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Abstract: Recent earthquakes in the Sichuan Province have contributed to significantly expand the existing ground-motion database
for China with new, high-quality ground-motion records. This study investigated the compatibility of ground-motion prediction equations (GMPEs) established by the NGA-West2 project in the US and local GMPEs for China, with respect to magnitude scaling, distance scaling, and site scaling implied by recent Chinese strong-motion data. The NGA-West2 GMPEs for shallow crustal earthquakes in tectonically active regions are considerably more sophisticated than widely used previous models, particularly in China.
Using a mixed-effects procedure, the study evaluated event terms (inter-event residuals) and intra-event residuals of Chinese data relative to the NGA-West2 GMPEs. Distance scaling was investigated by examining trends of intra-event residuals with source-to-site
distance. Scaling with respect to site conditions was investigated by examining trends of intra-event residuals with soil type. The
study also investigated other engineering characteristics of Chinese strong ground motions. In particular, the records were analyzed
for evidence of pulse-like forward-directivity effects. The elastic median response spectra of the selected stations were compared to
code-mandated design spectra for various mean return periods. Results showed that international and local GMPEs can be applied for
seismic hazard analysis in Sichuan with minor modification of the regression coefficients related to the source-to-site distance and soil scaling.
Specifically, the Chinese data attenuated faster than implied by the considered GMPEs and the differences were statistically significant in some cases. Near-source, pulse-like ground motions were identified at two recording stations for the 2008 Wenchuan earthquake, possibly implying rupture directivity. The median recorded spectra were consistent with the code-based spectra in terms of
amplitude and shape. The new ground-motion data can be used to develop advanced ground-motion models for China and worldwide and, ultimately, for advancing probabilistic seismic hazard assessment (PSHA).
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Sichuan Province is one of the most earthquake-

of new ground-motion models for probabilistic seismic

prone areas in China. Recently, the 2008 MS 8.0 (MW

hazard analysis (PSHA). PSHA represents the first step

7.9) Wenchuan earthquake, the 2013 MS 7.0 (MW 6.6)

of probabilistic seismic risk assessment and perfor-

Lushan earthquake, and the 2017 MS 7.0 (MW 6.5) Jiu-

mance-based earthquake engineering (PBEE). The as-

zhaigou earthquake have stricken Sichuan, causing vast

sessment of seismic risk represents, in turn, the first step

socio-economic loss. These three events were well-recorded

towards the development of risk reduction strategies.

by the National Strong Motion Observation Network

Ground motion prediction equations (GMPEs), also

System (NSMONS) of China, which has been in full opera-

known as ground-motion models and attenuation rela-

tion since 2008. These records represent abundant new

tions, are a key component in PSHA. They are empirical

data for earthquake engineering and engineering seismol-

models estimating the probability distribution of ground-

ogy research in China, particularly for the development

motion intensity measures (I Ms; e.g., peak ground accel-
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eration, PGA; spectral accelerations, S a ), occurring at a
given site, as a function of magnitude, source-to-site distance, soil properties, focal mechanism, and other parameters. There are some limitations in the current GMPEs
for China. For instance, the Huo89 model [1] , a widely
used and validated set of GMPEs for PGA and S a for
China, was developed using a conversion method proposed for regions with little ground-motion data[2], and
considered only magnitude, source-to-site distance (in
terms of epicentral distance, Repi ) and soil-type as predictors. Yu et al. [3] proposed a set of GMPEs for the
latest, fifth-generation Chinese seismic zonation map using the same conversion method and including events up
to 2008. However, the model of Yu et al. is only applicable to rock sites. None of the existing GMPE sets for
China account for the style-of-faulting. Moreover, more
complex effects, such as hanging-wall effect, groundmotion directivity, and nonlinear site response, have not
been included in past Chinese GMPEs. This is because
the required data/information is often difficult to obtain
or must be estimated through empirical relations characterized by relatively high-uncertainty.
The NGA-West2 project, coordinated by the Pacific Earthquake Engineering Research Center (PEER),
developed five advanced GMPEs[4–8] based on a global
dataset of shallow crustal earthquakes in tectonically active regions, addressing the aforementioned issues.
Given the recent availability of high-quality recorded
data in Sichuan, the applicability of the NGA-West2
models for this region is of special interest. The comparison between the extended ground-motion database for
the Sichuan Province and the latest NGA-West2 models
represent an important first step towards the future develTab. 1
Event

Date

Wenchuan* 2008-05-12
Lushan

+
×

Jiuzhaigou

113

opment of improved, more sophisticated GMPEs for
Sichuan and, ultimately, for China.
To this aim, this study investigates the compatibility of international GMPEs established by the NGAWest2 project and the local Huo89 GMPEs to the
ground-motion records from three major, recent events in
the Sichuan Province. The model compatibility is investigated in terms of magnitude scaling, source-to-site distance scaling, and site scaling. A similar study was carried out for Italian data by Scasserra et al.[9] using the
first generation NGA-West models[10–14], and showing,
for instance, the Italian data attenuated faster than implied by the NGA models at short periods. Wang et al.[15]
also compared the Wenchuan earthquake data with the
NGA-West models and found that the Wenchuan earthquake was characterized by an inconsistent site scaling with
respect to the site scaling from the NGA models. This
paper also attempts to preliminarily investigate nearfault directivity effects in China by identifying pulselike ground motions in the considered Chinese dataset. Finally, a comparison between the code-based
spectra in China and recorded spectra for each event
is presented. The considered code-based spectra are
derived by the current Chinese Seismic Design Code
for Buildings (GB50011—2010 [16]) and the recently
released seismic hazard map[17], which are also based on
the lessons learned from the Wenchuan earthquake.

