
Rupture Directivity from Strong-Motion Recordings

of the 2013 Lushan Aftershocks

by Ruizhi Wen, Hongwei Wang, and Yefei Ren

Abstract The observed directivity effects of ground motion have extensive impli-
cations for both earthquake source physics and earthquake-hazard analyses on active
fault zones. In general, it is still difficult to determine the rupture directivity in detail
for smaller earthquakes because of limited azimuthal coverage. Four Lushan after-
shocks that occurred on 20 and 21 April 2013 (events I, II, III, and IV) were well
recorded by the National Strong-Motion Observation Network System of China. An
interesting phenomenon was clearly observed: the distributions of the triggered sta-
tions for the four aftershocks, which had adjacent hypocenters and similar magnitudes,
differed significantly from each other. The analyses of ground-motion parameters,
including the peak ground-motion parameters, response spectra, and durations, indi-
cate that the directivity of the ground motion was significant for events II and III. The
Fourier spectral ratio method was used to imprint the rupture directivity. We calculated
the rupture direction and rupture velocity by inverting the peak parameters. Random
realizations in many times were utilized to consider the uncertainty in the results of the
inversion. The results indicate that the four events shared the similar northeast–
southwest-trending fault plane and had similar rupture velocities of approximately
2:1 km=s. Event I was more likely to be a perfectly symmetric bilateral rupture, though
there was large uncertainty in the results of the inversion. The rupture for events II and
III propagated predominantly toward the southwest. However, event IV was observed
to have an approximately symmetric bilateral propagation, slightly inclining to the
northeast. We also confirmed the period-dependent directivity effect by inverting the
response spectra at different periods.

Introduction

Source rupture direction, which has a strong influence
on the spatial pattern of the ground motion, is related to the
earthquake disaster. The evaluation of source rupture charac-
teristics is of considerable significance for seismic-hazard
emergency management, including the rapid reporting of seis-
mic intensity, seismic loss assessment, and postearthquake
emergency management. Fault rupture ambiguity is generally
resolved using basic prior knowledge of active fault orienta-
tion, historical earthquakes, distribution of aftershocks, and
observed surface rupture.

The predominance of unilateral ruptures in large earth-
quakes was verified by McGuire et al. (2002). When a rup-
ture propagates predominantly in a single direction from
nucleation, the resulting ground motion can be subjected
to a dramatic azimuthal effect, which is commonly referred
to as the directivity effect. It induces more severe ground mo-
tion in the direction of the predominant rupture, which is
characterized by higher amplitudes and shorter durations.
Significant directivity effects have been recognized in large
numbers of destructive earthquakes, including the 28 June
1992Mw 7.3 Landers, California, earthquake (Velasco et al.,

1994), the 17 January 1994 Mw 6.7 Northridge, California,
earthquake (Somerville et al., 1996), the 17 January 1995
Mw 6.9 Kobe, Japan, earthquake (Somerville et al., 1996),
the 21 September 1999 Mw 7.7 Chi-Chi, Taiwan, earthquake
(Phung et al., 2004), and the 12 May 2008Mw 7.8Wenchuan,
Sichuan, earthquake (Hu and Xie, 2011).

Because of insufficient seismic data resolution and azi-
muthal coverage, exact observation of the directivity effect of
small-to-moderate earthquakes is limited (Kane et al., 2013).
For a moderate earthquake, the source is usually assumed to
be a simple circular homogeneous rupture without allowing
for the complexity of the rupture. However, rupture directiv-
ity relative to smaller earthquakes has been widely demon-
strated in the literature using different methods. Boatwright
and Boore (1982) studied the strong-motion accelerograph
recordings of the Mw 5.8 Livermore Valley, California, main-
shock and theMw 5.4 largest aftershock in 1980 and attributed
the systematic variations of the peak ground acceleration
(PGA) and peak ground velocity (PGV) with azimuth or sta-
tion location to the source directivity. López-Comino et al.
(2012) investigated the apparent source time functions based
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on the empirical Green’s function deconvolution technique
and the distribution of aftershocks to reveal a clear rupture
directivity for the Mw 5.2 Lorca earthquake in southeast
Spain. Mori (1996), Lanza et al. (1999), McGuire (2004), and
Tan and Helmberger (2010) also confirmed rupture directiv-
ities of smaller earthquakes by azimuthal apparent source
durations. Kane et al. (2013) used a simple comparison of dis-
placement spectra to estimate rupture directivity of 450 small
earthquakes at Parkfield along the San Andreas fault.

In recent years, Boatwright (2007) and Seekins and Boat-
wright (2010) derived an inversion of the peak parameters of
ground motion to determine rupture direction and rupture
velocity of moderate earthquakes and tested the results of the
inversion. Convertito et al. (2012) and Convertito and Emolo
(2012) extended this method to allow for rapid retrieval of the
surface fault projection and dominant rupture direction for
moderate-to-large earthquakes. The outstanding merit of this
method is that only magnitude estimation, hypocentral loca-
tion, and peak parameters of ground motion are needed to
evaluate rupture directivity.

