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Abstract
This paper analyzed the strong motion characteristics based on 86 three-component strong 
motion records of the MW 6.6 Luding earthquake. Additionally, the factors that influence 
the variation in ground motion for three earthquakes with similar magnitude in Sichuan 
Province were investigated. The analysis result indicates a strong correlation between the 
observed ground motion parameters and the distribution of published Modified Mercalli 
Intensity. The residual analysis reveals that the spectral accelerations at periods 0.1–10.0 s 
are amplified to 0.0798–0.3057 times the mean level in the rupture forward direction and 
weakened to 0.0738–0.2831 times the mean level in the rupture backward direction. The 
maximum pulse direction recorded by the 51LDJ station is N6°E, aligning with the verti-
cal fault direction. The velocity pulses has distinct bidirectional pulses in the waveforms, 
with a PGV of 37.0 cm/s. The source effect of the strike-slip MW 6.6 Luding and MW 6.5 
Jiuzhaigou earthquakes on ground motion is relatively less significant compared to the 
average level of mainshocks in southwest China. However, the thrust-fault MW 6.7 Lushan 
earthquake exhibits a stronger source effect on ground motion during short and medium 
periods, but a weaker source effect during long periods when compared to the average 
level. The anelastic attenuation of the Longmenshan, Xianshuihe, and Huya fault zones in 
Sichuan exhibits significant regional variation and periodic correlation. This phenomenon 
is closely linked to the regional tectonic background variations and the heterogeneity of 
crustal structure within the area.
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1 Introduction

According to the China Earthquake Networks (CENC) (http://www.cenc.ac.cn/), an earth-
quake with magnitude MW 6.6 (or MS 6.8) occurred in Moxi Town, Luding County, Sichuan 
Province, at 04:52 UTC (12:52 Beijing time) on 5 September 2022. The epicenter was 
located at 29.59°N, 102.08°E, with a focal depth of 16 km. As of 17:00 UTC on 11 Septem-
ber 2022, the mainshock had resulted in the loss of 93 people, with 25 people reported miss-
ing, and over 260 people injured. This earthquake represents the most significant seismic 
event in terms of damage on the Chinese mainland since 2014. The findings by Zhang et al. 
(2023) indicate that the rupture process of this mainshock unveiled its nature as a strike-slip 
fault event, characterized by a rupture length of approximately 35 km. Moreover, the domi-
nant direction of the rupture was identified as south-southeast. This earthquake occurred 
at the southern end of the Xianshuihe fault zone, situated within the triple-junction region 
where the Xianshuihe, Anninghe, and Longmenshan fault zones intersect (Yi et al. 2023). 
During the Luding earthquake, the National Strong Motion Observation Network System 
(NSMONS) of China obtained 63 three-component strong motion records from free-field 
stations. Additionally, the Earthquake Early Warning Network (EEWN) of Sichuan captured 
23 three-component strong motion records from free-field basic stations. The distribution of 
the epicenter and the triggered stations is shown in Fig. 1.

During the earthquake, the distinct characteristics of ground motion often result in vary-
ing patterns of structure damage in near-fault area. Olsen et al. (2006) and Graves et al. 
(2008) modeled the earthquake field in the Los Angeles Basin, based on identified active 
faults. They discovered that the earthquake intensity in the Los Angeles region can fluctuate 
by an order of magnitude depending on the direction of fault rupture, whether from south 
to north or north to south, respectively. The study of the Kumamoto MW7.0 earthquake 
in Japan revealed that the near-fault long-period ground motion experienced significantly 
amplification due to the directivity effect (Xie et al. 2017). Specifically, the long-period 
ground motions in the rupture forward direction of the Kumamoto earthquake are much 
higher than average, with PGV and long-period SAs ranging from 1.2 to 1.5 times the aver-
age values. Therefore, a comprehensive analysis of ground motion observation character-
istics proves instrumental in advancing our understanding of earthquake-induced damage.

In this study, based on the 86 three-component strong motion records obtained by the 
NSMONS and EEWN, we first analyze the characteristics of near-fault ground motion 
amplitude and acceleration response spectra. We then proceed to examine the spatial dis-
tribution of horizontal ground motions. Subsequently, the residual is used to evaluate and 
quantify the difference in horizontal ground motion between the rupture forward (south-
southeast of the epicenter) and rupture backward (north-northwest of the epicenter) direc-
tions. Then the pulse-like feature of near-fault ground motion is investigated. Furthermore, 
we utilize the recently developed ground motion prediction equation (GMPE) for south-
west China, referred to ZYLW22 (Zhang et al. 2022), to assess whether the MW 6.6 Lud-
ing earthquake conforms to the ground motion attenuation characteristics observed in the 
mainshocks of southwest China. Finally, we conduct residual analysis using the ZYLW22 
GMPE on the 2013 MW 6.7 Lushan earthquake, the 2017 MW 6.5 Jiuzhaigou earthquake, 
and the 2022 MW 6.6 Luding earthquake in Sichuan Province, southwest China. The aim 
of this analysis is to explore the factors influencing the variation in ground motion among 
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three strong earthquake areas within Sichuan Province, characterized by similar moment 
magnitude.

