Soil Dynamics and Earthquake Engineering 176 (2024) 108303

SolL

Contents lists available at ScienceDirect ; DYNAMICS
EARTHQUAKE
ENGINEERING

Soil Dynamics and Earthquake Engineering

FI. SEVIER

journal homepage: www.elsevier.com/locate/soildyn

Check for

Regional spectral characteristics, quality factor and site responses in ol
western-central Sichuan, China (I): Application of parametric generalized
inversion technique

Pengfei Dang ™", Jie Cui®, Hongfeng Yang ", Jian Song®

@ School of Civil Engineering, Guangzhou University, No. 230 Waihuan West Road, Guangzhou, 510006, Guangdong Province, China

® Earth and Environmental Sciences Programme, Faculty of Science, The Chinese University of Hong Kong, Shatin, Hong Kong, 999077, China

¢ Guangdong Hualu Transportation Technology Co., Ltd, Guangdong Jiaoke Testing Co., Ltd, No. 1180 Guangcong Ba Road, Luotan Town, Baiyun District, 510550,
Guangdong Province, Guangzhou, China

ARTICLE INFO ABSTRACT

Keywords:

Western Sichuan

Generalized inversion technique
Source characteristics

Quality factor

Site effects

To study the source, site amplification and seismic wave attenuation characteristics in the Sichuan area, 1242
ground motion recordings corresponding to 62 earthquake events with Ms 4.3-6.4 recorded by 55 observation
stations in the study area were selected. The source spectra, site effects and frequency-related quality factors in
the western Sichuan area were inverted by the generalized inversion technique. Then, the source parameters,
such as corner frequency, seismic moment and stress drop, were estimated by a grid-searching tool. In the
generalized inversion method, a bedrock station was used to remove the trade-off between the site and source
components. The inverted quality factor of 0.25-20 Hz frequency band is characterized as Q(f) = 219.4/%7383,
The results indicate that the inverted source spectrum is well matched with the w? source model, in which the
stress parameter values range between 0.2 MPa and 3.5 MPa, with an average value of 1.2 MPa and source radii
between 0.3 and 4 km. In addition, a comparison between the inversion results obtained from the horizontal-to-
vertical spectral ratio and the generalized inversion methods indicates that these two approaches actually
describe the same level of site effect, while the averaged site effect obtained by the generalized inversion method
is always greater than the result obtained by the horizontal-to-vertical spectral ratio method. Finally, a residual
defined as a function of hypocentral distance and moment magnitude was used to investigate whether there was
any bias in the inversion results. The results indicate that the geometric spreading and source model used in this
study resulted in an underestimation of the Fourier amplitude level in the far field and for large earthquakes. The
results of this study can be applied in ground motion simulation and prediction to help the study of seismic
disasters and risk assessment in the study area.

1. Introduction

The physical and mechanical properties and stress state dynamic
changes of crustal media in post-earthquake areas are particularly
important for studying and predicting the development trend of earth-
quake sequences. The use of seismic waves to study the attenuation
characteristics of media, internal structural characteristics of the crust,
and strong ground motion characteristics has become an important
research topic in the field of seismic engineering. In the study of site
response at different stations, Cultrera et al. [1] incorporated seismic
recordings into the horizontal-to-vertical spectral ratio (H/V) method
and found that the site amplification results obtained from H/V showed

significant variability, but the corner frequency was mainly in the 1-5
Hz frequency band. The application of H/V assumes that the vertical
component of seismic waves remains basically unchanged during the
propagation process. However, due to the complexity of the trans-
mission medium of seismic waves, the vertical component of seismic
waves can be affected by various factors, such as soft soil and terrain,
making the application conditions of the H/V method extremely harsh,
and there are significant limitations in estimating site amplification.

The parametric generalized inversion technique (GIT) proposed by
Andrews [2] decomposes strong motion recordings into three sets of
characteristic parameters: source, site and path. It has been widely used
in the field of seismic engineering to evaluate the site effect [3-10].
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Fig. 1. The distributions of earthquake events (circles) and stations (triangles) selected in this study. Thin solid lines represent faults, and blue and black triangles
represent strong motion stations and reference station, respectively. Inset map shows the location of the study area.

In our scheme, the Fourier amplitude spectrum (FAS) of the shear-
wave is adopted to calculate the earthquake source, site response and
path attenuation. Considering the earthquake events that occurred
during a long period from 2008 to 2022, almost all major earthquake

events in the area have been analyzed. These earthquake events were
recorded at different strong-motion stations, which are located in a large
area of the western Sichuan area and cover a wide range of hypocentral
distances. Therefore, more general path attenuation parameters can be
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Fig. 2. The relationship between magnitude and peak ground acceleration (left panel) and hypocentral distance (right panel).
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Table 1

The name, geographic coordinates, site condition and number of recordings of

selected stations.

