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ARTICLE INFO ABSTRACT

Editor name - Dong-Sheng Jeng Probabilistic prediction of ground-motion intensity in regions lacking strong ground-motion records is a vital
issue for seismic structural design. Several approaches have been suggested for this purpose, and nearly all of
them directly import and adjust the ground-motion prediction equation (GMPE) of ground-motion measures such
as the peak ground acceleration (PGA) or spectral acceleration (SA) from data-rich regions. However, as the
transmissions of PGA and SA from the source to the site correspond to nonlinear processes, this import and
adjustment may lead to an unrealistic evaluation of ground motion. In this study, a novel probabilistic prediction
method of ground-motion intensity for such regions is proposed. In contrast to the current approach wherein the
GMPE of ground-motion measures such as PGA or SA is directly used, a Fourier amplitude spectral (FAS) model is
suggested to express the seismic transmission process from the source to the site. The ground-motion intensities
of PGA or SA are obtained from the FAS model using the random vibration theory. The exceedance probability of
ground-motion intensity is calculated based on Monte Carlo simulations. As the FAS conforms to the linear
system theory and the determination of FAS model does not require too many ground-motion records, the
proposed method should be convenient for the probabilistic prediction of ground-motion intensity in regions
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lacking strong ground-motion records.

1. Introduction

Probabilistic seismic hazard analysis (PSHA) is a basic tool used to
determine seismic action in structural design [1-3]. Probabilistic pre-
diction of ground-motion intensity is the core of PSHA. When con-
ducting a probabilistic prediction of ground-motion intensity, a
ground-motion prediction equation (GMPE) is typically required for
ground-motion intensity estimation at a site of interest using measures
such as peak ground acceleration (PGA) or spectral acceleration (SA)
[4-8]. The GMPEs are typically derived based on regression analysis of
earthquake data, considering several predictive variables (such as
magnitude, and source-to-site distance, etc.) and a functional form
[9-19]. This process is usually available for seismically active regions
with earthquake data [16]. However, it is difficult to develop reliable
empirical GMPE in regions that lack strong ground-motion records
worldwide [20]. To perform seismic hazard studies in these regions,
usual practice involves the use of GMPEs from other regions. The se-
lection of a particular GMPE for a specific region is not straightforward
and is often based on a subjective decision of the hazard analyst. Not
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accounting for changes in regional seismological attributes, such as
source, path, and site condition, can often lead to an unrealistic estimate
of ground motion [21].

To solve this problem, several approaches have been suggested, such
as direct “import” and “host-to-target” adjustments of GMPE for PGA or
SA from data-rich regions [14,22-25]. However, the scaling of PGA or
SA from the source to the site is inconsistent with the linear system
theory, such that the import and adjustment do not purely reflect the
differences between the host (data-rich) and target (data-poor) regions
[26]. Therefore, probabilistic prediction of ground-motion intensity for
regions lacking strong ground-motion records remains a challenge [21,
27-30].

In this study, a new probabilistic prediction method of ground-
motion intensity is proposed for regions lacking strong ground-motion
records. In contrast to the current approach wherein the GMPE of
ground-motion measures, such as PGA or SA, are directly used, a Fourier
amplitude spectral (FAS) model is proposed to express the seismic
transmission process from the source to the site, and ground-motion
intensity, such as PGA or SA, is obtained from FAS using random
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vibration theory (RVT). The remainder of this paper is organized as
follows. Section 2 briefly reviews the current probabilistic prediction
method of ground-motion intensity. In Section 3, the basic idea is
described, an FAS model is introduced, calculations of PGA and SA from
FAS are performed, and the procedure for calculating the exceedance
probability of ground motion is summarized. Section 4 presents two
examples to demonstrate the validity of the proposed method. Finally,
the conclusions of this study are summarized in Section 5.

2. Review on probabilistic prediction of ground-motion
intensity

After the potential seismic sources that may affect the site of interest
are identified, the probability of ground-motion intensity exceeding a
specific level over time t [2], PIM > im; t), can be obtained by

P(IM > im; t)=1— ﬁ[l — P(IM > im; 1)) (@]

k=1

where IM is the ground-motion intensity measure, such as PGA or SA, im
is a specific level ground-motion intensity measure, t is the time interval
(year), k refers to the kth earthquake, and Px(IM > im; t) is the proba-
bility that the ground-motion intensity IM exceeds a specific level im
over time t in the kth earthquake.

