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Abstract

Empirical methods are commonly employed to predict the PGA distribution of an earth-
quake and are widely used. However, current empirical methods assume the seismic source
to be a point source, a line source, or a plane source, where the energy is concentrated and
released uniformly. An empirical attenuation model of the near-field peak ground accelera-
tion (PGA) was proposed that considers a nonuniform spatial distribution of seismic fault
energy and its 3D scale. Then, this model was used to reconstruct the PGA distribution of
the 2008 Wenchuan, China, Mw7.9 earthquake based on the data of a seismic fault model
and ground acceleration records of the mainshock and aftershocks collected by seismic
stations. The predicted PGA values show similar attenuation characteristics to the inter-
polated map of the PGA recorded by seismic stations. A comparison with the results of a
finite-fault model developed by the USGS indicates that the proposed model can provide
more details and give a more precise result in the near field. The analysis of landslides trig-
gered by the Wenchuan earthquake demonstrates that the PGA distribution estimated by
this model can be used to validate the findings of other researchers.

Keywords Peak ground acceleration (PGA) - Empirical attenuation model - Near field -
Strong earthquake - The 2008 Wenchuan earthquake - Earthquake-induced landslides

1 Introduction

Strong earthquakes in mountainous areas, such as the 2008 Wenchuan earthquake (Qi et al.
2010; Yin et al. 2009) and the 1999 Chi—Chi Earthquake (Huang et al. 2001; Liao and Lee
2000), can trigger considerable landslides that can cause a devastating number of deaths
and property loss. Many factors can control these slope failures, including the engineer-
ing geology, hydrogeology and seismic ground acceleration (Jibson 1993; Jibson et al.
2000; Keefer 1984). Among these factors, the ground acceleration is commonly consid-
ered one of the most important (Meunier et al. 2007, 2008). However, the ground accelera-
tion fluctuates strongly within tens of seconds during an earthquake, so the peak ground

P4 Shengwen Qi
gishengwen @mail.iggcas.ac.cn

Extended author information available on the last page of the article

@ Springer


http://orcid.org/0000-0002-0967-7582
http://crossmark.crossref.org/dialog/?doi=10.1007/s11069-020-04332-x&domain=pdf

692 Natural Hazards (2021) 105:691-715

acceleration (PGA, the absolute maximum value on an accelerogram) is usually taken as
the most important parameter in the study of earthquake-induced landslides (Yuan et al.
2013).

Since the end of the nineteenth century, a large number of seismic stations have been
built around the world, and tens of thousands of ground acceleration records have been
collected during different earthquakes. Combined with these records, some theoretical and
empirical methods, such as the finite-fault model (Beresnev and Atkinson 1999), stochastic
point-source model (Gillespie 1976), Green’s function method (Hartzell 1978) and empiri-
cal regression methods (Abrahamson and Silva 1997; Boore et al. 1997; Campbell 1997;
Chiou et al. 2008), have been proposed to estimate the ground acceleration as well as the
PGA. Among them, because of their simplicity and convenience, empirical methods are
the most commonly employed to predict the PGA distribution of an earthquake and are
used extensively (Power et al. 2012).

Empirical methods use a large amount of ground-motion data to fit an empirical math-
ematical expression and consider many factors that influence the PGA, such as the source,
path and site conditions (Douglas 2003). However, these models consider only the spa-
tial distribution of the fault. Because the seismic source is too complex, these empirical
models simply assume the source to be a point source (where energy is both concentrated
and released), a line source with a uniform energy distribution or a plane source. Some
scholars have proposed models considering the spatial distribution of ruptures (Ohno et al.
1993; Thompson and Baltay 2018). However, the energy of a seismic source is distrib-
uted unevenly in three-dimensional (3D) space, especially that of a strong earthquake.
For example, the energy of the 2008 Wenchuan earthquake was unevenly distributed on
an inclined plane, with a length of 300 km and a width of 40 km (Shen et al. 2009). In
addition, these models usually contain tens of constants to be regressed by thousands of
earthquake records in similar regions. Thus, it is difficult to use these ready-made empiri-
cal methods to other areas without enough records. Therefore, it is necessary to study how
to build an empirical attenuation model considering a nonuniform spatial distribution of
seismic source energy and its 3D scale with as few parameters as possible.

This paper is structured as follows. Section 1 reviews the current work on the main
empirical attenuation models of ground motion. Section 2 presents the empirical attenua-
tion model and computation process proposed in this paper. Section 3 takes the 2008 Wen-
chuan earthquake as an example to calculate its PGA distribution. Then, the resulting near-
field PGA of the 2008 Wenchuan earthquake is compared with those of other methods and
discussed in Sect. 4. Our conclusions are given in Sect. 5.

2 Methods
2.1 Empirical attenuation model of the near-field PGA

As mentioned in Sect. 1, seismic source of a strong earthquake is a 3D-plane with an
uneven distribution of seismic energy. The fault plane is usually divided into a large
number of rectangles to estimate the rupture process through geophysical inversion
methods (Beresnev and Atkinson 1999; Wang et al. 2008). During the rupture process,
these rectangles can be taken as many sub-sources with the same size but different ener-
gies (Fig. 1). These sub-sources are triggered successively from the hypocentre to the
fault boundary during the earthquake. Hence, for a site on the Earth’s surface (site A),
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Fig.1 Seismic fault model on a 3D scale. Point A is a site on the Earth’s surface. Sub-sources inside the
yellow line affect the PGA at site A

its acceleration is the result of contributions from many relevant sub-sources. Each sub-
source has a different start time and propagation time to site A (Douglas 2003, 2011),
so each sub-source has a different contribution to site A. In total, the PGA at site A is a
complex consequence of different sub-sources.

Because of the complexity of the earthquake process, we assume that the seismic
source can be totally divided into n sub-sources. Each sub-source is an independent pro-
cess and has an effect on the PGA at site A. The energy and scale of each sub-source are
much smaller than those of the whole source and can be taken as a point source. Based
on the attenuation equation for a point source (Abrahamson and Silva 1997; Boore et al.
1997; Campbell 1997; Chiou et al. 2008), the PGA value due to the ith (i <n) sub-source
releasing at site A, y; can be calculated by

lgy,=a+blgM; + clg(R, + h) €))

where a, b, ¢ and h are constants to be regressed; y; is the PGA value to be calculated, cm/
s%; M, is the energy of the ith sub source, here given as the seismic moment, dyn cm(1 dyn
cm=10"" N m); R; is the distance from the midpoint of the ith sub source to site A, km;
and /g returns the base-10 logarithm to a number.