No.  Station Latitude Longitude Number of Site
code ©) (@) records condition
1 51PJW 30.3 103.6 22 Soil
2 51WCW 31.0 103.2 24 Soil
3 51MXN 31.6 103.7 54 Soil
4 51MXD 32.0 103.7 74 Soil
5 51XJD 31.0 102.6 14 Soil
6 51SPA 32.5 103.6 24 Soil
7 51MXB 31.7 103.9 12 Soil
8 51XJB 31.0 102.4 16 Soil
9 51HSL 32.1 103.3 26 Soil
10 51LXS 315 102.9 38 Soil
11 51JYH 31.8 104.6 36 Soil
12 51AXT 315 104.4 12 Soil
13 51JYC 31.9 105.0 36 Soil
14 51HSD 32.1 103.0 26 Soil
15 51JYD 31.8 104.7 20 Soil
16 51AXY 31.7 104.5 32 Soil
17 51PJD 30.3 103.4 32 Soil
18 51QLY 30.4 103.3 20 Soil
19 51LXM 31.6 103.3 54 Soil
20 51BXZ 30.4 102.9 12 Rock
21 51EMS 29.6 103.4 14 Soil
22 51LSL 29.5 103.8 14 Soil
23 51BXM 30.4 102.7 30 Soil
24 51YAD 29.9 103.0 30 Soil
25 S5IHYT 29.9 103.4 20 Soil
26 51YAM 30.1 103.1 24 Soil
27 51TQL 29.9 102.4 24 Soil
28 51BXY 30.5 102.9 26 Soil
29 51DJZ 31.0 103.5 18 Soil
30 51YAS 29.8 103.0 28 Soil
31 51KDT 30.0 101.9 12 Soil
32 51LDL 29.7 102.2 22 Soil
33 51LDS 29.9 102.2 16 Soil
34 51SMW 29.4 102.2 22 Soil
35 51IHYY 29.6 102.4 22 Soil
36 51YAL 29.8 102.8 22 Soil
37 51LDL 29.6 102.2 22 Soil
38 51HYP 29.2 102.8 14 Soil
39 51HYQ 29.6 102.6 16 Soil
40 51SMX 29.2 102.2 14 Soil
41 51TQD 30.1 102.7 20 Soil
42 51JKH 29.2 103.1 10 Soil
43 51LXT 31.5 103.4 48 Soil
44 51BXD 30.4 102.8 20 Rock
45 51LDG 29.8 102.2 12 Soil
46 51LSF 30.0 102.9 12 Soil
47 51SMC 29.1 102.3 10 Soil
48 51SFB 31.3 104.0 8 Soil
49 51GYS 32.2 105.8 8 Soil
50 62WUD 33.4 105.0 20 Soil
51 51GYZ 32.6 106.1 12 Soil
52 51JZW 33.0 104.2 12 Soil
53 S51JZG 33.1 104.3 16 Soil
54 51JZY 33.2 104.3 16 Soil
55 62WIX 32.9 104.5 14 Rock
56 51GYQ 32.4 105.8 10 Soil

Note: The site conditions are as indicated in the headlines of raw acceleration
files. The bold character indicates the selected reference station.

estimated from the selected earthquake recordings. Although site effects
in the Sichuan region have been studied by many scholars [10-12], this
study attempts to study region-specific earthquake parameters for the
western Sichuan, China. In addition, we try to systematically deter-
mined the earthquake source parameters, shear-wave attenuation
characteristics and site effects from strong motion recordings in the
study region. Then, the results are compared with the inversion results
given by previous studies for different regions.
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2. Dataset

This study collected strong-motion recordings in the Sichuan region
from 2008 to 2022, based on the following principles:

(1) The hypocentral distance is between 20 km and 150 km. The data
distribution within the hypocentral distance range is relatively
dense, which can reduce the degree of dispersion and increase the
stability of the inversion results. The range of hypocentral dis-
tance basically satisfies the assumption that geometric diffusion is
the derivative of hypocentral distance [13,14].

(2) The average peak ground accelerations (PGAs) in both horizontal
components range from 2 cm/s to 100 cm/s2. This not only re-
duces the impact of background noise on the site, but also avoids
the nonlinear response of the soil layer on the site.

(3) An earthquake event is recorded by at least four strong-motion
stations, and each station is triggered by at least four earth-
quakes to reduce data discreteness and ensure inversion algo-
rithm stability.

Therefore, a total of 55 stations and 1242 horizonal records of 62
earthquakes were selected. It should be noted that the earthquake events
we selected in this study are completely different from those used by
Wang et al. [15], although some of the earthquake events were from the
2008 Wenchuan aftershocks. In this study, the 2013 Lushan aftershocks
were also selected. Fig. 1 shows the distribution positions of stations and
earthquake sources, with station 62WIX selected as the bedrock station,
represented by a black triangle in the figure. Fig. 2 shows the relation-
ship between the magnitude of ground motion records and hypocentral
distance and PGA. In addition, the station code, general location, site
condition and number of recordings are given in Table 1.