Assuming the Poisson model, Py(IM > im; t) is given by [31].

Py(IM > im; t)=1— e 7% @

where vi is the mean annual rate of the kth earthquake, and py is the
conditional probability that the seismic intensity IM exceeds level im
given the occurrence of the kth earthquake. Considering m and r as
random variables, pi is expressed as [32].

pk:/M/RPkoim(IM > im|m, r)fy (m)fz(r)dmdr 3)

where fr(r) is the probability density function (PDF) of the source-to-site
distance, and fy(m) is the PDF of the magnitude.

Typically, the truncated exponential recurrence model for f(m) is
used, which is expressed as [31].

ge—Om

T Qe—0mmin — Qo—Ommax

Ju(m) 4
where mpy,;, is the minimum threshold magnitude, mpy,y is the maximum
threshold magnitude, @ is statistical parameter, and ¢ = bln10, where b is
the Gutenberg-Richter’s parameter [33].

The PDF of R, fr(r) depends on the considered sources. For line and
planar sources, the probability of earthquake occurrence is assumed to
be uniformly distributed in the sources [34].

From the process outlined above, it is clear that the calculation of IM
in Eq. (3) is a key step in the probabilistic prediction of ground-motion
intensity. To obtain P.;n(IM > im|m, r), one needs to know the mathe-
matical model of the ground-motion intensity IM, referred to as the
GMPE, expressed as a function of several seismological parameters of an
earthquake, such as the magnitude and source-to-site distance. The
GMPE:s for PGA and SA are typically derived based on regression anal-
ysis of numerous earthquake data and on considerations of several
predictive variables (such as magnitude and source-to-site distance, etc.)
and a functional form [18]. The basic functional form of GMPE is
expressed as follows:

In(PGA or SA) = In [PGA or SA(m, r, other seismological parameters)], +In e
(5)
where In[PGA or SA (m, r, other seismological parameters)], is the mean

value of In(PGA or SA), Ine describes the difference between the actual In
(PGA or SA) and the predicted In[PGA or SA (m, r, other seismological
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parameters)],. Many GMPEs have been developed [9,13,14,18], and can
be found in Douglas [35].

Given that the abovementioned GMPEs are obtained from strong
ground-motion records, the process is only available to seismically
active regions with a mass of earthquake data, such as the Western
United States [16], Taiwan [36], and Japan [37]. However, it is difficult
to develop reliable empirical GMPEs in regions lacking strong
ground-motion records worldwide (e.g., India) [20] using the same
process. To probabilistically predict the ground-motion intensity in re-
gions that have a paucity of strong ground-motion records, several ap-
proaches have been suggested.

One approach is “host-to-target” adjustment. Campbell [23] pro-
posed a hybrid empirical method to adjust an empirically derived GMPE
in data-rich (host) to data-poor (target) regions using the ratios of sto-
chastically simulated response spectral ordinates in the target and host
regions. Atkinson [14] also utilized response spectral ratios to adjust the
GMPE, however, its form in the target and host regions was determined
from the observed data. However, the scaling of response spectra from
source to site is inconsistent with the linear system theory, and the
response spectral ratios do not purely reflect the differences between the
host and target regions. Therefore, the identification of specific extent
adjustment factors (based on response spectral ratios) that can fully
accommodate the true differences in seismological parameters in target
and host regions remains an issue of debate [26].

Another approach involves the selection of GMPEs from data-rich
(host) regions and the identification of a new GMPE based on the
weighted average of the selected GMPEs [22,24,25]. However, the se-
lection of many GMPEs for a site of interest is not straightforward, and
often depends on the subjective decision of the hazard analyst. In
addition, this approach does not account for changes in regional seis-
mological attributes such as source, path, and site conditions, and can
lead to an unrealistic estimate of ground-motion intensity [21].

