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Abstract
Given the probability distribution function relating to the recurrence interval
and the occurrence time of the previous occurrence of a fault, a time-dependent model of a particular fault for seismic hazard assessment was developed that takes into
account the active fault rupture cyclic characteristics during a particular lifetime up
to the present time. The Gutenberg and Richter (1944) exponential frequency-magnitude relation uses to describe the earthquake recurrence rate for a regional source.
It is a reference for developing a composite procedure modelled the occurrence rate
for the large earthquake of a fault when the activity information is shortage. The
time-dependent model was used to describe the fault characteristic behavior. The
seismic hazards contribution from all sources, including both time-dependent and
time-independent models, were then added together to obtain the annual total lifetime
hazard curves. The effects of time-dependent and time-independent models of fault
[e.g., Brownian passage time (BPT) and Poisson, respectively] in hazard calculations
are also discussed. The proposed fault model result shows that the seismic demands
of near fault areas are lower than the current hazard estimation where the time-dependent model was used on those faults, particularly, the elapsed time since the last event
of the faults (such as the Chelungpu fault) are short.

1. Introduction
Probabilistic seismic hazard analysis provides a key element for engineering seismic design. It is concerned with
evaluating the various natural effects of earthquakes at specific levels, which may cause safety or design consequences
to critical structures at particular sites such as dams, public
structures, and nuclear power plants. The methodologies for
performing a probabilistic seismic hazard analysis (PSHA),
as initially described by Cornell (1968), McGuire (1976), Der
Kiureghian and Ang (1977), and others, are well established
in engineering practice. The PSHA provides a framework
to address the uncertainties associated with the identification and characterization of seismic sources by incorporating
multiple seismological parameter interpretations.
For a particular site, the hazard contributions are integrated over all magnitudes and distances for all source
zones, according to the calculation of total probability theory. Figure 1 schematically illustrates the constituent models
* Corresponding author
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of the probabilistic approach to estimate earthquake ground
motion hazard. The earthquake magnitude recurrence models are for each source characterization, respectively. Secondly, a ground motion prediction equation is selected, that
is, in general an empirical relationship among the ground
motion characteristics (such as the style of faulting, magnitude and distance and the local site geology). The third step
consists of evaluating the probability of exceedence for a
given ground shaking intensity in some period of interest at
a specific site. Thus, the annual probability of exceeding the
ground motion Y for a given specific ground motion level y
is shown below:
n

m (y) = / vi ' # # P 6Y > y m, r@ fr ^r mh fm (m) drdm1
i =1
m r

(1)

where vi is the annual rate of the i source zone for m ≥ m0
earthquakes, m is the earthquake magnitude, r is the distance
from the site to source, P[-|-] is the conditional probability,
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and fm(m), fr(r|m) are the probability density functions for
earthquake magnitude and distance, respectively.
Two major sources of probabilistic uncertainties are
raised to incorporate both seismicity and geologic information in PSHA (McGuire 2004): (1) Aleatory uncertainties
that are inherent in a random phenomenon and cannot be
reduced by acquiring additional data or information; and
(2) Epistemic uncertainty is the scientific uncertainty in the
model or process. It is due to limited data and knowledge.
There is no doubt that these uncertainties will lead to variations in even the best seismic hazard estimation. Obviously,
the analysis must effectively account for the spatial and
temporal randomness of earthquake occurrences to improve
confidence in PSHA. Up-to-date knowledge of the source
data along with accurate models can provide valuable information in reducing such uncertainties and in facilitating a
correct understanding of PSHA.
Most of the developments in PSHA have been primarily concerned with introducing different probabilistic models to describe randomness, such as earthquake magnitude,
occurrence time and occurrence rate, in order to achieve
more realistic descriptions for a specific site. One of the
main steps in PSHA involves evaluating the recurrence rate
for a given earthquake magnitude from the seismic source
(step 1 in Fig. 1). The earthquake occurrence model, i.e.,
the specification of where and how frequently earthquakes
are likely to occur, is a main component. The GutenbergRichter (Gutenberg and Richter 1944) relation is a basic
formula for calculating the recurrence rate in a zone according to the earthquake activity characteristics (McGuire
1976, 1995; Der Kiureghian and Ang 1977). Due to physical source fault constraints (earthquake magnitude is related
to the area of the seismic rupture), earthquake magnitude
must have an upper bound in a region. The corresponding
probability density of the Gutenberg-Richter relation using
the earthquake magnitude limit is expressed below:
fm (m) =

b $ e - b (m - M )
1 - e - b (M - M )
min

max

min

(2)

