislocation and surface deformation caused by rectangular
dislocation. The crustal movement is typically slow; and the crustal medium generally shows viscosity and
plasticity over a long time scale. At present,@ada dislocation theory is the most widely used dislocation
theory and is often used in comhination with INSAR technology. INSAR is used to monitor the surface
coseismic deformation field, Eﬁada theory is then used to conduct fault slip inversion (Shan et al., 2017;
Wang et al., 2018: Zhao, 201C> heng et al., 2019).

Therefore ada elastic dislocation theory is used to calculate the coseismic strain stress field of the
main earthquake in the paper. The Okada elastic dislocation model, which ignores the influence of
stratification in the earth's medium, is widely used in the study of coseismic deformation of the seismic signal

source. Okada gives the analytical expression of the partial derivative % (i,j = 1,2,3) of the displacement u
J

of the finite fault plane in the elastic half space (Okada, 1992). This expression is used to obtain the strain
tensor € as

gij ==(—+=—
E 2 ax] Oxl-
and the onstant in the linear solid medium is used to obtain the surrounding stress change tensor @ as
Atrle] + 2ueyy 21y, 2UEy,
o= 2pey Atrle] + 2uey, 2uey,
2UE 2pe,y, Atrle] + 2ue,,

Whe:jJQJ‘nd L are Ia@constants. In this paper, the crustal medium is regarded as a Poisson body; and the
two coefficients are both 3.010%° Pa. The parameter tr[g] is the trace of strain tensor &.

222FCNN [

To analyze the hysteresis effect of aftershocks, it is necessary to establish a model that can predict the
damage modes of aftershocks at multiple time scales. We constructed a fully connected deep neural network
to simulate the relationship between the change value of the elastic stress tensor and aftershock and to explain
the hysteresis effect of aftershocks. The network established here is a network with six hidden layers. Except
for the second hidden layer, which has 100 ons, the other five hidden layers have 50 neurons. The input
layer dimension of the entire network is 12, its input eigenvalue is the combination of the absolute value
of six independent components of the elastic stress at the center of each subunit and the negative number of
the absolute value, for a total of 12 inputs.

Then we analyze the correlation between aftershocks and stress change, which is closely related to the
inputs of FCNN. At present, the research on aftershocks is primarily based on statistical methods, and the
research content primarily focuses on the distribution of after k strength and time attenuation. The
intensity distribution of aftershocks follows the G-R relationship = a — bM, where M is the magnitude,
N is the number of aftershocks with magnitude greater than or equal to M, and a and b are the scale
coefficienthe value of b generally varies from 0.6 to 1.1 (Utsu, 2002), and its value is related to the
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the b value is relatively low during strong aftershock activity (Yi et al., 2011).

The study of time attenuation of aftershocks begins with the statistical description of frequency
attenuation characteristics of the aftershock sequence using the Omori formula (Omori, 1894). In 1961, Utsu
et-al. proposed that the frequency attenuation rate of the actual aftershock sequence is faster than that
calculated by the Omori formula (Utsu, 1961) and proposed the modified Omori formula n(t) = K(t + ¢) 77,
where n(t) is the aftershock frequency per unit time, c is a constant; and p is the attenuation coefficient of the
aftershock sequence. For a large number of aftershock sequences, the modified Omori formula accurately
describes the time attenuation of aftershocks. In the modified Omori formula, the c value is related to the
incomplete recording time after the main earthquake (Kagan et al., 2005), which can provide a physical
explanation for the aftershock attenuation after the main earthquake (Lindman et al., 2005). This value is also
related to the rupture mode of the main earthquake (Narteau et al., 2009), i.e.; the aftershock attenuation is
affected by the stress state and related to the stress change.