3. Data processing

The selected earthquake recordings were filtered between 0.25 and
20 Hz using a fourth-order Butterworth filter after baseline correcting
for their individual baseline effects. The shear-wave amplitude spectra
of the horizontal components were then obtained based on the method
provided by Husid [16] and McCann [17]. The onset of the P- and
shear-waves were defined as the abruptly increased point in the Husid
curves, and the offset of the shear-wave was determined by the energy
approach given by Pacor et al. [18]. The Husid plot is a graphical
approach used in seismology to determine the S waves arrival times,
however, it has some limitations. (1) Lack of clear separation. The
separation between P and S wave on the plot is not always well-defined,
especially in the presence of noise or complex waveforms. (2) Incom-
plete waveforms. The S wave often have lower amplitudes compared to
P waves, and they can get easily masked by noise or other arrivals. In
cases where the S-wave arrival is weak or poorly recorded. (3) Complex
waveforms. The Husid plot assumes a simple waveform with distinct
arrivals, but in reality, the waveform can be more complicated. (4)
Velocity heterogeneities. The velocity of seismic waves can vary due to
heterogeneities in the Earth’s structure, which make it difficult to
accurately determine S-wave arrival times. (5) Geometrical spreading.
The geometrical spreading can affect the identification of S-wave ar-
rivals on the Husid plot, especially when the S-wave amplitudes are
already low. The end of the noise window was determined to be 2.0 s
before the beginning of the P-wave. A 10 % Hanning taper was used at
both ends of the shear—wave window to eliminate truncation errors [7].
The FAS of the shear- and P-waves with the same length were obtained
and smoothed by the windowing function defined by Konno and
Ohmachi [19] with parameter b equal to 20. In this study, the
root-mean-square of the two horizontal FAS values was calculated to
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Fig. 3. (A) An example of extracting the shear-wave and P-wave. The red and blue sections indicate the shear-wave and P-wave, respectively; the magenta
pentagram represents the onset of the P-wave. (b) SNR (blue solid line) obtained in this study. (c) H/V spectral ratio at station 61WIX. The red line indicates the
average value, and the blue dotted lines represent the range of the average plus or minus one standard deviation.

define the horizontal amplitude of earthquake ground motion of the
shear-wave in the frequency domain. Fig. 3a indicates the extracted
shear— and P-waves. In our scheme, a signal-to-noise ratio (SNR)
threshold of 5 was used (Fig. 3b). The high-cut corner frequency f;,. was
determined to be 20 Hz, and the low-cut corner frequency fi. was
defined by the SNR [9] and was set to 0.25 Hz. Fig. 3c indicates the
spectral ratio at station 61WIX, indicating that the site effects are nearly
constrained to be 1.0 around all frequencies.

4. Methodology

The seismic waves generated by the earthquake source will undergo
multiple reflections, refractions, and transmissions during their propa-
gation in the crustal medium. The seismic waves will decay with the
dissipation of energy, but in the shallow medium above the earth, they
will be amplified due to a decrease in wave impedance.

The GIT proposed by Andrews [2] represents ground motion
observed on the surface as the convolution of three factors: source, path,
and site in the time domain, effectively separating the three parameters
of ground motion:

0;(f) = Si(F)G;(f)P; (. Ry) )

in which Oj(f) denotes the FAS of the shear-wave horizontal acceleration
observed by the ith earthquake recordings at the jth station. S,(f), Gi(f)
and Py(f, Ry) denote the source term, site term and path term, respec-
tively. R; represents the distance from the ith earthquake event to the jth
station (km).

The path term Pj(f, R;) can be defined as the geometric spreading
function GS(R;) and anelastic attenuation:

Py(f) =GS(Ry)exp( — afRy / [O(f)p)) )

where Q(f) represents the quality factor, and $ denotes the shear-wave
velocity and is set as 3.6 km/s for the Sichuan area [15,20,21].

In this study, the geometric spreading function GS(Ry) can be rep-
resented by the three linear decay curves given by Atkinson and Mereu
[22] as follows:

R™ R < Ry
GS(R) = Ry Ry <R <Ry 3
Ry'RBR™ R > Ry

where b; = 1.0, by = 0.5, Rg; = 1.5D, and Ry = 2.5D, in which D in-
dicates the Moho depth. The average depth of the Moho surface in
central Sichuan is approximately 47 km [23]. Therefore, Ry; and Ry in
the adopted geometrical spreading were defined as Ry; = 70.5 km and
Ro2 = 117.5 km, respectively. This model has usually been adopted in
previous studies to describe the propagation of shear waves in the crust
[10,24,25]. However, we simply adopted the R™! attenuation model for
the selected distance in this study [9,15].

The site effect Gj(f) describing site amplification and the diminution
function was defined as follows [26]:

Gi(f) =Ai(f)exp(—xfxo) C))

in which Aj(f) denotes the average site amplification factors obtained
from the quarter-wavelength approximation method, and «y denotes the
attenuation factor of the near-surface geological structures [27].

Substituting Equations (2) and (3) into Equation (1) and executing a
logarithmic transformation on both sides of Equation (1) yields the
following result:

In 0;(f) —In GS(Ry) =1n 5,(f) +1n G;(f) — ofR; / [Q(F)B] (5)

If the total number of data N corresponds to the number of events i
recorded at the total number of stations j, then Equation (5) can be
written in the following compact matrix:
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where A denotes the sparse matrix with only three nonzero elements in
each row. b denotes a vector containing two elements of seismic Fourier
amplitude and geometrical attenuation. x denotes the matrix that has i
+ j+1 unknown terms, such as quality factor Q(f), source spectra 1nS;(f)
and site effects InGj(f); each of its numbers denotes that this vector has n
rows of elements.

