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Abstract First, strong-motion recordings from anMw 4.4 earthquake with symmet-
rical rupture were regarded as empirical Green’s functions (EGFs) to simulate ground
motions produced by the 2013Mw 6.6 Lushan mainshock using the two-step stochastic
EGFmethod proposed by Kohrs-Sansorny et al. (2005). In this simulation, the source of
the Lushan mainshock was set to consist only of an asperity in the vicinity of the hypo-
center, which was determined according to the statistical properties of asperity. The
good agreement between the simulated ground motions and the observed recordings at
short periods (<2:0 s) validates this method. Furthermore, recordings from an Mw 4.5
earthquake with significant rupture directivity were used as EGFs to simulate ground
motions of the Lushan mainshock. The rupture directivity mainly exerts significant ef-
fects on the simulated short-period ground motions, which result in large discrepancies
with the observed recordings. Simulated ground motions are much higher than the ob-
served ones at directive stations, but lower at antidirective stations. More significant
effects are observed at directive stations than antidirective stations. Using the azimuthal
apparent corner frequency to consider the rupture directivity in the two-step stochastic
EGF method, the good reproductions of the observed recordings are obtained at short
periods, which indicates that the rupture directivity at short periods can be simulated
well. Finally, ground motions from a series of Lushan-like earthquakes assuming vari-
ous rupture directivities were simulated by adjusting the apparent corner frequency. The
simulated ground motions show significant directivity effects. The two-step stochastic
EGF method provides an effective approach to predicting ground motions for future
earthquakes because far fewer source parameters are required.

Introduction

Predicting ground motion at a given site for a future
earthquake is a major task for seismic-hazard assessment.
The prediction mainly consists of two stages: the generation
of seismic waves (the rupture process) and wave propagation
(Green’s function). There are two primary methods accord-
ing to the acquisition of Green’s function: theoretical and
empirical Green’s function methods. The theoretical Green’s
function method cannot effectively simulate the high-
frequency ground motion owing to the lack of the precisely
descriptions for the crustal structure and the rupture process
(Zeng et al., 1994; Olsen et al., 1997). The empirical Green’s
function (EGF) method regards observed recordings in
smaller earthquakes as Green’s function for all points on the
rupture plane of a larger earthquake (Hartzell, 1978). In gen-
eral, EGF is the high signal-to-noise ratio recording observed
in a smaller earthquake with an adjacent hypocenter and sim-
ilar focal mechanism to the larger earthquake. Because actual
properties of the source rupture and propagation medium are
included in the EGF, high-frequency ground motions can be
predicted well by the EGF method.

Compared with the classical EGF method, which is
strongly dependent on the kinematic description of the
rupture process on an extended rupture plane (Irikura, 1983;
Irikura and Kamae, 1994), the stochastic EGF method is
capable of generating many variable ground motions which
correspond to a multitude of rupture processes and are, on
average, in exact agreement with the well-known ω−2 model
(Brune, 1970) in the whole frequency band (Joyner and
Boore, 1986; Wennerberg, 1990; Ordaz et al., 1995; Kohrs-
Sansorny et al., 2005). However, the stochastic EGF method
is unable to account for possible directivity effects owing to
the point-source hypothesis for the earthquake to be simu-
lated (the target earthquake) (Ordaz et al., 1995; Kohrs-
Sansorny et al., 2005). In fact, the predominance of unilateral
ruptures in large earthquakes has been confirmed (McGuire
et al., 2002). Meanwhile, the persistence of directivity in
small-to-moderate earthquakes has also been verified by an-
alyzing the peak ground-motion parameters or the apparent
source duration, such as the 11 May 2011 Mw 5.2 Lorca,
Spain, earthquake (López-Comino et al., 2012); three moderate
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earthquakes (M 4.2, 4.9, and 5.4) in 2012 in northern Italy
(Convertito and Emolo, 2012); seven 3:5 ≤ M ≤ 4:1 earth-
quakes in November 2002 and February 2003 near San Ramon,
California (Boatwright, 2007); and anMw 4.1 earthquake in the
French Alps (Courboulex et al., 2013).

In general, a small earthquake is usually assumed as a
point source. We are not concerned with the rupture process
of a small earthquake or the effects of this rupture process on
the ground motions. When we select appropriate recordings
from small earthquakes as EGFs, the rupture processes of
these earthquakes are certainly ignored. The rupture directiv-
ity of a small earthquake exposes a significant impact to
high-frequency ground motions, which has been confirmed
by observed recordings and theoretical studies (Bernard
et al., 1996; McGuire, 2004; Boatwright, 2007; Cultrera
et al., 2009; Courboulex et al., 2013). In the study of
Courboulex et al. (2010), the directivity effects of the rupture
propagation of the small earthquake taken as EGF were
raised to be an open problem for simulations.