The stress change caused by the main earthquake can be calculated by the Coulomb fracture stress
change, which is also the most widely used analytical method at present. The change in Coulomb stress
produced by the main earthquake will trigger the stress of the following aftershocks (Harris, 1998). Some
seismologists believe that if the change in Coulomb fracture stress is positive around the main earthquake, it
will promote fault movement and trigger aftershocks; if the change in Coulomb fracture stress is negative, it
will inhibit fault movement, and the probability of triggering an aftershock is reduced (Lin, 2004; Harris,
1998; Han, 2003). According to the research of DeVries et al., the Coulomb fracture stress change is an
inadequate explanation for aftershocks; and the relationship between the positive and negative values of stress
change and the triggering of aftershocks requires further exploration. DeVries et al. modeled the relationship
between stress change and aftershock triggering by training a neural network (DeVries et al., 2018). The
variation in Coulomb fracture stress depends on the geometric properties and coseismic dislocations of the
source fault (King et al., 1994; Zhu et al., 2009). Therefore, the change value of the stress tensor, which is
closely related to the dislocation of the same earthquake, can be used as the aftershock variable to build the
model.

In addition, Meade and-DeVfries et al. tested many stress-related indicators in 2017 to explain the
influence of the coseismic stress field of the main earthquake on the location of aftershocks. Their results
show that the sum of the absolute values of the six independent components of the @s tensor, the von
Mises yield criterion and the maximum shear stress produce the best interpretation, variables can
be obtained by the combination of the absolute values of the six independent components of the stress tensor
and the negative values of the absolute values. Therefore, these variables are also used as the network input
(Meade et al.[2217; Mignan et al., 2019). The input components are expressed as | g, l, |0y |, 1oxz], a5y,
loyz|s 1021, —lowxl, =|owy |, —lowzl, —|ayy|, —|0y2|s and —|o,,|. The dimension of the network output
layer is 1; and the output value is the relative probability of aftershocks in each cell, which is between 0 and
1. The dropout layer is also set after each hidden layer. The dropout layer is set to alleviate the occurrence of
over-fitting in the model training process, which can have a regularization effect. In addition, the activation
function of each hidden layer in the network is a Relu function, and the optimizer is Adadelta. The activation
function of the output layer is a sigmoid function; which maps variables between 0 and 1 (Figure 1). Five
scales are analyzed in this paper. Five neural networks are constructed to train five submodels. Each
submodel is independent from the others and does not affect the others.

regional stress state (Scholz, 1968; i, 1962). A low b value is related to a %\ stress background, i.e.;

2.2.3 Model evaluation metric

TheR urve and the AUC are used to evaluate the model. The AUC (area under curve) is defined as
the area enclosed by the coordinate axis under the ROC curve, and the value of the area cannot be greater
than 1. Because the ROC curve is generally located above the straight line y = x, the AUC value range is
between 0.5 and 1. Based on the AUC value, we can interpret the accuracy of the classifier. When AUC =1,
the classifier is essentially a perfect classifier, whereas when AUC = 0.5, the classifier is making a random
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assessment and the obtained model is nonsensical. For the training samnles in this paper, there is a class
imbalance between positive and negative samples. A characteristi ROC curve is that when the
distribution of positive and negative samples in the test set changes, the ROC curve can remain unchanged.
The closer the ROC curve is to the Y-axis and y = 1, i.e.; the higher the AUC value of the classifier, the
greater the classification accuracy. Generally, when the AUC is less than 0.6, the accuracy of the classifier is
poor; when the AUC is less than 0.75, the accuracy of the classifier is moderate; and when the AUC is greater
than 0.75, the accuracy of the classifier is good. The output of the model in this paper is a probability value
between 0 and 1. When the ROC curve is used to evaluate the model, it is conducted at five time scales; and
the model under each time scale is evaluated as a two-classification problem.