Equation (1) is commonly used to express the attenuation of the PGA (Abrahamson
and Silva 1997; Boore et al. 1997; Campbell 1997; Chiou et al. 2008). Here, we use this
formula to express the attenuation of sub-sources. Usually, the constant b is a positive
value and relates to the attenuation of seismic energy, while the constant ¢ is a nega-
tive value and represents the effect of distance attenuation, and Ig(R;+ h) represents the
effect of the distance to the hypocentre. Because unrealistically high values of ground
motion are predicted for small R;, the constant % is positive and is introduced to avoid
the near-field saturation effect (Douglas 2003; Hansen 1970).

Usually, the rupture process of a seismic fault starts from the hypocentre. We assume
that the rupture of the sub-sources begins from the hypocentre and transfers succes-
sively to adjacent sub-sources until the fault boundary is reached. Because the sub-
sources are not all triggered at the same time, not all sub-sources contribute to the PGA
value at site A. It is assumed that m sub-sources affect the PGA at site A, and m is
smaller than n (0 <m<n). Here, Eq. (2) is used to regress the range of sub-sources and
express each sub-source’s effect:
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where Y is the PGA value at site A released by a total of m sub-sources, cm/s%; y; and R,
have the same meaning as Eq. (1); R,;, is the minimum value of R;, km; R, is the distance
from site A to the epicentre, km; m is a positive integer; and e is a constant to be regressed
as a positive integer.

In Eq. (2), m is a parameter that needs to be determined by discriminant (3).

i Sf

min

m= Num[R 3)

where Num/[condition] denotes the number of total sub-sources under the condition in
brackets; f is a constant to be regressed, and it is positive and larger than 1; and the other
symbols have the same meaning as in Egs. (1) and (2).

This model divides the seismic fault into n parts with different energies and considers
the fault size and a nonuniform energy distribution. Each part of these equations has an
explicit physical meaning, rather than the equation being completely empirical. The propa-
gation velocity of a seismic wave is usually faster than the rupture velocity of the fault (Xia
et al. 2005). Moreover, sub-sources have different hypocentral distances to site A. These
sub-sources are not triggered simultaneously but are triggered successively (like firecrack-
ers). Hence, there are time and phase differences when the waves from the different sub-
sources reach site A. For a site near the fault, when its acceleration reaches the PGA, the
rupture on the fault has usually travelled a short distance along the fault, so only some
sub-sources near the site affect the PGA at this site. For a site far from the fault, most of the
fault has been ruptured, so more sub-sources will affect the PGA at the site. The PGA is
expected to be influenced by fewer sub-sources when the site is close to the fault than when
the site is far from the fault. Discriminant (3) can ensure that the PGA at site A is affected
by part of the seismic fault: the value of m is smaller when site A is closer to the seismic
fault and larger when site A is far from the seismic fault.

Because these m sub-sources have different distances to the hypocentre and are not trig-
gered at the same time, the vibrations produced by these m sub-sources do not reach site A
simultaneously. What is more important is that the PGA value at site A cannot be simply
taken as the sum of these m sub-sources simply. When the time taken for the wave from
one sub-source to reach site A is not equal to the time required for site A to reach the PGA
of its accelerogram, then the effect of this sub-source will decrease sharply. Based on the
assumption that the hypocentral distance from a sub-source to site A has an important

Ry/e
influence, % *’"is included in Eq. (2) to consider this situation, where Ry/e represents the

sub-source near hypocentre whose effect on the PGA is much more than the effects of other
sub-sources far from the hypocentre.

2.2 Computation process

There are four steps in the computational process, as shown in Fig. 2. The first step is to
obtain the spatial and slip displacement distribution of the seismic source. The sub-sources
are divided in the second step. According to the records of aftershocks, the parameters in
Eq. (1) will be iteratively regressed in the third step. Then, parameters in Egs. (2) and (3)
are also iteratively regressed in the fourth step.
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Fig. 2 Flowchart of the computation process
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In the first step, the spatial and slip displacement distribution on seismic source plane
should be obtained accurately. At present, the spatial distribution of the seismic source can
be determined through aftershock positioning, field surveys, geophysical measurements and
GPS (global positioning system) and InSAR (interferometric synthetic aperture radar) meas-
urements (Shen et al. 2009). Based on the spatial distribution of the rupture, the distribution of
the slip displacement can be inverted by the finite-fault method using far-field body waveform
records (Wang et al. 2008). Sometimes, the slip displacement distribution is rapidly obtained
by official organizations or other scholars after a strong earthquake occurs. Then, based on
Eq. (4) (Hanks and Kanamori 1979), we can obtain the seismic moment distribution:

M, = uDS )

where M, is the seismic moment, dyn cm; p is the shear modulus, which is 3 x 10" Pa; D is
the fault slip displacement; and S is the seismic fault area.

In the second step, the seismic fault is reasonably divided into many sub-sources (each with
a rectangular shape) with the same size. To ensure the size of each sub-source, we use after-
shock records. Strong earthquakes usually trigger many aftershocks with different magnitudes
and depths. These aftershocks are usually triggered under similar stress and structural condi-
tions, but the amount of energy released differs. Equation (5) (Hanks and Kanamori 1979) can
transform the aftershock magnitude into the seismic moment

M= % x g M, — 10.7 (5)

where M, is the seismic moment, dyn cm; M is uniformly valid with respect to 3 <M; <7,
5<Mg<1.5, and M, at larger magnitude, Mg is the surface-wave magnitude, M; is the
local magnitude, and M, is the moment magnitude. Using Eq. (5) and the aftershock mag-
nitude, the moment range of aftershocks can be determined.

Then, an iterative process is needed to divide the seismic source into sub-sources with the
same size, which have the same moment range as the aftershocks. Given the dimensions of a
rectangle, the fault plane is divided into sub-planes accordingly, the moment of each sub-plane
is calculated by the slip displacement distribution and Eq. (4), and the moment range of the
sub-plane is obtained. The above process is repeated until the moment range of the sub-planes
has the same range as that of the aftershocks. The final sub-planes and their moments can be
taken as the sub-sources.

In the third step, the constants in Eq. (1) are regressed based on the collected aftershock
data. Because the sub-sources have the same energy range as the aftershocks, a large number
of aftershock records following this strong earthquake can compose a database and satisfy
the required quantity of data to regress Eq. (1). Aftershock records often have different mag-
nitudes and a wide range of hypocentral distances, and their distribution is extremely uneven
(Campbell 1981). Moreover, the seismic moment and hypocentral distance are correlated. It is
very important to consider this nonuniform distribution and correlation when regressing this
empirical attenuation model (Campbell 1981; Huo and Hu 1992; Joyner and Boore 1981). Liu
and Luo (2014) proposed a weighted two-step regression method that considers nonuniform
distributions. This paper modifies the regression method presented by Liu and Luo (2014) and
applies it to calculate the constants in Eq. (1), i.e. a, b, c and h.