1 The strong-motion dataset
The dataset considered in this study has been
provided by the China Earthquake Data Center at the
China Earthquake Administration (CEA). The metadata
for each considered event is listed in Tab. 1.

Metadata for the three considered events in Sichuan

Epicentre
Epicentre
Depth/km
latitude/(°) longitude/(°)

Fault
style

MW MS Strike/(°) Dip/(°) Rake/(°) Length/km Width/km Comp.
number

31.0

103.4

14

FR

7.9

8

229.4

32.0

118.3

308

40

404 (93)

2013-04-20

30.3

103.0

13

FR

6.6

7

205.0

38.5

88.8

66

35

123 (59)

2017-08-08

33.2

103.8

20

FS

6.5

7

148.5

68.9

–3.1

57

27

67 (34)

Note: FR is the reverse fault; FS is the strike-slip fault; Comp. number is the total number of 3-component records, while the number of selected
3-component records with RJB ≤ 250 km is shown in brackets; the finite-fault models are obtained from * Wang et al.[18], + Wang et al.[19],
× Wang et al.[20].

The scatter plot of moment magnitude MW against

sites are represented through green circles.

the Joyner-Boore distance RJB in km (i.e., the closest dis-

Several predictive variables are needed for the im-

tance to the surface projection of the rupture plane) is

plementation of the NGA-West2 models and the China-

presented in Fig. 1, where the data recorded at rock sites

specific models. The moment magnitude MW is used in

are represented through red circles and the records at soil

all the considered model. The finite-fault models are ob-
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Tab. 2

8.0

Cover layer thicknessand VS20 for different site
classes in the Chinese Code for Seismic Design
of Buildings (GB50011—2010 [16])

MW

7.5

Cover layer thickness/m
VS20/(m·s–1)

7.0

Ⅰ0
6.5

VS20 >800

6.0
0.1

1.0

100.0
RJB/km

Fig. 1

Site class

dip and rake angle, the width and length of rupture fault,
and the depth to the top of the rupture ( ZTOR ) in km
(measured from the ground surface). Since the fault
plane geometry is known, different distance metrics at
the stations, required by the different ground-motion
models, can be easily calculated, namely, the JoynerBoore distance (RJB /km), the closest distance to the rupture plane (RRUP /km), the distance measured perpendicular to the fault strike from the surface projection of the
up-dip edge of the fault plane (RX /km). Moreover, the
hanging-wall indicators are computed based on the finite-fault model according to the NGA-West2 definition.
The region-specific parameters, e.g., region predictor[4–5],
the coefficient of regional differences ∆c20 [6] , and the
multiplicative adjustment factor γ [7] accounting for
anelastic attenuation, are chosen for China accordingly.
The soil classification used for the NSMONS stations has only two categories, rock and soil, due to the
lack of borehole data or any other type of detailed mea-

≥5

250 ≥ VS20 >150

<3

3～50

>50

<3

3～15

15～80

VS20 ≤ 150

>80

The NGA-West2 models all require the knowledge
of the VS30 parameter. Yu[22] obtained the borehole data
and the resulting VS20 soil profiles for 147 stations in the
Sichuan Province and the Gansu Province. Assuming the
soil medium would be unchanged from the bottom of the
borehole till a 30 m depth, Yu assumed VS30 = VS20 for all
stations; 80 stations out of the 147 above are used in this
study ( VS30 values at those 80 stations are denoted by
VS30,measured ). Alternatively, the USGS VS30 Models and
Data platform[23] provides an estimated VS30 value (denoted here as VS30,estimated ) for locations within latitude
–56° to 84° and longitude –180° to 180° at 30 arcseconds grid resolution, based on the global topographic slope. The VS30,estimated ranges from 98 m/s to
2 197 m/s and VS30,estimated = 600 m/s for water-covered
areas. The scatter plot of VS30,measured against VS30,estimated for
the 80 stations introduced above is shown in Fig. 2, highlighting that the VS30,estimated is, on average, higher than the
VS30,measured , especially in the range VS30,measured ≤ 500 m/s
(red area).
900
800
VS30, estimated/(m·s−1)

50011—2010). In fact, based on the cover layer thickness in
m and VS20 in m/s, i.e., the average shear-wave velocity

500
400

mic Design of Buildings classifies a site into five pos-

200
200

This is similar to the six-category (A to F) site clasFig. 2

51LSH

600

300

sible classes, as described in Tab. 2.