3 Results

3.1 Evaluation of the aftershock hysteresis model

The aftershock hysteresis model under multiple time scales is obtained by using the neural network to
train the constructed training dataset. In this paper, five submodels are trained; and the final hysteresis model
is composed of five submodels. The output value of the neural network in each cell is binarized with a
threshold value of 0.5. A cell with a predicted value greater than 0.5 is assigned as 1, and a cell with a
predicted value less than 0.5 is assigned as 0. Based on the trained aftershock hysteresis model, the aftershock
patterns are predicted for the Wenchuan earthquake at multiple time scales, and the RQC curves are obtained
for the different time scales. The AUC values of the five time scales are all above 0. oth the training and
validation sets, and some are close to 0.9. The AUC values of the training set are all hiaher than those of the
validation set for the different time scales. The neural network designed by Phoebe et al @ sed for aftershock
prediction. The AUC value of the training model on the validation set is 0.849 (Figure 2). In this paper, the
AUC value of each submodel on the validation set is similar to the research results of Phoebe et a erefore,
the model achieves good prediction results at different time scales.

For comparison, we forecast the aftershock locatjon based on the static Coulomb failure stress change.
Considering the influence of shear stress, normal|(sPless and friction coefficient on the active fault plane,
Coulomb failure stress change (ACFS) can be expressed as

ACFS = At + pAo
where p i@arent friction coefficient, Ao is the normal stress on the fault plane and At is@ar s in the
direction of fault slip. Based on previous studies, the friction coefficient in this paper is 0.4 (King ., 1994;
Wan et al., 2004). Numerous studies have shown that aftershocks will occur when ACFS is greater than
+0.01Mpa. In order to compare and analyze the output of FCNN, we need to transform the ACFS to 0~1.
Similar to the last layer of FCNN, the variation function adopts a variant of the sigmoid function as follows

1
ACFS' = (1 + e~ 10(ACFS=00D)) °

where ACFS' represents the Coulomb failure stress change after sigmoid transformation. We know that the
traditional sigmoid function is similar to the jump function. In the analysis process of this paper, 0.01Mpa is
the threshold value to determine whether aftershocks are generated, so the parameter 0.01 in the formula is
the translation coefficient, that is, the traditional sigmoid function shifts 0.01Mpa to the right. Parameter 10
is the zoom coefficient, which compresses the sigmoid function horizontally to make its shape approach the
jump function as much as possible. When ACFS is greater than 0.01Mpa, ACFS’ approaches 1 as much as
possible; and when ACFS is less than 0.01Mpa, ACFS’ approaches 0 as much as possible. Then we evaluated
the results and calculated the AUC value on each time scale b E’ curve. Compared with the results of the
previous model, the AUC results obtained by the method based on static Coulomb failure stress change are
generally poor, which are no more than 0.6 (Figure 3).
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3.2 Application of the model to the Wenchuan earthquake

3.2.1 Aftershock hysteresis failure mode

According to the tectonic stress figure of the Wenchuan earthquake, the Wenchuan earthquake was
located in the Longmenshan area in the border mountains east of the Qinghai Tibetan Plateau. The geological
structure in this area is complex. The main Longmenshan fault zone is composed of a series of roughly
parallel thrust faults. It is divided into a front mountain zone and a back mountain zone with the Yingxiu-
Beichuan central fault as the boundary. From Northwest to Southeast, the main fault zone consists of the
back mountain fault, the central fault and the front mountain fault. The main fault forming the Wenchuan
earthquake is the Yingxiu-Beichuan central fault. According to the beachball plot of th al mechanism
solution in Figure 4, the strong aftershocks following the Wenchuan earthquake are pum@%mm
or-thrust faults under the action of compressive stress.

Based on the aftershock hysteresis model, the failure p ns of aftershocks are predicted at different
time scales, and the section observation is conducted at 12, underground (essentially at the same depth
as the source). Combined with the focal mechanism solution analysis of strong aftershocks around the main
fault zone, the aftershocks in this area are mainly caused by the NW-trending and SE-trending crustal
compressive stress (Figure 5). The expansion of the aftershock hysteresis pattern is observed, which is
generally distributed along the fault strike and extends along the trend line of the main fault. Within one day
after the main earthquake at Wenchuan, there were aftershocks over a wide area. The location of the
aftershocks is distributed along the fault zone; and the location of the aftershocks is basically distributed in
the geographical space predicted by the model.