2 Observed strong ground motion

2.1 Dataset and data processing

The 63 three-component free-filed records obtained by the NSMONS were captured by 
3-component force balance accelerometers with a full-scale range of ± 2 g and a sampling 
rate of 200 samples/sec. The 23 three-component free-field strong motion records obtained 

Fig. 1 Location of recording stations and epicenters of the MW 6.6 Luding earthquake. Triangles indicate 
the strong motion stations in the NSMONS; Circles indicate the basic stations in the EEWN; Red stars 
indicate the epicenters; Blue box indicates the fault rupture plane
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by the EEWN were recorded by 3-component force balance accelerometers with a full-scale 
range of ± 2 g and a sampling rate of 100 samples/sec. The site classification was conducted 
based on the time-average shear-wave velocity in the upper 30 m (VS30). For the NSMONS 
stations, the site VS30 was derived from the borehole shear-wave velocity data, as outlined 
in the research by Xie et al. (2022). However, since the EEWN stations lacked access to 
borehole shear-wave velocity data, the site VS30 for these stations was estimated using the 
relationship between the topographic slope and VS30 proposed by Allen and Wald (2009). 
The site VS30 for the 86 stations is presented in Table S1, with 39 stations classified as Class 
D sites, 42 stations as Class C sites, and 5 stations as Class B sites according to the NEHRP 
site classification (Wills et al. 2000). All acceleration records were subjected to a 4th-order 
Butterworth acausal (2-pass) bandpass filtering using the PEER-NGA data processing flow 
(Ancheta et al. 2013), with a low-pass cut-off frequency of 100 Hz. To ensure the reliability 
of the determined high-pass cut-off frequency (fhp), a series of evaluation steps were car-
ried out, as illustrated in Zhang et al. (2022). Based on the determined fhp, filtering order 
(n = 4), and filtering response type, the available period range for each processed record 
was selected according to 1/ (1.25× fhp) (Boore and Bommer 2005). In this study, the 
maximum available periods for all records were up to 10 s. Following the finite fault model 
of the MW 6.6 Luding earthquake (Zhang et al. 2023), as depicted in Fig. 1, we employed 
the method proposed by Kaklamanos et al. (2011) to calculate the rupture distance (Rrup), 
Joyner-Boore distance (Rjb), and the depth from the surface to the top of fault rupture plane 
(ZTOR). The rupture dimensions of the MW 6.6 Luding earthquake are provided in Table 1. 
Additionally, comprehensive information regarding the focal information, site information, 
and processed ground motion parameters of the Luding earthquake can be found in Table 
S1.

2.2 Time histories and acceleration response spectra of near-fault recordings

Among the available 86 three-component strong motion data, the maximum peak ground 
acceleration (PGA) was recorded at station 51SMM with a rupture distance of 27.27 km. 
The PGAs and peak ground velocities (PGVs) in East-West (EW), North-South (NS), and 
Up-Down (UD) components are − 394.67 gal, -284.73 gal, 114.31 gal; and − 12.53 cm/s, 
9.31 cm/s, 4.57 cm/s, respectively. The second-largest PGA was obtained at station 51LDJ, 
located at a rupture distance of 12.87 km. The PGAs and PGVs in EW, NS, and UD direc-
tions for this station are 118.87 gal, -316.00 gal, 160.00 gal; and − 12.83 cm/s, 37.59 cm/s, 
-7.74 cm/s, respectively. The third-largest PGA was recorded at station 51LDL, positioned 
at a rupture distance of 18.95 km. The PGAs and PGVs in EW, NS, and UD directions for 
this station are 301.98 gal, -193.75 gal, -203.09 gal; and 12.48 cm/s, -12.05 cm/s, -6.06 cm/s, 

Model parameters The finite 
fault model 
of Zhang et 
al. (2023)

Rupture area (L×W) (km2) 35 × 18
Strike angle (°) 163
Dip angle (°) 77
Rake angle (°) -5
ZTOR (km) 4.3

Table 1 The rupture dimensions 
of the MW 6.6 Luding earthquake
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respectively. Table 2 presents the ground motion and site parameters for recording stations 
located at rupture distances less than 50 km, all situated in class C or D sites. Figure 2 
illustrates the acceleration, velocity time histories, and 5% damping acceleration response 
spectra recorded by stations 51SMM, 51LDJ, and 51LDL. In Fig. 2d, it can be observed that 
the spectral accelerations (SAs) in the NS component at the 51LDJ station are greater than 
those in the EW and UD components. Moreover, as the period exceeds 1.0 s, the accelera-
tion response spectra in the NS component exhibit faster attenuation compared to the EW 
and UD components. However, for stations 51LDL and 51SMM, the acceleration response 
spectra of all three components exhibit similar decay rates when the period exceeds 1.0 s.

2.3 Spatial distribution of horizontal ground motion

In this study, horizontal ground motion is defined as the orientation-independent ROTD50 
of ground motion in the EW and NS components (Boore 2010). Figure 3 presents the spatial 
distribution of observed horizontal PGA, PGV, and the spectral acceleration for periods 
of 0.1, 0.5, 1.0, and 3.0 s. The largest recorded horizontal PGA is 335.224 gal at station 
51SMM, followed by the second largest horizontal PGA of 241.98 gal at station 51LDL. 
Additionally, the largest horizontal PGV is 20.714 cm/s recorded at station 51LDJ. It should 
be noted that none of these three stations are located on the fault rupture plane. Among the 

Table 2 Ground motion and site parameters for recording stations with rupture distances less than 50 km 
observed in the MW 6.6 Luding earthquake
Station
Name

Lon-
gi-
tude 
(°)

Lati-
tude 
(°)