Although the directivity effects for the target earth-
quake have been successfully simulated based on the
composite source model or the k−2 kinematic source model
(Bernard et al., 1996; Gallovic and Burjanek, 2007; Ruiz
et al., 2011), modeling the directivity effects not only for
the larger earthquakes but also in the case of smaller earth-
quakes taken as EGF in the stochastic EGF method were
investigated in few literature. Honore et al. (2011) simu-
lated ground motions produced by an Mw 4.5 earthquake
with the rupture directivity using different corner frequen-
cies between the rupture direction and the opposite direc-
tion in the stochastic EGF method. Therefore, effectively
simulating the directivity effect is still a stringent problem
in the stochastic EGF method.

AnMw 6.6 earthquake hit Lushan County, China, on 20
April 2013. The kinematic source rupture models were con-
strained by inverting or jointly inverting waveforms of tele-
seismic broadband body waves, strong motions, and long-
period surface waves. These results indicate that the Lushan
mainshock is a shallow interplate blind-thrust earthquake
showing no significant directivity where the fault slips are
mainly concentrated on the hypocenter (Hao et al., 2013;
Wang et al., 2013; Zhang et al., 2013, 2014).

In this article, we first simulated ground motions of the
2013 Mw 6.6 Lushan mainshock using the two-step stochas-
tic EGF method proposed by Kohrs-Sansorny et al. (2005) to
test the validity of this method. Strong-motion recordings
from an Mw 4.4 earthquake, which was confirmed to have
no rupture directivity, were regarded as EGFs. The source
of the Lushan mainshock was set to include only an asperity,
which was determined according to the statistical properties
of the asperity. Furthermore, strong-motion recordings
obtained in an Mw 4.5 earthquake with significant rupture
directivity were used as EGFs to investigate the rupture
directivity effects on the simulated ground motions of
the Lushan mainshock. The azimuthal apparent corner fre-
quency was adopted in the two-step stochastic EGF method

to simulate the rupture directivity. Finally, a preliminary
attempt was made to simulate the directivity effects of
a series of Mw 6.6 Lushan-like earthquakes with different
rupture directivities.

Methods

In this study, we used the two-step stochastic EGFmethod
proposed by Kohrs-Sansorny et al. (2005). This method re-
quires fewer input parameters, only including the seismic mo-
ment and the stress-drop ratio. Compared with the single-step
stochastic EGF methods (Wennerberg, 1990; Ordaz et al.,
1995), more realistic and sufficiently different ground motions
can be generated by the two-step stochastic EGF method.
Moreover, a study has proved the validity and stability of this
method in simulating the ground motions produced by an
Mw 6.4 earthquake (Courboulex et al., 2010).

The simulated ground motion S�t� can be represented as
the convolution between the equivalent source time function
ESTF�t� and the recording s�t� from a small earthquake. In
the two-step stochastic EGF method proposed by Kohrs-
Sansorny et al. (2005), ESTF�t� is generated in two steps.
In the first step, a number ηc of time delays tc are randomly
generated following a probability density function ρc�t� over
the source duration Tc. Tc is equal to the inverse of the corner
frequency Fc. In the second step, a number ηd of time delays
td are again randomly generated following the other proba-
bility density function ρd�t� over a window duration
Td ≤ Tc, which is centered on each time delay generated in
the first step. Finally, η � ηcηd small events are summed
together and scaled by a factor κ:

EQ-TARGET;temp:intralink-;df1;313;365ESTFi�t� � κ
Xηd
d�1

Xηc
c�1

δ�t − tc�i� − td�i��: �1�

Under the conditions of exact agreement between the
ratio of the simulated ground motion averaged over all realiza-
tions to the recording as EGF from the smaller earthquake in
the frequency domain and the ω−2 spectral ratio of the larger
earthquake to the smaller earthquake (Brune, 1970), and the
self-similarity of the earthquake (Kanamori and Anderson,
1975), η and κ are expressed as

EQ-TARGET;temp:intralink-;df2;313;231η � ηcηd � N4; κ � C=N; �2�
in which N � fc=Fc, C � ΔΣ=Δσ, and CN3 � M0=m0.
Fc�fc�, ΔΣ�Δσ�, and M0�m0� are the corner frequency,
stress drop, and seismic moment for a larger (smaller) earth-
quake, respectively. In this article, ηc � ηd � N2. Following
Brune (1970), the corner frequency can be given by the
equation Fc � 4:9 × 106β�ΔΣ=M0�1=3, in which β is the
shear-wave velocity set to 3:6 km=s. The probability density
functions were expressed in detail by Kohrs-sansorny et al.
(2005) in their appendix A.

