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Abstract 

In this study, the strong ground motion of the Jiuzhaigou Ms7.0 earthquake, which occurred in northern Sichuan, 
China, was simulated based on the stochastic finite-fault method. The earthquake event was recorded by 66 strong 
ground-motion stations operated by the China Strong Motion Networks Center. We simulated 11 records selected 
within 200 km source-to-site distance. According to previous studies and empirical relationships, we estimated the 
region-specific input parameters. The zero-distance kappa filter obtained had a value of 0.0206 s. Two different source 
models were applied in this study: the random slip model and specified slip model. Using the stochastic finite-fault 
method, we simulated the PGA, Fourier spectrum and response spectrum at all stations. The stochastic simulated 
result based on the specified slip distribution models had no significant bias at most stations. Using a model with a 
random slip distribution, the simulated response spectra also matched the observed result, which indicated that the 
stochastic finite-fault method is not very sensitive to the input slip distributions and fault dimensions. We divided 
the study area into 1116 sites to simulate the spatial distribution of PGA based on the two models. The simulated 
maximum intensity of the epicentral area reached level IX, which was similar to the observed maximum intensity and 
indicated that the simulated result could be used in prediction of an imminent earthquake disaster. For future earth-
quake prediction, seismic hazards could even be estimated quickly without obtaining detailed information about the 
fault plane.
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Introduction
On August 8, 2017 at 13:19 (local time), an earthquake 
with magnitude Ms7.0 occurred in Jiuzhaigou County of 
Sichuan Province at the eastern margin of the Tibetan 
Plateau. According to the China Earthquake Networks 
Center (CENC 2017), the epicenter was located at 
33.20°N, 103.82°E and had a focal depth of 20  km. This 
powerful earthquake significantly impacted society and 
the natural environment. It was reported that the earth-
quake caused 25 deaths and injured more than 500 peo-
ple. The seismic intensity from the field survey in the 
magistoseismic area reached IX, and the affected area 
with seismic intensity greater than VI was approximately 
18,295 km2.

The Jiuzhaigou earthquake was located in the region 
between the eastern Kunlun fault system and the Long-
men Shan fault system. This region is tectonically com-
plex with high seismicity, which is related to the extrusion 
of the Indian Plate to the Eurasian Plate. The seismogenic 
fault for the Jiuzhaigou earthquake was associated with 
a blind fault not shown on the Chinese active fault map 
(Han et  al. 2018). The epicenter was close to the Minji-
ang, Tazang and Huya faults (Han et al. 2018). Based on 
the CAP waveform inversion method, Yi et  al. (2017) 
gave the focal mechanism solution to this earthquake. 
The strikes, dips and rakes of the two nodal planes of the 
focal mechanism are 156°/79°/− 9° and 248°/81°/− 169°, 
which are similar to the results from the global centroid 
moment tensor and USGS solutions. According to the 
focal mechanism solutions and the spatial distribution 
of aftershocks, the seismogenic fault for the Jiuzhai-
gou earthquake was a left-lateral strike-slip fault and is 
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considered to have ruptured a branch of the eastern Kun-
lun fault system.

The stochastic finite-fault simulation method has been 
widely recognized as one of the most important tools 
for generation of synthetic ground-motion records. This 
method has previously been used to simulate strong 
motions from several large earthquakes including the 
1999 Mw7.6 Chi–Chi earthquake (Roumelioti and Beres-
nev 2003), 2008 Mw8.0 Wenchuan earthquake (Ghasemi 
et al. 2010) and 2011 Mw9.0 Tohoku earthquake (Ghof-
rani et al. 2013). Compared with deterministic and hybrid 
ground-motion simulation methods, the advantages of 
the stochastic method are its independence from small 
earthquake selection and good performance at high fre-
quencies (Motazedian and Atkinson 2005).

In this study, we applied the stochastic finite-fault 
method proposed by Motazedian and Atkinson (2005) to 
simulate and analyze accelerograms and response spec-
tra of the Jiuzhaigou earthquake. The region-specific 
seismic parameters including anelastic attenuation, local 
site effects and path effects were estimated from previous 
studies and empirical relationships. Once input parame-
ters were calibrated, ground-motion characteristics such 
as peak ground acceleration (PGA), Fourier spectra and 
response spectra were estimated and compared with the 
observations at all 11 stations. Then, we used the model 
parameters to simulate the ground scenario in the study 
area.