NEHRP 
site classifi-
cation

VS30
(m/s)

Rupture 
distance(km)

PGA (gal) PGV (cm/s)
EW NS UD EW NS UD

51LDJ 102.2 29.7 D 306.14 12.87 118.87 -
316.00

160.00 -
12.83

37.59 -
7.74

51SMX 102.3 29.3 D 313.79 15.17 179.10 176.47 157.70 -
11.60

-
10.35

8.85

SCTS 102.3 29.3 C 421.34 15.18 179.56 187.01 171.09 11.32 13.08 9.25
51LDL 102.2 29.8 D 310.06 18.95 301.98 -

193.75
-
203.09

12.48 -
12.05

-
6.06

SCVL 102.2 29.9 C 503.78 27.17 91.85 166.81 136.76 5.11 -4.24 3.02
51SMM 102.4 29.3 D 295.62 27.27 -

394.67
-
284.73

114.21 -
12.53

9.31 4.57

51LDS 102.2 29.9 D 345.30 29.82 61.21 46.07 87.85 3.97 -2.75 -
2.27

51SMC 102.3 29.1 D 313.33 32.08 87.89 78.79 43.51 5.57 -6.33 2.03
SCSM 102.5 29.3 C 381.53 32.38 97.31 165.86 5.97 -5.10 -9.25 0.36
SCHY 102.5 29.6 C 429.06 36.79 34.68 45.94 19.68 4.26 -8.81 -

2.17
SCTT 102.4 29.9 C 579.44 39.72 111.27 83.86 55.09 -2.32 3.33 1.88
SCTH 102.6 29.5 D 240.92 42.78 58.81 63.18 39.02 -6.33 -7.37 -

4.00
SCTY 102.5 29.8 C 391.69 43.24 184.20 127.08 29.21 -6.48 -6.34 -

1.60
51HYQ 102.6 29.6 D 328.53 47.34 50.14 76.94 26.88 -5.72 7.01 2.74
SCVK 101.6 29.8 C 401.84 47.88 53.49 71.88 47.19 -1.73 -2.52 1.31
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15 near-fault stations with Rrup less than 50 km, the horizontal PGAs range from 39.91 gal 
to 335.22 gal, while the horizontal PGVs range from 2.09 cm/s to 20.71 cm/s.

By conducting a survey of earthquake damage in the disaster area and utilizing scien-
tific and technological achievements such as instrument intensity, aftershock distribution, 
seismic structure background, focal mechanism, and remote sensing images, the China 
Earthquake Administration (CEA) has compiled the Modified Mercalli Intensity (MMI) 
Map for the MW 6.6 Luding earthquake (https://www.mem.gov.cn/xw/yjglbgzdt/202209/
t20220911_422190.shtml). According to the published MMI map, the maximum MMI is 

Fig. 2 (a-c) Acceleration, velocity time histories, and (d) acceleration response spectra in the EW, NS, and 
UD components of 51SMM, 51LDJ, and 51LDL stations
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IX, as indicated by the black circle line shown in Fig. 3. The stations exhibiting PGA greater 
than 100 gal and PGV exceeding 3 cm/s are predominantly situated within the region where 
the published MMI is equal to or larger than VI. It is worth noting that both PGA and PGV 
values decrease rapidly with rupture distances increase. Figure 3 shows that the spatial 
distribution of horizontal PGA, PGV, and spectra acceleration with periods of 0.1, 0.5, 1.0, 
and 3.0 s aligns with the published MMI distribution. Tables 3 and 4 provide the PGA and 
PGV interval values corresponding to the Chinese seismic intensity (hereafter CSI, State 
Administration for Market Regulation and China National Standardization Administration 
Committee 2020). The CSIs corresponding to the horizontal PGAs and PGVs recorded at 
stations 51SMM and 51LDL are VIII and VII, respectively. However, these two stations are 
located in the area where the published MMI is VII. Despite being located in an area with a 

Table 3 PGA interval values corresponding to Chinese seismic intensity
Chinese seismic intensity <VI VI VII VIII IX X
PGA (gal) < 45.7 45.7–93.6 93.7–194.0 195.0–401.0 402.0–830.0 ≥ 831
EW 66 9 9 2 0 0
NS 62 11 9 2 0 0
UD 76 3 6 1 0 0

Fig. 3 Spatial distribution of observed horizontal (a) PGA, (b) PGV, and spectral accelerations at periods 
(c) 0.1 s, (d) 0.5 s, (e) 1.0 s, and (f) 3.0 s. Red star indicates the epicenter. Red rectangle denotes the fault 
rupture plane of the MW6.6 Luding earthquake (Zhang et al. 2023). Black circle line indicates the pub-
lished MMI. The observed stations are shown in circles, and the PGA, PGV, and spectral accelerations 
are shown in the color scale
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published MMI less than VI, the stations 51JLT and 51MNT, which are situated at rupture 
distances of 85.56 km and 120.78 km, exhibit recorded PGA and PGV values of 139.66 gal 
and 2.28 cm/s, and 87.10 gal and 4.25 cm/s, respectively. Interestingly, the corresponding 
CSIs for the PGAs recorded at these two stations are VII and < VI, while the CSIs for PGVs 
are VI and VI, respectively. This suggests that the CSIs aligned with the recorded PGV 
values demonstrate a greater consistency with the published MMI. According to the inves-
tigations of the strong-motion station construction report, it is revealed that all four stations 
are located on gentle slopes or half slopes in front of the mountain. These locations are clas-
sified as NEHRP site class C or D sites. It is believed that the recorded PGA values at these 
stations may undergo amplification due to the influence of terrain or small basin effects.