To avoid ambiguity among the constants, we introduce a new equation:

lgy,,=a+blgMy, +clgR, +h) (6)
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where a b ¢ and i have the same meanings in Eq. (1), y,, is the PGA value in the aftershock

database, cm/s?; Maf is the seismic moment in this database, dyn cm; and Raf is the hypo-

central distance to site A in this database, km.

1. Assuming there are N records and Ng earthquakes in this database, a new Eq. (7) is used
to replace a+blgM,,in Eq. (6) by linear regression (Joyner and Boore 1981)

Ng
a+blgM, =Y F,E, )
o=1

where o is the number of earthquakes in the aftershock database; E, is a dummy vari-
able (where E,=1 for earthquake o and E,=0 otherwise); M, is the seismic moment
of the oth earthquake; and F, (F|, F,, ..., F Nf:) is the constant to be regressed.

2. The aftershock records are divided into g levels according to the hypocentral distance
with the logarithm base 10. For a record within a certain distance level, the weight of
each record is:

w;)q = 1/(npnq) ¥

where n, is the number of earthquakes in this distance level and n,, is the number of
records with this magnitude in this distance level. For example, if a record is located at
one distance level, there are 5 aftershocks at this level, and there are 2 earthquakes of
the same magnitude at this level a); ; of 1/(2x5).

To ensure the same degree of freedom, the weights of all records are normalized by

Eq. 9):
Wy =), /q ©)

where g is the number of distance levels.
A weighted diagonal matrix is obtained by:

W = diag[ W, W, - Wy ] (10)

where the value of Wy is equal to w,,,, and W is an N XN diagonal matrix.
3. Egs. (6) and (7) are linearized according to the nonlinear regression method proposed
by Draper and Smith (1998) to obtain matrices Z, and X,:

T
Zy = [12Y41 18Yar2 = 18Yapv | (11)

where N is the number of total records, and 1gy,q is the record value with the loga-
rithm base 10

Ig (R +h) Eyy Ey Eyjz - Eyy,

R e e (12)

Ig(Ry; +h) Ey; Eyy Eyz -+ Eyy,

where Ry, is the hypocentral distance of the Nth record, and Ey,_can be obtained with

Eq. (7).
4. Thevaluesof c F|, F,, ..., FNE can be calculated by Eq. (13)
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T -

By =[c F\ Fy Fy - Fy | = X[WX,)"'X[WZ, (13)

5. The aftershock records are divided into k levels by their magnitude. The weight of each

record is
v =1/m (14)

where 7, is the number of earthquakes in the magnitude level where the record is
located.

To ensure the same degree of freedom, the weights of all records are normalized by
Eq. (15):

vy =w/k (15)

where k is the number of magnitude levels.
A weighted diagonal matrix is obtained:

V=diag[V; V, - Vy | (16)

where V), is equal to v, and V is an N X N, diagonal matrix.

Equation (6) and the values obtained by Eq. (13) are linearized according to the nonlin-
ear regression method proposed by Draper and Smith (1998) to obtain matrices Z, and
X,:

T

Z, = [Fl Fy - FNE] 17)
1 M,
X, =1 (18)
1 My,
where My, _is the magnitude value of the Ngth magnitude.
The values of a and b can be determined by Eq. (19).
T _
B,=[ab| =0VXy) ' X3VZ, (19)
An unbiased variance estimate can be calculated by:
Z, - XB)™W(Z, - X\B Z, — X,B,)"V(Z, — X,B,)
&2=(1 1B W(Z, 11)+(2 2By V(Z, - X,B, (20)

! N—-Np-2 Ny -2

The constant 2 cannot be resolved directly; it needs to be iterated from O to 10 until the
minimum value of 67 is obtained.

In the fourth step, the constants in Egs. (2) and (3) need to be regressed, where a, b, ¢
and A are obtained with Eqgs. (6)—(20). Substituting these constants into Eq. (1), several
iterations are needed to obtain the constants in Egs. (2) and (3). Based on the moments
and hypocentral distances of the sub-sources, a group of orthogonal values of e and f
are adopted to regress the estimated PGA values of the earthquake stations, and the least
square errors between the estimated and true values are calculated by Eq. (21) until the
value of 6, reaches its minimum, after which the values of e and f can be determined:
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6= (IgYey —lg¥y,)’ @1

where Y, is the estimated PGA value and Y, is the true PGA value.

r

3 Applying this model to compute the PGA distribution
of the Wenchuan earthquake

The Wenchuan earthquake was an immense and catastrophic event (Yin et al. 2009). The
Chinese National Strong Motion Observation Network System (CNSMONS) obtained
thousands of acceleration records during the mainshock and aftershocks. In addition, many
scholars have studied the landslides triggered by this shock (Qi et al. 2010; Xu et al. 2014),
fault rupture process (Shen et al. 2009; Wang et al. 2008) and other characteristics of this
earthquake (Xu et al. 2009), which provide the data foundation for this section. Taking the
2008 Wenchuan earthquake as an example, its PGA distribution was computed using the
methodology presented in Sect. 2.

3.1 Database

After the Wenchuan earthquake, many seismic fault models were constructed. Among
them, the model presented by Shen et al. (2009) which was inferred from GPS and InSAR
data and fit well with field investigation and measurement data (Xu et al. 2009) was
adopted in this paper. This fault model has two parts, i.e. the Beichuan fault (BCF) and the
Pengguan fault (PGF), as shown in Fig. 3. The BCF dips to the northwest with a moderate
angle of ~43° at the southwest end, and the fault plane gradually becomes steeper north-
eastward along the strike direction, reaching ~50° at Nanba (see Fig. 3); the dip angle
jumps to ~56° across the Nanba step-over and increases progressively to become nearly
vertical at the northeastern end of the rupture. The PGF dips at ~28°, suggesting a com-
mon root shared with the Yingxiu—-Beichuan segment of the BCF at a depth of ~18 km
(Shen et al. 2009). The fault model of the Wenchuan earthquake is made of 673 rectan-
gles, each with a length of approximately 3 km and a width of approximately 5 km, and
each part is inverted for the strike-slip and thrust-slip displacements (Shen et al. 2009). As
these 673 rectangles are based on post-earthquake GPS and InSAR measurements, which
were observed with some delays (from days to weeks), in this study, the first 599 rectan-
gles were used as the fault sub-sources of the Wenchuan earthquake. These rectangles are
located within a subsurface depth of 20 km, which represents the lower limit of the after-
shock depth range (Chen et al. 2009). Based on the fault model presented by Shen et al.
(2009, the BCF consists of two parts: one part contains 85 sub-sources located at a depth
of 20 km, and the other part contains 423 sub-sources. The PGF consists of the remain-
ing 91 sub-sources. Using a shear modulus of 3x 10'° Pa, the moment of these rectangles
ranges from 1.62x 10" N m to 4.49x 10'® N m. These sub-sources amount to moment
magnitudes of 5.44 to 6.40 based on the transform Egs. (4) and (5). The summed moment
of these three parts is 7.71 x 10*° N m, equivalent to an event of Mw7.89 based on Eq. (5),
and this value is close to the magnitude of Mw7.9 reported by the USGS in 2008.