On 20 April 2013, at 08:02 a.m. Beijing time, a strong
earthquake hit Lushan, a county in the southwest of the
Sichuan Province in China. This earthquake sequence fell
within the National Strong-Motion Observation Network
System (NSMONS), and many strong-motion stations were
triggered—not only by the mainshock, but also by the after-
shocks (Wen and Ren, 2014). Although the Lushan main-
shock did not show a dominant rupture direction (Zhang
et al., 2013), the large number of recordings of the Lushan
aftershocks met the engineering requirements for determin-
ing the directivity effect of smaller earthquakes.

In this article, we selected four groups of strong-motion
recordings from four magnitude M 5.4 Lushan aftershocks
and analyzed three basic engineering parameters, including
the peak ground-motion parameter, response spectrum, and
duration, to determine the directivity effect of ground mo-
tion. We then confirmed that the rupture directivity was the
main cause of the directivity effect of ground motion based
on the Fourier spectral ratio. Finally, we inverted the peak
parameters to determine the main source rupture parameters,
that is, the rupture direction and rupture velocity.

Lushan Earthquake Sequence

The Lushan earthquake occurred between the Pengguan
fault and the Dayi fault on the northeast-trending Longmen
Shan fault system (LFS; Han et al., 2014). The LFS lies along
the eastern margin of the Tibetan plateau as a result of crustal
extrusion against the strong lithosphere of the Sichuan basin,
which is a part of the Yangtze block. The epicenter distance
was approximately 70 km between the Lushan earthquake
and the Wenchuan Ms 8.0 earthquake that occurred on 12
May 2008. The rupture process of the Lushan earthquake
was inverted by Wang et al. (2013) using regional broadband
waveforms; their results indicated that the calculated mo-
ment magnitude Mw was 6.7, and the strike, dip, and rake

angles were 205°, 38.5°, and 88.8°, respectively. These sol-
utions confirmed that the Lushan earthquake was a thrust
event. The mainshock did not have a significantly predomi-
nant rupture direction (Zhang and Lei, 2013). Following the
mainshock, approximately 3000 aftershocks occurred within
three days in an area of 45 km × 20 km that was located in
Baoxing, Qionglai, Lushan, and Tianquan Counties (Liu
et al., 2013), which was consistent with the above-mentioned
fault rupture plane determined by Wang et al. (2013). Most
of the aftershocks were characterized by northwest-dipping
faulting mechanisms (Zhang and Lei, 2013).

NSMONS aims to enhance earthquake monitoring and the
collection of strong-motion recordings in earthquake-prone re-
gions and in some major cities in the Chinese mainland. It has
a higher density around the eastern-southeastern margin of
the Tibetan plateau, and the earthquake sequence after the
Ms 8.0 Wenchuan earthquake was also well recorded by
NSMONS (Li et al., 2008). For the Lushan earthquake se-
quence, up to 6 July 2013, there were a total of 1123 strong-
motion recordings from NSMONS, including recordings
from seven temporal strong-motion stations. Figure 1 shows
the strong-motion stations that were triggered in the main-
shock. The stations were generally distributed on the edge
of the Sichuan basin or along the LFS and the Anninghe–
Zemuhe fault zone (AZFZ). Most of the NSMONS stations
in this region were triggered by the mainshock and the follow-
ing aftershocks. We inferred that the NSMONS performed
well in the Lushan earthquake sequence. Meanwhile, there
was no visible directivity based on the spatial distributions of
the triggered strong-motion stations.

There were only four aftershocks of M >5:0 (events I,
II, III, and IV) in the Lushan earthquake sequence (Table 1).
All four aftershocks wereM 5.4, as determined by the China
Earthquake Network Center, and the focal mechanisms of the
last three events in the Global Centroid Moment Tensor
(Global CMT) catalog were approximately the same, though
they had different moment magnitudes. Figure 2 shows the
locations of the strong-motion stations that were triggered
during each of the four aftershocks. Most of the triggered
stations for the four aftershocks were within a� 45° window
of the LFS trace or the strike of the mainshock. Interestingly,
it can be clearly observed that the distribution of the triggered
stations in the four aftershocks with adjacent hypocenters
was significantly different.

Event I only triggered 32 strong-motion stations, which
were almost uniformly distributed from northeast to south-
west. Fewer stations were triggered than expected, because
there were fewer triggered stations within or near the surface
fault projection. The reason for this could be that NSMONS
is not a real-time data-stream system, and the strong-motion
data are usually stored on removable memory cards. Event
I occurred only ∼5 min after the mainshock, and the instru-
ments may not have recovered or the postevent data pro-
cessing may not have detected the aftershock. Event II
triggered 53 strong-motion stations that were evenly dis-
tributed along the fault strike of the mainshock. Likewise,
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53 strong-motion stations were triggered by event III, but
the overwhelming majority was located to the southwest–
southeast of the epicenter. Event IV triggered 52 strong-
motion stations, and most of the stations were distributed

to the northeast, which was opposite to event III. It appears
that the four aftershocks that had similar magnitudes and
adjacent hypocenters had different directivities.