Ground‑motion data
The earthquake event was recorded by 66 strong ground-
motion stations operated by the China Strong Motion 
Networks Center (CSMNC). All of the accelerograms 
were recorded by digital instruments (MR2002/SLJ-100, 
ETNA/ES-T, and ETNA/SLJ-100). The sample rate was 

200 Hz, and the preceding 20 s was prestored as the pre-
event part.

In this paper, we selected those records with source-to-
site distances within 200  km to simulate. The quality of 
each record was evaluated based on the signal-to-noise 
ratio technique (SNR ≥ 3). All ground-motion records 
were baseline-corrected via removal of the mean and 
the linear trend in recorded acceleration and then band-
pass-filtered in the frequency range of 0.02–20 Hz with 
a fourth-order Butterworth filter. This frequency band 
included the main destructive and representative char-
acteristics of the ground motion. The entire database 
consists of 11 sets of ground-motion time histories. 
Table  1 lists the stations used in this study along with 
geographical location, instrument type, site condition, 
VS30 and epicentral distances. The site class was based 
on the surface geology reported by the CSMNC and Vs30 
data derived from the work of Yan et al. (2016). Figure 1 
shows the locations of the recording stations, as well as 
the projection of the fault plane and the epicenter of the 
earthquake. The maximum amplitudes for this earth-
quake were recorded at station JZB, where peak ground 
acceleration (PGA) was 185  cm/s2 for the north–south 
components.

Methodology
In stochastic finite-fault modeling, a large fault is divided 
into N subfaults, and each subfault is considered as a 
point source. Each subfault is simulated using a sto-
chastic point source method. The Fourier acceleration 
amplitude spectrum is a result of contributions from the 
earthquake source, path attenuation and site effect, and 
the radiation from a specific site can be defined by

(1)
A(ω) = C · Source
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)

· Path
(
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)

· Site
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f
)
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Table 1  Information on the strong-motion stations used in this study

Station code Lat (°N) Lon (°E) PGA (cm/s2) Vs30 (m/s) Site class Epicentral 
distance 
(km)EW NS

JZB 33.3 104.1 129.5 185.0 323 Soil 30.6

JZY 33.2 104.3 45.8 66.7 312 Soil 40.3

JZW 33.0 104.2 73.8 91.7 422 Soil 41.0

SHW 33.7 104.5 18.6 20.5 – Soil 83.4

PWM 32.6 104.5 18.6 20.9 357 Soil 91.8

DIB 34.1 103.2 13.6 8.1 – Soil 115.4

MXD 32.0 103.7 12.2 23.3 267 Soil 129.7

MXT 31.7 103.9 23.5 21.6 – Soil 138.0

HSS 31.9 103.4 8.6 6.4 – Soil 149.8

MXN 31.6 103.7 6.3 6.6 391 Soil 180.3

LXT 31.6 103.5 3.4 3.4 316 Soil 185.6
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where C is the scaling factor, M0 is the moment and R 
is the shortest distance from the source to the site. The 
Source

(

M0, f
)

 is the displacement source spectrum given 
by Brune’s omega-squared model and is presented by

where fc is the source corner frequency represented by

where �σ is the stress drop parameter in bars, and β is 
the shear-wave velocity in km/s.

The path effects Path
(

R, f
)

 are modeled by multiplica-
tion of geometrical spreading and anelastic attenuation 
functions in the frequency domain (Boore 2003) as
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where G(R) is the distance-dependent geometrical 
spreading function, An
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]

 is 
the anelastic whole path attenuation function, where Q(f) 
is the frequency-dependent quality factor and β is the 
shear-wave velocity of the crust. The path effects depend 
on the source location due to different paths between 
source and site and control the attenuation characteris-
tics of simulated ground motion.

The site effects include the upper crust amplification 
factor Am(f) and the upper crust attenuation factor V(f):

The amplification factor mainly results from the seis-
mic impedance effect through the velocity gradient in 
the surface layers. There are several methods to estimate 
the site amplification, such as the standard spectral ratio 
method and the horizontal-to-vertical ratio method. 
The upper crust attenuation factor is a high-frequency 
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Fig. 1  Map showing the tectonic setting of the Jiuzhaigou area. Red stars indicated the epicenter of the Ms7.0 Jiuzhaigou earthquake. The 
Minjiang, Tazang and Huya active faults are indicated by red lines. Beach ball diagrams are from CENC. Black triangles denote the locations of 
ground-motion stations. The details of ground-motion stations are listed in Table 1. The inset shows the location of the current working area
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truncation filter, commonly described as a high-cut filter, 
which is controlled by the kappa parameter. The decay 
parameter kappa represents the effect of intrinsic attenu-
ation upon the wave field as it propagates through below 
the site.