Therefore, the probabilistic prediction of ground-motion intensity in
regions lacking strong ground-motion records remains a challenging
problem. Correspondingly, the objective of this study is to propose an
effective method for the probabilistic prediction of ground-motion in-
tensity for these regions.

3. Proposed probabilistic prediction method of ground motion
intensity

3.1. Basic idea

From the discussion presented above, to obtain the exceedance
probability of ground-motion intensity measures, such as PGA or SA, in
regions lacking strong ground-motion records, almost all current
methods directly import or adjust the GMPE of these measures (e.g.,
PGA or SA) in data-rich regions [14,22-25]. However, it has been
pointed out that, for a dynamic system excited by a seismic motion, the
ratio of the SA of the output motion to that of the incident motion, i.e.,
the transfer function of SA, is not purely determined by the system itself;
however, it varies with the input motion, even for linear materials [26,
38-40]. This indicates that the scaling of SA from source to ground is a
nonlinear process and is inconsistent with the linear system theory.
Therefore, direct importing of the GMPEs of PGA or SA and adjusting
them using a simple response spectral ratio is theoretically unreasonable
and may lead to unrealistic evaluation of ground motion [21]. To
overcome this limitation, instead of directly using the ground-motion
intensity measure (such as PGA or SA), one needs to identify another
quantity to characterize ground motion by avoiding the above-
mentioned limitation and easily transforming it into ground-motion
intensity. It is well know that, for a dynamic system excited by a
seismic motion, the ratio of the FAS of the output motion to that of the
incident motion, i.e., the transfer function of FAS, is purely determined
by the system itself and independent of the input motion for linear
materials. This means that the scaling of FAS from the source to the site
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conforms to linear system theory. In addition, the ground-motion in-
tensity (such as PGA or SA) can be obtained from FAS based on RVT with
ease [38-41]. Therefore, FAS should be a suitable quantity to charac-
terize ground motion to satisfy the aforedescribed set requirements [41].
Many GMPEs of FAS have been developed based on regression using
numerous earthquake records [21,30]. Nevertheless, to predict the
probability of ground-motion intensity in regions lacking
ground-motion records, instead of using GMPE of FAS, we will directly
use an FAS model, which only requires a few ground-motion records to
determine its parameters [42,43]. After the FAS model is obtained,
ground-motion intensity (such as PGA or SA) can be expressed as a
function of FAS based on RVT. The exceedance probability of
ground-motion intensity is then calculated using Monte Carlo simulation
(MCS). As the FAS model conforms to the linear system theory, the
determination of the FAS model does not require many ground-motion
records, and the proposed method should be convenient for the proba-
bilistic prediction of ground-motion intensity in regions lacking strong
ground-motion records.

3.2. FAS model

Many approaches can be used to obtain the FAS, and one of the
simplest is to compute it from a point source in terms of the various
sources, paths, and site parameters using seismology theory. This study
utilizes this model by using the point source spectrum described by
Boore [41]. This ground-motion model has been validated by compari-
son with observations from actual seismic records [41,44]. The FAS of
ground-motion acceleration at the surface Y(f), is expressed as an
explicit function of the source term E(My, f), propagation path term P(R,
f), and the site term G(f), such that

Y(f) =E(My.f)P(R.f)G(f) (6)

where f is the frequency, R is the source-to-site distance, and My is the
seismic moment, which can be related to moment magnitude M by

My = 10"54+1605 @

The source terms E(Mj, f) are commonly expressed by the Brune
w-squared point source spectrum, although many other source spectral
models are equally valid [41]. Substituting the w-squared point source
spectrum and the expressions for the path and site terms into Eq. (6)
yields

£ fg} (2080 x exo G258 | eot-mprair)

Y= | 078 Moy )

(®

where p is the mass density of the crust, f is the shear-wave velocity of
the crust, Z(R) represents the geometric attenuation, Q(f) represents the
anelastic attenuation, k is the diminution parameter, A(f) represents the
crust amplification, and f; is the corner frequency representing the fre-
quency below which the FAS decays, and is defined as

_ 6, AO 1
£.=49x 10 ﬁ(m> ©)

where Ao is the stress drop.