Directivity Effect of Strong Ground Motion

Data Processing

The strong-motion recordings of the four aftershocks
were uniformly processed using the same methodology that
we used for the Wenchuan earthquake (Boore, 2001; Ren
et al., 2011). As a result, the processed ground motions can
be used to provide reliable estimations of the PGA, PGV, and
spectral ordinates that are of interest to engineers. To more
obviously reflect the directivity effect of the strong ground
motion, we rotated the two horizontal components (east–
west [EW] and north–south [NS]) to the strike-normal (NF)
and strike-parallel (PF) directions using the strike of the
mainshock as inverted by Wang et al. (2013). Although the
strikes of the four events were different from the mainshock,
it is feasible to rotate all of the recordings of the four after-
shocks following the fault strike for the purpose of clearly
demonstrating the directivity effects instead of the precise
rotated ground motions.

Peak Ground-Motion Parameters

The contour maps of the geometric means of the PGAs of
the two orthogonal horizontal components for the four events
were interpolated using the kriging interpolation method
(Matheron, 1973), as shown in Figure 2. Significant differ-
ences among the PGA contour maps of the four events were
observed. Contour maps of the four events were elongated to
the northeast and/or the southwest. We simply defined an indi-
vidual strike-normal line for each event perpendicular to the
strike of the mainshock and crossed the epicenter of each event
to divide the strong-motion stations into two groups, that is,
the northeastern group (NEG) and the southwestern group
(SWG), as shown in Figure 2. The PGA contours for event
I have an approximate axial symmetry disposed about the
strike-normal direction. Although it appears that event II trig-
gered a similar number of stations in the NEG and the SWG,
stations that were far from the epicenter in the NEG experi-
enced smaller PGAs, which did not exceed 5 cm=s2. The con-

Figure 1. Triggered strong-motion stations during the Lushan
mainshock. Some of the stations that were triggered in the Weihe
basin, Shanxi Province, were not included because of the large epi-
central distance. The surface fault projection of the fault plane was
inverted by Wang et al. (2013). The focal mechanisms were derived
from the Global Centroid Moment Tensor (Global CMT) catalog,
except for that of event I. The inset map indicates the location of the
study area. AZFZ is the Anninghe–Zemuhe fault zone.

Table 1
Basic Seismic Parameters of the Lushan Mainshock and the Four Aftershocks

Event Name
Date

(yyyy/mm/dd)
Time (Beijing Time,

hh:mm:ss)
Latitude
(° N)

Longitude
(° E)

Focal
Depth
(km) M MW

First Nodal Plane
(Strike/Dip/Rake) (°)

Second Nodal Plane
(Strike/Dip/Rake) (°)

Mainshock 2013/04/20 08:02:46 30.30 103.00 13.0 7.0 6.6 212/42/100 19/49/81
6.7* 205.0/38.5/88.0* 26.5/51.5/91.2*

Event I 2013/04/20 08:07:30 30.32 102.92 10.0 5.4 - - -
Event II 2013/04/20 11:34:17 30.24 102.94 15.0 5.4 5.4 215/45/100 21/46/80
Event III 2013/04/21 04:53:44 30.36 103.05 27.0 5.4 4.8 177/42/74 17/50/103
Event IV 2013/04/21 17:05:24 30.34 103.00 17.0 5.4 5.2 221/45/94 35/45/86

*Focal mechanisms that were inverted by Wang et al. (2013).
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tours indicate that the PGA attenuated more slowly in the
southwest. The contours for event III were not as clear as
those for event II, but the attenuation characteristics were
similar to that of event II, that is, the attenuation was slower
in the southwest. In contrast to the three earlier events, the
PGAs for event IV with hypocenter distances (Rhyp) less than
150 km had similar attenuation trends with distance in the
NEG and the SWG, but the attenuation gradually diminished
to the northeast as the distance increased. The PGV contour
maps were also calculated like the PGA contour maps. All of

the PGV and PGA contour maps for the four events had sim-
ilar trends.