Andrews [2] first reported the existence of an undetermined degree
of freedom in Equation (7). This uncertain degree of freedom can be
removed by selecting a reference site where the site effect can be
regarded as an approximately constant value. Then the vector contain-
ing unknown source, path and site components can be obtained by the
singular value decomposition algorithm proposed by Menke [28]:

x=(A"A)"'A"p @®
5. Results and analysis
The source spectra of 62 earthquake events, site responses for 55

stations and path attenuation can be estimated by using the GIT to the
selected earthquake recordings.
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Fig. 4. The quality factors inverted in this study and previous studies. The balls
indicate the inversion results using the GIT method. The black solid line in-
dicates the best fitted model Q(f) = 219.4f>73%3, and the blue dashed-dotted
and red lines represent the inverted model Q(f) = 334.4f*%! given by Qiao
et al. [31] for the northwest Sichuan area and Q(f) = 217.8f%#1° given by Zhang
et al. [30] for the Sichuan Basin area, respectively. Orange dashed, magenta
dotted, and dark green dotted lines represent the quality factor models given by
Wang et al. [15], Fu et al. [24] and Li et al. [25], respectively.

In GIT method, the high-frequency spectral decay parameter kappa
(xo) plays a critical role when determining the local site conditions. The
zero-distance k¢ can be obtained from best-fitted line, which can be
written in the form of k = kg + mR, in which R indicates the fault distance
or epicentral distance in km. In this study, the regional kappa value of
0.033 s was adopted [21], which was slightly larger than the average
kappa value of 0.0319 s for the mountain areas in Sichuan and greater
than the average kappa value of 0.0475 s estimated for the Sichuan basin
area [10]. This reason may be due to the surficial soil layers where the
stations are located [24,29].

5.2. Anelastic attenuation

The quality factor Q(f) is an important factor for characterizing the
attenuation characteristics of earthquake ground motion. A larger Q(f)
indicates slower attenuation of the ground motion. Generally, the
quality factor of deep crustal media is larger, and the inelastic attenu-
ation is weaker. When the observation station is far from the source,
seismic rays mainly propagate along the Moho surface [22]; when the
station is close to the source, seismic rays mainly propagate along the
upper crust, with a critical distance of approximately 2.5 times the
thickness of the crust [22]. In this study, the shear-wave quality factor
within 150 km of the hypocentral distance is calculated by the GIT
method, and it is fitted by the least square method and can be defined as
Q) = 219.4f7%82, From the fitting results, the attenuation of seismic
waves in the near-field area of western Sichuan is characterized by slow
absorption with high Qy and small 5 values. Fig. 4 plots the calculated
frequency-related quality factors and their fitting results and compares
the calculation results of this study with the simulation results given by
Zhang et al. [30] for the Sichuan Basin region, Qiao et al. [31] for the
northwest Sichuan region, Wang et al. [15] for Wenchuan aftershocks
and Fu et al. [24] for the Sichuan Basin region, respectively. It can be
seen in the figure that the 0.25-1.5 Hz quality factor fitting results of this
study almost coincide with the simulation results of the model Q(f) =
217.8f%816 given by Zhang et al. [30] for the Sichuan Basin region.
However, the fitting results are very similar to the model Q(f) =
334.41%58 given by Qiao et al. [31] in the 10-20 Hz frequency band but
smaller than those models of Zhang et al. [30] and Qiao et al. [31] in
other frequency bands. Moreover, our fitting results are greater than the
results of Wang et al. [15] and Fu et al. [24] in the frequency range less
than 3 Hz, while in the frequency range greater than 3 Hz, they are less
than the results given by Wang et al. [15] and Fu et al. [24]. However,
the result given by Li et al. [25] for Changning earthquake are quite
different from others, especially in the high frequencies (f > 4 Hz). The
source depth selected in this study is mainly 7-30 km, and the hypo-
central distance is concentrated in the range of 20-150 km. The average
depth of the crust in this study area is approximately 47 km [23]. The
propagation path of seismic waves is mainly concentrated in the upper
crust, and the quality factor of the deep crust medium is always larger
[32]. Compared with the ground motion recordings selected by Zhang
et al. [30] and Qiao et al. [31], the hypocentral distance in this study is
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Fig. 5. Site effect at 55 selected stations calculated by the GIT (blue) and H/V (red) methods. The red solid line indicates the average value obtained from H/V

spectral ratio method. The magenta and black dashed lines represent the inversion results of Wang et al. [15] and Ren et al. [11], respectively.
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Fig. 6. Comparison of the site effect between the results obtained from the GIT and H/V methods at 16 selected frequency points. The circles indicate the site effect
averaged over all stations. The dashed and solid lines indicate the 1:2, 2:1, and 1:1 correspondence.

smaller, and the quality factor is relatively small. At the same time, due
to the concentration of the earthquake-prone area of Sichuan in this
study, there is strong crustal activity in this area. It is generally believed
that the Q value is relatively high in areas with relatively stable crustal
activity and relatively small in areas with strong crustal activity [33]. In
addition, different datasets and propagation paths will cause significant
differences in quality factor [24].

5.3. Site responses

The H/V spectral ratio approach proposed by Lermo and Chavez-
Garcia [34] has been applied by many scholars for different regions.
This method assumes that there is no significant change in the vertical
component of seismic waves during their propagation in the medium. By
calculating the ratio of the horizontal and vertical components of
seismic waves, the site amplification in the study region can be obtained.
However, due to the mutual conversion of shear waves and P waves in
soft soil strata [35], the two—dimensional and three—dimensional effects
of sedimentary basin edges and terrain, and the inability to completely
separate shear waves and P waves, the site amplification amplitude
calculated by using the H/V spectral ratio has difficulty reflecting the
real site amplification in this area, while the H/V ratios can reveal the
predominant frequency peaks [36-39].