The parameters of the FAS model in Eq. (8) may differ for different
regions, which can influence the FAS results. For example, the stress
drop Ac and diminution parameter k can influence high-frequency signal
strength of the FAS and its fall-off, respectively, the geometric attenu-
ation Z(R) affects the overall strength in the FAS, and crust amplification
A(f) and anelastic attenuation Q(f) influence the strength and overall
shape in FAS [41]. Thus, determining these parameters for a specific
region is important for deriving reasonable results. In many regions of
the world such as the eastern North America (ENA), the parameters of
the FAS model have been determined based on ground motions recorded
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in these regions. For example, the source parameters in the ENA
including the mass density p, shear-wave velocity of the crust g [45,46],
and stress drop 4o [13,26,42,47-49] have been systematically studied.
In addition, the parameters related to the path in the ENA including the
geometric attenuation Z(R) and anelastic attenuation Q(f) have been
explored [41,45,50-52]. Moreover, the site parameters in the ENA
including the diminution parameter k and crust amplification A(f) have
also been discussed [45,51,53,54]. For such regions with these param-
eters being fully discussed, the parameters of the FAS model can be
obtained by directly refereeing to these studies. For regions whose pa-
rameters are not fully discussed, the parameters of the FAS model are to
be determined based on ground motions recorded in these regions,
following the inversion procedure of previous studies [42,43]. Because
FAS conforms to linear system theory, the parameters of the FAS model
can be reasonably determined based on limited earthquake data in re-
gions lacking strong ground-motion records [23].

3.3. Calculation of PGA and SA from FAS

After the FAS model is obtained, one requires an effective procedure
to obtain the PGA and SA from FAS. Herein, the RVT was applied. Based
on this theory, the peak value of ground motion, response spectrum, and
site response were evaluated [55]. The RVT describes the relationship
between root-mean-square (RMS) and FAS. Using the FAS of ground
motion, the peak acceleration of the corresponding time-domain motion
is expressed as follows.

PGA =pf /Diﬂ/:o Y (w)*do (10)

where pf is the peak factor, D is the duration, o is the circular frequency,
and w = 2xf. The square root term in Eq. (10) represents the RMS ac-
celeration according to Parseval’s theorem.

Several peak factor models have been developed for RVT analyses
[56-58]. Although the Cartwright and Longuet-Higgins [56] model has
been commonly applied in engineering seismology and site-response
analyses, the Vanmarcke [58] model can provide better estimations of
the peak factor [59]. The cumulative distribution function of the peak
factor, pf, provided by Vanmarcke [58] is expressed as follows.

1 —exp(—é”r\/ﬂ—/Z)

P(pf<r)= [l—exp(—rz/Z)}exp —2f,exp(—r2/2)D —exp(r2/2)

1D

where § is the bandwidth factor of FAS, which is defined as a function of
the spectral moments of FAS as follows.

(ml)z

nmy @ ny

s=1/1- 12)

where m, (n = 0, 1, 2) denotes the nth order spectral moment of the
square of FAS, which is defined by

1

m, =— / @'Y (o) do 13)
T Jo

where f; is the rate of zero crossing, and it is defined as follows.

o 1 my
f:—%\/m:() 14

In RVT analysis, the expected value of pf is typically used. According
to Eq. (11), the expected value of pf, pf, is obtained by
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i [ r < nar=rper <l = [ Pr < nar=rp

o o (15)
— / P(pf < r)ydr= / 1 —P(pf < r)dr
0 0
where P’ (pf < r) is the PDF of pf.
Similar to the PGA, SA can be expressed based on RVT as
SA@) = phag| 5 [ ()P a6)
@)= Pl l)rm.JZ 0 sl ¢

where pfss and Dy, are the peak factor and duration of the oscillator
response of ground motion, respectively. Ysa(w) is the FAS of the
oscillator acceleration response spectra, and is expressed as

YSA(CU) = Y(C())HSA (a)) (17)

where Hga(w) is the oscillator transfer function for the acceleration
response spectra, which can be expressed as follows,

Hgp (@) = @em) + @) = (18)
\/(250)5)2 + (02 — (@))

where @ is the oscillator circular frequency, and ¢ is the oscillator
damping ratio.