Response Spectra

We adopted a simple comparison of the 5% damped pseu-
dospectral acceleration (PSA), as well as the average spectral
ratio between the SWG and NEG to present the directivity
effect, as shown in Figure 3. The average spectral ratio was
defined as the ratio of the average PSAs of the strong-motion

Figure 2. Triggered strong-motion stations for the four Lushan aftershocks and peak ground acceleration (PGA) contour maps. The event
name is shown on the upper-left corner of each panel. The rectangular frame represents the surface fault projection of the mainshock that was
inverted by Wang et al. (2013). The Arabic numbers represent the PGAvalues in centimeters per square second. The hollow and solid arrows
represent the rupture directions that were inverted by the PGA and peak ground velocity (PGV), respectively. The lengths of the arrows
represent the rupture proportion and are not the actual rupture lengths in the respective directions. The strong-motion stations are shown
as two groups, the northeastern group (NEG, triangles) and the southwestern group (SWG, squares).
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(a)

(b)

(c)

(d)

Figure 3. Comparison of the pseudospectral accelerations (PSAs) normalized by the hypocenter distance, as well as the average spectral
ratio between the SWG and the NEG for (a) event I, (b) event II, (c) event III, and (d) event IV. PF, NF, and UD represent the strike-parallel,
strike-normal, and up-down components of strong-motion recordings, respectively. The red and blue solid lines represent the average of the
spectra in the NEG and SWG, respectively. The dashed line is the average� 1standard deviation.
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recordings in the SWG to that in the NEG. To remove the
effect of geometrical spreading on the strong motion, we
multiplied the PSA by the hypocenter distance. The corrected
PSAs (PSA × Rhyp) of strong-motion recordings for event I in
the NEG and SWG intermingle with each other, but PSAs of
some strong-motion recordings far away from the epicenter
(>200 km), both in the NEG and SWG, are much higher than
the others. The average spectral ratios are much higher, and a
peak about 10.0 at intermediate periods occurs. This phenome-
non may be ascribed to the fewer strong-motion recordings in
the near field and the extraordinarily high strong-motion re-
cordings in the far field (as shown in Fig. 2) but not to factors
related to the directivity. For events II and III, a visible sepa-
ration is seen between the SWG and the NEG, and the PSAs in
the SWG are considerably higher than those in the NEG. The
average spectral ratios at the whole periods are not less than
1.5, and the maximum value approaches approximately 6.0.
It is worth noting that a single peak appears at intermediate
periods (approximately 0.5–1.0 s). For event IV, closely par-
allel PSAs from the two groups can be observed, and the
average spectral ratio is approximately 1.0.

Durations

The strong-motion duration is the sum of the path-
dependent duration and the source duration that is related to

the source rupture process. We did not focus on the path-
dependent duration for the purpose of determining the direc-
tivity effect; rather we compared the geometric means of the
significant duration DSR (5%–95%) of the two orthogonal
horizontal components with an empirical predictive equation
that was developed by Bommer et al. (2009), as shown in
Figure 4.

The rupture radii of the four analyzed events were
approximately 2.7–5.3 km, according to the relationship be-
tween the moment magnitude and the rupture area (Somerville
et al., 1999). Except for one recording obtained in event II, the
hypocenter distances of the other recordings were greater than
20 km, which is far more than the rupture radius. Therefore,
the hypocenter distance could be regarded as an approximate
substitute for the rupture distance in equation (5) of Bommer
et al. (2009). The comparison shows that the empirical pre-
diction significantly underestimated the observed values
with Rhyp ≤ 100 km. For event I, the durations at the SWG
sites were approximately the same as the durations at the NEG
sites. For events II and III in general, the sites in the NEG ex-
perienced durations that were longer than the durations at sites
with the similar hypocenter distance in the SWG, especially at
short distances. Approximately identical durations can be ob-
served with Rhyp > 100 km for both groups for event IV, but
we observed that sites with small distances in the SWG were
exposed to prolonged shaking time.

Figure 4. Comparison of the observed values of the geometric mean of DSR (5%–95%) of the two orthogonal horizontal components
with the empirical prediction of Bommer et al. (2009).
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Confirmation of Rupture Directivity

According to the observed strong-motion parameters
that were mentioned previously, it appears that a directivity
effect could exist for events II and III, given the discrepancy
in characteristics of the strong-motion recordings in the NEG
and SWG. The observed directivity effect may be ascribed to
one or more causes that are described below, that is, source
rupture directivity, radiation pattern, local site condition, and
attenuation characteristics of the propagation medium.

The average shear-wave velocity in the uppermost 30 m
(VS30) generally represents the local site conditions. Figure 5
presents a histogram of the distribution of VS30 for strong-
motion stations in the NEG and SWG. VS30 was derived from
the Next Generation Attenuation (NGA) site database (see
Data and Resources). The VS30 of the majority of the NEG
sites varies within a small range from 300 to 450 m=s; the
average is 379:8 m=s. Although a few SWG sites have VS30

that is greater than 500 m=s; the average VS30 of the SWG
sites is 431:7 m=s, which is slightly larger than that in the
NEG. It is possible to assign a single VS30 to all of the sites,
and the differences in local site effects on strong motion can
be reasonably neglected. The results of the previous study in-
dicated that the attenuation of the propagation medium on
seismic waves, which was measured using the quality factor
(Q), was almost same in the NEG and SWG regions (Ma et al.,
2007; Wang et al., 2008).