The GIT and H/V methods were adopted to obtain the site amplifi-
cation at 55 stations, as shown in Fig. 5. The site responses for most
selected strong-motion stations are quite consistent with those inverted
by Wang et al. [15] and Ren et al. [11]. The comparison between the
inverted results obtained by the H/V and GIT approaches indicates that

these two adopted approaches actually describe the same predominant
frequency peaks; however, the general conclusion is that the H/V
spectral ratio method fails in amplitude level, especially for higher
modes [7,40]. In this study, the averaged site effects obtained by the
generalized inversion method are significantly greater than the results
obtained by the H/V spectral ratio method in the high frequencies with f
greater than 2 Hz, while lower than the results obtained by H/V method
in the high frequencies with f lower than 2 Hz. Overall, our inversion
results are in good agreement with the results of Wang et al. [15]. In fact,
the H/V spectral ratio approach can roughly estimate the predominant
frequency of site, while underestimates the site amplification [15,
41-44].

The site effects obtained from the GIT and H/V approaches were
averaged at several frequency points ranging from 1 to 16 Hz with an
interval of 1 Hz, which is shown in Fig. 6. The comparison between the
results obtained by the GIT and H/V approaches indicates that in the
frequency range of 2-12 Hz, the GIT results are greater than the H/V
results, while in the frequency range below 2 Hz and above 12 Hz, the
GIT results are smaller than the H/V results, which is in agreement with
the results given by Wang et al. [15]. The same conclusion can also be
found in Fig. 5.

5.4. Spectral characteristics

In this study, a bootstrap analysis method given by Oth et al. [45]
was adopted to investigate the stability of the inverted results. Some of
the records were randomly removed from the datasets, and the
remaining seismic records were considered as new datasets. Finally, 50
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Fig. 7. The inverted source displacement spectrum for 62 selected earthquake
events (gray lines). The green (Ms 6.4), orange (Ms 5.7), blue (Ms 5.0) and red
(Ms 4.5) solid lines represent typical events with four magnitudes. The name of
the earthquake event consists of the date and time when the earth-
quake occurred.

repeated processes were adopted. The source component that follows
Brune’s @? model of the ith earthquake event obtained from the GIT can
be written as follows [26,46]:

Soil Dynamics and Earthquake Engineering 176 (2024) 108303

where Ry, = 0.55, V= 0.707, F = 2, f = 3.6 km/s, and p; = 2.7 g/cm3
represent the radiation pattern coefficient, the proportion of shear-wave
energy in the horizontal component, the free surface amplification,
shear—wave velocity and density near the source, respectively. Rp = 1
km denotes the reference distance [26]. My; and fy; denote the seismic
moment and corner frequency of the ith earthquake, respectively.

In our scheme, the relation between moment magnitude M,, and
seismic moment was adopted as follows [46]:

2
M, = g1og M, —10.7 (10)
The moment rate spectrum can be defined by [7].
y My;
Mou(f)=— = an
L+ (f/for)?

The fitting variance was used to determine the source parameters
[471:

2

32 {0z 4, 1) ~ 1og[073(7))}

N

RMS; (Mo, fo, ko) = 12)

where I%i(f:j) and MOTi(ﬁ-) denote the inverted and theoretical moment
rate spectrum of the ith event at the jth frequency, respectively. N de-
notes the number of frequencies.

A grid-searching approach was performed to estimate the best-fit-
ting seismic moment My and corner frequency f, for individual events to
minimize the fitting variance defined by Equation (12). By considering a
range of M — 1.0 < M < M; + 1.0, the stress parameters for small and
medium-sized earthquake events range from 1 to 1000.0 bars [48].

Si(f) = Ro, VF (2f)*Mo: ©) Then, the corner frequency is defined as fy = 4.9 x 10°8(As/Mg)*>
' dmp BRo " 1+ (f/fr) based on Brune’s model. The slope of the best-fit source displacement
spectrum in Fig. 7 indicates that the calculated source spectrum
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Fig. 8. The best-fitting (blue) and inverted (red) moment rate spectra for four typical earthquake events with different magnitudes. The source parameters, such as
corner frequency fo, source radius r, and stress drop /\s, obtained in this study are also shown in each panel. The red solid line indicates the inverted model from 50

bootstrap inversions.
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Table 2
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Magnitude M, corner frequency f,, moment magnitude M,,, seismic moment M), radius r, stress parameter /\¢ and radiated energy E; obtained from GIT for each event
selected in this study.