The rupture starts from the hypocenter and triggers 
the nearby subfaults when the rupture spreads to their 
centers. Then, the spectra of subfaults are Fourier trans-
formed to the time domain. The total ground motion at 
the site is obtained by summing up the contribution of 
each subfault with a proper delay time:

where nl and nw are the numbers of subfaults along the 
strike and dip of the main fault, respectively, and �tij is 
the relative delay time from the ijth subfault to the site.

Modeling parameters
The stochastic finite-fault simulation method needs to 
take into account the effects of source, path and site-
effect parameters within the region of interest in order 
to generate the best results. Several parameters need to 
be defined as they control the physical aspects of ground 
motion. The parameters used in the present study were 
estimated based on published information or constrained 
from the available data. The input parameters are sum-
marized in Table 2.

(6)a(t) =

nl
∑

i=1

nw
∑

j=1

aij
(

t +�tij
)

,

In the present study, we used the source parameters 
given by CENC where the epicenter of the earthquake 
obtained was 33.20°N, 103.82°E and the focal depth was 
20  km. The stress drop parameter was the most impor-
tant parameter controlling the high-frequency spectral 
amplitudes and high-frequency energy content. Accord-
ing to the research of Wang et al. (2017), the stress drop 
for this earthquake was 38.5  bars. The fault dimension 
and slip distribution affected the high-frequency seis-
mic radiation (Causse et  al. 2010), which controlled the 
seismic moment of each subfault. In this study, we used 
two different fault models to investigate the effects of 
different source models on the variations in the ground-
motion levels.
Slip model 1

According to the joint inversions of InSAR data and tel-
eseismic waveforms by Zhang et al. (2017), the dimension 
of the fault rupture plane was divided into 21 subfaults 
along the strike and 20 subfaults along the down-dip 
direction. The total length and width were 32  km and 
30 km, respectively. Figure 2 depicts the slip distributions 
and fault dimension of model 1.
Slip model 2

For model 2, we used the random slip model and the 
central starting point in order to simulate future events 
for which the corresponding slip distribution will be 
unknown. The fault plane dimension was estimated by 
the empirical relationship of Leonard (2010). The fault 
plane was divided into 23 × 15 subfaults with dimensions 
of 1 km × 1 km.

Table 2  Input parameters for the stochastic finite-fault model of the Jiuzhaigou earthquake

Parameters Model Reference

Moment magnitude (Mw) 6.5 CENC

Hypocenter location 103.82°E, 33.20°N CENC

Strike and dip angle 156°, 79° Yi et al. (2017)

fault length and width (km) Model 1: 32 × 30 (1.52 × 2)
Model 2: 23 × 15 (1 × 1)

Zhang et al. (2017)
Leonard (2010)

Slip distribution Model 1: estimated by Zhang et al. (2017)
Model 2: random distribution

Zhang et al. (2017)

Stress drop (bars) 38.5 This study

Shear-wave velocity (km/s) 3.6 Ghasemi et al. (2010)

Density (g/cm3) 2.7 Ghasemi et al. (2010)

Rupture velocity 0.8 × (Shear-wave velocity) Ghasemi et al. (2010)

Pulsing area percentage 50% Ghasemi et al. (2010)

Geometric spreading 1/R for R ≤ 75 km, 1/R0.5 for 75 km ≤ R Ghasemi et al. (2010)

Distance-dependent duration 0 for R ≤ 10 km, 0.16R for 10 < R ≤ 70 km, − 0.03R for 70 < R ≤ 130 km, 
− 0.04R for 130 km < R

Atkinson and Boore (1995)

Quality factor 84.9f0.71 Wang et al. (2017)

Site amplification Quarter-wavelength approximation of amplification Yu and Li (2012)

Kappa (s) 0.0206 This study
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Path effects were defined as a combination of geometri-
cal spreading, anelastic attenuation and ground-motion 
duration effects. For the anelastic attenuation, the fre-
quency-dependent relation quality factor Q = 84.9f 0.71 
obtained from Wang et  al. (2017) for the northwest 
Sichuan region was used in the present study. To account 
for the geometrical spreading, we used a bilinear model 
defined in Ghasemi et al. (2010) to express the geomet-
ric spreading function. The bilinear model was simply 
assumed to be 1/R for distances less than 75  km and 
1/R0.5 for distances beyond 75  km. The ground-motion 
duration at hypocentral distance could be represented by 
a distance-dependent duration model obtained by Atkin-
son and Boore (1995).