The stress drop is linked to the dynamics of the source
rupture and hence also to the associated energy release and
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seismic radiation. Methods for measuring the averaged stress
drop over the entire fault plane were summarized in the re-
view article of Kanamori (1994). In general, the average
stress drop can be computed from the measured seismic mo-
ment and rupture area. The stress drop estimated for global
earthquake catalogs varies in a very wide range, approxi-
mately from 0.1 to 100 MPa (Allmann and Shearer, 2009;
Zhao et al., 2011; Courboulex et al., 2016). If we focus
on a future earthquake or historical earthquake, it is difficult
to measure or estimate the stress drop. However, many rela-
tionships between the seismic moment and the rupture area
have been developed (e.g., Wells and Coppersmith, 1994;
Somerville et al., 1999; Hanks and Bakun, 2002; Irikura
et al., 2004; Murotani et al., 2015, etc.), in which the three-
stage scaling relationship proposed by Irikura et al. (2004)
was more appropriate for the observational fact (Fujii and
Matsuura, 2000; Shaw and Scholz, 2001). On the basis of the
relationship of Irikura et al. (2004), the average stress drop
implied from the dynamic rupture simulations undergoes
three stages, in which it first remains constant and then in-
creases linearly and finally maintains a constant with the in-
crease in the aspect ratio of the fault plane (the ratio of the
fault length to the fault width) (Irikura et al., 2004; Dalguer
et al., 2008).

The distribution of the stress drop on the fault plane is
highly heterogeneous because of the nonuniform stress or
strength distribution. High-frequency ground motions are
mainly contributed by the relatively high stress-drop regions
on the fault plane, which spatially coincide well with the
asperities (Miyake et al., 2003). The area outside the asper-
ities predominates the low-frequency ground motions. Som-
erville et al. (1999) defined the asperity as area whose slip is
1.5 or more times larger than the average slip over the fault
plane, and developed its statistical characteristics. Kamae
and Kawabe (2004) succeeded in simulating ground motions
produced by the 2003 MJMA 8.0 Tokachi-Oki earthquake as-
suming that the fault plane of this earthquake consisted only
of asperities, and the area outside the asperities was ne-
glected. In the recipe for predicting ground motions of future
crustal earthquakes developed by Irikura and Miyake (2011),
the rupture plane was also divided into two parts with differ-
ent stress drops, the asperities and the area outside the
asperities.

In this article, we also assumed that the source of the
target earthquake included only asperities, and we ignored
the area outside the asperities, in contrast to Kohrs-sansorny
et al. (2005). The seismic moment of the combined asperities
accounts for 44% of the total seismic moment (Somerville
et al., 1999). The averaged stress drop over the entire fault
plane was estimated depending on the three-stage stress drop
varying with the aspect ratio (Dalguer et al., 2008). Simul-
taneously considering the stress-drop ratio Δσb=Δσa (Δσb,
stress drop on the asperities; Δσa, stress drop outside the
asperities) (Dalguer et al., 2008), and the combined area ratio
Sa=S � 0:22 (Sa, the combined area of asperities; S, the
rupture area) (Somerville et al., 1999), the stress drop on the
asperities can be determined.

Ground-Motion Simulation for the Mw 6.6 Lushan
Mainshock

Approximately 3000 aftershocks occurred within three
days following the Lushan mainshock in a narrow area of
45 km multiplied by 20 km. The focal mechanisms and
relocated hypocenter locations for some aftershocks were de-
termined by Lyu et al. (2013), Han et al. (2014), and others.
Most of the aftershocks occurred within the fault rupture
plane, and the focal mechanisms are similar to the main-
shock. A total of 1123 strong-motion recordings were
collected by the National Strong-Motion Observation Net-
work System of China during the Lushan aftershocks up
to 6 July 2013. NineteenMs ≥4:0 aftershocks were recorded
by more than 20 strong-motion stations.

AnMw 4.4 earthquake that occurred on 20 April 2013 at
01:02:58 a.m. UTC, which was named EQI, had an adjacent
hypocenter and a similar focal mechanism to the Lushan
mainshock as shown in Table 1 (Lyu et al., 2013). The hypo-
center distance between the two earthquakes is approxi-
mately 10.9 km. Both earthquakes were thrust fault
earthquakes although EQI had a smaller dip angle. EQI was
determined to be an approximately symmetrical rupture, with
52% of the rupture propagation in the N204.5°E direction
using the same method as Wen, Wang, and Ren (2015). A
total of 37 strong-motion stations obtained strong-motion
recordings in EQI, of which 16 stations were also triggered
in the Lushan mainshock (Fig. 1). The 16 stations are dis-
tributed evenly in the azimuth around the epicenter of the