No. Event ID Lat. Long. M fo M,, M, r No Es

1 EQ080512144300 31.27 103.82 6.3 0.85 4.67 1.12E+16 1.59 1.23 1.52E+11
2 EQ080512191100 31.26 103.67 6.3 0.60 4.92 2.66E+16 2.25 1.03 3.12E+11
3 EQ080512214000 31.02 103.65 5.2 0.60 4.58 8.41E+15 2.25 0.32 3.12E+10
4 EQ080513040800 31.43 104.06 5.8 0.85 4.83 2.00E+16 1.59 2.19 4.84E+11
5 EQ080513074600 31.34 103.58 5.4 1.09 4.33 3.55E+15 1.23 0.84 3.10E+10
6 EQ080512145400 31.26 103.59 5.8 0.60 4.67 1.12E+16 2.25 0.43 5.54E+10
7 EQ080512153400 31.29 103.77 5.8 1.09 4.25 2.66E+15 1.23 0.63 1.74E+10
8 EQ080513150700 30.95 103.42 6.1 0.60 4.83 2.00E+16 2.25 0.77 1.77E+11
9 EQ080512150100 31.45 104.49 5.5 1.59 4.42 4.73E+15 0.84 3.45 1.57E+11
10 EQ080512162100 31.53 104.28 5.5 1.59 4.25 2.66E+15 0.84 1.94 4.97E+10
11 EQ080512170600 31.16 103.69 5.2 1.84 4.00 1.12E+15 0.73 1.27 1.31E+10
12 EQ080512173100 31.16 103.56 5.2 1.34 4.17 2.00E+15 1.00 0.87 1.75E+10
13 EQ080512174200 31.48 104.13 5.3 1.09 4.42 4.73E+15 1.23 1.12 5.50E+10
14 EQ080512162600 31.40 104.12 5.1 2.34 4.00 1.12E+15 0.57 2.59 2.48E+10
15 EQ080512201300 31.39 103.63 4.3 2.83 3.75 4.73E+14 0.47 1.95 7.24E+09
16 EQ080512221000 31.34 103.59 4.6 2.34 3.75 4.73E+14 0.57 1.09 4.43E+09
17 EQ080512230500 31.05 103.42 5.1 1.34 4.25 2.66E+15 1.00 1.17 3.10E+10
18 EQ080513010300 31.10 103.65 4.6 1.84 4.08 1.50E+15 0.73 1.69 2.35E+10
19 EQ080513012900 31.21 103.68 4.9 2.09 4.00 1.12E+15 0.64 1.85 1.84E+10
20 EQ080513015400 31.26 103.62 5.1 1.34 4.25 2.66E+15 1.00 1.17 3.10E+10
21 EQ080513044500 31.73 104.55 5.2 0.85 4.42 4.73E+15 1.59 0.52 2.71E+10
22 EQ080513101500 31.58 104.11 4.3 2.34 3.75 4.73E+14 0.57 1.09 4.43E+09
23 EQ080513103300 31.27 103.81 4.3 4.07 3.58 2.66E+14 0.33 3.26 5.60E+09
24 EQ080513162000 31.36 104.05 4.8 1.59 4.17 2.00E+15 0.84 1.46 2.81E+10
25 EQ080514105400 31.34 103.63 5.8 0.60 4.67 1.12E+16 2.25 0.43 5.54E+10
26 EQ080514172600 31.41 104.12 5.1 1.34 4.33 3.55E+15 1.00 1.56 5.52E+10
27 EQ080513075400 31.28 103.63 5.2 1.34 4.25 2.66E+15 1.00 1.17 3.10E+10
28 EQ080516132500 31.31 103.45 5.9 0.85 4.75 1.50E+16 1.59 1.64 2.72E+11
29 EQ080512161000 31.14 103.60 5.5 1.34 4.17 2.00E+15 1.00 0.87 1.75E+10
30 EQ080512201500 31.87 104.57 4.9 1.34 4.08 1.50E+15 1.00 0.66 9.86E+09
31 EQ080514095600 31.19 103.80 4.4 2.58 3.83 6.31E+14 0.52 1.97 1.02E+10
32 EQ080514135400 31.95 104.24 4.7 1.34 4.25 2.66E+15 1.00 1.17 3.10E+10
33 EQ080513155300 32.24 105.10 4.7 1.59 4.08 1.50E+15 0.84 1.09 1.58E+10
34 EQ080512172300 32.19 104.92 5.0 1.84 3.92 8.41E+14 0.73 0.95 7.39E+09
35 EQ080512194100 32.22 105.09 4.8 2.58 3.67 3.55E+14 0.52 1.11 3.22E+09
36 EQ080512221500 32.12 104.77 4.6 1.84 3.92 8.41E+14 0.73 0.95 7.39E+09
37 EQ080513015200 31.82 104.58 4.7 1.84 4.00 1.12E+15 0.73 1.27 1.31E+10
38 EQ080513045100 32.33 105.17 4.7 1.84 4.00 1.12E+15 0.73 1.27 1.31E+10
39 EQ080513151900 32.35 105.24 5.1 1.59 4.17 2.00E+15 0.84 1.46 2.81E+10
40 EQ080512224600 32.72 105.64 5.1 1.34 4.33 3.55E+15 1.00 1.56 5.52E+10
41 EQ080518010800 32.20 105.08 6.1 0.85 4.83 2.00E+16 1.59 2.19 4.84E+11
42 EQ080525162100 32.55 105.48 6.4 0.60 5.17 6.31E+16 2.25 2.43 1.76E+12
43 EQ080724150900 32.76 105.61 6.0 0.60 4.92 2.66E+16 2.25 1.03 3.12E+11
44 EQ080527163700 32.78 105.70 5.7 1.09 4.67 1.12E+16 1.23 2.66 3.08E+11
45 EQ080724035400 32.72 105.63 5.7 0.35 5.08 4.73E+16 3.85 0.36 1.99E+11
46 EQ130420080600 30.20 102.90 4.8 0.85 4.33 3.55E+15 1.59 0.39 1.53E+10
47 EQ130420113400 30.10 102.90 5.3 0.85 4.50 6.31E+15 1.59 0.69 4.82E+10
48 EQ130420103800 30.20 102.90 4.6 1.09 4.08 1.50E+15 1.23 0.35 5.53E+09
49 EQ130420093900 30.10 102.90 4.5 1.09 4.00 1.12E+15 1.23 0.27 3.08E+09
50 EQ130420191200 30.30 103.00 4.5 1.84 3.83 6.31E+14 0.73 0.71 4.16E+09
51 EQ130420092600 30.20 102.90 4.4 1.59 3.83 6.31E+14 0.84 0.46 2.80E+09
52 EQ130420092000 30.20 102.90 4.6 1.34 4.08 1.50E+15 1.00 0.66 9.86E+09
53 EQ130420080700 30.30 102.90 5.1 0.85 4.42 4.73E+15 1.59 0.52 2.71E+10
54 EQ130420101900 30.30 102.90 4.3 2.09 3.83 6.31E+14 0.64 1.04 5.85E+09
55 EQ130421221600 30.30 102.90 4.3 1.59 3.92 8.41E+14 0.84 0.61 4.97E+09
56 EQ130420093700 30.30 102.90 4.9 1.34 4.17 2.00E+15 1.00 0.87 1.75E+10
57 EQ130420090200 30.30 102.90 4.6 1.84 3.92 8.41E+14 0.73 0.95 7.39E+09
58 EQ130421170500 30.30 103.00 5.4 0.85 4.42 4.73E+15 1.59 0.52 2.71E+10
59 EQ130423055400 30.40 103.00 4.5 1.59 3.92 8.41E+14 0.84 0.61 4.97E+09
60 EQ130420091100 30.20 102.80 4.3 1.59 4.08 1.50E+15 0.84 1.09 1.58E+10
61 EQ130421045300 30.30 103.00 5.0 1.59 4.17 2.00E+15 0.84 1.46 2.81E+10
62 EQ130421115900 30.20 103.00 4.9 1.09 4.25 2.66E+15 1.23 0.63 1.74E+10