The duration D,,,; can be estimated from D. Several studies devel-
oped equations for Dyy,s [60,61]. The most recent D, was developed by
Boore and Thompson [62], and is expressed as

_ L—n 2 n_\“
P S | Y . a9
where

2
_2n 20
n==5 (20)

where ¢;, i = 1,2, ...,7 are coefficients. Additional details can be found in
Boore and Thompson [62].

According to Atkinson and Silva [63], the duration of the ground
motion is defined as

1

D=—+0.05R 21)

c

3.4. Calculation of exceedance probability of ground motion

To calculate the probability of ground-motion intensity exceeding a
specific level at a site of interest based on considerations of all possible
earthquakes, the conditional probability that the seismic intensity IM
exceeds level im given the occurrence of the kth earthquake (expressed
in Eq. (3)) should be obtained. Instead of directly using IM, such as PGA
or SA in Eq. (3), an FAS model expressed in Eq. (10) was used, accord-
ingly, px can then be obtained without the GMPE of PGA or SA; however,
with the use of numerous strong ground-motion records.

Substituting Eq. (10) into Eq. (3), the pi for PGA can be obtained as
follows:

pk:/M/Rpk.,-m (m/%ﬂ/j ¥(0)Pdw > im

Substituting Eq. (16) into Eq. (3), the px value for SA can be obtained

m, r)fM (m)fx (r)dmdr (22)

as

1 ©0 2
= Praim TRV Ys, dw >i
P /M/R * <pf:§A \/Drms” /(; | “ (m) | ¢ m

m, r>j)l,,(m) = (r)dmdr

(23)
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Identify potential
seismic sources

1

Determine the occurrence probability
of earthquake for each source

|
l l

Determine probability Fourier amplitude
density function of magnitude spectral model

and source-to-site distance ¥
I I Random vibration theory I

Conditional probability that /M > im given
the occurrence of one earthquake.

Estimating seismic hazard considering
all possible earthquakes

Fig. 1. Flowchart of the proposed probabilistic prediction method of
ground motion.

Given that the integrands in Egs. (22) and (23) are complicated, it is
difficult to obtain theoretical solutions. Accordingly, MCS was used
herein.

The basic steps of the proposed method are summarized as follows.

(1) Identify potential seismic sources that may affect the site of
interest

(2) Determine the occurrence probability of earthquake for each
source v, by using Eq. (2)

(3) Determine probabilistic models fj;(m) and fr(r) by using Eq. (3)

(4) Determine the seismological parameters

(5) Use MCS to evaluate the probability that PGA and SA will exceed
a certain level during a specified time for each earthquake

(6) Obtain the exceedance probability of ground motion at the site of
interest considering contributions from all possible earthquakes.

The flowchart of the proposed method is shown in Fig. 1. Although
the seismological parameters in the FAS model are required in the
proposed approach, they can be determined using a small number of
moderate earthquake records instead of strong earthquake records [42,
43]. The determination of these seismological parameters can be found
in previous studies [13,26,42,45-54].

It can be noted from Sections 3.1-3.4, in contrast to the traditional
probabilistic prediction method of ground-motion intensity summarized
in Section 2, where GMPE of ground-motion measures, such as PGA or
SA, are directly used, the proposed procedure uses FAS to characterize
the ground motion. Therefore, the transmission of PGA or SA from the
source to ground, which does not conform to the linear system theory, is
replaced by the transmission of FAS, which conforms to the linear sys-
tem theory. Furthermore, the ground-motion intensity (such as PGA or
SA) can be obtained from FAS based on RVT with ease. Therefore, the
proposed procedure can simulate the nonlinear transmission process of
PGA or SA while keeping a linear system characteristic of FAS. In
addition, because FAS conforms to the linear system theory and deter-
mination of the FAS model does not require too many records, the
proposed method should be convenient and effective for the probabi-
listic prediction of ground motion in regions lacking strong ground-
motion records.

4. Numerical examples

In this section, two examples are used to demonstrate the validity of
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Table 1
Probability information about the parameters used in the Fourier amplitude
spectral model.