After removing the interference of the site and propaga-
tion medium, it can be inferred that source directivity (rup-
ture directivity and/or radiation pattern) causes the directivity
effect on the observed strong ground motion. Spectral ratio
analysis is a convenient approach for eliminating the effects
of the site and propagation path on strong ground motion and
to extract only the source effect. Provided that the distance
between two events (events 1 and 2) is much smaller than the
hypocenter distances from a common site (j) to both events,
the Fourier spectral ratio of the two events recorded at the
same site can be represented as

EQ-TARGET;temp:intralink-;df1;313;733

O1j

O2j
� S1�f �Gj�f �P1j�f �

S2�f �Gj�f �P2j�f �
≈
S1�f �
S2�f �

; �1�

in whichO�f �, S�f �,G�f �, andP�f � represent the observed
S-wave Fourier spectrum, the source spectrum, the site ampli-
fication factor, and the propagation path effect, respectively,
and f is the frequency. P1j�f � � P2j�f � can be assumed be-
cause the two propagation paths are almost uniform. There-
fore, O1j�f �=O2j�f � is expected to be S1�f �=S2�f �. At all
of the sites, the observed variations inO1j�f �=O2j�f � are ex-
pected to be quite small if the two events have similar source
directivity.

Figure 6 shows the Fourier spectral ratios, O1j=O2j, and
the standard deviations of log10�O1j=O2j� from three pairs of
events (event II/III, event II/IV, and event IV/III). The stan-
dard deviation of log10�O1j=O2j� is a measure of the amount
of the dispersion of the logarithm (base 10) of the Fourier
spectral ratios. Recordings with Rhyp ≤ 50 km were ex-
cluded to reduce the effect of uncertainties of the distances.
The spectral ratios for the three components of the strong-
motion recordings have similar trends. The event II/III pair
shows that sites in the NEG and SWG had constant spectral
ratios, which were almost independent of the site location as
expected, and the standard deviation of log10�O1j=O2j� was
small (approximately 0.2) and smoothly varies, except at
lower frequencies (<0:2 Hz). The event II/IV and event
IV/III pairs performed similarly to one another and had large
variations that were highly dependent on the site location,
especially at intermediate frequencies of approximately
1.0–2.0 Hz. A single peak can be observed in the standard
deviation of log10�O1j=O2j�, and the maximum value is ap-
proximately 0.6. These results reveal that events II and III
had exceptionally consistent source directivity but were dis-
tinct from that of event IV.

It is possible to employ the variation of the spectral ratio
with azimuth to determine whether the source rupture direc-
tivity and/or the radiation pattern result in the source direc-
tivity (Hoshiba, 2003). Figure 7 shows the variations of
spectral ratios with azimuth at different frequencies for event
II/IV and event IV/III pairs. The amplitudes of the spectral
ratios with azimuth at different frequencies have significant
differences, but consistent variation tendencies can be ob-
served, which is characterized by an obvious single peak or
trough at approximately N200°E. We also calculated the ra-
diation pattern ratios for event II/IV and event IV/III pairs
(Fig. 7). The radiation pattern for the vector composition
of the SH and SV components was obtained from the focal
mechanism in Table 1, while the take-off angle was calcu-
lated using the 1D velocity model of the Longmen Shan re-
gion proposed by Zheng et al. (2009). The radiation pattern
ratios of the event II/IV pair have slight variations with azi-
muth, and a trough appears at approximately 200°, which
was not consistent with the variation tendency of the spectral
ratios. A trough around 210° was observed both in the spec-
tral ratios and in the radiation pattern ratios of the event IV/III

Figure 5. Comparison of VS30 for the NEG and SWG.
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(a)

(b)

(c)

Figure 6. Fourier spectral ratios and standard deviation of log10�O1j=O2j� for (a) the event II/III pair, (b) the event II/IV pair, and (c) the
event IV/III pair for the NEG and SWG groups. (PF, strike-parallel; NF, strike-normal; UD, up-down component.)
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pair, while the trough was not visible for the latter. Therefore,
we can interpret that the source directivity is mainly ascribed
to the source rupture directivity rather than to the radiation
pattern.

Inverting Source Rupture Parameters

For a simple homogeneous kinematic line source model
that ruptures unilaterally, the rupture directivity can be quan-
titatively described by the directivity coefficient (Ben-Mena-
hem, 1961),

EQ-TARGET;temp:intralink-;df2;55;278Cd �
1

1 − �vrc � cos ϑ
; �2�

in which vr=c is the Mach number (c is the shear-wave
velocity, and vr is the rupture velocity), and ϑ is the angle
between the ray that leaves the source and the direction of
the rupture propagation (Joyner, 1991).