The site effects included site amplification and near-
surface attenuation. The overall  site amplification func-
tions were derived from the work of Yu and Li (2012), 
which were generated by using the quarter-wavelength 
method (Joyner et  al. 1981). The high-frequency decay 
parameter ( κ ) represented the high-frequency attenu-
ation of seismic waves due to local site conditions. Sev-
eral studies have explored the relationships between 
geotechnical site properties and κ . κ can be related to 
the frequency-independent quality factor (Motazedian 
2006; Ugurhan and Askan 2010). Ktenidou et  al. (2015) 
suggested that hard-rock sites have a lower bound for κ . 
Fu et al. (2016) reported that κ values for horizontal and 
vertical components are closely related to elevation and 
velocity images at 0–10 km depth. In this study, the spec-
tral decay method proposed by (Anderson and Hough 
1984) was applied

in which fe represents the starting frequency of the linear 
trend, fmax denotes the ending frequency (Douglas et al. 
2010) and R is the epicentral distance. We estimated κ 
in the Jiuzhaigou region using data from moderate-to-
large earthquakes recorded by the CSMNC during the 
2008 Wenchuan and 2017 Jiuzhaigou earthquakes. The 
distribution of the κ values with the epicentral distance 
of the recording seismic stations is shown in Fig. 3. The 
best fit line to the κ factor for the average horizontal 
components versus epicentral distance was obtained as 
0.00005R+ 0.0206 . 
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Fig. 2  Slip distribution based on joint inversions of InSAR data and 
teleseismic waveforms (Zhang et al. 2017). The hypocenter location is 
denoted by a red star. The slip amplitudes are shown in colors

Fig. 3  Distance dependence of horizontal kappa (κ). The regression line uses standard linear regression



Page 6 of 12Sun et al. Earth, Planets and Space  (2018) 70:128 

The other source parameters, namely material den-
sity, shear-wave velocity and pulsing percentage, were 
assigned with commonly used values according to a pre-
vious study on Wenchuan earthquake simulation (Gha-
semi et al. 2010).

Results and discussion
Comparison of the different models
Using the model parameters listed in Table  2, we simu-
lated the ground-motion record and compared it with the 
observed acceleration time series and Fourier amplitude 
spectra (FAS) as well as the 5%-damped pseudo-accelera-
tion response spectra (PSA) in the EW and NS directions 
for all selected stations. For the FAS and 5%-damped 
PSA, we used the horizontal-component geometric mean 
of the observed ground motion to compare with the sim-
ulated record. For simulated acceleration time series, we 
selected the one with peak value closest to the average of 
ten trials.

In Figs.  4, 5 and 6, we compare the simulated accel-
erograms for different source models with the observed 

acceleration at three representative stations with differ-
ent azimuth coverage. As can be seen, the time series 
are reasonably similar between the observed and simu-
lated records for both models, and the simulated FAS 
and PSA match very well with the observed values. 
Through the comparison of the 5%-damped PSA for 
the simulated and observed ground motions (Fig.  7), 
we find that the stations have good spectral fitting. At 
near-fault stations such as JZB, JZW, JZY, SHW and 
PWM, simulated spectra from model 1 and model 2 
match sufficiently with observed spectra. At far-fault 
stations such as MXT, MXD and MXN, the simulated 
spectra from the two models are underestimated at 
high frequencies (> 1  Hz). We observe that the PGA 
values generally match well with the observations at 
most of the stations (Fig.  8). In the stochastic simula-
tion method, we simplified the model of the source, 
path and site effects for such a complex event. This sim-
plification may have caused the discrepancies between 
the simulated and observed results. If more informa-
tion regarding site amplification and path effects was 

Fig. 4  Comparison of simulated and observed horizontal strong motions at JZB station. The observed (dashed lines) and simulated (solid lines) 
Fourier amplitude spectra and the response spectra of acceleration are also shown
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included, the simulated results would be further impr
oved.

We also calculated the overall PSA spectral residuals 
for all records to compare the goodness of fit from dif-
ferent models. The residuals at each station were calcu-
lated as the logarithm (base 10) of the ratios of simulated 
PSA to observed PSA. The distributions of residuals ver-
sus fault distance at nine representative frequencies are 
shown in Fig. 9. The distributions of residuals shown in 
the plots for most of the frequencies are closely distrib-
uted around zero. For the low-frequency range between 
0.1 and 1  Hz, both model 1 and model 2 overestimate 
the observed records. The discrepancy at the lower fre-
quencies might be attributed to the inherent limitations 
of stochastic methods that simplify the complexity of 
the rupture and propagation processes. In the frequency 
range between 3 and 20 Hz, the residuals of model 1 are 
lower than those of model 2 in most of the stations. These 
differences verify that the slip distribution and fault 
dimension affected the seismic radiation in the whole 

frequency band. Although the simulated results from the 
two models have some differences, all of the model resid-
uals are within the error range. This result means that the 
quality of the simulated results has little affect by the slip 
distribution. 