The 2008 Wenchuan earthquake had a great effect on a vast region. The study area
selected for this research extends 130 km from the seismic fault in the hanging wall
and~20 km away in the footwall, both of which are~300 km in the strike direction (see
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Fig. 3). To keep the hanging wall and footwall in entirely mountainous areas, the southeast-
ern boundary of the study area is irregular.

Since 2002, CNSMONS has constructed more than 1600 permanent free-field strong-
motion observation stations (Lu et al. 2010). During the Wenchuan earthquake, 1208
components of strong-motion records of the mainshock and 6153 components of strong-
motion records of aftershocks were recorded by nearly 380 digital strong-motion accel-
erographs managed by CNSMONS (Chen et al. 2009; Huang et al. 2008). Because the site
condition has an obvious effect on the PGA (Boore and Bommer 2005; Douglas 2003),
we selected stations with similar site conditions to reduce these effects based on V,, (the
average shear-wave velocity within 20 m of the surface) and V;, (the average shear-wave
velocity within 30 m of the surface) of these stations (see Fig. 3 and Table 1). Only 12 seis-
mic stations satisfy this requirement in the study area. These stations all rest on soil, and
the V,, and Vj, velocities of these stations are similar (Feng 2013). The station names are
SIWCW, 51LXS, 51LXM, 51LXT, SIMXN, 51SFB, 51HSD, 51HSL, 5IMXD, 51MZQ,
51SPA, 51JYH. Each record from these stations has three components, which are labelled
EW (east-west), NS (north—-south) and UD (up—down). Considering the PGA values of
the ground motions parallel and perpendicular to the earthquake fault (Douglas 2003), the
EW and NS component records were converted into the FP direction (parallel to the earth-
quake fault) and FH direction (perpendicular to the earthquake fault) by Egs. (22) and (23).
As shown in Table 1, the maximum PGA value was recorded in the EW direction by sta-
tion STWCW, and this maximum value is significant in all records. Hence, to compare the
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maximum PGA value between our model and those of other models in Sect. 4, this paper
took EW component records as an example to regress the parameters of Egs. (1)—(3):

a(t)pp = a(t)yg sin 0 + a(t) gy, cos 0 (22)

a(t)py = a(t)yg cos 0 — a(t) gy, sin 6 (23)

where a(f)gy is the horizontal ground acceleration in the EW direction; a(t)ys, a(t)pp and
a(t)gy are those in the NS, FP and FH directions, respectively; and 6 is the angle between
the surface fault and east direction. (@ is 42° for the 2008 Wenchuan earthquake.)

Based on the sub-source division of the fault model, 13 aftershocks located within the
main seismic plane were selected (Table 2). A total of 111 acceleration records were col-
lected by these stations during the mainshock and aftershocks, and each record has three
components. Among these 111 records, 99 are from aftershocks and 12 are from the main-
shock. The magnitudes and hypocentral distances of these records are shown in Fig. 4.

Records from strong-motion accelerographs, especially those collected by analogue
instruments, invariably contain noise that can mask and distort the ground-motion signal
at both high and low frequencies. Our data were gathered by modern digital instruments,
so the records are reliable and robust (Boore 2001; Boore and Bommer 2005; Douglas and
Boore 2011) and do not require a baseline correction or filtering. The maximum values
from the accelerogram were directly picked as the PGA value.

3.2 Results

According to Egs. (4)—(21) in Sect. 2, the constants in Egs. (1)-(3) were regressed in this
subsection.

First, we calculated the hypocentral distances (in m) of 99 aftershock records and obtained
the values with the logarithm base 10. These records were divided into 7 classifications:
0-4.36, 4.36-4.52, 4.52-4.67, 4.67-4.835, 4.835-4.97, 4.97-5.12 and more than 5.12. The

Table 2 Aftershock events used in this model

Nos. Date Location Longitude/°’E ~ Latitude/°’N  Magni- Depth/km
tude (Ms)
80512144315  2008-05-12  Pengzhou 103.819 31.27 6.3 14
80512145417  2008-05-12  Dujiangyan  103.589 31.26 5.8 13
80512153442  2008-05-12  Dujiangyan  103.769 31.29 5.8 13
80512161057  2008-05-12  Wenchuan 103.599 31.139 5.5 10
80512191101  2008-05-12  Wenchuan 103.669 31.26 6.3 14
80513040849  2008-05-13  Pengzhou 104.059 31.43 5.8 21
80513074618  2008-05-13 ~ Wenchuan 103.58 31.34 54 13
80513150708  2008-05-13 ~ Wenchuan 103.419 30.95 6.1 14
80514105437  2008-05-14  Wenchuan 103.629 31.34 5.8 16
80516132547  2008-05-16  Wenchuan 103.449 31.309 5.9 14
80518010824  2008-05-18  Pingwu 105.08 322 6.1 13
80519140653  2008-05-19  Qinchuan 105.379 32.47 5.5 14
80525162147  2008-05-25  Qinchuan 105.48 32.549 6.4 14
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Fig.4 Magnitude and hypocentral distance distribution of aftershock records

range of aftershock magnitudes is shown in Table 2. These magnitudes were divided into 7
classifications: 5.4 (Ms), 5.5 (Ms), 5.8 (Ms), 5.9 (Ms), 6.1 (Ms), 6.3 (Ms) and 6.4 (Ms). We set
different values of 4 from 1 to 10 and substituted them into Egs. (6)—(21) in Sect. 2. Therefore,
a group of constants in Eq. (6) and an unbiased variance estimate were acquired. The values
of a, b, ¢ and h were taken as suitable values once the unbiased variance estimate reached its
minimum. The results are shown in Table 3. Then, we obtained Eq. (24).