Parameters Distribution =~ Mean  Standard
deviation
Density of crust p (g/cm®) Lognormal 2.8 0.56
Stress drop Ac (bar) Lognormal 400 100
Shear-wave velocity of crust # (km/s) ~ Lognormal 3.7 0.74

Site diminution k (s) Lognormal 0.04 0.012

Table 2
Parameters used in the Fourier amplitude spectral model.

Parameters value

Crust amplification A(f)
Geometrical spreading Z(R)
Path attenuation

(Boore and Thompson 2015)
(Atkinson and Boore 2014)
(Atkinson and Boore 2014)

Site

Fig. 2. Distribution of the considered site and seismic source.

the proposed method. Here, values of the parameters of the FAS model
for the ENA regions were adopted [64] as listed in Tables 1 and 2.
Because the parameters of the FAS model may vary for each region,
these should be determined according to the specific region based on the
procedure described in Section 3.2. The probabilistic information con-
cerning the distribution of the parameters used in the FAS model are
listed in Table 1.

Example 1. A line source

Example 1 considers a line source, as shown in Fig. 2. The length of
the source L is 100 km, the depth of hypocenter h is 20 km, and the
epicentral distance d is 10 km. In addition, the average occurrence rate v
of the line source is assumed to be equal to 0.02 per year with M > 4. The
truncated exponential recurrence model is used as the PDF of magni-
tude, where the minimum threshold magnitude mpi, is four, the
maximum threshold magnitude mp,.y is eight, and the statistical
parameter 0 is 2.6. It is assumed that an earthquake occurs along with
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0.1+

0.014

Probability of exceedance

0'00 1 T T T T 1
1 5 10 20 50 120
Peak ground acceleration (gal)

Fig. 3. Seismic hazard curve for peak ground acceleration obtained using
Monte Carlo simulation (MSC) with 10000 samples.

the line source with a uniform distribution. The time interval t was
considered equal to 50 years. In addition, 10 oscillator periods were
considered (T = 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, and 10 s), and the
oscillator damping ratio ¢ was set to 0.05. In total, 10000 samplings
were used in the MCS.

The basic process of obtaining the probability that ground-motion
intensity IM exceeds a specific level im over time t, P(IM > im; t), can
be summarized as follows.

(1) Determine the PDFs of M and R, respectively.

The PDF of M is expressed as

2.68—2.6111
Fulm) == 0w @9

and the PDF of R is expressed as

Je(r) I — (25)
Ly/r2 = (d* + %)

where d® + W2 <r<d®+ K + (L/2)%

(2) Calculate the PGA and SA from the FAS model based on the
method presented in Section 3.4

(3) Calculate the conditional probability py expressed in Egs. (22)
and (23) using MSC

(4) Calculate the exceedance probability Py expressed by Eq. (2)

Table 3

Probabilities of exceedance for peak ground acceleration (PGA) and spectral acceleration (SA).
Exceedance Probability PGA (gal) SA (gal)

0.01s 0.02s 0.05s 0.1s 0.2s 0.5s 1s 2s 5s 10s

0.99 1.5 0.6 0.6 0.9 1.6 1.1 0.3 0.05 0.01 0.001 0.0003
0.5 4.5 1.8 1.8 3.3 5.0 2.1 0.6 0.1 0.02 0.003 0.0007
0.2 9.8 4.1 4.2 7.8 11.0 4.2 1.5 0.4 0.07 0.008 0.002
0.1 14.9 6.4 6.6 11.9 171 6.6 2.8 0.8 0.2 0.02 0.004
0.05 21.8 9.6 9.9 17.4 24.8 9.5 4.8 1.6 0.4 0.04 0.009
0.02 32.6 15.1 15.5 26.6 36.8 15.4 9.2 3.8 1.0 0.1 0.02
0.01 449 22 22.6 37.7 53.4 21.5 13.6 6.3 1.9 0.2 0.05
0.005 61.4 30.8 315 52.7 72.4 30.3 20.4 10.5 3.8 0.5 0.10
0.002 83.9 48 48.6 79.0 105.8 43.9 31.4 17.8 7.5 1.3 0.3
0.001 118.1 72.5 73.4 106.6 159.0 52.5 38.2 22.6 10.0 2.0 0.4
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Fig. 4. Seismic hazard curve for spectral acceleration (SA) obtained using MCS with 10000 samples.
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The calculation results of exceedance probability for PGA and SA are
listed in Table 3. The hazard curve of PGA is shown in Fig. 3, and the
hazard curves of SA are shown in Fig. 4.