51BXZ

700

in the upper 20 m of the soil, the Chinese Code for Seis-

based on VS30 , the average shear-

0

<5

Chinese Code for Seismic Design of Buildings (GB

Program (NEHRP)

Ⅳ

0

from the four-category site classification specified in the

[21]

Ⅲ

500 ≥ VS20 >250

surements. This two-category classification is different

sification in the National Earthquake Hazards Reduction

Ⅱ

800 ≥ VS20 >500

Scatter plot of MW against RJB and total numbers
of selected three-component (3 ×) records

tained from published studies[18–20], providing the strike,

Ⅰ1

Soil
Rock
300

400 500 600 700
VS30, measured/(m·s−1)

800

900

Scatter plot of VS30,measured and VS30,estimated for the
considered stations, colored by the two-category
soil classification

wave velocity in the upper 30 m soil in m/s. The cover
layer thickness in m is the thickness of the soil layer
above the rock, with shear-wave velocity > 500 m/s[16].

According to the Chinese Code for Seismic Design
of Buildings, VS20 > 500 m/s corresponds to the bedrock,
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where the drilling of borehole test is stopped. Yu also

(b), (e), (h) Lushan earthquake; (c), (f), (i) Jiuzhaigou

stated that when the drilling depth was significantly less

earthquakes, given VS30 = 360 m/s. For simplicity, the

than 20 m, there may exist inaccuracy in the VS30,measured

following acronyms are used hereinafter: ASK14 for the

value. For example, station 51BXZ (red dot in Fig. 2) is

model of Abrahamson et al.[4]; BSSA14 for the model of

located at a site classified as rock by NSMONS. Accord-

Boore et al. [5] ; CB14 for the model of Campbell and

ing to the borehole data at this station, the depth of the

Bozorgnia [ 6 ] ; CY14 for the model of Chiou and

borehole is 18.20 m and the medium at the bottom of the

Youngs[7]; and I14 for the model of Idriss[8].

borehole has shear-wave velocity 658 m/s (considered as

For illustrative purpose, the predictors are set as fol-

rock). Yu computed the average shear-wave velocity

lows: VS30 = 360 m/s, similar to stiff soil D in NEHRP;

VS30,measured = 379 m/s (as hard soil, Class Ⅱ according to

RRUP and Repi are assumed to be equal to RJB ; fault ge-

GB50011—2010) while the USGS gives VS30,estimated =

ometry varies depending on events; no hanging-wall ef-

900 m/s as rock Class Ⅰ. Similarly, station 51LSH (the

fect is assumed; region-specific parameters are chosen

last green dot on the right) situates on a site classified as

for China; other parameters (e.g., RX ; RY , the horizontal

soil by NSMONS. The borehole depth of this station is

distance (km) from the top edge of the rupture, mea-

9.8 m when reaching the bedrock with shear-wave veloc-

sured along fault strike; Z1.0 depth in km to VS30 = 1.0

ity 1 160 m/s. Yu computed VS30,measured = 858 m/s (as

km/s; Z2.5 depth in km to VS30 = 2.5 km/s; ZBOT depth in

rock, Class Ⅰ) while USGS provides VS30,estimated = 470 m/s

km to the bottom of the seismogenic crust) are set as un-

as hard soil, Class Ⅱ. Fig. 2 and these specific cases

known.

highlight the large uncertainty in the site classification

It is worth noting that the geometric mean of the

and, in particular, in the simplified estimation of the VS30

two horizontal ground-motion components is used in this

values, which suggest there might be misclassifications

study, while the NGA-West2 models use RotD 50 (i.e.,

of the site class at some locations. The VS30 parameter ac-

the median single-component horizontal ground-motion

counts for the local site conditions and its accuracy has a

across all non-redundant azimuths). However, studies

huge impact on the ground-motion models and its appli-

(e.g., Barani et al.[24]) show that the differences between

cation. In fact, the local site conditions can modify the

the geometric mean and RotD 50 are minimal (negligible

ground motion in terms of amplitude, frequency and du-

at low periods and, generally, less than 5%～8%). The

ration. As shown above, available information at seismic

impact of different IM definitions is under investigation

stations are frequently inadequate for a proper site char-

by the authors.

acterization and can have a significant impact on the

As shown in Fig. 3 (a), (d), (g), there is an overall

definition of seismic hazard both at large and local scale.

good compatibility for the Wenchuan earthquake

There is an urgent need to invest in site characterization

between the NGA-West2 models and the historical data,

of the recording stations in order to improve the current

for all the considered periods (i.e., 0, 0.1 and 1.0 s). This

knowledge on strong motion seismology.