In fact, sources of most earthquakes have more or less
bilateral properties rather than unilateral rupture propagation.
A rupture may initiate from any position on the fault plane. If
the rupture does not initiate from either end, a single fault can
be divided into two subfaults that rupture to the opposite
ends. The vector superposition of the directivity coefficients
of the two subfaults represents the overall directivity coeffi-
cient (Boatwright, 2007; Convertito et al., 2012), which is
represented as

EQ-TARGET;temp:intralink-;df3;313;406Cd �
���������������������������������������������������������������������

k2

�1 − �vrc � cos ϑ�2
� �1 − k�2

�1� �vrc � cos ϑ�2

s
; �3�

in which k represents the proportion of rupture in one direc-
tion, accounting for the whole rupture, and constrains the
predominant rupture direction. If k > 0:5, this rupture direc-
tion is the predominant rupture direction, otherwise the op-
posite direction is the predominant one.

Although correction factors have been applied to the
ground-motion prediction equation (GMPE) to model the di-
rectivity (Spudich et al., 2008), the rupture directivity effect
was not included in most of the GMPEs that were derived
from regression analyses of large numbers of strong-motion
recordings. In theory, the residual between the theoretical
predictions and the observed values that are corrected by a
coefficient Cd to eliminate the directivity effect reaches a
minimum, which is represented as

EQ-TARGET;temp:intralink-;df4;313;196

XN
i�1

�ln�YO
i =Cd� − Cun

i lnYP
i �2 � min; �4�

in which YO
i and YP

i represent the observed and predicted
peak parameters (PGA or PGV) respectively, and N is the
number of the strong-motion recordings. The Cun

i term is the
random variable accounting for uncertainties in source mis-
location, radiation pattern, and site effects that may not be
properly accounted for by the GMPE. It assumes a Gaussian

(a)

(b)

Figure 7. Variations of the spectral ratios with azimuth at some frequencies for (a) the event II/IV pair and (b) the event IV/III pair. The
black line represents the best-fit curve to all the points, and the red line represents the radiation pattern ratios. (PF, strike parallel; NF, strike
normal; and UD, up-down component.)
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distribution with the mean value (μ) of 1.0 and the standard
deviation (σ), which is equal to a certain percentage of the
standard deviation of the GMPE.

Wen and Ren (2014) compared the observed PGAs and
PGVs from the Lushan mainshock with some popular GMPEs
in China: Huo89 for southwest China (Huo, 1989), YW06 for
western China (Yu and Wang, 2006), Lei07 for the Sichuan
basin (Lei et al., 2007), and Yu13 for the fifth-generation
Chinese seismic zonation map (Yu et al., 2013). The Huo89
GMPE includes both the rock-site and the soil-site condi-
tions; the other three GMPEs considered only the rock-site
condition. An azimuthal site condition will obscure the pre-
cise determination of the source rupture directivity. There-
fore, we developed a simplified ground-motion model that
included both the hypocenter distance Rhyp and the site con-
dition VS30, given by

EQ-TARGET;temp:intralink-;df5;55;319 ln�Y� � a� b ln�c� Rhyp� � d ln�VS30� � σlnY; �5�

in which Y represents the observed PGA or PGV and coef-
ficients a, b, c, and d are derived from the regression based
on the least-squares method with the standard deviation
σlnY of the regression.

We introduced the procedures of the development of
the GMPE for an event to eliminate the directivity effect
as much as possible. First, two GMPEs were separately de-
rived for the NEG and SWG. Then, each strong-motion sta-
tion that was triggered in the event was given two predicted
values using the two GMPEs in the previous step. Finally, a
new GMPE was derived from the regression analysis of the
geometric average of the two predicted values, which ex-
cluded the directivity effect. Figure 8 shows an example of
the above-mentioned procedures, in which the GMPE of
the PGA was developed for event II. The predicted values
of either group match the observed values well, and the
overall predicted values also represent the medians of the
two groups.

Results and Discussion

Using equation (4), we inverted the peak ground-motion
parameters utilizing a grid-searching technique to identify
the source rupture parameters, mainly including the predomi-
nant rupture direction φ and the rupture velocity vr. Consid-
ering the uncertainty, 500 random realizations of the inver-
sion were made independently in this study to derive 500
groups of optimal source rupture parameters. The random
variable Cun

i (i � 1, N) of each realization, which followed
a Gaussian distribution with μ � 1:0 and σ � σlnY , was gen-
erated through the Monte Carlo sampling techniques.

The histograms for the optimal source rupture parame-
ters inverted independently by PGA and PGVof the four after-
shocks are shown in Figure 9. The mean value and the
standard deviation of the results of the inversion are shown
in Table 2, and the rupture direction and the proportions in
the opposite directions, which were inverted for by PGA and
PGV, respectively, are marked in Figure 2. Figure 10 shows
the directivity coefficient Cd calculated using equation (3)
with the mean values of the source rupture parameters.