lgy; = —3.0050 + 0.2855 x Ig M; — 1.4929 x 1g(R; + 3) (24)

Subsequently, we replaced Eq. (1) with Eq. (24) and used a group of orthogonal values of e
and f'to regress the estimated PGA values at the 12 stations. Each of the three parts of the fault
model was calculated separately. There PGA values were obtained at each station by a pair of
e and f values, and we took the maximum PGA among these three as the estimated value at
this station. For the 12 stations and a pair of e and f values, we obtained the estimated PGA
values and calculated the least square errors between the estimated and true values by using
Eq. (21). We performed the regression with different pairs of e and f values until the value of
6, reached its minimum. Finally, e was equal to 2, f was equal to 1.088, and 6, reached 0.4696.
We obtained Egs. (25) and (26) as a result. A comparison between the estimated and true val-
ues is shown in Table 4.

m Ry /2
R R/
Y = i X —= 25
21, WX g (25)
Table 3 Regression results of Parameter a b . h 52
Eq. (6) !
Value —3.0050 0.2855 —1.4929 3 0.0763
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m= Num[ R 1.088] (26)
Rmin

Then, we calculated the PGA distribution of the Wenchuan earthquake in the EW direc-
tion for the study area (Fig. 5). The estimated PGA distribution shows attenuation. The
PGA attenuates with increasing distance to the surface rupture. Because of the uneven
moment distribution on the fault surface, the degree of attenuation differs along the fault
from southwest to northeast. There are four places on the seismic fault where the PGA
is obviously higher than in other places, i.e. Dujiangyan city, Wenchuan County, Mian-
zhu County and Beichuan County. There is a wide blue area between Dujiangyan city and
Wenchuan County (see Fig. 5), where the PGA reaches its maximum value of 1638.51 cm/
s>. With increasing distance from the seismic rupture, the blue area decreases and fades.
The area between the BCF and PGF also has relatively high PGA values.

4 Discussion
4.1 Error analysis

In this section, we will continue to take the Wenchuan earthquake as an example to dis-
cuss the accuracy and applicability of the proposed model in detail. To compare the pre-
cision of our model, we obtained an interpolated map of the PGA during the Wenchuan
earthquake using the records in the EW direction for the entire study area (see Fig. 6).
Another estimated PGA distribution map (see Fig. 7) for the Wenchuan earthquake was
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Fig.5 Map of the estimated PGA distribution during the Wenchuan earthquake in the EW direction
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presented by the United States Geological Survey (USGS); this map was produced by a
finite-fault model of the 2008 Wenchuan earthquake motion, and a bias correction and
spatial interpolation were applied to the recorded values. However, the USGS model
assumes that faults of the Wenchuan earthquake are two planes with an even energy dis-
tribution, and the range of the map covers only a part of our study area.

The three PGA distribution maps presented in Figs. 5, 6, and 7 all show similar atten-
uation characteristics with increasing distance from the faults. Along the fault zones,
there are several individual regions with high PGA values, including Wenchuan County,
Beichuan County, Dujiangyan city and Mianzhu County. It is obvious that Figs. 5 and
7 provide more details on the PGA distribution, which indicates that empirical methods
can overcome the shortage of stations and make the PGA distribution more continuous.
Because the USGS empirical model assumes the seismic fault to be a rectangle plane,
the PGA distribution looks like buffer zones with a rectangle. The model presented in
this paper considers a much more accurate fault model with an uneven energy distribu-
tion, and thus, the resulting PGA distribution seems smoother.

Taking records from the 12 stations, the errors related to our method are shown in
Table 4. Because the PGA distribution map obtained from the USGS spans a smaller
area and shows a PGA interval of 200 cm/s?, we linearly interpolated its PGA values
for the 8 stations within its area. In addition, the errors of the USGS model related to
the true records are shown in Table 5. The errors of the two models are both plotted
and compared in Fig. 8, in which the stations on the horizontal axis are arranged with
increasing distance from the fault from left to right. It can be clearly seen that the model
presented in this paper has a higher accuracy than the USGS model in the near field. For
example, at station 51SFB, the nearest station to the PGF (at a distance of 0.7 km) and
situated at a distance of 20 km from the BCF, our model has an error of 20.71%, which
is far less than the error of 44.47% reached by the USGS model; at station SITWCW, the
nearest station to the hypocentre and 16 km from the BCF, our model has a very small
error of 0.06%, which is much smaller than the error of 4.28% reached by the USGS
model; at station SIMZQ, only 4 km from the BCF, our model has an error of 18.99%,
which is much less than the error of 37.00% reached by the USGS model; finally, at sta-
tion 51JYH, 12 km from the BCF and 126 km from the hypocentre, our model has an
error of —21.72%, which is also relatively small and acceptable. However, as the hypo-
central distance and fault distance increase, the error of our model fluctuates more than
that of the USGS model (see Fig. 8). In addition, the error range of our model in the
far field is also consistent with that of other empirical methods (Abrahamson and Silva
1997; Boore et al. 1997; Campbell 1997; Chiou et al. 2008; Douglas 2003). That is, our
model provides a much more accurate estimate of the near-field PGA distribution than
that achieved by the USGS model.

The PGA is usually taken as one of the most important parameters in the study of
earthquake-induced landslides, especially in the near field, and there is a strong correlation
between the PGA distribution and landslide distribution according to many studies such as
Keefer (1984), Jibson (1993) and Yuan et al. (2013).

A detailed landslide inventory (including 196,007 landslides within a total area of
1150.8 km?) was adopted herein. The total volume of the landslides is 1x 10'° m* (Xu et al.
2016). We used the same study area as shown in Sect. 3 to clip the landslide inventory and
obtained a new inventory containing 186,147 landslides. A map showing the new landslide
distribution from this new inventory is shown in Fig. 9. It can be seen that the landslides
are mostly distributed along the seismic faults, and the dependence of the landslide prob-
ability density on the landslide area shows a three-parameter inverse-gamma distribution,
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slide probability density on the landslide area, which shows a three-parameter inverse-gamma distribution

which proves that the landslide inventory adopted is relatively complete (Malamud et al.
2004).

To study the relation between the PGA and landslide distribution, the PGA was
divided into 9 classes, namely 0-30 cm/s?, 30—100 cm/s?, 100-300 cm/s?, 300-500 cm/
s2, 500-700 cm/s%, 700-900 cm/s?, 900-1100 cm/s?, 1100-1300 cm/s> and more
than 1300 cm/s’, and the area of each PGA class in the study area is 58.62 km?,
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Table 6 Number of landslides in different PGA classes

PGA class (x 1000 cm/s?)