Finally, the spatial results of the hysteresis effect of the Wenchuan earthquake are obtained by
synthesizing the damage modes of the aftershocks at multiple time scales (Figure 6). The location of the
aftershocks is basically along the main fault, i.e.; the Yingxiu-Beichuan central fault. The model predicts that
aftershocks are mainly distributed in Chengdu, Mianyang, Deyang, Guangyuan and Ngawa, which is
consistent with-the actual location of the aftershocks. Over time, the area of aftershocks expands outwards;
and the rate 5 gradually. Using the main aftershock sequence from the Wenchuan earthquake as an
example, the aftershock hysteresis patterns at different time scales are similar; and the direction of outward
expansion is basically perpendicular to the distribution direction of the previous time scale. Compared with
the attenuation map of earthquake intensity, the spatial distribution map of aftershock attenuation can provide
some reference for follow-up disaster prevention and mitigation work after a large earthquake. We can further
understand the attenuation law of aftershocks; and attempt to extend its time attenuation from a statistical
perspective to a spatial perspective.

3.2.2 Aftershock hysteresis patterns at different depths

At different focal depths, the aftershq ysteresis patterns will also change. The focal depth range of
the aftershocks analyzed in this paper is O E km. The aftershock hysteresis effect is analyzed by selecting
sections with depths of 2,500 m, 7,500 m, 12,500 m, 17,500 m, 22,500 m, 27,500 m, 32,500 m, 37,500 m
and 42,500 m. Many previous studies have shown that the seismogenic layers in Central and western China
are located in the middle and upper layers of the crust at a depth of no more than 20 km (Zhao et al., 1995;
Yang et al., 2003). The aftershocks with a focal depth within 20 km are widely distributed (Figure 7). When
the focal depth exceeds 20 km, the area where the aftershocks are generated suddenly decreases with
increasir=<lepth until no aftershocks are observed. The focal depth of the largest aftershock distribution range
is 125002~ which is in the same range as the focal depth of the main earthquake. In the middle and upper
layers of the earth's crust, the shapes of the aftershock hysteresis patterns are generally similar at different
time scales. Over time, the shape of the aftershock hysteresis pattern generally expands outward in a similar
pattern as the previous timescale. However, when the focal depth exceeds a certain value, the hysteresis
pattern of the aftershocks substantially changes. In this case, when the focal depth is greater than 20 km, the
area predicted for aftershocks significantly decreases; and the evolution of the hysteresis pattern is also
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changed. Although the overall expansion direction is consistent with the main fault, the pattern is less regular
and more random.

3.3 Application of the model to the Tohoku earthquake in 2011

3.3.1 Aftershock hysteresis failure mode

Japan is located in the Circum-Pacific seismic belt at the intersection of the Eurasian plate and the Pacific
plate, which is an area with a frequent occurrence of global earthquakes. Due to the collision between the
Pacific plate and the Eurasian plate, the Pacific plate is subducted under the Eurasian plate, thus forming the
Japan Trench and the Japanese island arc. “OK” represents the Okhotsk plate, which is part of the Eurasian
plate, “PA” refers to the Pacific plate, and “PS” refers to the Philippine Sea plate, which is also part of the
Eurasian plate (Bird, 2003) (Figure 8). The epicenter of the earthquake was located in the subduction zone
of the Japanese trench. Based on the aftershock hysteresis model, the aftershock patterns within 1 d, 30 d, 90
d, 180 d and 365 d after the main earthquake are predicted, and the section (22 m) at the focal depth of
the main earthquake is selected for analysis. Using the Tohoku earthquake in Japan as an example, the
greatest expansion of the aftershock distribution area is observed within 30 d. The shape of the aftershock
patterns are similar at all time scales. The aftershock and the predicted aftershock patterns are distributed in
an approximately North-South direction along the Japan Trench and plate boundary.