result is somehow expected as this event is included in

For the purpose of this study, the VS30,measured value at

the NGA-West2 database and in the calibration of the

each station is used as the preferred value in the analysis

considered GMPEs. The Huo89 gives a similar median

and, if this data is not available, the VS30,estimated is used, in-

prediction to the NGA-West2 models but slight overes-

stead.

timates the spectral accelerations at 1.0 s. With respect to

2 Comparison with NGA-West2 GMPEs
2.1 Comparisons of the median prediction

the Lushan earthquake in Fig. 3(b), (e), (h), the NGAWest2 models show a good compatibility with the observed PGA data, though they slightly underestimate the

The historical data are first visually compared with

spectral accelerations at 0.1 s and overestimate them at

the estimates of PGA , and S a at two representative pe-

1.0 s. Huo89 model underestimates the observed PGA

riods, i.e., 0.1 and 1.0 s, from the NGA-West2 models

and S a (T = 0.1 s) data for the Lushan earthquake but

and the Huo89 model, as shown in Fig. 3, where the

overestimates the S a (T = 1.0 s) data. Finally, with re-

plots in column refer to (a), (d), (g) Wenchuan earthquake;

spect to the Jiuzhaigou earthquake in Fig. 3(c),
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ASK14

BSSA14

CB14

CY14

1.000

1.000

1.000

0.100

1.0

10.0
R, RJB/km
(a)

1.0

10.0
R, RJB/km
(b)

0.1

100.0

10.000

10.000

1.000

1.000

1.000

0.010

Sa(T=0.1 s)/g

10.000

0.100

0.100
0.010

MW=7.9, VS30=360 m/s
10.0
R, RJB/km
(d)

10.000

1.0

10.0
R, RJB/km
(e)

0.1

0.010
0.001

0.100
0.010
0.001

1.0

10.0
R, RJB/km
(g)

100.0

10.0
R, RJB/km
(f)

100.0

MW=6.5, VS30=360 m/s

1.000

Sa(T=1.0 s)/g

Sa(T=1.0 s)/g

0.100

1.0

10.000
MW=6.6, VS30=360 m/s

1.000

0.1

0.010

100.0

10.000
MW=7.9, VS30=360 m/s

100.0

0.001
0.1

100.0

10.0
R, RJB/km
(c)

MW=6.5, VS30=360 m/s

0.001
1.0

1.0

0.100

MW=6.6, VS30=360 m/s

0.001
0.1

MW=6.5, VS30=360 m/s

0.001
0.1

100.0

Rock

0.100
0.010

MW=6.6, VS30=360 m/s

0.001

Sa(T=0.1 s)/g

Sa(T=0.1 s)/g

0.100
0.010

MW=7.9, VS30=360 m/s

PGA/g

10.000

0.1

Soil

Jiuzhaigou

10.000

0.001

Sa(T=1.0 s)/g

Huo89

10.000

0.010

Fig. 3

I14

Lushan

PGA/g

PGA/g

Wenchuan
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1.000
0.100
0.010
0.001

0.1

1.0

10.0
R, RJB/km
(h)

100.0

0.1

1.0

10.0
R, RJB/km
(i)

100.0

Comparisons between the historical data and median predictions of (a)～(c) PGA, (d)～(f) Sa(T = 0.1 s), (g)～(i) Sa(T =
1.0 s)

(f), (i), the NGA-West2 and Huo89 models significantly

visual-inspection based comparisons between the me-

overestimate the observed PGA values and the con-

dian predictions from the benchmark GMPEs and the

sidered spectral ordinates. Moreover, the Huo89 model

Chinese data. This section provides a quantitative analy-

gives a higher decay rate than the NGA-West2 models,

sis of the compatibility of the NGA-West2 models and

particularly in the far-field.

the Huo89 model with the Sichuan data. The residuals

The visual comparison of Fig. 3 shows that the

between the observed data and the median predictions

NGA-West2 and Huo89 models may require some modifi-

from each considered GMPEs are evaluated at eight pe-

cation to be fully applicable to the Sichuan region.

riods of 0 s (i.e., PGA), 0.1, 0.2, 0.3, 0.5, 1.0, 1.5, and 2.0 s,

Either overestimation or underestimation of the actual
data may result in biased seismic hazard and risk esti-

individually. The residuals are computed as in Eq. (1):
( )
(
)
ri j k = ln I Mi j,obs − ln I Mi j k
（1）

mate, and consequently, in biased estimates of potential

In Eq. (1), (ri j )k is the residual at site j for the event i given

earthquake-induced loss (e.g., for insurance purposes,

model k , I Mi j,obs is the observed I M at site j for the event

risk management, etc.).

i , (I Mi j )k is the median I M at site j for the event i calcu-

2.2 GMPE bias and standard deviation

lated using the model k (in natural log units). For simplic-

The previous section has introduced qualitative,

ity, subscript k will be omitted in the rest of the paper.
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The analysis of residuals with respect to magnitude,

0.3

source-to-site distance and site scaling requires the

ASK14
BSSA14
CB14
CY14
I14
Huo89

0.2

knowledge of the inter- and intra-event residuals. A linear
0.1
c

mixed-effect regression is performed to calculate these
quantities by the fitlme function in MATLAB, as in Eq. (2):
ri j = c + ηi + εi j

117

0

（2）

−0.1

In Eq. (2): c is the constant representing a mean offset
−0.2

(or bias) of the data relative to the selected GMPE k ; ηi is

0

the inter-event residual of event i with zero mean and τ
standard deviation, accounting for the variability

0.30

ual at site j of event i with zero mean, and σ standard

0.25

deviation, accounting for the variability between differ-

0.20

ent sites within the same event.