After obtaining the exceedance probability of SA in specific fre-
quencies, the value of uniform hazard spectrum (UHS) of the specific
exceedance probability can be obtained. In this example, the UHS for
exceedance probability of 1072 was estimated, as shown in Fig. 5.

Example 2. Multiple seismic sources

The second example considers four sources, including two point
sources and two line sources, as shown in Fig. 6. The A’ and B’ represent
two point sources, and C'D’, E'F represent two line sources. For the point
source A’, the hypocenter depth h; is 20 km, and the epicentral distance
d; is 30 km. For the point source B/, the hypocenter depth hy is 15 km,
and the epicentral distance ds is 50 km. For the line source C'D’, the
length of fault L1 = L, + Lp is 100 km, where L, is 30 km, Ly is 70 km, the
hypocenter depth hs is 20 km, and the minimum distance between the
surface projection of the fault and site d3 is 35 km. For the line source
E'F, the length of fault L, is 120 km, the hypocenter depth hy is 25 km,
and the minimum distance between the surface projection of the fault
and the site d4 is 50 km. The average occurrence rate of v; is 0.04 for
source A, v, is 0.06 for source B', v3 is 0.12 for source C'D’, and v4 is 0.08
for source E'F per year with M > 6. The statistical parameter @ is 2.6 and
the time interval t is 50 years. The density of crust p is 2.8 g/cm?, stress
drop Ao is 400 bar, shear-wave velocity of crust j is 3.7 km/s, and site
diminution k is 0.04 s. The other parameters of FAS model are listed in
Table 2. It was assumed that an earthquake occurs along the line source
with a uniform distribution. In addition, 10 oscillator periods were also
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Fig. 8. Seismic hazard curve for spectral acceleration (SA) obtained using MCS
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considered (i.e., T=0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10 s), and the
oscillator damping ratio & was set to 0.05.

Using MCS with 10000 samples, the probabilities of exceedance for
the PGA and SA are shown in Figs. 7 and 8, respectively. Fig. 8 shows
that when the exceedance probability of the SA is less than 0.001
(usually 10% of the number of MCS samplings), the hazard curves
become zigzagged. This is because the number of samplings in MCS is
only 10000, and the results are unstable when the exceedance proba-
bility is significantly small. Increasing the number of samplings of MCS
can avoid this problem.

When the probability of exceedance for SA is obtained, the UHS of a
specific exceedance probability can be estimated. In this example, the
UHS for exceedance probabilities of 107}, 1072, and 10~2 were esti-
mated, as shown in Fig. 9.

From the two examples, the proposed method is a useful probabilistic
prediction tool of ground-motion intensity for regions lacking strong
ground-motion records. Since multiple integrals are required in Eq. (22)
or (23), and Monte Carlo Simulation is used to calculate the exceedance
probability, the computational efficacy needs to be improved when a
small exceedance probability is of interest.
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5. Conclusion

In this study, a probabilistic prediction method of ground-motion
intensity for regions lacking strong ground-motion records was pro-
posed. This method is in contrast different from the current probabilistic
prediction method of ground-motion intensity summarized in Section 2,
where the GMPE of ground-motion measures such as the PGA or SA are
directly used. An FAS model is suggested to express the seismic trans-
mission process from the source to the site. The PGA and SA were then
obtained from FAS based on the RVT. Because the FAS model conforms
to the linear system theory and the determination of the FAS model does
not require many records, the proposed method is feasible in regions
lacking strong ground-motion records. The numerical examples show
that the method is convenient and effective as a probabilistic prediction
tool of ground-motion intensity for regions lacking strong ground mo-
tion records.
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