The aftershock hysteresis model of the Tohoku earthquake in is obtained by synthesizing the aftershock
patterns at different time scales (Figure 9). Over time, the expansion rate of the aftershock pattern gradually
and the expansion direction is basically perpendicular to the aftershock pattern at the previous scale.
Most of the aftershocks of this earthquake occurred in the eastern Sea of Japan; and the concentrated area of

rrestrial aftershocks was located in Fukushima.

3.3.2 Aftershock hysteresis patterns at different depths

Similar to the Wenchuan earthquake, the aftershock hysteresis pattern of the Tohoku earthquake changes
with the-change-in depth. The magnitude of the earthquake was very large, reaching over Mw9. The main
earthquake has a great impact on the surrounding area and the crust, which stores considerable energy, then
releases it in the form of aftershocks. The predicted expansion direction of the aftershock model is generally
consistent with that of the plate boundary and the Japan Trench. In this study, the maximum analysis depth
is 50 km. Using the depth section of the main shock source as the center, the actual aftershock pattern does
not change significantly when the depth change is small. This may be due tet5e large magnitude of the
earthquake. The area of the actual aftershock pattern is reduced at a depth of 42,24/ m. However, the location
of the i QI widely distributed. The expansion of the aftershock pattern also changes beginning
at a depth of 27500\ The general direction of distribution is along the trench; and some areas begin to
expand vertically along the trench (Figure 10).

4 Discussion

4.1 Aftershock hysteresis effect

The modified Omori formula is n(t) = K(t + ¢)~P, where n(t) is the aftershock frequency per unit time,
and as t increases, n(t) will decrease correspondingly to describe the time attenuation characteristics of
aftershocks. Compared with the Omori formula, the aftershock hysteresis effect analyzed in this paper can
be reflected by the correlation between the change of time scale and the region of aftershocks. Based on the
discussion of focal depth sections of the main earthquake, within one day after the Wenchuan earthquake,
the number of subunits with aftershocks is 213; within 30 d, it is 386, representing an increase of 81.6%;
within 90 d, it is 432, representing an increase of 11.9%; within 180 d, it is 466, representing an increase of
7.9%; and within 365 d, it is 488, representing an increase of 4.7%. Within one day after the Tohoku
earthquake, the number of subunits with aftershocks was 137; within 30 d, it was 595, representing an
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350 increase of 334%; within 90 d, it was 724, representing an increase of 21.7%; within 180 d, it was 799,
351  representing an increase of 10.4%; and within 365 d, it was 856, representing an increase of 7.1%. The
352 aftershock pattern predicted by the model expands over time, but the_expansion speed of the aftershock
353  pattern also gradually s E The rate of expansion is most rapid t@ er the earthquake. After 3he
354  speed decreases significantly from 30 to 90 d. The aftershock pattern of the Wenchuan earthquake expanded
355  at a speed of 28.7 units/day within 30 d after the earthquake and then rapidly dropped to 7.8 units/day. The
356  aftershock pattern of the Tohoku earthquake in Japan expanded at a rate of 38.6 units/day within 30 d after
357  the earthquake and then dropped rapidly to 7.3 units/day. According to the correlation curve in Figure 11 and
358  Figure 12, the aftershock hysteresis effect is reflected by the expansion pattern of the aftershocks. Combined
359  with the comprehensive analysis of the previous two earthquake cases, the expansion rate of the aftershock

360  hysteresis effect is v « n%t) 4 % Unlike previous research on the attenuation law of aftershocks based on

361  statistics (Narteau et al 5; Nanjo et aI@b?), this paper starts from another perspective, namely, spatial
362  distribution, and returns to the discussion of the attenuation law of aftershock spatial distribution.