0-0.03 0.1-03 03-05 05-07 0709 09-1.1 1.1-13 13-1.5 >15

Area class (x 10*m?)

0-0.1 1 82 1074 3913 5017 9242 9078 4521 2534
0.1-0.5 0 565 6599 11,249 16,858 26,731 21,670 10,163 3586
0.5-2.5 1 331 2605 3751 8393 14,632 10,167 4757 1246
2.5-12.5 1 25 139 305 1129 2743 1727 826 175
12.5-62.5 0 0 4 4 38 138 70 41 9
62.5-3125 0 0 0 0 3 0 3 0 0
>312.5 0 0 0 0 0 1 0 0 0
25
o L Landslide area class (x10*m?)
W landslide area (0~0.1)
« M landslide area (0.1~0.5)
§ Dlandslide area (0.5~2.5)
;», 15 Olandslide area (2.5~12.5)
g Dlandslide area (12.5-62.5)
E M landslide area (62.5~312.5)
% 10 | ® landslide area (>312.5)
=
-
5 k
. | ...lln.llﬂn.ﬂ.ﬂ.ﬂ.ﬂ

0~0.03 0.1~0.3 0.3~0.5 0.5~0.7 0.7~0.9 0.9~1.1 1.1~1.3 1.3~1.5 >1.5
PGA class, x1000cm/s?

Fig. 10 Histogram of the landslide density related to the area in each PGA class. The horizontal axis is the
PGA class (x 1000 cm/s?), and the vertical axis is the landslide density (1/km?)

6237.72 km?, 18,061.06 km?, 6072.03 km?, 4187.64 km?, 2876.15 km?, 1607.03 km?,
788.06 km* and 171.30 km?, respectively. Evidently, the distribution area decreases
with increasing PGA. The landslide was divided into 7 groups by size, including
0-0.1x10* m?, 0.1x 10*-0.5x 10* m?, 0.5% 10*-2.5x 10* m?, 2.5x 10*-12.5x 10* m?,
12.5x10%-62.5x 10* m%, 62.5x 10*-312.5x 10* m* and more than 312.5x 10* m?. The
distribution of the number of landslides is shown in Table 6, and the landslide density
related to the total area of each PGA class is counted under each class (see Fig. 10).
Both Table 6 and Fig. 10 indicate that landslides can be triggered when the PGA
exceeds 30 cm/s%. Keefer (1984) studied a large number of earthquake inventories and
pointed out that M4.0 is the minimum magnitude that may trigger landslides. Using
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Egs. (5) and (24), it can be calculated that the PGA is 37.95 cm/s when the magnitude
is M4.0 with a focal depth of 11 km. That is, the result according to Keefer (1984) is
similar to that reached in this paper. Moreover, the numbers of landslides in different
size groups show that a large landslide is triggered by a larger PGA (see Table 6), which
indicates the reliability of the model presented in this paper.

Figure 10 shows a clear tendency that landslides with an area of less than 2.5 x 10* m?
occur in a wide region, and the landslide density increases with increasing PGA in this area
range; the maximum landslide area is presented in the area with the highest PGA (greater
than 1500 cm/s). In addition, landslides area in the range from 2.5x 10* m? to 62.5x 10*
m? occurs once the PGA exceeds 30 cm/s’; furthermore, the landslide density gradually
increases and then sharply increases at a PGA of 900 cm/s% and landslides mainly occur in
the region where the PGA exceeds 900 cm/s%. Additionally, landslides area over 62.5x 10*
m? occurs in regions where the PGA is above 700 cm/s?, and the density is relatively low.
Because the PGA reached by the model in this paper is related only to coseismic faults, the
PGA attenuates with increasing distance from the coseismic fault. Thus, the relationship
between the PGA and the coseismic landslides mentioned above reflects the controlling
effect of coseismic activity on coseismic landslides. From this aspect, the results mentioned
above are in accordance with many studies on landslides triggered by the 2008 Wenchuan
earthquake, such as Huang and Li (2008), Qi et al. (2010), Qi et al. (2011), Xu et al. (2014)
and Huang and Fan (2013), which further confirms the reliability of our model.

4.2 Limitations

The model in this paper shows better estimation results than other methods in the near
field. The relationship between the landslide distribution and PGA shown by our model is
also consistent with the findings of previous studies. Nevertheless, there are limitations of
this model that deserve further discussion.

First, unlike other models, our model requires the ground-motion records of mainshocks
and aftershocks to regress its parameters. Due to the sparsity of stations in the near field,
the number of records used in this model is not large. Hence, with the increase in the num-
bers of stations and records in the near field for another strong earthquake in the future, our
model is expected to be further developed and optimized.

Second, because there are few stations in the near field and the station distribution is
uneven, it is difficult to give an exact range of the near field for the 2008 Wenchuan earth-
quake. The estimation error increases as the distance from the station to the fault increases
within 20 km. However, there are no stations or records within the distance range of
20-50 km. The error distribution within this range cannot be obtained in detail, and the
most applicable scope of this model cannot be obtained exactly.

Third, there are limitations in the application of our model. Each part of our model has
an explicit physical meaning. The parameters a, b, c, h, e and f are affected by the geophys-
ical conditions along the propagation path and the characteristics of the seismic source. In
other words, the parameters a, b, ¢, h, e and f cannot be applied directly to another region
when the geophysical conditions and source characteristics change. With increasing num-
bers of ground-motion records during strong earthquakes in a region, the model of this
paper can be continuously developed in this region; then, the proposed model can eventu-
ally be developed into an empirical model for this region, and the model and its parameters
can subsequently be applied directly to this area for another strong earthquake.
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5 Conclusion

In this paper, an empirical attenuation model further considering an uneven distribu-
tion of energy on the fault plane is proposed. The main characteristic of this model is
that it takes the fault as a certain number of sub-sources that are triggered in succes-
sion, and thus, the uneven energy distribution of a strong earthquake can be considered
more accurately than in other empirical models. Based on this assumption, this paper
establishes an attenuation model including three equations. These equations consider
the fault size, energy distribution and spatial distribution. Each part of this model has an
explicit physical meaning. In addition, the computation processes of this model are for-
mulated in this paper. Among these processes, a weighted two-step regression method
is developed to consider both the nonuniform energy distribution and the correlation
between the magnitude and hypocentral distance. Compared with the results obtained
by a finite-fault model developed by the USGS, the proposed model can provide more
details and give more precise results in the near field of the 2008 Wenchuan earthquake.
Analysis of the 2008 Wenchuan earthquake-induced landslides indicates that the PGA
distribution estimated by our model is able to validate other scholars’ findings, which
indicates that this empirical model is relatively reliable from another perspective.

