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In order to extend the multisource model to vertical ground motion, we fit the vertical ground motion attenuation relationship of
the Wenchuan earthquake. Different from traditional attenuation relationship forms, we propose a simplified ground motion
attenuation function including site effect via a flag related to VS30. +e regression results show that it has site effect on the vertical
ground motion of the Wenchuan earthquake and gradually weakens with the increase in periods. According to residuals analysis,
the hanging-wall effect on vertical ground motion is strong for the Wenchuan earthquake, especially in short periods. +e result
analysis indicates that the shape of the vertical response spectrum based on regression is different from that of the horizontal
component and complies with the recommended design vertical response spectrum of FEMA P-1050. V/H (vertical-to-horizontal
ratios), as a main way to estimate vertical groundmotion, cannot be simply fixed as 2/3.+erefore, site location, site condition, and
frequency spectrum have to be considered comprehensively. +e regression accuracy of the vertical ground motion of the
multisource model is slightly higher than that of the point-source model and lower than that of the finite fault source model. It is
expected that this model will serve as an alternative for source-to-site distance when multiple asperities are to be modeled in the
absence of the detail fault model to get a general scenario of the future ground motions.

1. Introduction

An MW 7.9 earthquake occurred on May 12, 2008, in
Wenchuan, Sichuan province, China. Except for Hei-
longjiang, Jilin, and Xinjiang provinces, it was felt all over
the country, especially in Sichuan, Shaanxi, and Gansu
provinces. +e earthquake caused major losses to the
economy and people’s lives; at the same time, the China
Digital Strong Motion Observation Network (CDMON)
equipped in March 2008 obtained a large amount of high-
quality ground motion [1]. +ese data have greatly enriched
the database on strong ground motion in China and have
also provided a valuable opportunity for studying ground
motion attenuation relationship of large earthquakes.

Ground motion attenuation relationship, also known as
ground motion prediction equation, is an empirical corre-
lation between ground motion parameter and earthquake
characteristics (source, source-to-site distance, site condi-
tion, etc.) [2]. +e relationship is widely used in probabilistic
seismic hazard analysis (PSHA), earthquake early warning
engineering, ShakeMap, etc. [3]. For small and medium
earthquakes or far-field earthquakes, the epicentral distance
or hypocentral distance based on the point-source model is
chosen as the source-to-site distance, and highly popular in
China because of its usefulness and convenience in PSHA.
However, the point-source model is far from suitable for
large earthquakes, especially ones with long fault rupture.
And fault distance based on the finite fault source model is
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recommended to reduce the scatter in the estimates of the
strong ground motion of large earthquakes in near field [4].
However, it is hard to predict the related source parameters
describing the fault rupture plane: the fault dip, rupture
length, down-dip rupture width, depth-to-top of rupture,
etc. +erefore, we proposed the multisource model (also
called the multicircle model in [5, 6]) based on the con-
clusion of synthesizing ground motion of the mainshock of
the Tangshan earthquake (MS 7.6) on July 28, 1976 [7] (see
Figure 1). +e basic assumptions of the multisource model
are as follows:

(1) Fault rupture caused by the mainshock is divided
into a set of subfaults

(2) A subfault has one center, called subepicenter (for
the subfault where the epicenter is located, the
epicenter is also called as the subepicenter)

(3) +e subfault closest to the site has the greatest effect
on ground motion, with others neglected

+e subepicentral distance from the site to the closest
subepicenter is defined to represent the source-to-site dis-
tance parameter. Due to the short fault rupture for a small
magnitude earthquake, it is considered as one subfault only;
the longer fault could be divided into multiple subfaults with
increase in magnitudes. Abrahamson and Silva’s model
(AS08) believes when themomentmagnitude is less than 6.0,
the difference among various distance parameters could be
ignored [8]. Mark and Bonilla’s equation calculates the
length of fault rupture for an MW 6.0 earthquake as about
16 km [9]. +erefore, when the length of fault rupture is
smaller than or equal to 16 km, there is only one subfault;
when it is larger than 16 km, multiple subfaults would be
recommended. And the equation calculating the sub-
epicentral distance is as follows:

(1) +e projection of the site on the strike of seismogenic
fault is located between neighboring subsource
epicenters, and the remaining number of s divided by
16 is smaller than 8 km (see Figure 2(a)), with the
subepicentral distance expressed as

RM �

�����������������������

rem(s, 16)
2

+[R∗ sin(D)]
2



. (1)

(2) +e projection of the site on the strike of seismogenic
fault is located between neighboring subsource
epicenters, and the remaining number of s divided by
16 was larger than or equal to 8 km (see Figure 2(b)),
with the subepicentral distance expressed as