Table 1
Basic Information for the Lushan Mainshock and Three Aftershocks

Event
Data

(yyyy/mm/dd)
Time (UTC)
(hh:mm:ss) Mw

Hypocenter Location Focal Mechanisms Rupture Parameters

Longitude (°) Latitude (°) Depth (km) Strike (°) Dip (°) Rake (°) φ vr=β k

Lushan mainshock 2013/04/20 00:02:46 6.6 102.97 30.30 14 209 46 94 — — —
EQI 2013/04/20 01:02:58 4.4 102.87 30.27 18 186 19 81 204.5 0.62 0.52
EQII 2013/04/20 03:34:17 5.0 102.89 30.19 14 212 50 98 214.2 0.61 0.80
EQIII 2013/04/20 20:53:44 4.5 103.03 30.35 16 200 30 106 206.5 0.69 0.89

Mw, moment magnitude; φ, rupture direction; vr , rupture velocity; β, shear-wave velocity; k, rupture proportion in direction φ.
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Lushan mainshock. The hypocenter distances at most of the
16 stations are not greater than 150 km. Strong-motion re-
cordings obtained by the 16 stations during the EQI were
regarded as EGFs for simulating ground motions of the
Mw 6.6 Lushan earthquake. The baseline correction and a
Butterworth band-pass filtering between 0.2 and 30 Hz were
carried out.

According to the scaling relationship between the seis-
mic moment and the rupture area (Somerville et al., 1999),
the Lushan mainshock ruptured an appropriately 445 km2

area. In view of the thicker crust of approximately 50 km in
this region, the aspect ratio of 1.0 may be appropriate for the
Lushan mainshock (Shaw and Scholz, 2001). Following
Dalguer et al. (2008), the averaged stress drop over the fault
plane was estimated to be 1.5 MPa, which has coincidental
consistence with the result given by Hao et al. (2013). If a
single asperity lay on the fault plane of the Lushan main-
shock, Δσb=Δσa is equal to 0.1 (Dalguer et al., 2008). The
stress drop on the asperity was estimated to be 5.03 MPa on
the foundation of Sa=S � 0:22 (Somerville et al., 1999). Ac-
cording to the circular crack of Brune (1970) and the scaling
relationship developed by Somerville et al. (1999), the stress
drop of EQI was calculated to be 2.31 MPa, which is close to
the result of 2.05 MPa inverted by Wen, Wang, Ren, and Ji
(2015). The stress drop ratio C was set to be 2.18.

The two-step stochastic EGF method was adopted to
simulate the three-component acceleration time histories of
the Mw 6.6 Lushan mainshock at 16 stations in 200 realiza-
tions. Each realization represents a unique source rupture
process. All realizations constitute a sample set of various
rupture processes. For each realization, we can estimate
the rupture parameters by the method proposed by Conver-
tito et al. (2012) using the simulated peak ground-motion
parameters.

In this article, we focused on the simulated ground mo-
tions averaged over all realizations, which may result from a
symmetrical rupture of the target earthquake. The simulated
three-component acceleration time histories at each station,
whose 5% damped pseudoabsolute response spectral accel-
eration (PSA) of the two horizontal components has the best
fit to the arithmetically averaged PSA over the 200 realiza-
tions, were regarded as the averaged simulation, as shown in
Figure 2. In general, the waveform and the shaking duration
of the simulated accelerograms are in visually good agree-
ment with the observed ones, although the peak ground
acceleration (PGA) has some discrepancies. The simulated ac-
celerograms of several near-field stations, such as 051BXD
and 051YAM, are also performed well.

PGAs of the most observed recordings fall within the
variation range of the simulated ground motions in the 200
realizations (Fig. 3). PGA is the geometric mean of the PGAs
of the two orthogonal horizontal components (east–west and
north–south). The simulated PGAs averaged over the 200
realizations have good consistency with the observed ones,
for which the residuals (log�PGAObs:=PGASim:�) generally
vary from −0:2 to 0.2. The residuals do not show a signifi-
cant correlation with the hypocenter distance.

Figure 3 also shows the PGAs predicted by the five Next
Generation Attenuation-West2 (NGA-West2) models
(ASK14, BSSA14, CB14, CY14, and I14) with the uniform
weight (Abrahamson et al., 2014; Boore et al., 2014; Camp-
bell and Bozorgnia, 2014; Chiou and Youngs, 2014; Idriss,
2014). The VS30 values were derived from the NGA-West 2
site database or inferred from the 20 m borehole data, except
for two stations 051DJZ and 051JYW where data were not
available. The rupture distance and the Joyner–Boore dis-
tance were calculated based on the fault plane provided
by Wang et al. (2013). The predicted PGAs reproduce the
observed values well at hypocenter distance Rhyp < 150 km,
except for the PGA at station 051BXD, which was signifi-
cantly affected by the local terrain (Wen and Ren, 2014).
Residuals of the predicted PGAs are exposed at a similar
level to the simulated ones, but are more scattered. The gen-
eral underestimation of the predicted PGAs at larger distan-
ces may be related to the “High Q” in this region (Boore
et al., 2014). Compared with the predicted values, the simu-
lated PGAs seem much better.