Acknowledgements The ground acceleration data for this study were provided by the China Strong Motion
Network Centre at the Institute of Engineering Mechanics, China Earthquake Administration. This work
was financially supported by the Second Tibetan Plateau Scientific Expedition and Research Program
(STEP) under Grant No. 2019QZKK0904 and the National Science Foundation of China under grants Nos.
41825018, 41790442 and 41672307. The work was also supported by the Application of Synthetic Aperture
Radar-based Geological Hazard Analysis Technology on the Strategic Electricity Transmission Passage of
Sichuan-Tibet Plateau (No. 52199918000C).

Author contributions XY processed the data and drafted this manuscript. SQ provided the research data and
ideas and revised the manuscript. CL, SG, XH, CX, BZ, ZZ and YZ provided suggestions and helped revise
the manuscript.

Funding This work was financially supported by the Second Tibetan Plateau Scientific Expedition and
Research Program (STEP) under Grant No. 2019QZKK0904 and the National Science Foundation of China
under Grants Nos. 41825018, 41790442 and 41672307. The work was also supported by the Application of
Synthetic Aperture Radar-based Geological Hazard Analysis Technology on the Strategic Electricity Trans-
mission Passage of Sichuan-Tibet Plateau (No. 52199918000C).

Availability of data and materials There are four types of data used in this paper. They are ground accelera-
tion of aftershocks and mainshock of the Wenchuan earthquake, landslide inventory triggered by the Wen-
chuan earthquake, PGA map published by USGS and a fault model of the Wenchuan earthquake. Ground
acceleration data of aftershocks and mainshock of the Wenchuan earthquake were collected by the China
Strong Motion Network Centre of China and cannot be released to the public. These data can be reached
by linking https://www.iem.net.cn (last accessed September 6, 2019) after permission from the Institute of
Engineering Mechanics, China Earthquake Administration. This landslide inventory includes a landslide
area of 1150.8 km? and a landslide number of 196,007 (Xu et al. 2016). It is a result of the joint efforts of
many institutions and people. This inventory can be obtained by contacting the author directly. The esti-
mated PGA distribution can be obtained from the website by linking https://earthquake.usgs.gov/earthquake
s/eventpage/usp000g650/executive, (last accessed December 14, 2019). The fault model of the Wenchuan
earthquake was published by Shen et al. (2009). These data can be obtained from the supplementation of
that article (https://www.nature.com/articles/ngeo636, last accessed September 4, 2019).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of interest.

@ Springer


https://www.iem.net.cn
https://earthquake.usgs.gov/earthquakes/eventpage/usp000g650/executive
https://earthquake.usgs.gov/earthquakes/eventpage/usp000g650/executive
https://www.nature.com/articles/ngeo636

Natural Hazards (2021) 105:691-715 713

References

Abrahamson N, Silva WJ (1997) Empirical response spectral attenuation relations for shallow crustal earth-
quakes. Seismol Res Lett 68:94-127

Beresnev IA, Atkinson GM (1999) Generic finite-fault model for ground-motion prediction in eastern North
America. Bull Seismol Soc Am 89:608-625

Boore DM (2001) Effect of baseline corrections on displacements and response spectra for several record-
ings of the 1999 Chi—Chi, Taiwan, Earthquake. Bull Seismol Soc Am 91:1199-1211

Boore DM, Bommer JJ (2005) Processing of strong-motion accelerograms: needs, options and conse-
quences. Soil Dyn Earthq Eng 25:93-115

Boore DM, Joyner WB, Fumal TE (1997) Equations for estimating horizontal response spectra and peak
acceleration from western North American earthquakes: a summary of recent work. Seismol Res Lett
68:128-153

Campbell KW (1981) Near-source attenuation of peak horizontal acceleration. Bull Seismol Soc Am
71:2039-2070

Campbell KW (1997) Empirical near-source attenuation relationships for horizontal and vertical compo-
nents of peak ground acceleration, peak ground velocity, and pseudo-absolute acceleration response
spectra. Seismol Res Lett 68:154—179

Chen J-H, Liu Q-Y, Li S-C, Guo B, Li Y, Wang J, Qi S-H (2009) Seismotectonic study by relocation of the
Wenchuan Ms 8.0 earthquake sequence. Chin J Geophys 52:390-397

Chiou B, Darragh R, Gregor N, Silva W (2008) NGA project strong-motion database. Earthquake Spectra
24:23-44

Douglas J (2003) Earthquake ground motion estimation using strong-motion records: a review of equa-
tions for the estimation of peak ground acceleration and response spectral ordinates. Earth Sci Rev
61:43-104

Douglas J (2011) Ground-motion prediction equations 1964-2010. BRGM/RP-59356-FR, p 446

Douglas J, Boore DM (2011) High-frequency filtering of strong-motion records. Bull Earthq Eng 9:395-409

Draper NR, Smith H (1998) Applied regression analysis. Wiley, London

Feng J (2013) Comparison of ground motion prediction equation between China Wenchuan area and the
central and eastern United States. Institute of Engineering Mechanics, CEA, London

Gillespie DT (1976) A general method for numerically simulating the stochastic time evolution of coupled
chemical reactions. J] Comput Phys 22:403-434

Hanks TC, Kanamori H (1979) A moment magnitude scale. J Geophys Res Solid Earth 84:2348-2350

Hansen RJ (1970) Seismic design for nuclear power plants. Country unknown/Code not available

Hartzell SH (1978) Earthquake aftershocks as Green’s functions. Geophys Res Lett 5:1-4

Huang C-C, Lee Y-H, Liu H-P, Keefer DK, Jibson RW (2001) Influence of surface-normal ground accelera-
tion on the initiation of the Jih-Feng-Erh-Shan landslide during the 1999 Chi—Chi, Taiwan, earthquake.
Bull Seismol Soc Am 91:953-958

Huang R, Fan X (2013) The landslide story. Nat Geosci 6:325-326

Huang R, Li W (2008) Research on development and distribution rules of geohazards induced by Wenchuan
earthquake on 12th May, 2008. Chin J Rock Mechan Eng 27:2585-2592

Huang Y, Wu J, Zhang T, Zhang D (2008) A study on the relocation of Ms 8.0 Wenchuan earthquake and its
aftershock sequence. Sci China 2008:1242-1249 (in Chinese)