0.15

τ

between events at the same site; εi j is the intra-event resid-

As shown in Fig. 4(a), the constant coefficient c and

0.10

its 95 % confidence interval (denoting by the upper and

0.05

lower bars) indicate that there would be a slight misfit

0

particularly at long periods. The trend of the constant
coefficient c against periods is consistent among the six

0.30

GMPEs. Regarding the NGA-West2 models, parameter c

0.25

is slightly greater than zeros at short periods (T < 0.5 s)

0.20
σ

and lower than zeros at longer periods. This suggests that
the NGA-West2 models would underestimate the obser-

0.15

0

the confidence intervals (e.g., ASK14 and CY14 at period 0.2 s). The Huo89 model gives a coefficient c com-

variables.

ASK14
BSSA14
CB14
CY14
I14
Huo89

0

cantly deviate from zero, when zero is not included within

information on various earthquake effects/regression

1.0
1.5
2.0
T/s
(b) inter-event standard deviation τ

0.05

longer periods. The constant coefficient c does not signifi-

terized by higher epistemic uncertainty due to the lack of

0.5

0.10

vations at shorter periods and overestimate them at

tical hypothesis c = 0. In fact, the Huo89 model is charac-

2.0

ASK14
BSSA14
CB14
CY14
I14
Huo89

and a huge discrepancy with respect to the Huo89 model,

variability, which results in the non-rejection of the statis-

1.0
1.5
T/s
(a) bias parameter c

0

between the Sichuan data and the NGA-West2 models

parable with the NGA-West2 models but with higher

0.5

Fig. 4

0.5

1.0
1.5
2.0
T/s
(c) intra-event standard deviation σ

Scatter plot of bias parameter c, inter-event standard deviation τ , and intra-event standard deviation
σ for the six GMPEs against periods

higher variability across events. The values obtained
from the five NGA-West2 GMPEs are smaller than expected,
which is possibly due to the amount of recordings for

The inter-event standard deviation τ and the intra-

each event and the fact that two out of three events were

event standard deviation σ versus periods and their 95%

caused by the same focal mechanism/fault. The intra-

confidence interval are also presented in Fig. 4(b)～(c).

event standard deviations σ values computed from the

In terms of inter-event standard deviation τ , the NGA-

NGA-West2 models are consistent, with little variations,

West2 models generally give small values close to zero

while Huo89 produces higher estimates of σ with larger

while Huo89 model provides a consistent standard devi-

variabilities. The trend of σ against periods is consistent

ation that is higher than the NGA-West2 models, which

for all GMPEs.

is possibly because the Huo89 model does not consider

The inter-event residual vector η = (ηi ) is important

the style-of-faulting and other predictors and, thus, has a

to investigate the magnitude scaling. Due to the issues
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discussed above, the inter-event residual η is relatively

models present distance dependency in S a (T = 0.1 s) but

small and the magnitude scaling cannot be properly cap-

unbiased distance attenuation in PGA and at long periods

tured by analyzing η . In addition, this study only con-

(T ≥ 1.0 s). The negative slope values in the models and

siders three events and two of them have a very similar

the statistically significant distance dependency suggest a

magnitude. However, the visual comparisons of Fig. 3

faster decay in distance of the Sichuan data comparing to

seem to suggest that the magnitude scaling is well-

these GMPEs. Nonetheless, the absolute values of the

modeled for the three considered events. Thus, this study

slope are small in general, possibly due to the limited

will further focus on the compatibility of the considered

quantity of data.

models with respect to source-to-site distance scaling and

According to the results in this section, the distance

VS30 -based site effect implied by the China data.

scaling in the NGA-West2 and Huo89 models needs to

2.3 Distance scaling

be adjusted to better capture the observed distance de-

This section assesses the chosen models in charac-

pendency in the Sichuan data. Thus, in the next sections,

terizing the source-to-site distance scaling of the Sichuan

the intra-event residuals εi j are re-computed by remov-

data. It is assumed that the intra-event residuals are pro-

ing the distance dependency defined by Eq. (3) and the

portional to the logarithm of the source-to-site distance

remaining residuals, denoted by ε̃i j, are studied regard-

R. A linear regression is performed as in Eq. (3):
( )
εi j = aR + bR ln Ri j + ε̃i j

ing the VS30 shear-wave velocity.
（3）

In Eq. (3), aR and bR are the regression coefficients for
the distance scaling, Ri j is the source-to-site distance in
km at station j of event i , ε̃i j is the remaining intra-event
residual at station j of event i that results from the fit of Eq. (3).