At period T = 0.1 s, the maximum horizontal spectral acceleration is 702.86 gal for the 
base station SCVK. The stations with spectral accelerations greater than 500 gal are SCVK 
and 51SMM. Furthermore, it is observed that the majority of stations with spectral accelera-
tions greater than 100 gal are located within an area where the published MMI is equal to or 
greater than VI. Moreover, these spectral accelerations tend to attenuate rapidly as the rup-
ture distance increases. At period T = 0.5 s, all horizontal spectral accelerations are less than 
500 gal, and the maximum horizontal spectral acceleration is 466.02 gal at the basic station 
SCTS. With the exception of station 51MNT, the stations exhibiting spectral accelerations 
greater than 100 gal are located within areas where the published MMI is equal to or greater 
than VI. At period T = 1.0 s, station 51LDJ recorded the maximum spectral acceleration of 
205.08 gal, while only 5 stations exhibited spectral accelerations greater than 100 gal. At 
period T = 3.0 s, all the spectral accelerations are less than 30 gal, with the maximum spec-
tral acceleration being 27.06 gal at station 51LDJ.

2.4 Rupture directivity effect

The rupture directivity effect of a seismic fault can significantly influence ground motion. 
The recent generation of seismic hazard map in the United States has begun to take into 
account the impacts of rupture directivity effect (Petersen et al. 2014; Field et al. 2014).

2.4.1 Spatial distribution of the residual

To compare the difference in ground motion between sites in the rupture forward and back-
ward directions, it is necessary to eliminate the average effect of ground motion attenuation. 
This can be achieved by calculating the residuals from the ground motion attenuation rela-
tionship. In our study, we developed a specific ground motion attenuation relationship by 
utilizing strong motion data from the MW 6.6 Luding earthquake. We employed the residu-
als obtained from this relationship to assess the systematic differences in ground motion 
between the rupture forward and backward directions. To accomplish this, we adopted the 

Table 4 PGV interval values corresponding to Chinese seismic intensity
Chinese seismic intensity <VI VI VII VIII IX X
PGV (cm/s) < 3.81 3.81–8.17 8.18–17.6 17.7–37.8 37.9–81.4 > 81.4
EW 70 11 5 0 0 0
NS 71 8 6 1 0 0
UD 80 4 2 0 0 0
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functional form of the simplified ground motion attenuation model, as shown in Eq. 1. All 
observed data are adjusted to site condition of VS30=760 m/s based on the Seyhan and Stew-
art (2014) model.

 ln Y = a0 + a1 ln (Rrup + a2) + a3Rrup (1)

where Y is the ground motion parameters PGA, PGV, SA (T = 0.1, 0.5, 1.0, 3.0, 5.0, 7.5 and 
10.0 s). The coefficients a0, a1, a2, and a3 are obtained by least-squares fitting. a1 and a3 
represent the coefficients of geometric and anelastic attenuation, respectively. The residuals 
were calculated by Eq. 2.

 Res = ln (Yobs)− ln (Ypre) (2)

where Res is the residual, Yobs is the observed ground motion, and Ypre is the predicted ground 
motion.

Figure 4 shows the spatial distribution of the residuals for horizontal PGA, PGV, and SA 
(T = 0.1, 0.5, 1.0, 3.0, 5.0, 7.5 and 10.0 s) obtained from the simplified attenuation model. 
The fault rupture process predominantly occurs from the epicenter towards the south-south-
east direction of the seismogenic fault, exhibiting distinct unilateral rupture characteristics 
(Zhang et al. 2023). Figure 4 reveals that there is a minimal disparity between the residu-
als of PGA and PGV in the rupture forward and backward directions. However, a notable 
trend emerges for SA (T = 0.1, 0.5, 1.0, 3.0, 5.0, 7.5 and 10.0 s). In the rupture forward 
direction, the majority of residuals for SA (T = 0.1, 0.5, 1.0, 3.0, 5.0, 7.5 and 10.0 s) are 
positive, indicating that the observed ground motions are greater than the predicted values. 
Conversely, in the rupture backward direction, most residuals for SA (T = 0.1, 0.5, 1.0, 3.0, 
5.0, 7.5 and 10.0 s) are negative, suggesting that the observed ground motions are lower 
than the predicted values. For periods exceeding 3.0 s, the difference between the residuals 
in the rupture forward and backward directions gradually decreases with increasing period. 
This suggests that the ground motion of the strike-slip MW 6.6 Luding earthquake exhibits a 
notable directivity effect across various periods, especially in medium periods. Specifically, 
the ground motion parameters recorded in the rupture forward direction are greater than the 
average level, while those in the rupture backward direction are fall below the average level.