RM �

����������������������������

[16 − rem(s, 16)]
2

+[R∗ sin(D)]
2



. (2)

(3) Others (see Figure 2(c)):

RM �

����������������������������

[R∗ cos(D) − d]
2

+[R∗ sin(D)]
2



, (3)

where RM is the subepicentral distance in km; s is the
distance from projection of the site on the strike of
fault to the epicenter in km (when the projection

point was outside the fault, it was the distance from
the epicenter to the end of the fault); R is the epi-
central distance in km; D is the azimuth angle (acute
angle) between fault plane and ray path to site in
degrees; d is the distance from epicenter to the
outermost subepicenter in km; and rem is the re-
mainder function.

+e multisource model was used to fit the attenuation
relationship for horizontal PGA (peak ground accelerations)
in the Wenchuan earthquake [5] and horizontal ground
motions of the NGA (“Next Generation of Ground-Motion
Attenuation Models” project) database [6]. +e result
showed that the regression accuracy of the multisource
model was higher than the point-source model and lower
than the finite fault source model.

Research on earthquake damage from large earthquakes
shows that the impact of vertical seismic action on structures
cannot be ignored, especially on some functional buildings
(e.g., long-span bridges, nuclear power plants, and dams)
[10]. +e horizontal ground motion attenuation relationship
has attracted more attention than the vertical component. A
brief review about studies on the characterization of vertical
motions in the past three decades has summarized that
vertical response spectra are most sensitive to spectral period
and source-to-site distance and that V/H response spectral
ratios are generally higher on soil than on rock and at shorter
periods than at longer periods [11]. Liu et al. [12], regressing
vertical ground motions attenuation relationship of the
Wenchuan earthquake based on the finite fault source
model, found the same characters of the previous works. In
recent years, the studies of vertical ground motions are still
mainly based on the finite fault source model [13, 14] or the
point-source model [15], and few people have tried other
models. +e purpose of this study is to extend the multi-
source model to vertical groundmotion from theWenchuan
earthquake, focusing on attenuation characteristics, site
effect, hanging-wall effect, and fitting accuracies comparison
with other models.

Subepicenter

Epicenter

Figure 1: +e principle of multisource model.
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2. Data on Strong Motion

420 strong-motion seismometers were triggered over
mainland China during the mainshock; most of them were
processed and included in the NGA-West2 database flatfile
(https://peer.berkeley.edu/thrust-areas/data-sciences/
databases, last accessed on January 5, 2018). +e detail of
NGA-West2 strong-motion data processing was introduced
by Ancheta et al. [16]. 91 free-field accelerograms recordings
within a subepicentral distance of 300 km are selected to fit
our model.

3. Attenuation of Ground Motion

We developed a simplified ground motion attenuation
function:

lnY � a0 + a1 ∗ ln RM + a2(  + a3 ∗RM + a4 ∗FS, (4)

where Y are the ground motion parameters such as PGA and
PSA (pseudospectral acceleration) in g and PGV (peak
ground velocity) in cm/s; RM is the subepicentral distance in
km; FS is a flag for site effect; and a0, a1, a2, a3, and a4 are
regression coefficients based on the nonlinear least-squares
method.

In equation (4), the first term a0 represents the impact of
the magnitude on ground motion; the second and third
terms represent the geometric attenuation and inelastic
attenuation of ground motion with distance, respectively;
the last term represents the site effect. +e first three terms
are general forms for an attenuation relationship function.
Site effect is also called amplification effect of site conditions
on ground motion, which is expressed by a function of VS30
(the equivalent shear-wave velocity in the top 30m). VS30 of
all recording stations in the Wenchuan earthquake range

between 200m/s and 700m/s, which belong to Class C and
D sites [17]. +e flag for site effect is as follows:

FS � ln VS30/VREF( , (5)

where VS30 is in m/s and VREF (360m/s, the Class C-D site
boundary here, eases to find the difference in the vertical
ground motions of the two classes of sites) is the reference
value of equivalent shear-wave velocity for site effect.

Hanging-wall effect is a geometric effect related to spatial
relation between site and fault, and a significant characteristic
of near-site ground motion of oblique fault. An example plot
in Figure 3 illustrates the hanging-wall and foot-wall sites as
used in this paper; the ground motion of site 2 on hanging-
wall is larger than that of site 1 on foot-wall, and even equal to
source-to-site distance of them. Hanging-wall effect is dis-
cussed in this article by residual analysis.