2.4 Site effects
The scaling of ground motions with respect to the
VS30 parameter is analyzed in this section. The remaining

intra-event residuals ε̃i j are assumed to be proportional to
the logarithm of the average shear-wave velocity VS30 .

ASK14, CB14, CY14 and I14, RJB for the BSSA14 model,

The linear model is structured as in Eq. (4):
(
)
ε̃i j = aV + bV ln VS30,i j + ξi j

and Repi for Huo89 model. The slope parameter bR rep-

In Eq. (4), ε̃i j is the intra-event residual excluding the

resents approximately the misfit of the distance scaling in

distance dependency at site j of event i in Eq. (3), aV and

the Sichuan dataset relative to the chosen GMPEs.

bV are the regression coefficients for site effect, ξi j is the

The statistical t-test is used to study the significance level

error term.

The source-to-site distance uses RRUP for models of

（4）

p of the distance dependence in the intra-event residuals.

The slope parameter bV represents approximately

The null hypothesis H0 to be tested is H0 : bR = 0, i.e., no

the misfit of the VS30 scaling in the Sichuan dataset rela-

distance dependence. For example, if p < 0.05 (or 1 – p

tive to the chosen GMPEs. The fitted results of the up-

> 0.95), it is suggested there is significant statistical evi-

dated intra-event residuals ε̃i j against shear-wave veloc-

dence to reject the null hypothesis H0 and there is dis-

ity VS30 are shown in Fig. 6, where the red line is the me-

tance dependency in the data.

dian prediction and the black dashed lines are the 95%

The results of the analysis are plotted in Fig. 5,

confidence interval of predictions (each row corresponds

where the red line is the median prediction and the black

to a ground-motion model). The results show there is no

dashed lines represent the 95% confidence interval of the

evidence to reject the null hypotheses that bV = 0 at 5%

predictions. Fig. 5 shows that there is some distance de-

significance, which is equivalent to not reject the as-

pendency in the residuals of the considered models (each

sumption of no VS30 dependency, except for I14 across

row corresponds to a ground-motion model). In particu-

periods and CY14 for PGA . In general, the results sug-

lar, the CB14 model has a p -value less than 0.05 (i.e.,

gest the VS30 -based site effect in the NGA-West2 models

1– p > 0.95) across the periods, indicating significant

may be compatible with the Sichuan data, except for I14.

evidence to reject the zero slope null hypothesis. The dis-

Compared to the NGA-West2 model, the Huo89

tance dependency is also observed in ASK14 and Huo89

model used the discrete two-category site classification

at short periods ( PGA and S a (T = 0.1 s)), for which the

other than the continuous shear-wave velocity. However,

p -value is less than 0.05. The BSSA14, CY14 and I14

a similar finding is observed between the Huo89 model
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Variation of intra-event residuals against RJB for PG A, Sa (T = 0.1 s), Sa (T = 1.0 s)

and the NGA-West2 models. It may suggest the simpli-

probability of occurrence that depends on the site-to-

fied site category may be a good proxy to partially ac-

source geometry, earthquake magnitude and other

count for site effect. The VS30 dependency is more no-

parameters. The destructive potential of near-fault,

table in PGA than in spectral acceleration, which may be

pulse-like ground motions was evident after many

due to the deep geologic structure (i.e., basin effect) and

earthquakes such as the Northridge earthquake, Cali-

nonlinear site effect.

fornia (1994); Kobe earthquake, Japan (1995); Chi-

2.5 Pulse-like near-source ground motions

Chi earthquake, Taiwan (1999); and L’Aquila earth-

A distinct, long-period velocity pulse often char-

quake, Italy (2009).

acterizes near-fault earthquake ground motions. Such

In this study, the presence of pulse-like ground mo-

pulse is typically observed at the beginning of the

tions in the considered Chinese dataset and the identifica-

fault-normal ground velocity time-history and has a

tion of pulse characteristics is achieved according to
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Variation of updated intra-event residuals against VS30 (m/s) for PG A, Sa (T = 0.1 s), Sa (T = 1.0 s)

Shahi et al.[25]. This approach uses wavelet analysis to

pulse period T p computed for 51DYB and 51MZQ sta-

extract the largest velocity pulse from a given ground

tions are 6.748 s and 9.366 s, respectively. According to

motion, which can be used to quantitatively identify

the empirical relationship[26] between T p and MW , the ex-

those most likely caused by near-fault directivity. Given

pected T p for Wenchuan earthquake is 9.757 s, which is

the records for the three major events in Sichuan, two ve-

consistent with the findings in this paper. The 51DYB

locity ground motions V(t) in cm/s at 51DYB and

station is located on the footwall while the 51MZQ sits

51MZQ stations in the Wenchuan datasets exhibit im-

on the hanging wall of the ruptured fault[15]. The results

pulsive characteristics over a multitude of orientations as

indicate that there is some evidence of pulse-like ground

pulses indicator (PI) greater than 0.85

[26]