Spatial distribution of ground‑motion intensity
Figure  10 displays the distribution patterns of simu-
lated PGAs from the two slip models. We use two model 
parameters for simulated ground motions in the study 
area. The study area is divided into approximately 1116 
grids with a size of 0.1° covering an area of 31.5–35°N, 
102.0–105°E.

From the PGA distributions of the two models, we find 
that the main influence area of PGA obtained from model 
1 is obviously greater than that from model 2. This result 
is matched to the area of the fault distribution. The distri-
bution ranges of PGA values are approximately matched 
with the field observations, which are extended along the 
northwest direction with the highest amplitudes localized 

Fig. 5  Comparison of simulated and observed horizontal strong motions at PWM station. The observed (dashed lines) and simulated (solid lines) 
Fourier amplitude spectra and the response spectra of acceleration are also shown
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around the epicentral region. The simulation results from 
model 1 indicate ground motions reaching accelera-
tion levels of 387.41 cm/s2 in the epicentral region, and 
the peak value from model 2 is 368.60 cm/s2 in the epi-
central region. The simulated maximum intensity in the 
epicentral area was level IX on the Chinese seismic inten-
sity scale (GB/T 17742 2008), which was similar to the 
observed maximum intensity.

Conclusions
In the current study, we simulated strong ground motions 
recorded for the Ms7.0 Jiuzhaigou earthquake based on 
the stochastic finite-fault method at 11 stations. We used 
some previous studies and empirical relationships to esti-
mate the specific regional parameters. Based on Fourier 
amplitude spectra at higher frequencies, κ0 for horizon-
tal components was calculated as 0.0206 s. Based on the 
slip distribution and fault dimension using the research 
of Zhang et al. (2017), the stochastic simulated result had 
no significant bias at most of the stations. Using a model 

with a random slip distribution, the simulated response 
spectra were also matched to the observed values. These 
results indicate that the stochastic finite-fault method is 
not very sensitive to the input slip distributions and fault 
dimensions. We used two models to simulate the ground 
scenario at 1116 sites. The simulated maximum intensity 
at the epicentral area was level IX, which was similar to 
the observed maximum intensity and indicates that the 
simulated result could be used to predict an imminent 
earthquake disaster.

The slip distribution plays an important role in affect-
ing the high-frequency seismic radiation (Causse et  al. 
2010), and the near-field ground motion is greatly 
affected by the complexity of the slip distribution and 
rupture propagation. Perhaps the random slip distribu-
tions cause more uncertainties in the near-field ground-
motion simulation. According to Beresnev et  al. (1998), 
using the random slip models does not lead to any appre-
ciable decrease in the accuracy of predicting the mean, 
nor does it increase the standard deviation compared to 

Fig. 6  Comparison of simulated and observed horizontal strong motions at DIB station. The observed (dashed lines) and simulated (solid lines) 
Fourier amplitude spectra and the response spectra of acceleration are also shown
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Fig. 7  Comparison of PSAs for the two models at selected stations. The observed (dashed lines) and simulated (solid lines) PSAs are shown. The red 
and blue lines denote simulated results from model 1 and model 2, respectively
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the actual slip distribution. Ghasemi et  al. (2010) simu-
lated the 2008 Wenchuan earthquake using two different 
slip models and pointed out that the quality of the simu-
lated results decreases at longer periods without infor-
mation about the slip distribution.

In the regions where real recordings are insufficient, 
using the stochastic finite-fault method for simulating 
strong ground motions is useful to understand ground-
motion characteristics and distributions particularly. 
If we obtain enough accurate region-specific input 
parameters, we can reproduce realistic earthquake 
ground motions within the period range of engineering 
interest. In the field of seismic engineering, we mainly 
focus on the high-frequency band, especially for mod-
erate earthquakes. For future earthquake prediction, 
even though we did not obtain enough information 

Fig. 8  Comparison of the synthesized with the recorded PGA for the 
two models at a selected station

Fig. 9  Model residuals as a function of fault distance for selected spectral frequency. The red and blue cycles are the model residuals from slip 
model 1 and model 2, respectively
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about the fault plane and slip distribution, we could still 
estimate the intensity of ground motion if we knew the 
region-specific input parameters, which could be useful 
in studies of GMPE and ground-motion characteristics 
for highly seismic areas of China and in the preparation 
of hazard maps for these regions.
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