363 4.2 Comparative analysis of prediction models

364 The widely used temporal-magnitude earthquake generation model (ETAS) was proposed by Ogata
365  (Ogata, 1988). Later on, he observed that the distribution of aftershock sequences tended to be elliptic rather
366  than circular. He established the anisotropic aftershock attenuation function and took the normal distribution
367 as the spatial distribution model of aftershock (Ogata, 1998). It is a widely observed fact that aftershocks
368  usually occur on or near the fault of mainshock. However, the normal distribution model does not include
369  the source mechanism information of the mainshock when predicting the aftershock mode. Kagan et al.
370  introduced the anisotropy function of the spatial smooth core into the long-term earthquake prediction; and
371 established the spatial smooth core model, including the source mechanism information of the mainshock
372 (Kagan et al., 1994). However, the above models ignore the internal relationship of the relative distance or
373 direction between the mainshock and the aftershocks. Based on this, Wong et al. proposed a joint distribution
374  model to parameterize the aftershock location according to the distance and relative angle between the
375  mainshock and aftershocks (Wong et al., 2009). In the prediction process of the above models, the epicentre
376  of the mainshock is used as a point source for analysis. Actually, the distribution of the fault plane of the
377 mainshock should be fully considered. Based on the finite fault model, the distribution information of the
378  main fault is considered in the paper. At the same time, the relative position and direction between the
379  mainshock and aftershocks have been considered in the process of calculating the variation of stress tensor
380 by using the Okada dislocatil I iheory. Therefore, in the process of model training and learning, the relative

381  position relation is also leal24. Compared with the static Coulomb failure stress change method, the
382  aftershock hysteresis model obtained has a better prediction effect.
383 In addition, the model is a six layer neural network, which is a black box model. Compared with the

384  traditional statistical model or physical model, is the deep learning model mpra,complex? We think this
385  complexity is relative. In fact, the starting point of the traditional model and model in this paper are
386  similar. They are all based on data, trying to find a relationship between some basic physical quantities and
387  aftershocks. The complexity of traditional models lies in the process of finding such a connection. The
388  complexity of deep learning model lies in its seemingly complex structure. The complex structure will lead
389  to the increase of the number of internal variables to be learned; and the rapid computing ability of today's
390 computers can solve this problem, so as to reduce manpower and time-consuming. In addition, the deep
391  learning model is a data-driven method. It will be more convenient than the traditional model when the data

392  set or the amount of data changes greatly or the model needs to be adjusted.

393 5 Conclusions

394 In this paper, based on the criterion of correlation betyeen aftershocks and stress changes caused by th
395  main earthquakes, a deep neural network is trained usin CIRCMOD finite fault data and the 1SC seismi @
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catalogue and is used to construct an aftershock husteresis model. Using the main aftershock sequences of
the Wenchuan earthquake and the Tohoku ea E ke InJapan as examples, the characteristics of the
aftershock hysteresis effect in plane space and at different depths are then analyzed. The main contributions
are as follows:

(1) The trained model of aftershock hysteresis is accurate. It can predict the aftershock patterns at
multiple time scales after a large earthquake and produce a spatial distribution map of the aftershock
hysteresis effect. Compared with static Coulomb failure stress change, this model is more effective.

(2) Compared with the traditional aftershock spatial analysis method, the model fully considers the
distribution of actual faults in the prediction of aftershock pattern, instead of treating the earthquake as a
point source. In the analysis of the model, the relative position information between the mainshock and
aftershocks has been included.

(3) The expansion rate of the aftershock patterns changes over time, i.e.; v o n(t) « % In the middle

and upper layers of the crust, the shape of the aftershock pattern is generally consistent,; and the expansion
direction is typically perpendicular to the direction of distribution of the previous time scale.

(4) According to the nrediction results of the model, the aftershock patterns at all time scales are roughly
similar and anisotropic. istribution law of aftershock hysteresis effect will change with the increase of
the depth.