2.4.2 Quantitative analysis of near-fault directivity effect

Based on the analysis of strong motion observation, Xie et al. (2017) have identified a 
significant insufficient in the directivity effect model proposed by Bayless and Somerville 
(2013) in the NGA-West2 project. Specifically, this model fails to accurately estimate the 
attenuation effect of long-period ground motion in the rupture backward direction. In their 
study, Xie et al. (2017) revised the directivity model of Bayless and Somerville (2013) and 
introduced a new quantitative prediction model for directivity effects based on the observa-
tion results. This improved model allows for a quantitative analysis of both the amplification 
effect in the rupture forward direction and the attenuation effect in the rupture backward 
direction. The parameter model for quantitative prediction of directivity effect is as follows.

 fg = lnS · cos(θ), 0 � θ<180◦  (3)
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in which, S represents the length of the rupture surface projected along the strike towards the 
site (in km). θ (°) denotes the angle between the direction of the rupture and the direction 
from the source to the site. In the directivity model proposed by Xie et al. (2017), the cosine 
value was directly used to express the influence of θ, 0◦ < θ<90◦  represents the position of 
influence in the rupture forward direction, while 90◦ < θ<180◦  represents the position of 
influence in the rupture backward direction. It is worth noting that in line with NGA-West2 

Fig. 4 Spatial distribution of residuals for horizontal (a) PGA, (b) PGV, and (c-l) SA (T = 0.1, 0.5, 1.0, 3.0, 
5.0, 7.5 and 10.0 s) obtained from the simplified attenuation model
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guidelines, the parameter fg is taken as a dimensionless scalar in the study, representing 
solely the strength of the directivity effect.

To quantitative analysis of the rupture directivity effect on S and θ, we utilized strong 
motion data from 37 stations with rupture distances less than 100 km. In Fig. S1, we pres-
ent the variation of regression residuals as a function of cos(θ). Our findings indicate that 
there is no significant systematic deviation in the regression residuals of PGA and PGV with 
the change of cos(θ). However, the regression residuals of spectral acceleration at periods 
greater than 0.1 s exhibit a linear increase with the change of cos(θ). In the rupture for-
ward (when cos(θ) is positive), the residual values of most observation points are positive, 
indicating that the observed ground motions are generally greater than the average value. 
Conversely, in the rupture backward direction (when cos(θ) is negative), the residual values 
of most observation points are negative, indicating that the observed ground motions are 
typically less than the average value.

In Fig. S2, we present the variation of regression residuals for PGA, PGV, and Sa (T = 0.1, 
0.5, 1.0, 3.0, 5.0, 7.5, and 10.0 s) with ln(S). Our analysis reveals that the regression residu-
als of PGA and PGV do not exhibit significant systematic deviation with ln(S). However, the 
regression residuals of spectral acceleration at periods greater than 0.1 s show an increase as 
the rupture length increases. These findings suggest that the amplification effect in the rup-
ture forward direction and the attenuation effect in the rupture backward direction gradually 
intensify with a longer rupture length.

Based on the observed trends in the variation of regression residuals with azimuth angle 
θ and rupture length S, it is speculated that a strong linear relationship exists between the 
residuals and the predictor parameter of directivity effect fg. To explore this relationship, 
the log-linear model proposed by Bayless and Somerville (2013) can be employed to fit the 
regression residuals with fg. The equation representing this linear fit is referred to as Eq. 4 
in the study.

 fD = C0 + C1 · fg  (4)

fD is the regression residual in log, and C0 and C1 are the fitting coefficients.
In Fig. 5, the changes in regression residuals of PGA, PGV, and Sa (T = 0.1, 0.5, 1.0, 3.0, 

5.0, 7.5, and 10.0 s) with fg are depicted, along with the linear fitting line for the residu-
als. Additionally, Table 5 presents the primary parameters of the directivity effect model 
for PGA, PGV, and Sa (T = 0.1, 0.5, 1.0, 3.0, 5.0, 7.5, and 10.0 s). Furthermore, Table 6 
displays the influence coefficients of directivity effects on ground motion at various periods 
in both the rupture forward (θ = 0°, fg=4.0) and rupture backward (θ = 180°, fg=-4.0) direc-
tions, as per the model results obtained through statistical regression analysis of directivity 
effects. The results indicate that in the rupture forward direction, the spectral accelerations 
at periods of 0.1, 0.5, 1.0, 3.0, 5.0, 7.5, and 10.0 s are amplified to 0.2475, 0.2012, 0.3057, 
0.1494, 0.1726, 0.0962, and 0.0798 times the observed mean, respectively. Conversely, in 
the rupture backward direction, the spectral accelerations at periods of 0.1, 0.5, 1.0, 3.0, 5.0, 
7.5, and 10.0 s are weakened to 0.2831, 0.2407, 0.1828, 0.0738, 0.1354, 0.0855, and 0.0747 
times the observed mean, respectively. The effect of rupture directivity is most pronounced 
in amplifying the spectral acceleration at a period of 1.0 s in the rupture forward direction 
and in weakening the spectral acceleration at a period of 0.5 s in the rupture backward 
direction.
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Table 6 The amplification and de-amplification coefficients of directivity effects on spectral accelerations at 
different periods
Amplification SA

0.1 s 0.5 s 1.0 s 3.0 s 5.0 s 7.5 s 10.0 s
Rupture forward direction 0.2475 0.2012 0.3057 0.1494 0.1726 0.0962 0.0798
Rupture backward direction -0.2831 -0.2407 -0.1828 -0.0738 -0.1354 -0.0855 -0.0747

Observed ground motion parameters C1 C0 RMSD
PGA 0.0133 0.0025 0.5950
PGV 0.0111 0.0025 0.3509
Sa (0.1s) 0.0663 -0.0178 0.5258
Sa (0.5s) 0.0552 -0.0197 0.6504
Sa (1.0s) 0.0611 0.0615 0.6278
Sa (3.0s) 0.0279 0.0378 0.4183
Sa (5.0s) 0.0385 0.0186 0.4560
Sa (7.5s) 0.0227 0.0054 0.4245
Sa (10.0s) 0.0193 0.0025 0.4790