, as shown in

motions in the Chinese data. However, due to the

Fig. 7. Given the finite-fault model and metadata of the

scarcity of stations of Wenchuan earthquake in the near-

stations, 51DYB station locates in soil-type site with RJB =

field (i.e., 23 stations at a source-to-site distance < 50

49 km and VS30 = 374 m/s while 51MZQ station situates

km), more detailed investigation regarding the directi-

in soil-type site with RJB = 5 km and VS30 = 766 m/s. The

vity effects, etc. is needed.
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2.6 Code-based spectra and recorded spectra
The current seismic code for building design in
China is the Chinese Code for Seismic Design of
Buildings (GB50011—2010). It was first released in
1978 and has then been revised in 1989, 2001 and
2010 to implement the latest research and lessons
learned during recent domestic and international major earthquake events.
In this Chinese Code for seismic Design of Buildings, the expected performance of a structure is conceptually defined at three levels of seismic hazard: 1) frequent earthquakes, corresponding to a level of the seismic hazard with 63% probability of exceedance in 50
years (i.e., corresponding to a mean return period, T R ,
equal to 50 years); 2) moderate earthquakes, corresponding to a level of the seismic hazard with 10% probability
of exceedance in 50 years (i.e., T R equal to 475 years);
and 3) rare earthquakes, corresponding to a level of the
seismic hazard with 2% probability of exceedance in 50 years
(i.e., T R equal to 2 475 years). Seismic hazard in China is
defined in terms of PGA and characteristic period of the
response spectrum (T g /s), i.e., the upper limit of the
constant spectral acceleration region, refering to the
‘moderate’ earthquake. These parameters are specified in the Seismic Ground Motion Zoning Maps of
China by the CEA. Specifically, the first map is the zoning map in terms of PGA with 10% probability of exceedance in 50 years using a seven-level grading system
(i.e., < 0.05, 0.05, 0.10, 0.15, 0.20, 0.30g, and ≥ 0.40g).
These PGA values are used to determine a seismic intensity to be used for design purposes. The second map

consists of three zones (or three seismic group), defined
as T g = 0.35 s, T g = 0.40 s, and T g = 0.45 s, respectively,
all based on a reference site class Ⅱ. The characteristic
period must be adjusted based on the actual site
class. The appendix of GB50011—2010 provides a
tabulation of seismic intensity, PGA , and seismic
group for all administrative districts (county or above).
The Chinese Code for Seismic Design of Buildings specifies the seismic influence coefficient curve (α), which is
comparable to a response spectrum (Fig. 8).
η2αmax
α=(

Tg γ
)ηα
T 2 max

α/g
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α=[η20.2γ−η1(T−5Tg)]αmax

0.45αmax

0 0.1 Tg

Fig. 8

5Tg
T/s

6.0

Design spectrum of spectral accelerations in
GB50011—2010

The shape of the response spectrum used to calculate the seismic actions is described by the damping
level, the characteristic period T g in s, and the maximum
spectral acceleration αmax in g. The critical damping ratio is set as 5% for ordinary structures and it relates to the
shape adjustment parameters η1 , η2 and γ (equation for
each of those parameters are provided in the code). The
values of αmax for the three levels of seismic hazard are
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given in the code.

out that the median recorded spectra refer to the ex-

In this section, the code-base spectra for the
three mean return periods in GB50011—2010 are

ponential of the mean of ln ( S a ) because it is generally
assumed the spectral acceleration S a follows a log-nor-

visually compared with the median recorded spectra
for the three considered events. It is worth pointing

mal probability distribution. The parameter used to build
the code-based spectra are listed in Tab. 3.

Parameters of spectral acceleration spectra for the three considered events[16–17]

Tab. 3
Event

Site class

Seismic intensity

Seismic group

Tg/s

PGA/g

αmax,50/g

αmax,475/g

αmax,2 475/g

Wenchuan

Ⅱ

Ⅷ

1

0.35

0.20

0.16

0.50

0.90

Lushan

Ⅱ

Ⅶ

2

0.40

0.15

0.12

0.37

0.72

Jiuzhaigou

Ⅱ

Ⅷ

3

0.45

0.20

0.16

0.50

0.90

As shown in Fig. 9, the code-based spectra are con-

At some stations, the individual recorded spectra

sistent in terms of shape with the average recorded spec-

(reported in grey in Fig. 9 ) may exceed the code-based

tra and are larger in amplitude than the average recorded
spectra across the considered period range and mean return periods of interest.

dian spectrum of the Wenchuan earthquake in Fig. 9 (a)
is slightly higher than the code-based spectrum with T R =
50 years but smaller than the T R = 475 years and T R =

Code-based spectrum,
TR=50 years

Code-based spectrum,
TR=2 475 years

Code-based spectrum,
TR=475 years

Median recorded spectrum

2 475 years spectra.
It is worth noting that the exceedance of code spectra, particularly close to the source of a strong earth-

10.00
Sa (T)/g

spectra, in particular at short structural periods. The me-

quake, does not directly imply inadequacy of PSHA at

1.00

the basis of the code spectra[27]. This is also because

0.10

spectra from PSHA, are the results of an ‘average’ of
a series of scenarios considered possible (e.g., small

0.01

and large source-to-site distances). Such an average
0.1

1.0
T/s
(a) Wenchuan earthquake

5.0

quake, even if the corresponding scenario is included in the PSHA.