In the analysis of each aftershock sequence, we only consider the influence of the main earthquake fault
zone. If we comprehensively consider the stress field superposition of multiple or all faults in the analysis
area of each earthquake case, the prediction of the aftershock pattern will be more accurate. In addition, we
focus on the location of the aftershocks and will further explore and study aftershocks from the perspectives
of magnitude and energy in the future.
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551  Figure 1. The structure of D@. The neural network is composed of an input layer, hidden layers, output
552 layers and the connections between each layer. The function of each hidden layer is to transform the
553  features of the network input.
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557  Figure 2. ROC curve for multiple time scales. Figures (a) through (e) show the ROC curve of the model
558  within1d, 30 d, 90 d, 180 d and 365 d, respectively. The horizontal axis represents the FPR (false positive
559  rate) and the vertical axis represents the TPR (true positive rate).
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561
562
563  Figure 3. ROC curve of ACFS for multiple time scales. Figures (a) through (e) show the ROC curve of
564  the model within 1 d, 30 d, 90 d, 180 d and 365 d, respectively. The horizontal axis represents the FPR
565  (false positive rate) and the vertical axis represents the TPR (true positive rate).
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569  Figure 4. Structural background map of the Wenchuan earthquake. The red line and green epresent
570  the fault structures in this area. The red line is the main fault zone of the Wenchuan earthquake; and the
571  green line (&2 other fault zones. The elhpso4d-of-the focal mechanlsm of the main aftershocks so

573  fault-and-strike slip-fault.
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577  Figure 5. Aftershock damage patterns of the Wenchuan earthquake at multiple time scales. Figures (a)
578  through (d) show the aftershock damage pattern within 1 d, 30 d, 90 d and 180 d, respectively. The blue
579  dots indicate the actual location of aftershocks at the corresponding time scale.
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Figure 6. Aftershock hysteresis effect of the Wenchuan earthquake. The aftershock hysteresis effect can be
observed by combining the aftershock patterns of the Wenchuan earthquake at different time scales. The
blue dots indicate the locations of the actual aftershocks over one year.

Figure 7. Aftershock hysteresis effect of the Wenchuan earthquake in different depths. Figures (a) through
(1) show the aftershock hysteresis effect of the Wenchuan earthquake for depth sections of 2,500 m, 7,500
m, 12,500 m, 17,500 m, 22,500 m, 27,500 m, 32,500 m, 37,500 m, and 42,500 m, respectively.
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Figure 8. Aftershock damage patterns of the Tohoku earthquake at multiple time scales. Figures (a)
through (d) show the aftershock damage pattern of the Tohoku earthquake within 1 d, 30 d, 90 d and 180 d,
respectively. The blue dots indicate the actual location of aftershocks at the corresponding time scale.
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Figure 9. Aftershock hysteresis effect of the Tohoku earthquake in Japan. The aftershock hysteresis effect
can be observed by combining the aftershock patterns of the Tohoku earthquake at different time scales.
The blue dots indicate the locations of the actual aftershocks over one year.
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604  Figure 10. Aftershock hysteresis effect of the Tohoku earthquake at different depths. Figures (a) through
605 (i) show the aftershock hysteresis effect of the Tohoku earthquake for depth sections of 2,500 m, 7,500 m,
606 12,500 m, 17,500 m, 22,500 m, 27,500 m, 32,500 m, 37,500 m; and 42,500 m, respectively. @
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Figure 11. The curve of aftershock hysteresis effect (actual aftershocks). Figure (a) shows the change in
the number of cells with aftershocks at different time scales, and figure (b) shows the change in the growth
rate of the number of cells with aftershocks at different time scales.
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Figure 12. The curve of aftershock hysteresis effect (predicted aftershock pattern). Figure (a) shows the
number of cells with aftershocks predicted at different time scales, and figure (b) shows the increment of
cells with aftershocks at each time scale.


Cross-Out

Cross-Out