Table 5 Summary of regression 
results for directivity effects 
based on the proposed log-linear 
model

 

Fig. 5 Variation of residuals with geometric directivity predictor parameter fg for PGA, PGV, and SA 
(T = 0.1, 0.5, 1.0, 3.0, 5.0, 7.5, and 10.0 s)
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2.5 Near-fault velocity pulses

The wavelet method (Baker 2007) was used to identify the velocity pulses characteristics of 
the near-fault strong motion recordings of this earthquake. To consider the uncertainty in the 
direction of the velocity pulses, the observed ground motion was rotated in the horizontal 
plane (Shahi and Baker 2011). This allowed for the identification of velocity pulses in all 
horizontal directions and the classification of a recording as pulse-like when it exhibited 
typical velocity pulse characteristics. Through the analysis of ground motion recordings 
from the Luding earthquake, a distinct pulse-like recording was identified at the 51LDJ 
station, located at a rupture distance of 12.87 km. The orientation of the pulse-like record-
ing is shown in Fig. 6a, with the maximum pulse direction being N6°E. This earthquake is 
classified as a typical strike-slip earthquake, and the maximum pulse recorded by the 51LDJ 
station aligns with the vertical fault direction, as indicated by the black arrow in Fig. 1. This 
alignment is consistent with the pulse characteristics observed in common strike-slip earth-
quakes (Baker 2007; Xie et al. 2012). Figure 6b shows the waveform of pulse-like recording 
along the maximum pulse direction, revealing the presence of typical bidirectional pulse 
characteristics and PGV of 37.0 cm/s.

3 Comparison with the new GMPE in Southwest China

3.1 Comparison of horizontal ground motion with new GMPE in Southwest China

Zhang et al. (2022) developed a horizontal GMPE (ZYLW22) based on the 1324 ROTD50 
data of 70 mainshocks with magnitudes 4.2 ≤ MW≤7.9 that occurred in southwest China 
from 2008 to 2018. The ZYLW22 GMPE is suitable for rupture distances of up to 200 km. 
The observed horizontal ground motion parameters, including PGA, PGV, and SA (T = 0.1, 
0.5, 1.0, and 3.0 s) of the MW 6.6 Luding earthquake, were compared to the median pre-
dictions of the ZYLW22 GMPE, as shown in Fig. 7. The black dashed line represents ± 1 
times the standard deviation of the median prediction. It is observed that a majority of 
the horizontal ground motion parameters within 200 km of the MW 6.6 Luding earthquake 

Fig. 6 Occurrence of azimuth (a) and velocity wave forms (b) of typical pulse-like recording in station 
51LDJ

 

1 3

4347



Bulletin of Earthquake Engineering (2024) 22:4335–4355

fall within ± 1 times standard deviation curve of the median predictions obtained from the 
ZYLW22 GMPE. This suggests that the ZYLW22 GMPE can effectively predict most of 
the horizontal ground motion of the MW 6.6 Luding earthquake. However, the short-period 
ground motions (PGA, SA (T = 0.1 and 0.5s) recorded at SCVK, 51JLT, 51JLN, and 51MNT 
stations, all located with rupture distances of less than 100 km, are slightly higher than + 1 
times the standard deviation of the median predictions. According to the survey of the sta-
tion construction reports, these four stations are located on the second-class terrace or gentle 
slope of the piedmont on both sides of the river valley, with slopes ranging from 40° to 50°. 
In contrast, most other station sites are flat and open. The heightened short-period ground 
motions observed at these specific stations could potentially be influenced by topographic 
amplification effects.

3.2 Residual analysis

On 20 April 2013, a MW 6.7 earthquake occurred in Lushan County, Sichuan Province. 
The CENC reported the earthquake’s epicenter at 30.30°N, 103.00°E, with a focal depth of 
13 km. Wang et al. (2013) conducted a rapid inversion using far-field body wave data and 
the finite fault method to obtain a focal rupture process model. The results indicated that 
the earthquake was a thrust fault earthquake at the southern end of the Longmenshan fault 
zone. The maximum published MMI of this event was IX. On 8 August 2017, a MW 6.5 
earthquake occurred in Jiuzhaigou County, Sichuan Province. The earthquake’s epicenter 
was 33.20°N, 103.82°E, with a focal depth of 20 km. Zhang et al. (2017) utilized inversion 
results from far-field body wave data and near-field co-seismic InSAR data to determine 
that this earthquake was a left-lateral strike-slip event. It was presumed to have taken place 
along the northward extension of the Huya fault. The maximum MMI during this earth-
quake reached IX.

Fig. 7 Comparison of observed horizontal ground motions with the median predictions obtained from the 
ZYLW22 GMPE
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Residual analysis of strong motion data is an effective tool to identify the impact of seis-
mic sources and propagation paths on ground motion. It can also identify the primary factors 
influencing regional differences in ground motion (Rodriguez-Marek et al. 2011; Wen et al. 
2018; Xu et al. 2020). The total residual (Res) is determined by calculating the difference 
between the observed value and the predicted value at each station. This total residual can 
be further divided into inter-event residual (ηe) and intra-event residual (εes) (Al Atik et al. 
2010), as shown in Eq. 5.