Huo J, Hu L (1992) Study on attenuation laws of ground motion parameters. Earthq EngEngVib 1992:1-11
(in Chinese)

Jibson RW (1993) Predicting earthquake-induced landslide displacements using Newmark’s sliding block
analysis. Transp Res Rec 1411:9-17

Jibson RW, Harp EL, Michael JA (2000) A method for producing digital probabilistic seismic landslide
hazard maps. Eng Geol 58:271-289

Joyner WB, Boore DM (1981) Peak horizontal acceleration and velocity from strong-motion records includ-
ing records from the 1979 Imperial Valley, California Earthquake. Bull Seismol Soc Am 71:2011-2038

Keefer DK (1984) Landslides caused by earthquakes. Geol Soc Am Bull 95:406

Liao H-W, Lee C-T (2000) Landslides triggered by the Chi—Chi earthquake. In: Proceedings of the 21st
asian conference on remote sensing, Taipei, pp 383-388

Liu P, Luo Q (2014) Weighted two-step regression method of attenuation relationship considering sample
uneven distribution. Acta Seismol Sin 2014:711-718 (in Chinese)

Lu D, Cui J, Li X, Lian W (2010) Ground motion attenuation of M S 8.0 Wenchuan earthquake. Earthq Sci
23:95-100

Malamud BD, Turcotte DL, Guzzetti F, Reichenbach P (2004) Landslides, earthquakes, and erosion. Earth
Planet Sci Lett 229:45-59

@ Springer



714 Natural Hazards (2021) 105:691-715

Meunier P, Hovius N, Haines AJ (2007) Regional patterns of earthquake-triggered landslides and their rela-
tion to ground motion. Geophys Res Lett 34:1.20408

Meunier P, Hovius N, Haines JA (2008) Topographic site effects and the location of earthquake induced
landslides. Earth Planet Sci Lett 275:221-232

Ohno S, Ohta T, Ikeura T, Takemura M (1993) Revision of attenuation formula considering the effect of
fault size to evaluate strong motion spectra in near field. Tectonophysics 218:69-81

Power M, Chiou B, Abrahamson N, Bozorgnia Y, Shantz T, Roblee C (2012) An overview of the NGA Pro-
ject. Earthq Spect 24:3-21

Qi S, Xu Q, Lan H, Zhang B, Liu J (2010) Spatial distribution analysis of landslides triggered by 2008.5.12
Wenchuan Earthquake. China Eng Geol 116:95-108

Qi S, Xu Q, Zhang B, Zhou Y, Lan H, Li L (2011) Source characteristics of long runout rock avalanches
triggered by the 2008 Wenchuan earthquake, China. J Asian Earth Sci 40:896-906

Shen ZK, Sun J, Zhang P, Wan Y, Wang M, Biirgmann R, Zeng Y, Gan W, Liao H, Wang Q (2009) Slip
maxima at fault junctions and rupturing of barriers during the 2008 Wenchuan earthquake. Nat Geosci
2:718-724

Thompson EM, Baltay AS (2018) The case for mean rupture distance in ground-motion estimation the case
for mean rupture distance in ground-motion estimation. Bull Seismol Soc Am 108:2462-2477

Wang W, Zhao L, Li J, Yao Z (2008) Rupture process of the Ms 8.0 Wenchuan earthquake of Sichuan,
China. Chin J Geophys 51:1403-1410 (in Chinese)

Xia K, Rosakis AJ, Kanamori H, Rice JR (2005) Laboratory earthquakes along inhomogeneous faults:
directionality and supershear. Science 308:681-684

Xu C, Xu X, Shen L, Yao Q, Tan X, Kang W, Ma S, Wu X, Cai J, Gao M (2016) Optimized volume models
of earthquake-triggered landslides. Sci Rep 6:29797

Xu C, Xu X, Yao X, Dai F (2014) Three (nearly) complete inventories of landslides triggered by the May
12, 2008 Wenchuan Mw 7.9 earthquake of China and their spatial distribution statistical analysis.
Landslides 11:441-461

Xu X, Wen X, Yu G, Chen G, Klinger Y, Hubbard J, Shaw J (2009) Coseismic reverse- and oblique-slip
surface faulting generated by the 2008 Mw 7.9 Wenchuan earthquake, China. Geology 37:515-518

Yin Y, Wang F, Sun P (2009) Landslide hazards triggered by the 2008 Wenchuan earthquake, Sichuan,
China. Landslides 6:139-152

Yuan RM, Deng QH, Cunningham D, Xu C, Xu XW, Chang CP (2013) Density distribution of landslides
triggered by the 2008 Wenchuan earthquake and their relationships to peak ground acceleration. Bull
Seismol Soc Am 103:2344-2355

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Affiliations

Xianglong Yao'?3 . Shengwen Qi'*3® . Chunling Liu* - Songfeng Guo'? -
Xiaoling Huang'*® - Chong Xu® - Bowen Zheng'? - Zhifa Zhan® - Yu Zou'?
Xianglong Yao
xianglongyao @mail.iggcas.ac.cn

Chunling Liu
20517415@qq.com

Songfeng Guo
guosongfeng @mail.iggcas.ac.cn

Xiaoling Huang
huangxiaolin@mail.iggcas.ac.cn

Chong Xu
xcl1111111@126.com

Bowen Zheng
Zhengbowen@mail.iggcas.ac.cn

@ Springer


http://orcid.org/0000-0002-0967-7582

Natural Hazards (2021) 105:691-715 715

Zhifa Zhan
zhanzhifal00@126.com

Yu Zou

zouyu@mail.iggcas.ac.cn

Key Laboratory of Shale Gas and Geoengineering, Institute of Geology and Geophysics, Chinese
Academy of Sciences, Beijing 100029, China

University of Chinese Academy of Sciences, Beijing 100049, China

Innovation Academy for Earth Science, Chinese Academy of Sciences, Beijing 100029, China

China Aero Geophysical Survey and Remote Sensing Center for Natural Resources,
Beijing 100083, China

National Institute of Natural Hazards, Ministry of Emergency Management of China,
Beijing 100085, China

China Highway Engineering Consultants Corporation, Beijing 100089, China

@ Springer



	An empirical attenuation model of the peak ground acceleration (PGA) in the near field of a strong earthquake
	Abstract
	1 Introduction
	2 Methods
	2.1 Empirical attenuation model of the near-field PGA
	2.2 Computation process

	3 Applying this model to compute the PGA distribution of the Wenchuan earthquake
	3.1 Database
	3.2 Results

	4 Discussion
	4.1 Error analysis
	4.2 Limitations

	5 Conclusion
	Acknowledgements 
	References