Similar results were obtained from both the PGA and
PGV inversions. All four events were more likely to rupture
on the northeast–southwest-trending fault plane, while it was
also possible for event I to rupture the northwest–southwest
or north–south-trending fault plane according to the results
of inversion of PGA. Fewer strong-motion recordings for
event I may be responsible for the much higher uncertainty
in the results of inversion than that of other events. For events
II, III, and IV, it was verified that the predominant rupture
direction (southwest for events II and III and northeast for
event IV) agreed well with one of the nodal planes from
the Global CMT (Table 1), the orientation of the seismogenic
fault, and the alignment of the high-resolution aftershock re-
locations (Su et al., 2013; Han et al., 2014). The four events
shared a similar Mach number, which was approximately 0.6.
We calculated a rupture velocity of 2:1 km=s using the 1D

Figure 8. An example of the procedures in which the ground-motion prediction equations (GMPEs) of PGAs of the two horizontal com-
ponents (PF and NF) were developed for event II. The predicted values were obtained from equation (5) using the regressions from the NEG,
SWG, and NEG + SWG recordings. (PF, strike-parallel; NF, strike-normal component.)
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velocity model of the Longmen Shan region proposed by
Zheng et al. (2009) (c � 3:5 km=s at depths from 2 to 22 km),
which is coincident with the rupture velocity of 2:0 m=s of the
mainshock that was obtained by Hao et al. (2013).

The location of an earthquake along the scale ranging
from a perfectly symmetric bilateral rupture to a uniform uni-
lateral rupture can be quantified by the directivity ratio e,

which is equal to 2k − 1. Its absolute value ranges from 0
for a perfectly symmetric bilateral rupture to 1 for a uniform
slip unilateral rupture (McGuire, 2004; Boatwright, 2007).
For event I, e is approximately equal to 0 but has high un-
certainty (0.36 for PGA and 0.16 for PGV). It is not easy to
determine whether event I ruptured symmetrically or asymmet-
rically, though Cd varies slightly around 1.0. Combining the

(a)

(b)

(c)

(d)

Figure 9. The histograms for the source rupture parameters inverted by PGA and PGV for (a) event I, (b) event II, (c) event III, and
(d) event IV. k is the percentage in the rupture direction φ accounting for the whole rupture length.
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strong ground motions characterized by the insignificant di-
rectivity effect, we are more likely to consider event I to be an
approximately symmetric bilateral rupture. The inversions
for events II and III yielded similar severely asymmetric
bilateral ruptures, but with approximately 80% of the rupture
propagating toward the southwest and 20% toward the north-
east for event II and approximately 90% of the rupture propa-
gating toward the southwest and 10% toward the northeast
for event III. Event III exhibited a more significant rupture
directivity effect, with a forward Cd of 3.0, which is larger
than that of event II (2.0). For event IV, the results indicate
that the rupture was approximately symmetrically bilateral,
slightly inclining to the northeast. Cd varies near 1.0. The
rupture propagation approximately consistently contributed

to the azimuthal ground motion. Our results can be used to
interpret the uneven distribution of the triggered stations and
the characteristics of the ground-motion parameters at the
azimuthal site locations.

The Lushan earthquake ruptured the southern segment
of the LFS in Sichuan, China, and the 2008 Wenchuan earth-
quake ruptured the north-central segments of the LFS. Zhang
et al. (2014) and Liu et al. (2013) found that there was a 40–
50 km central unruptured area between the major slip area of
the northeast end of the Lushan earthquake and the south-
west end of the 2008 Wenchuan earthquake. High-strength
diamictite in Baoxing County, which is located to the north
of the epicenter and the central unruptured area, obstructed the
continuing rupture (Chen and Xu, 2013). Hao et al. (2013)

Figure 10. Variation of the directivity coefficients Cd with azimuth inverted for by PGA (solid line) and PGV (dashed line).

Table 2
Rupture Parameters of the Four Events That Were Independently Inverted

Using PGA and PGV

Event Peak Parameter φ vr=c k e

I PGA 3.6±27.5 0.66±0.13 0.53±0.18 0.06±0.36
PGV 12.9±12.5 0.67±0.07 0.51±0.08 0.02±0.16

II PGA 214.2±11.6 0.61±0.04 0.80±0.07 0.60±0.14
PGV 212.9±3.3 0.64±0.02 0.86±0.02 0.72±0.04

III PGA 206.5±5.1 0.69±0.02 0.89±0.04 0.78±0.08
PGV 199.2±5.2 0.67±0.01 0.97±0.01 0.94±0.02

IV PGA 43.8±7.7 0.55±0.04 0.53±0.03 0.06±0.06
PGV 59.2±4.1 0.59±0.02 0.55±0.03 0.10±0.06

PGA, peak ground acceleration; PGV, peak ground velocity; φ, rupture direction; vr,
rupture velocity; c, shear-wave velocity; k, proportion of rupture in one direction; e,
directivity ratio.
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also proposed that the complex faulting activity northeast of
the Lushan earthquake might block the further extension of
the Lushan coseismic rupture. Our studies showed that Lushan
aftershocks could have the tendency to rupture predominantly
toward the southwest, which was consistent with the above-
mentioned studies.