 Res = ηe + εes  (5)

In which the subscripts e and s denote earthquake and station, respectively.
The inter-event residual ηe represents the mean deviation of earthquake-related obser-

vations and median predictions obtained from the GMPE. Source effect encompasses the 
influence of rock mass properties in the source area, the energy release characteristics and 
radiation during the source rupture process, and the average stress drop resulting from rock 
mass fracture on the ground motion caused by an earthquake. As such, variations in inter-
event residual ηe can be used to represent the difference in source effect. Variations in crustal 
structure, such as the quality factor Q, can induce alterations in anelastic attenuation over 
longer distances, thereby significantly influencing ground motions beyond 80 km (Abraha-
mson et al. 2014; Boore et al. 2014). For a particular earthquake, the inter-event residual is 
calculated by averaging the residuals between the observed values and the median predic-
tions obtained from the GMPE at Rrup<80 km (Xu et al. 2020). Figure 8 shows the distribu-
tion of inter-event residuals at rupture distances of 0–200 km for the 2013 MW 6.7 Lushan 
earthquake, the 2017 MW 6.5 Jiuzhaigou earthquake, and the 2022 MW 6.6 Luding earth-
quake. The epicenters of these three earthquakes are shown in Fig. 1.

For the MW 6.6 Luding earthquake, the inter-event residuals over the entire period are 
negative, with slightly negative inter-event residuals for SA (T < 0.5 s). For the MW 6.5 
Jiuzhaigou earthquake, the inter-event residuals are negative for SA (T < 3.0 s) and SA 
(T ≥ 6.0 s), while being positive for SA (3.0 s ≤ T < 6.0 s). For the MW 6.7 Lushan earth-
quake, the inter-event residuals are positive for SA (T < 3.0 s), while being negative for 
SA (T > 3.0 s). Comparing to the Jiuzhaigou earthquake, the inter-event residuals for PGA, 

Fig. 8 Inter-event residuals of 
PGA, PGV, and SAs at periods 
up to 8.0 s for the MW6.6 Luding, 
MW6.7 Lushan, and MW6.5 Jiu-
zhaigou earthquakes based on the 
ZYLW22 GMPE
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PGV, SA (T < 3.0 s), and SA (T > 7.0 s) are larger in the Luding earthquake. However, the 
inter-event residuals for SA (3.0 < T < 7.0 s) are larger in the Jiuzhaigou earthquake than in 
the Luding earthquake. These results indicate that the source effect of the strike-slip Lud-
ing and Jiuzhaigou earthquakes is weaker when compared to the average level of shallow 
crustal mainshocks in southwest China as considered in the ZYLW22 GMPE. Specifically, 
for periods less than 3.0 s, the source effect of the Luding earthquake is stronger than that 
of the Jiuzhaigou earthquake. On the other hand, the source effect of the thrust-fault Lushan 
earthquake is stronger than the average level of shallow crustal mainshocks in southwest 
China in short and medium periods, but weaker than the average level of shallow crustal 
mainshocks in long periods.

Figure 9 shows the distribution of the intra-event residuals for PGA, PGV, and SA 
(T = 0.1, 0.5, 1.0, and 3.0 s) as a function of rupture distance for the Luding, Lushan, and 
Jiuzhaigou earthquakes, as calculated based on the ZYLW22 GMPE. The intra-event resid-
uals of ground motion for the Luding earthquake show a decrease in each period, correlating 
with the rupture distance. However, the amplitude of this decrease is minimal. On the other 
hand, the intra-event residuals of short-period ground motion (PGA, SA (T = 0.1 and 0.5 s) 
for the Lushan earthquake exhibit an increase with rupture distance increases. Conversely, 
the intra-event residuals of medium- and long-period ground motion (PGV, SA (T = 1.0 and 
3.0s) remain unchanged with rupture distance. The intra-event residuals of the short-period 
ground motion (PGA, SA (T = 0.1 s) for the Jiuzhaigou earthquake show a decrease with 
rupture distance, while the intra-event residuals of the medium- and long-period ground 
motion (PGV, SA (T = 1.0 and 3.0 s) reveal a slight increase with rupture distance. These 
results indicate that the ZYLW22 GMPE effectively captures the anelastic attenuation char-
acteristics in the three strong earthquake areas of Sichuan Province, especially in medium 
and long periods. This contrasts with the Boore et al. (2013) GMPE, which indicated lower 
anelastic attenuation due to a higher crustal quality factor Q in the Lushan earthquake area, 
as highlighted by Wen and Ren (2014). The anelastic attenuation (Q) in the Longmenshan, 
Xianshuihe, and Huya fault zones exhibits significant regional variability and periodic cor-

Fig. 9 Intra-event residuals of PGA, PGV, and SA (T = 0.1, 0.5, 1.0, and 3.0 s) for the MW6.6 Luding, 
MW6.7 Lushan, and MW6.5 Jiuzhaigou earthquakes based on the ZYLW22 GMPE
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relation, which can be attributed to variations in the regional tectonic background and the 
heterogeneity of crustal structure. This observation aligns with the findings reported by 
Graizer (2022).

4 Summary and conclusions

In this study, we preliminarily analyzed the near-fault ground motion amplitude, acceleration 
response spectra characteristics, and the spatial distribution of horizontal ground motions for 
the MW 6.6 Luding earthquake. The residuals obtained from the simplified ground motion 
attenuation model were utilized to evaluate and quantify the difference in horizontal ground 
motion between the rupture forward and backward directions. Then the pulse-like feature 
of near-fault ground motion was investigated. Based on the ZYLW22 GMPE in southwest 
China, we investigated whether the MW 6.6 Luding earthquake conforms to the observed 
ground motion attenuation characteristics in the mainshocks of this region. Additionally, 
the factors that influence the variation in ground motion for three earthquakes with similar 
magnitude in Sichuan Province were investigated.