Unit: Lat., °; Long., °; fo, Hz; Mo, (Nm); r, km; Ao, MPa; Es, J.

The event ID can be divided into data and time of this earthquake. For example, EQ130420101900 indicates that the earthquake occurred on April 20, 2013 at 10:19:00

(Local time).

basically conforms to Brune’s source model. Fig. 8 displays the derived
source parameters of four typical earthquake events (Ms 4.5, 5.0, 5.7
and 6.4). The detailed inversion results are summarized in Table 2.
Based on the derived source parameters, the relationship between
the seismic moment and corner frequency can be written as follows:

log My = (22.68 +0.06) — (2.43 £0.29)log fy (13)

The relation shows that the corner frequency decreases with
increasing seismic moment, and the rate on a logarithmic scale is 2.43,
which is in agreement with the results given by Dutta et al. [49].
However, self-similarity in the seismic source indicates that the product
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of My and f? should be a constant related to the stress parameter.
Therefore, fixing the slope of Equation (13) to —3, we can obtain the
following relation:

log Mo = (22.75+0.07) — 3 log fi a4
In addition, the corner frequencies are between 0.3 and 4.1 Hz, and the
source radii are between 0.3 and 4 km, which agree best with the
inversion results given by Wang et al. [15], indicating that the corner
frequencies for the Wenchuan aftershocks with Ms 3.2-6.5 range from
0.1 to 3.1 Hz. The corner frequency values in our model are also well
matched with the results given by Hassani et al. [7] inverted for earth-
quake events with M 3.5-7.3 in central and eastern Iran.

The widely used earthquake source model is defined as the »? model
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spectrum versus hypocentral dis-

[46]. Based on this model, the source radius r and the stress parameter
/\o for each earthquake event can be obtained as follows:

2.34p
— 15
" 27fo; (15)
TMy; o1
Ao; = 10 16
%= T6r (16)

where r; denotes the source radius in km, and Ao; indicates the stress
drop in bars. The remaining parameters, such as # and My; are in units of
km/s and dyne. cm, respectively. The relation between the seismic
moment My and source radius r is plotted in Fig. 9, indicating that the
stress calculated in this study is between 0.2 MPa and 3.5 MPa with an
average value of 1.2 MPa, which is well matched with the results
inverted by Zhou et al. [9].

The radiated shear-wave energy for individual earthquake events in
the frequency band ranging from 0.25 to 20 Hz was obtained using the
following relationship [50]:

1 1 e M,
E, = + 5 27,
15zp,ad  107p .| J oo

—| d a7
f1+(f/ff,-)2} ’

where a denotes the P-wave velocity near the earthquake source and can
be set as 6.1 km/s [15]. The relationship between the shear-wave energy
(E,) and seismic moment (M) was obtained as follows:

log(E,) = (—5£0.06) + log(M,) (€F:))