PSAs of the simulated ground motions in the 200 sto-
chastic realizations are shown in Figure 4. The averaged PSA
and the one standard deviation range were calculated to re-
present the variability of the simulated results. The simulated
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Figure 1. The strong-motion stations that recorded EQI and
EQIII, which were also triggered by theMw 6.6 Lushan mainshock.
Stations in EQIII are divided into three groups: directive, antidirec-
tive, and nondirective stations. The station codes are shown beside
the stations. The rectangle represents the surface projection of the
fault plane inverted by Wang et al. (2013). The color version of this
figure is available only in the electronic edition.
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PSAs show obvious variation in large ranges. The averaged
simulated PSA is generally in good agreement with the ob-
served values. The peak value, or the platform, of the PSA
appears in similar periods for the simulated and observed
recordings, which indicates the good representation of the
site effects.

Residuals of the averaged simulated PSA
(log�PSAObs:=PSASim:�) over the 200 realizations at each sta-
tion and residuals averaged over all stations at some periods
from 0.075 to 5 s are shown in Figure 5a. Residuals at in-
termediate periods from 0.15 to 2 s slightly fluctuate from 0
to 0.2, which indicates a slight underestimation of the
observed recordings. At long periods (>2:0 s), residuals rap-
idly increase with the increasing period, which is much

greater than zero. Simulated long-period ground motions
are significantly lower than the observed values, which
may be related to the EGFs from a small earthquake that
lack long-period signals. However, the simulated ground
motions are slightly higher at short periods (<0:15 s)
whose residuals vary in a range from −0:2 to 0. Generally
speaking, the short-period (<2:0 s) ground motions are
successfully simulated with residuals within �0:2. The
averaged residuals over some periods from 0.075 to 5 s at
each station all fluctuate approximately 0.2, as shown in
Figure 5b, which indicates no dependency on the hypocen-
ter distance.

Ground motions of the Lushan mainshock were success-
fully simulated using the two-step stochastic EGF method.

Figure 2. Comparisons of the simulated three-component acceleration time histories (gray) with the observed ones (dark). The numbers
represent the peak ground accelerations (PGAs) in centimeters per square second.
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The symmetrical and concentrated rupture of the Lushan
mainshock, as well as ground motions from a symmetrical
rupture earthquake as EGFs, may contribute to the good
reproductions. The validity of this method was proved.

Simulating the Rupture Directivity Effects

The rupture directivity changes the energy distribution
over time, radiated by the source rupture at various azimuths.
The duration of the apparent source time function (ASTF) is
induced to vary with the azimuth of the observation station.
In the direction of the rupture, the ASTF experiences a
shorter duration, but a longer duration in the opposite direc-
tion. Converting the ASTF to the source spectrum in fre-
quency domain, the azimuthal variation appears as higher
spectral amplitudes at higher frequencies in the direction of
the rupture and a lack of such high-frequency signals in the
opposite direction. This can be described by the azimuthal
variation of the apparent corner frequency fa. For a simple
homogeneous kinematic line source model that ruptures
unilaterally with a uniform slip and constant rupture velocity
vr (Ben-Menahem, 1961):

EQ-TARGET;temp:intralink-;df3;313;733fa �
����������������
fS × fL

p
�

������������������������������������������
2

TS
×
2vr
L

1

1 − vr
β cosψ

s

� fc

�����������������������
1

1 − vr
β cosψ

s
� fcD; �3�

in which fS and fL represent the corner frequencies related
to the source time function and the source finiteness factor,
respectively. TS is the rise time of the source time function. ψ
is the azimuth measured from the direction of the rupture to
the observation station. L is the length of the rupture plane.
The correction coefficient D represents the adjustment of the
true corner frequency fc for fa. Furthermore, for an asym-
metric bilateral rupture with a proportion k of the rupture
length in the direction of the predominant rupture accounting
for the whole rupture length:

EQ-TARGET;temp:intralink-;df4;313;535D �
��

k2

1 − vr
β cosψ

�
�

� �1 − k�2
1� vr

β cosψ

��
1=4

: �4�

Owing to the change in apparent corner frequency at differ-
ent observation stations, parameters N and C in equation (2)
both change. Two new parameters Na and Ca substitute for N
and C:

EQ-TARGET;temp:intralink-;df5;313;437Na � NDn; Ca � CD−3n: �5�
n is equal to 1 or −1. If n � 1, the rupture directivity of the
small earthquake taken as EGF is considered; if n � −1, the
rupture directivity of the target earthquake is considered.
Meanwhile, the probability density functions ρc and ρd also
change.