We observed much greater directivity effects at the in-
termediate periods or frequencies (Figs. 3 and 6). We further-
more inverted the PSAs of event II at periods T � 5:0, 2.0,
1.0, 0.5, 0.2, 0.1, and 0.05 s to determine the rupture param-
eters (Table 3) and the directivity coefficients (Fig. 11) and
revealed the period-dependent directivity effect. The results
of the inversion yielded a similar predominant rupture direc-
tion, which was approximately consistent with those inverted
using the PGA and the PGV. A higher Cd was observed at
the intermediate periods (∼0:5 s), and an obvious period-
dependent directivity effect was confirmed, especially in the
direction of the predominant rupture. Therefore, the period-
dependent directivity effect will inevitably increase the seis-
mic damage of structures.

Conclusions

The dense NSMONS network in this region provided a
large number of strong ground motion recordings from the
four Lushan aftershocks (events I, II, III, and IV). We divided
the strong-motion stations into two groups, the NEG and the
SWG, with reference to the epicenter of aftershock and the
strike of the mainshock, and compared the ground-motion
parameters of the two groups, that is, the peak parameters,
PSAs, and durations. The results indicate that events II and III
exhibited significant directivity effects in their related ground
motions, but such effects were not clearly observed in events
I and IV. Furthermore, we took advantage of the Fourier
spectral ratio method to imprint the source rupture directiv-
ity, which caused the azimuthal ground motions. Finally, an
inversion method, based on the analysis of the directivity ef-

fect on the peak ground-motion parameters, PGA and PGV,
was adopted to determine the predominant rupture direction
and rupture velocity through a grid-searching technique. Un-
certainties were also considered by a large number of random
realizations of the inversions.

The four events were more likely to share the similar
northeast–southwest-trending fault plane, which agrees well
with the rupture plane of the mainshock, the orientation of
the seismogenic fault, and the distribution of the aftershocks.
The four events also shared a similar slower rupture velocity
of approximately 2:1 km=s. Allowing for both the character-
istics of the strong ground motions and the results of the in-
version, event I might be a symmetric bilateral rupture. The
results of the inversion for events II and III indicated that the
ruptures predominantly propagated toward the southwest,
and event III had a more obvious rupture directivity effect,
which would dramatically amplify the ground motion in the
predominant rupture direction. The rupture propagation of
the smaller earthquake is also important. Event IV was veri-
fied to be an approximately symmetric bilateral rupture, and
the rupture directivity effect was insignificant. However, the
percent of the rupture in the northeast was slightly higher
than that in the southwest.

Azimuthal variation of the directivity effect was related
to the period (Figs. 3 and 6). The results of inversion for PSAs
at different periods also confirmed the period-dependent direc-
tivity effect. More significant rupture directivity effect could
be observed at the intermediate periods (∼0:5 s), which was
inconsistent with the theoretical idea that rupture directivity
mainly affects the higher frequencies. It may be ascribed to
a heterogeneous slip process (Bernard et al., 1996). The more
obvious rupture directivity effect at intermediate periods will
increase the seismic damage.

Data and Resources

All of the strong-motion data that were used in this article
can be obtained from the China Strong-Motion Networks
Center at www.csmnc.net (last accessed December 2013).
The earthquake parameters were obtained from China Earth-
quake Network Center (CENC; www.csndmc.ac.cn/newweb/
data.htm, last accessed December 2013). The Global Centroid

Figure 11. Directivity coefficients Cd inverted for using the
PSAs at different periods for event II.

Table 3
Rupture Parameters That Were Inverted for
Using the Pseudospectral Acceleration (PSA)

for Event II

Period (s) φ vr=c k

5.0 194.1±7.8 0.58±0.03 0.87±0.03
2.0 199.9±3.0 0.64±0.02 0.88±0.02
1.0 203.5±3.3 0.64±0.01 0.91±0.01
0.5 215.2±6.8 0.68±0.02 0.90±0.02
0.2 203.2±13.6 0.65±0.05 0.84±0.07
0.1 218.5±16.9 0.60±0.07 0.77±0.09
0.05 208.3±13.3 0.60±0.04 0.75±0.07
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Moment Tensor catalog is available for download at www.
globalcmt.org/CMTsearch.html (last accessed January 2014).
The VS30 measurements for some of the stations were obtained
from the Next Generation Attenuation (NGA) site database of
the Pacific Earthquake Engineering Research Center and are
available for download at http://peer.berkeley.edu/nga/ (last
accessed Mach 2014). Some of the plots were produced using
Generic Mapping Tools (Wessel and Smith, 1991).
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