A comparison between the inversion results obtained from this study
and other studies is plotted in Fig. 10. Solid lines in red, orange, dark
blue, blue, and magenta represent the inversion results obtained from
this study, Wantanabe et al. [51], Dutta et al. [52], Hassani et al. [7],
and Wang et al. [15]. The energy-to-moment ratio Es/Mo = 1.0 x 10> in
the frequency range of 0.25-20 Hz defined by Equation (18) is well
matched with the inversion model E;/Mo = 1.32 x 107> for the after-
shock sequence of the 2008 Wenchuan, China, earthquake in the fre-
quency range of 0.1-20 Hz given by Wang et al. [15] and E;/My = 1.2 x
107> for weak-motion records in Anchorage, Alaska area in the fre-
quency range of 0.2-20 Hz given by Dutta et al. [52], while lower than
the model E;/My = 2.5 x 107> for earthquakes in the east—central Iran in
the frequency range of 0.4-15 Hz given by Hassani et al. [7] and E/Mjy
= 2.7 x 107° for small and medium-sized earthquake events in the
Kanto, Japan region in the frequency range of 0.05-32 Hz given by
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Fig. 12. Residual of the Fourier amplitude spectrum at frequency points of 1.0, 8.0, and 16.0 Hz, defined as a function of hypocentral distance R (left panel) and
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Watanabe et al. [51]. This difference may be caused by the limited
frequency range of the spectral data used in the inversion [7].

5.5. Inversion residual

In this study, a residual defined as a function of hypocentral distance
Rnyp and magnitude M was used to investigate whether there was any
bias in the inversion results. The residuals are determined as the dif-
ference between the natural log (In) of the recorded FAS and the natural
log (In) of the estimated FAS. The relations between residuals and hy-
pocentral distance and magnitude are plotted in Figs. 11 and 12. The
residual indicates no significant differences when Ryy, < 100 km and the
magnitude is lower than 6.0. The residual in each panel falls near zero-
reference line and there is no remarkable trend with respect to distance
and magnitude in the bias, especially at lower frequencies, which is well
matched with the results given by previous studies [7,53]. However,
when the distances are greater than 100 km, there is a significant bias.
This may be resulted from the contribution of Moho interface reflected
waves to the overall seismic recorded energy or the inappropriate geo-
metric spreading model. Besides, the underestimation of the simulated
FAS with magnitudes above 6.0 may be due to inappropriate source
models. In fact, it is well known that Brune’s source model with a single
corner frequency is usually adopted to describe the small to moderate
earthquakes [7,54,55].

6. Discussion and conclusion

In this study, a generalized inversion technique was applied to the
recordings recorded by 55 strong-motion stations during 62 earthquake
events of M 4.3-6.4 that occurred in the Longmenshan and Aninghe
fault zones. The source, path and site components can be separated in
the GIT approach, and then these parameters related to the source, path
and site, such as seismic moment, corner frequency, stress parameter,
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quality factor and site effect, can be estimated easily to help the study of
seismic disasters and risk assessment in the study area.

According to the strong motion data recorded by stations in western-
central Sichuan with hypocentral distances between 20 km and 150 km
and peak ground accelerations between 2 cm/s? and 100 cm/s2. The
quality factor Q(f) in this area is regressed as Q(f) = 219.4/*7383, indi-
cating that the energy absorption of seismic waves in the near-field re-
gion is slow. Our Q(f) model agrees best with the simulation results of
the model Q(f) = 217.8f*81° given by Zhang et al. [30] for the Sichuan
Basin region. However, the fitting results are very similar to the model Q
(H = 334.4f*58! given by Qiao et al. [31] in the 10-20 Hz frequency
band but smaller than those models of Zhang et al. [30] and Qiao et al.
[31] in other frequency bands. Moreover, our fitting results are greater
than the results of Wang et al. [15] and Fu et al. [24] in the frequency
range less than 3 Hz, while in the frequency range greater than 3 Hz,
they are less than the results given by Wang et al. [15] and Fu et al. [24].
However, the result given by Li et al. [25] for Changning earthquake are
quite different from others, especially in the high frequencies with f
greater than 4 Hz.

The comparison of the inversion results of the site effect at 55
strong-motion stations indicates that the predominant frequency peaks
estimated by the GIT and H/V approaches are well matched with each
other. Nevertheless, the site amplification factor calculated by the GIT is
greater than that calculated by the H/V method, especially in the fre-
quency band near the predominant frequency.

In the seismic moment range between 10?2 and 10%” dyne cm, we
obtained the relationship Mof§ = 5.6 x 10%® dyne cm/s%, in which Mg
and fy indicate the seismic moment and corner frequency, respectively.
In addition, the stress parameter values obtained for each earthquake
event are between 0.2 MPa and 3.5 MPa with an average value of 1.2
MPa. The results are well matched with the results inverted by Zhou
et al. [9], who argue that the stress drop values for the Yangbi earth-
quake are between 0.1 and 2.7 MPa. Moreover, the stress parameter
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values given in this study are also well matched with the results of the
Wenchuan earthquake [15] and agree with shallow crustal earthquakes
all over the world [15,56-58]. The corner frequencies are between 0.3
and 4.1 Hz, and the source radii are between 0.3 and 4 km, which agree
best with the inversion results given by Wang et al. [15].

Finally, a residual defined as a function of hypocentral distance (R)
and moment magnitude (M) was used to investigate whether there was
any bias in the inversion results. The residual analysis results indicate
that the geometric spreading model and single corner frequency source
model used in this study resulted in an underestimation of the Fourier
amplitude level in the far field and for large earthquakes.
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