4. Result Analysis

+e regression coefficients, together with the standard de-
viation σlnY of regression, are listed in Table 1.

4.1. Site Effect. +e corresponding median ground motion
curves (VS30 � 300m/s for Class D site, while VS30 � 500m/s
for Class C site) are compared with scatters of the data in
Figure 4. Ground motion of Class D site (circle symbol) is
significantly larger than that of Class C site (square symbol)
for a short period (PGA); however, there is no obvious
difference between the two class sites for a long period
(T�1.00 s).+e median ground motion has the same feature
with changing periods. As shown in Table 1, site effect re-
gression coefficient a4 increases with the increase in periods
and remains negative when the period is within 3.0 s. +e
above analysis shows that, in short periods, the smaller the
VS30 (the softer site) is, the greater the vertical ground
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Figure 2:+e principle of getting subepicentral distance. (a)+e projection of site on strike between neighboring subsource epicenters, and
the remaining number of (s) divided by 16 is smaller than 8 km. (b) +e projection of site on strike between neighboring subsource
epicenters, and the remaining number of (s) divided by 16 is larger than or equal to 8 km. (c) Others.

Advances in Civil Engineering 3

https://peer.berkeley.edu/thrust-areas/data-sciences/databases
https://peer.berkeley.edu/thrust-areas/data-sciences/databases


motion becomes; in long periods, the bigger the VS30 (the
harder site) is, the greater the vertical ground motion be-
comes. So, the site effect gradually weakens with the increase
in periods for vertical ground motion of the Wenchuan
earthquake.

+e intraevent residuals of vertical ground motion and
binned mean versus VS30 are described in Figure 5. +e
average residuals for PGV, PGA, and PSA (T� 0.10 s and
1.00 s) reach about −2.94e− 14, 9.75e− 16, 1.03e− 15, and
2.21e – 15, respectively. +ere is no systematic trend for
residuals with VS30, indicating that equation (5) gives rough
estimate for site effect on vertical ground motion of the
Wenchuan earthquake.

4.2. Hanging-Wall Effect. +e near-site (within 50 km, RX:
horizontal distance to the top edge of the rupture measured
perpendicular to strike) residuals are shown in Figure 6, with

the data separated to hanging-wall (RX> 0) and foot-wall
(RX< 0) sites.+e residuals of the hanging-wall are obviously
larger than those of the foot-wall except for a long period
(T�1.0 s).+emean residuals of the hanging-wall are 0.1398
(PGV), 0.4636 (PGA), 0.5237 (T� 0.1 s), and −0.1437
(T�1.0 s); those of foot-wall are −0.0565 (PGV), −0.0820
(PGA), −0.0370 (T� 0.1 s), and 0.0671 (T�1.0 s), indicating
strong hanging-wall effect on vertical ground motion of the
Wenchuan earthquake, especially in short periods.

4.3. Spectrum Shape. Figure 7 displays the vertical acceler-
ation response spectrum of the Wenchuan earthquake with
different distances when VS30 � 300m/s and VS30 � 500m/s
based on regression. It is obvious that the intensity of
spectrum when VS30 � 300m/s is bigger than that when
VS30 � 500m/s in periods shorter than 2.0 s, which is con-
sistent with the above analysis of site effect. +e vertical
acceleration response spectrum increases to a peak point and
then decreases with the increase in periods. +e predomi-
nant period of vertical acceleration response spectrum is
about 0.10 s, which is shorter than that of the horizontal
component.

+e recommended design vertical response spectrum of
FEMA P-1050 is as follows [18]:

Sv �

0.375Svmax, forT≤ 0.025 s,
Svmax ∗ (25T − 0.25),

Svmax,

for 0.025 s<T≤ 0.05 s,

for 0.05 s<T≤ 0.15 s,

Svmax ∗ (0.15/T)
0.75

, forT> 0.15 s,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(6)

where Sv is the design vertical response spectrum; T is the
vertical natural vibration period; and Svmax is the maximum
(plateau) value of the design vertical acceleration response
spectrum.

+e shape of the design vertical response spectrum of
FEMA P-1050 is different from that of GB 50011–2010 (2016
edition) (in Figure 8), and the latter is estimated by mul-
tiplying the design horizontal response spectrum by 0.65
[19].+eir main difference is range periods of plateau, which
reaches 0.05 s to 0.15 s for FEMA P-1050 and 0.10 s to Tg

(characteristic period of horizontal ground motion) for GB
50011-2010 (2016 edition). As shown in Figures 7 and 8, the
shape of vertical acceleration response spectrum based on
regression complies with FEMA P-1050.