The characteristics of the rupture propagation of four
larger Lushan aftershocks have been inverted using peak
ground-motion parameters by Wen, Wang, and Ren (2015).
Two of the four aftershocks that occurred on 20 April 2013 at
03:34:17 UTC (EQII), and 20 April 2013 at 20:53:44 UTC
(EQIII) predominantly rupture toward the southwest,
approximately in the direction of N210°E. The other two
aftershocks rupture approximately symmetrically. EQII and
EQIII both show significant rupture directivity, but EQIII is
much stronger. EQII and EQIII have similar thrust fault
mechanisms to the Lushan mainshock (Table 1). The Lushan
mainshock is located to the northeast of EQII by approxi-
mately 14.5 km, but southwest of EQIII by approximately
8.1 km (Fig. 1). EQII and EQIII both triggered 53 strong-
motion stations, most of which were the same. Owing to the
similarity of the rupture directivity and the triggered stations
for EQII and EQIII, no matter which one can be used as the
EGF. Herein, strong-motion recordings obtained at 29 sta-
tions (Fig. 1), which were both triggered in EQIII and the
Lushan mainshock, were regarded as EGFs to simulate the
Lushan mainshock. EQIII was measured as Mw 4.5 (Lyu
et al., 2013). The stress drop of EQIII was also set to
2.31 MPa according to the circular crack of Brune (1970)
and the scaling relationship developed by Somerville et al.

Figure 3. Comparison of the PGAs of the simulated ground
motions with the observed recordings. The error bars represent
the one standard deviation range of the simulated PGAs. Predicted
medians and the one standard deviation range derived from the Next
Generation Attenuation-West2 (NGA-West2) models with uniform
weight are also compared. The bottom panel shows residuals of the
simulated PGAs averaged over the 200 realizations and the pre-
dicted medians. The color version of this figure is available only
in the electronic edition.
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(1999), which is close to the result of 1.92 MPa estimated by
Wen, Wang, Ren, and Ji (2015).

We simulated ground motions of the Mw 6.6 Lushan
mainshock in 200 realizations in two cases. In the first case,
the rupture directivity of EQIII was not considered. A constant
fc was adopted. The second case was that azimuthal fa was
adopted to consider the rupture directivity. A strike-normal
line, which is perpendicular to the strike and across the epi-
center of EQIII, divides stations into three groups, including
the directive stations in the predominant rupture direction,
antidirective stations in the opposite direction of the predomi-
nant rupture, and nondirective stations close to the division
line, as shown in Figure 1. Some stations very close to the
surface fault projection of the fault plane of the Lushan main-

shock were also assigned to nondirective stations owing to the
complicated impacts of the rupture process. Only two stations
051CDZ and 051DJZ were assigned as antidirective stations,
and their hypocenter distances are appropriately 100 km.

In the first case, PGAs of the simulated ground motions
at directive stations are generally much higher than the
observed values and the predicted medians from the NGA-
West2 models, even exceeding the one standard deviation
range of the predicted values (Fig. 6a). Conversely, the simu-
lated PGA at the antidirective station 051CDZ is lower than
the observed value and the predicted median, but falls within
the one standard deviation range of the predicted values. The
observed PGAs, or the predicted medians, are exactly in the
middle of the simulated values between the directive and

Figure 4. The 5% damped pseudoabsolute response spectral accelerations (PSAs) of the simulated and observed ground motions. The
dark solid line and the dashed line represent the averaged simulated PSA and the one standard deviation range, respectively. The color version
of this figure is available only in the electronic edition.
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antidirective stations, which may be ascribed to the rupture
directivity of EQIII. The simulated PGAs at most of the non-
directive stations are in good agreement with the observed
and predicted values.

In the second case, the simulated PGAs significantly de-
crease at directive stations, but increase at antidirective stations
(Fig. 6b). The simulated PGAs are in good agreement with the
observed values. Most of the simulated PGAs fall within the
one standard deviation range of the predicted values, except
for recordings at a large hypocenter distance (≥200 km).

The antidirective station 051CDZ and four directive sta-
tions (051LDG, 051LDJ, 051LDL, and 051KDT) have the
similar hypocenter distance of approximately 100 km. The
east–west components of the observed recordings at these
stations have similar amplitudes (Fig. 7). In the first case, the
simulated accelerograms at the four directive stations are

significantly larger than observed recordings, whereas the
opposite is the case at station 051CDZ. The simulated re-
cordings have large discrepancies with the observed ones. In
the second case, the amplitudes of the simulated accelero-
grams dramatically decrease at the four directive stations,
whereas they slightly increased at antidirective station
051CDZ. The simulated recordings provide good reproduc-
tions of the observed ones.