10.000
Sa (T)/g

may be exceeded close to the source of an earth-

3 Conclusion

1.000
0.100

This study investigated the compatibility of recent

0.010

strong motion data in Sichuan Province, China, with

0.001

state-of-the-art GMPEs established by the NGA-West2
0.1

1.0
T/s
(b) Lushan earthquake

5.0

project for shallow crustal earthquakes in active regions
and with the local Huo89 model for China. The 2008 MS
8.0 ( MW 7.9) Wenchuan earthquake, the 2013 MS 7.0

Sa (T)/g

1.000

(MW 6.6) Lushan earthquake, and the 2017 MS 7.0 (MW
6.5) Jiuzhaigou earthquake are considered as case-study

0.100

events. Using a mixed effects procedure, the analysis

0.010

first evaluated event terms (inter-event residuals) and in0.001

tra-event residuals of the Chinese data relative to the
0.1

1.0

5.0

T/s
(c) Jiuzhaigou earthquake

Fig. 9

Code-based spectra and median recorded spectra
with 5% damping of the three considered earthquakes

NGA-West2 and the Huo89 GMPEs. In particular,
source-to-site distance and local site scaling were investigated by examining trends of intra-event residuals with
distance and the VS30 (i.e., the average shear wave velocity in the upper 30 m) parameter respectively. For the
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considered GMPEs, the analysis results show distance

attenuation law[D].Harbin,China:Institute of Engineering

dependency in the intra-event residuals of CB14,

Mechanics,China Earthquake Administration,1989.[霍俊

ASK14, and Huo89 models, particularly at the short pe-

荣.近场强地面运动衰减规律的研究[D].哈尔滨:中国地震

riod. The VS30 -based site dependency is only found in the
I14 model. In summary, the NGE-West2 and Huo89
models can be applied for seismic hazard analysis in
Sichuan with minor modification of the coefficients regarding the distance scaling and site effect.
A preliminary investigation on near-fault directivity
effects and the presence of pulse-like ground motion re-

局工程力学研究所,1989.]
[2] Hu Yuxianinzheng,Zhang M.A method of predicting

ground motion parameters for regions with poor ground motion data[J].Earthquake Engineering and Engineering Vibration,1984,4(1):1–11.[胡聿贤,张敏政.缺乏强震观测资料地
区地震动参数的估算方法[J].地震工程与工程震动,1984,
4(1):1–11.]
[3] Yu Yanxiang,Li Shanyou,Xiao Liang.Development of

cords in Chinese earthquakes is also carried out. Pulse-

ground motion attenuation relations for the new seismic

like ground motions are observed only at two stations in

hazard map of China[J].Technology for Earthquake Dis-

the Wenchuan earthquake, which may imply some di-

aster Prevention,2013,8(1):24–33.[俞言祥,李山有,肖亮.为

rectivity effects. Strong directivity effects in China re-

新区划图编制所建立的地震动衰减关系[J].震灾防御技

quire more data and further investigation.

术,2013,8(1):24–33.]

Finally, an overview of the design ground motions

[4] Abrahamson N A,Silva W J,Kamai R.Summary of the

and the design response spectra in the current Chinese

ASK14 ground motion relation for active crustal regions[J].

Code for Seismic Design of Buildings is presented. The

Earthquake Spectra,2014,30(3):1025–1055.

code-based spectra are compared with the median recorded
spectra for the three considered earthquakes. The results
show the code spectra are consistent with the observed
spectra in terms of amplitude and shape. However, as expected, individual spectra at some sites may exceed the
code spectra, in particular at short periods.
While this work has focused on Sichuan Province,

[5] Boore D M,Stewart J P,Seyhan E,et al.NGA-West2 equa-

tions for predicting PGA,PGV,and 5% damped PSA for
shallow crustal earthquakes[J].Earthquake Spectra,2014,
30(3):1057–1085.
[6] Campbell K W,Bozorgnia Y.NGA-West2 ground motion

model for the average horizontal components of
PGA,PGV,and 5% damped linear acceleration response
spectra[J].Earthquake Spectra,2014,30(3):1087–1115.

the methodology presented here may be applicable else-

[7] Chiou B S J,Youngs R R.Update of the Chiou and Youngs

where in China. Future work will formally evaluate data

NGA model for the average horizontal component of peak

from other regions by using a similar approach to this

ground motion and response spectra[J].Earthquake

study.
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