The results indicate that most of the larger PGA, PGV, and spectral accelerations at each 
period are located in areas where the published MMI is equal to or greater than VI. Fur-
thermore, the horizontal ground motion exhibits rapid attenuation with increasing rupture 
distance. The CSIs corresponding to the recorded PGAs and PGVs are consistent with the 
distribution of published MMI, especially for the CSIs corresponding to the recorded PGVs. 
The analysis reveals that the Luding earthquake exhibits the strongest horizontal ground 
motion at the short period T = 0.1 s, with a maximum spectral acceleration is 702.86 gal. 
However, for the long periods (T = 3.0 s), all spectral accelerations are below 30 gal.

The spatial distribution of the residual reveals a minimal disparity between the residuals 
of PGA and PGV in the rupture forward and backward directions. However, a notable trend 
emerges for SA (T = 0.1, 0.5, 1.0, 3.0, 5.0, 7.5 and 10.0 s). In the rupture forward direction, 
the observed ground motions are greater than the predicted values. Conversely, in the rup-
ture backward direction, the observed ground motions are lower than the predicted values. 
The ground motion of the strike-slip MW 6.6 Luding earthquake exhibits a notable directiv-
ity effect across various periods, especially in medium periods.

The quantitative analysis of the rupture directivity effect on rupture length S and azi-
muth angle θ indicates that there is no significant systematic deviation in the regression 
residuals of PGA and PGV with the change of cos(θ) and ln(S). However, the regression 
residuals of spectral acceleration at periods greater than 0.1 s exhibit a linear increase with 
the change of cos(θ) and ln(S). The linear model between the residuals and the directivity 
effect parameter fg indicates that in the rupture forward direction, the spectral accelerations 
at periods 0.1–10.0 s are amplified to 0.0798–0.305 times the mean level. Conversely, in the 
rupture backward direction, the spectral accelerations at periods 0.1–10.0 s are weakened to 
0.0738–0.2831 times the mean level. The effect of rupture directivity is most pronounced in 
amplifying the spectral acceleration at a period of 1.0 s in the rupture forward direction, and 
in weakening the spectral acceleration at a period of 0.5 s in the rupture backward direction. 
From periods 1.0 s to 10.0 s, the influence of the rupture directivity effect typically dimin-
ishes with increasing period. This behavior markedly contrasts with the rupture directivity 
effect observed in 2016 MW 7.0 Kumamoto earthquake in Japan (Xie et al. 2017), which is 
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primarily attributed to the imaging of two subevent in the slip distribution of the MW 6.6 
Luding earthquake (Zhang et al. 2023). The directivity effect of near-fault ground motion 
for strike-slip earthquakes is primarily attributed to the directivity of the earthquake source 
rupture, often results in ground motion amplification in front of the fault rupture (Xie et 
al. 2017; An et al. 2019). The dominant rupture direction of this event is south-southeast 
(Zhang et al. 2023), aligning well with the findings drawn from our study. The maximum 
pulse direction recorded by the 51LDJ station is N6°E, aligning with the vertical fault direc-
tion. The velocity pulses had distinct bidirectional pulses in the waveforms, with a PGV of 
37.0 cm/s.

The ZYLW22 GMPE exhibits the capability to effectively predict most of the horizontal 
ground motions observed in the Luding earthquake. The strong short-period ground motions 
observed at the four stations within 100 km may be attributed to the topographic amplifica-
tion effect, such as steep slopes on both sides of the river valley or gentle slopes in the front 
of the mountain. The source effect of the strike-slip Luding and Jiuzhaigou earthquakes is 
weaker than the average level observed in shallow crustal mainshocks in southwest China. 
Furthermore, the source effect of the Luding earthquake on ground motion is stronger than 
that of the Jiuzhaigou event for periods less than 3.0 s. The thrust fault Lushan earthquake 
exhibits a source effect on ground motion that is stronger in short and medium periods but 
weaker in long periods, compared to the average level of shallow crustal mainshocks in 
southwest China. This observation aligns with the findings of Graizer (2018), who also 
noted higher amplitudes at short periods for thrust fault earthquakes. The ZYLW22 GMPE 
effectively capture the anelastic attenuation in the Sichuan strong earthquake area, espe-
cially in medium and long periods. The anelastic attenuation of the Longmenshan fault 
zone, Xianshuihe fault zone, and Huya fault zone in Sichuan exhibit significant regional 
variation and periodic correlation, which can be attributed to the variation in regional tec-
tonic background and the heterogeneity of crustal structure.

The research findings indicate that the ground motion of strike-slip earthquakes in Sich-
uan exhibits a significant directivity effect in the medium and short periods. In addition, the 
source effect of three earthquakes with similar magnitude in Sichuan is closely linked to the 
fault type and period. To enhance the accuracy of ground motion predictions for seismic 
fortification, future GMPE construction in southwest China should comprehensively con-
sider the directivity effect of strike-slip earthquakes in relation to periods. This is crucial as 
the original GMPE only considers the effects of fault type and would benefit from further 
integration of periodic correlations.
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