4.4. Vertical-to-Horizontal Ratios. In most cases of seismic
design, vertical ground motion is estimated by multiplying
horizontal ground motion by a fixed coefficient (V/H). V/H
is 2/3 proposed by Newmark and Hall [20]. Some scholars’
research on V/H indicates that V/H is related to factors such
as magnitude, distance, site type, period, and the like
[21–26].

Generally, the relationship of V/H is directly fitted by the
least-squares method. However, this article adopted the
following method [27]:

1 2

Ground

Fault

Site
Subepicenter

Figure 3: +e vertical section for principle of hanging-wall effect.

Table 1: Regression coefficients for vertical ground motion of the
Wenchuan earthquake.

Period a0 a1 a2 a3 a4 σlnY σlnV/H
PGV 7.044 −1.047 14 0.000 96 −0.260 0.627 0.323
PGA 1.672 −0.810 14 −0.002 05 −0.713 0.826 0.297
0.010 s 1.640 −0.798 14 −0.002 16 −0.718 0.828 0.299
0.020 s 1.836 −0.819 14 −0.002 19 −0.728 0.906 0.333
0.030 s 2.511 −0.923 14 −0.002 28 −0.698 0.970 0.388
0.040 s 1.157 −0.510 14 −0.005 70 −0.781 0.956 0.357
0.050 s 0.585 −0.336 14 −0.006 99 −0.766 0.955 0.374
0.060 s 0.221 −0.229 14 −0.007 35 −0.763 0.949 0.427
0.070 s 0.594 −0.310 14 −0.006 82 −0.678 0.913 0.486
0.080 s 0.832 −0.356 14 −0.006 51 −0.687 0.898 0.482
0.090 s 0.894 −0.366 14 −0.006 29 −0.699 0.899 0.527
0.100 s 1.790 −0.601 14 −0.004 52 −0.799 0.890 0.515
0.200 s 1.130 −0.524 14 −0.003 36 −0.821 0.802 0.443
0.300 s 0.804 −0.520 14 −0.002 85 −0.572 0.723 0.465
0.400 s 1.291 −0.678 14 −0.001 84 −0.464 0.673 0.564
0.500 s 1.533 −0.803 14 −0.000 67 −0.330 0.707 0.389
0.600 s 2.021 −0.965 14 0.000 87 −0.305 0.678 0.434
0.700 s 2.142 −1.030 14 0.001 41 −0.186 0.701 0.456
0.800 s 2.289 −1.092 14 0.001 82 −0.160 0.704 0.352
0.900 s 2.292 −1.110 14 0.001 95 −0.115 0.735 0.430
1.000 s 2.342 −1.150 14 0.002 13 −0.041 0.728 0.428
3.000 s 3.185 −1.562 25 0.003 77 −0.032 0.737 0.315
3.200 s 3.678 −1.683 25 0.004 14 0.041 0.745 0.310
4.000 s 2.559 −1.416 25 0.001 99 0.175 0.811 0.385
5.000 s 0.192 −0.939 14 0.000 51 0.351 0.810 0.395
Note. 0.010 s–3.000 s are 5% damping ratio PSA.
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ln(V/H) � lnYv − lnYh, (7)

where lnYv and lnYh are the fitted attenuation relationship
using equation (4) for vertical and horizontal groundmotion
of the Wenchuan earthquake, respectively.

Standard deviation of equation (7) is given by

σ ln V/H �

�������������

φ2
lnV/H + τ2lnV/H



, (8)

where

φln V/H �

������������������������������

φ2
lnYv

+ φ2
lnYh

+ 2ρWlnYv , lnYh
∗φYv
∗φYh



,

τln V/H �

�����������������������������

τ2lnYv
+ τ2lnYh

+ 2ρBlnYv , lnYh
∗ τYv
∗ τYh



,

(9)

where σlnV/H is the standard deviation of lnV/H; φlnV/H
and τlnV/H are the interevent standard deviation and
intraevent standard deviation of lnV/H, respectively;
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Figure 4: Multisource model of vertical ground motion attenuation of the Wenchuan earthquake. (a) PGV; (b) PGA; (c) 5% PSA for 0.1 s;
(d) 5% PSA for 1.0 s.
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φlnYv and φlnYh are the interevent standard deviation of
vertical ground motion and horizontal ground motion,
respectively; τlnYv and τlnYh are the intraevent standard
deviation of vertical ground motion and horizontal
ground motion, respectively; and ρW lnYv, lnYh and ρB

lnYv, lnYh are the interevent and intraevent correlation
coefficients of residuals between vertical and horizontal
ground motion, respectively. +e standard deviation of
lnV/H is listed in Table 1.