In the first case, PSAs of the observed recordings are
significantly lower than the simulated values in the 200 real-
izations at directive stations and, conversely, greater than the
averaged simulated values at antidirective stations, as shown
in Figure 8. In the second case, PSAs of the simulated record-
ings sharply decline to match the observed values well at di-
rective stations while essentially enlarging at antidirective
stations, also providing a better reproduction.

(a) (b)

Figure 5. (a) Residuals of the averaged simulated PSAs over the 200 realizations at each station and the averaged residuals at some
periods over all stations; (b) residuals of the averaged simulated PSAs over the 200 realizations at some periods and the averaged residuals
over these periods at each station. Error bars represent the one standard deviation range. The color version of this figure is available only in the
electronic edition.

(a) (b)

Figure 6. Comparison of the PGAs of the simulated recordings in the 200 realizations in the (a) first and (b) second cases with the
observed values and the predicted medians from the five NGA-West2 models with uniform weight. Error bars represent one standard
deviation range. The color version of this figure is available only in the electronic edition.
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Residuals of the averaged simulated PSA
(log�PSAObs:=PSASim:�) over the 200 realizations at each sta-
tion and the averaged residuals at some periods from 0.075 to
5 s for directive, antidirective, and nondirective stations in
the two cases are shown in Figure 9. When we neglect the
directivity, residuals in short periods (<2:0 s) are generally
less than zero at directive stations, greater than zero at anti-
directive stations, and close to zero at nondirective stations.
The smaller the period, the less the residual. However, resid-
uals of the simulated long-period (>2:0 s) ground motions
are all greater than zero regardless of where the stations are
located. After considering the directivity, residuals in long
periods (>2:0 s) do not show obvious changes, still much
greater than zero, which may be related to the lack of the
long-period signal for EGFs from the small earthquake.
However, significant changes can be observed in short peri-
ods (<2:0 s). Residuals increase to nearly zero at directive
stations yet essentially decrease at antidirective stations.

Comparisons of the simulated ground motions in the
two cases clearly show that the rupture directivity of EQIII
exposes significant impacts on PGAs and short-period PSAs
(<2:0 s) of the simulated recordings, especially at directive
stations. The high-frequency rupture directivity is well simu-
lated using the azimuthal apparent corner frequency in the
two-step stochastic EGF method.

Simulating the Directivity Effects of the Target
Earthquake

A series of Mw 6.6 Lushan-like earthquakes were used
as examples. These earthquakes rupture along the same
blind-thrust fault oriented at N210°E with a constant rupture
velocity of approximately 2:0 km=s, the same as the Lushan
mainshock (Hao et al., 2013). The Lushan mainshock did not
show significant directivity effects (Zhang et al., 2013).
However, these Lushan-like earthquakes were assumed to
show different rupture directivities. The rupture proportion
k in the direction of N30°E was set to be 1.0, 0.8, 0.6, 0.5,
0.4, 0.2, and 0, respectively. For example, if k � 1, the rup-

ture length in the direction of N30°E is the whole rupture
length. The correction coefficient D was derived from equa-
tion (4) to adjust the corner frequency for the apparent corner
frequency. New parameters Na and Ca substituting for N
and C in equation (2) are derived from the equation (5) with
n � −1.

Recordings obtained at 16 stations (Fig. 1) in EQI were
adopted as EGFs to simulate the ground motions of these
Lushan-like earthquakes in 200 realizations. The 16 stations
were divided into three parts according to the locations of
these stations, of which 6 stations (051HSS, 051XJD,
051CDZ, 051DJZ, 051JYW, and 051PJW) toward the north-
east are classified as northeast stations, 8 stations (051KDT,
051LDJ, 051HYQ, 051HYY, 051HYT, 051YAL, 051MNW,
and 051YAM) toward the southwest as southwest stations,
and 2 stations (051BXD and 051PJD) as center stations.
We observed strong-motion recordings from the Lushan
mainshock as the actual ground motions without directivity
effects.

Residuals of the PGAs of the simulated recordings aver-
aged over southwest and northeast stations for different k are
shown in Figure 10. The residuals averaged over northeast
stations gradually increase from negative values to positive
values with deceasing k from one to zero, which indicates a
decreasing trend of the simulated ground motions from
greater than the observed values to lower than the observed
values. An opposite gradually increasing tendency of the
simulated ground motions is observed at southwest stations.
PGAs of the simulated ground motions at a station, which
changes gradually from the front to the backside of the
predominant rupture with the varied k, decrease gradually.
Residuals of PSAs at different periods also show similar
variation to the PGA (Fig. 11). However, the simulated
ground motions at southwest stations in periods from 0.5
to 2 s are generally lower than the observed values. The sim-
ilar underestimation was also observed in the simulated
ground motions of the Lushan mainshock in these periods
(Fig. 5). Variations of the residuals with different k described
above indicate that the simulated ground motions show

Figure 7. The observed and simulated acceleration time histories of the east–west components at the antidirective station 051CDZ and
four directive stations with similar hypocenter distances.
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significant directivity effects and more severe ground mo-
tions in the direction of the predominant rupture.