Figure 9 shows the V/H response spectrum in different
distances when VS30 � 300m/s based on regression and the
recommended design V/H response spectrum for soil site
of JTG B02-2013 [28]. +e V/H response spectrum based
on regression seems to show a bimodal structure with a
boundary of about 0.3 s. +e intensity of the short-period
band decreases obviously with the increase in distances;
there are no obvious measurement changes of the long-
period band with the changes of distance except for

periods about 10 s in near field (1 km and 10 km). And the
design V/H response spectrum would misestimate the
vertical ground motion in far field.

4.5. Regression Accuracy Comparison. Figure 10 shows the
residual comparison of three models based on the vertical
ground motion of the Wenchuan earthquake. +e residual
of the finite fault source model has the smallest scattering
of the three models. And the dispersion of the residuals of
the multisource model is slightly smaller than that of the
point-source model. Standard deviation is an important
parameter to measure whether the regression result is
reasonable. Concerning the Wenchuan earthquake,
standard deviations of vertical ground motion in the
multisource model are compared with those in the point-
source model and the finite fault source model computed
from equation (4), respectively (see Figure 11). It could be
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Figure 5: Residuals of vertical ground motion and binned mean versus VS30. (a) PGV; (b) PGA; (c) 5% PSA for 0.1 s; (d) 5% PSA for 1.0 s.
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Figure 6: Residuals of vertical groundmotionwithin 50kmand binnedmean versusRX. (a) PGV; (b) PGA; (c) 5%PSA for 0.1 s; (d) 5%PSA for 1.0 s.
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seen that standard deviations in the multisource model
are smaller than those in the point-source model and
larger than those in the finite fault source model over the
entire periods.

+e above comparisons indicate that the regression
accuracy of the vertical ground motion of the multisource
model is slightly higher than that of the point-source model
and lower than that of the finite fault source model.
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Figure 9: V/H response spectrum in different distances when VS30 � 300m/s based on regression and the recommended design V/H
response spectrum for soil site of JTG B02-2013. (a) 1 km; (b) 10 km; (c) 50 km; (d) 100 km.
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Figure 10: Continued.
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5. Discussions and Conclusions

In this article, we have fitted the vertical ground motion
attenuation relationship of the Wenchuan earthquake using
the multisource model. According to the regression results,
the conclusions have been made as follows:

(1) It has site effect on the vertical ground motion of
the Wenchuan earthquake and gradually weakens
with the increase in periods. Equation (5) gives

rough estimate for site effect on vertical ground
motion of the Wenchuan earthquake.

(2) +ere exists strong hanging-wall effect on vertical
ground motion of the Wenchuan earthquake, es-
pecially in short periods.

(3) As the shape of horizontal component, the vertical
acceleration response spectrum increases to a peak
point and then decreases with the increase in periods.
+e predominant period of vertical acceleration
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Figure 11: Standard deviations of the multisource model, the point-source model, and the finite fault source model for vertical ground
motion of the Wenchuan earthquake.
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Figure 10: Residuals of vertical ground motion of three models versus VS30. (a) PGV; (b) PGA; (c) 5% PSA for 0.1 s; (d) 5% PSA for 1.0 s.
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response spectrum is about 0.10 s and is shorter than
that of horizontal component.+e shape of the vertical
response spectrum curves complies with the recom-
mended design vertical response spectrum of FEMA
P-1050.

(4) V/H shows different characteristics in different
distances and periods. In seismic design, the vertical
ground motion cannot be estimated simply as 2/3 of
the horizontal ground motion, but site location, site
condition, and frequency spectrum have to be
considered comprehensively. JTG B02-2013 has
made great progress, but there are still large devia-
tions in the estimation of the far-field and long-
period vertical ground motion.

(5) +e regression accuracy of the vertical ground
motion of the multisource model is slightly higher
than that of the point-source model and lower than
that of the finite fault source model.

+ese conclusions are consistent with the characteristics
of the vertical ground motion of the Wenchuan earthquake
based on the finite fault source model [12]. Although there is
a gap in regression accuracy between our model and the
finite fault source model, it is easier to apply in ground
motion prediction engineering because of the simplification
of distance definition. It is expected that this model will serve
as an alternative for source-to-site distance when multiple
asperities are to be modeled in the absence of the detail fault
model to get a general scenario of the future ground mo-
tions.+e regression coefficients presented in this paper may
only provide reference values for earthquakes like the 2008
Wenchuan earthquake and may not be suitable for other
events. So, the results should be used carefully.
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