Conclusion

The two-step stochastic EGF method proposed by Kohrs-
Sansorny et al. (2005) was used to simulate ground motions of
the 2013 Mw 6.6 Lushan mainshock in 200 realizations, tak-
ing 16 strong-motion recordings from an Mw 4.4 earthquake
(EQI) with approximately symmetrical rupture as EGFs. To
reflect the highly nonuniform distribution of the stress drop
on the fault plane, the source of the Lushan mainshock was
set to consist only of an asperity which was determined by the
statistical scaling relations. The simulated ground motions

averaged over the 200 realizations, which may result from a
symmetrical rupture, are in good agreement with the observed
recordings at short periods (<2:0 s). The symmetrical and
concentrated source rupture of the Lushan mainshock may
contribute to the good consistency. However, simulated long-
period (>2:0 s) ground motions are significantly lower than
the observed values. This may be related to the EGFs from a
small earthquake with a limited source size that lacks long-
period signals. The good reproductions of ground motions
produced by the Lushan mainshock prove the validity of the
method used in this study.

Observed recordings from anMw 4.5 earthquake (EQIII)
with significant rupture directivity were used as EGFs to
investigate the directivity effects on the simulated ground

(a)

(b)

Figure 8. Comparisons of the 5% damped PSAs of the simulated recordings from both cases with the observed recordings. The average
and one standard deviation range for both cases are shown to represent variability. The station name is shown in the top-right corner of each
panel. (a) Directive station and (b) antidirective station. The color version of this figure is available only in the electronic edition.
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motions of the Lushan mainshock. The results indicated that
rupture directivity mainly exerts significant influences on
simulated short-period (<2:0 s) ground motions, which are
responsible for the large discrepancies with the observed
values. More obvious effects can be observed in the shorter
period. Simulated ground motions at directive stations are
much higher than the observed ones, whereas the opposite is
true at antidirective stations. More significant impacts are ex-
posed on ground motions at directive stations. Adopting a cor-
rection coefficient D to adjust the apparent corner frequency
fa at each station, we succeed in simulating the rupture direc-
tivity of EQIII on the short-period (<2:0 s) ground motions.
The observed recordings are reproduced well.

Ground motions produced by a series of Mw 6.6
Lushan-like earthquakes with different rupture directivities

were simulated using the azimuthal apparent corner fre-
quency. When a station changes from the front to the back-
side of the predominant rupture, the simulated ground
motions at this station gradually decrease. The simulated
ground motions show the significant directivity effects,
where more severe ground motions are generated at directive
stations. Our results indicate that directivity effects can be
simulated in the two-step stochastic EGF method by adopt-
ing varied apparent corner frequencies with azimuth or sta-
tion location. The two-step stochastic EGF method can
provide good reproductions for future earthquakes, espe-
cially when the directivity effects are well simulated.

In this article, the statistical scaling relations for earth-
quakes were adopted to determine the averaged stress drop,
assuming that earthquakes follow self-similarity. The scaling
relations pay more attention to the commonness of large
numbers of earthquakes rather than the individuality of a cer-
tain earthquake. Uncertainty must be inevitable owing to the
significant change in the stress drop. Meanwhile, scaling re-
lations between the seismic moment and rupture area were
regionally variable (Dowrick and Rhoades, 2004). Therefore,
the averaged stress drop derived from the statistic scaling re-
lations may have large variability. However, the variability
was not investigated in this article.

Data and Resources

Strong-motion recordings used in this article were
obtained from the China Strong-Motion Networks Center
at http://www.csmnc.net/ (last accessed December 2013).
VS30 measurements were obtained from the Next Genera-
tion Attenuation (NGA) site database of the Pacific Earth-
quake Engineering Research (PEER) Center at http://peer.
berkeley.edu/nga/ (last accessed Mach 2014). Some of the
plots were produced using Generic Mapping Tools (Wessel
and Smith, 1991).

(a) (b)

Figure 9. Residuals of the averaged simulated PSAs over the 200 realizations at each station and the averaged residuals at some periods
for directive, antidirective, and nondirective stations in the (a) first and (b) second cases. The color version of this figure is available only in
the electronic edition.

Figure 10. The averaged residuals of peak ground motions
(PGAs) of the simulated ground motion over the northeast and
southwest stations for a series of Lushan-like earthquakes with dif-
ferent k. The color version of this figure is available only in the
electronic edition.
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