where β = bln10 (b is the b-value of the Gutenberg-Richter
relation), and Mmax, Mmin are the maximum and minimum
magnitudes of the region of interest, respectively. Equation
(2) is also called the truncated exponential model. However,
the earthquake occurrences, as defined by the Poisson process, are characterized by an exponential distribution of the
earthquake recurrence intervals, λ [estimated by the Eq. (1)].
The probability density function and cumulative distribution function are shown in Fig. 2. In addition, the procedure
utilized in PSHA is based on the memory-less assumptions
of the Poisson processes in which time, size and location of
preceding events are independent.
In reality, there is increasing evidence that using the

characteristic earthquake model for large earthquake, generated from an individual fault, is more appropriate than using the Gutenberg-Richter relation (Wesnousky and Scholz
1983; Schwartz and Coppersmith 1984; Youngs and Coppersmith 1985; Hong and Guo 1995; Parsons 2005, 2006;
Parsons and Geist 2009). Figure 3 shows that the characteristic earthquake model indicates a non-linear earthquake
frequency-magnitude relation dominated by the characteristic events (Schwartz and Coppersmith 1984; Youngs and
Coppersmith 1985). In the frequency-magnitude relationship, a very low b-value is required in the moderate-magnitude range to reconcile the data throughout the range of
magnitudes (Wesnousky 1994). Based on the energy accumulation concept (consistent slip rate), the behavior of large
earthquakes related to the individual fault source follows an
inherent time model. The characteristic earthquake model
is based on the observation that during repeated rupture
episodes occurring on the individual fault (or fault system),
some characteristics remain approximately constant over a
large timescale; the rupture characterization of the earthquake occurrence behavior does not match the assumption
using the Poisson process. It is important to properly consider the variability in recurrence rates caused by multiplesegment ruptures that change from event to event due to
fault interaction. Furthermore, the simple elastic rebound
theory of elastic strain accumulation and relaxation suggests
there is some renewal process involved in earthquake recurrence on individual faults.
The frequency of large earthquake occurrence forms
the basis for seismic hazard assessments, while the concept
of a stress-driven earthquake renewal inspires time-dependent earthquake probability calculations. In fact, in recent
years, the time dependent occurrence model has been applied increasingly as part of PSHA (e.g., Ogata 1999; Ellsworth et al. 1999; Cramer et al. 2000; González et al. 2006;
Jean et al. 2006; Chang et al. 2007; Akinci et al. 2010; Garcia-Aristizabal et al. 2012; Mosca et al. 2012). The timedependent hazard analysis in the San Francisco Bay region
using the probability models for the major Bay Area faults
was considered by the U.S. Geological Survey’s (USGS)
Working Group on the California Earthquake Probabilities
study (WGCEP 2003). It performed time-dependent probability calculations for the next 30 years using historic earthquake data from the segmentations of active faults, such as
the San Andreas.
Paleoseismic trench excavations have also provided
information, including fault geometry, displacement, focal
mechanism, and fault slip rate. It provided data that prove
recurrence intervals to be consistent with an assumed probability function. Based on the fault displacement of the Chelungpu fault (reported by Chen et al. 2000, 2004, 2007) and
the Longitudinal Valley (reported by Yen et al. 2008) fault
in Taiwan, the magnitude of a paleoearthquake can be estimated using the relationship of average displacement to
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Fig. 1. Schematic illustration of the basic three steps in probabilistic seismic hazard analysis.

Fig. 2. The probability density function (pdf) and cumulative distribution function (PDF) of Poisson process.

(a)

(b)

Fig. 3. The Characteristic Earthquake Model from Youngs and Coppersmith (1985). On the (a) is the schematic illustration of the characteristic
earthquake model; the (b) is the cumulative probability density magnitude of the model. (Color online only)
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the moment magnitude by Wells and Coppersmith (1994).
As shown in Fig. 4, due to the cumulative seismic moment
converted from moment magnitude [the moment magnitude scale referring from Hanks and Kanamori (1979)], the
earthquake recurrence behavior of characteristic events has
been proven to follow the time-dependent process. Using the
Poisson time-independent process calculates the recurrence
rate of such an individual rupture for fault may overestimate
or underestimate its hazard contribution. This implies that
the probability for an earthquake occurrence for a given year
does not depend on the elapsed time since the last event.
Although time-independent earthquake occurrence behavior characterization requires only an assessment of the
average recurrence time for a given magnitude, this study
considers the elapsed time since the last earthquake in timedependent earthquake models for major faults in Taiwan. The
paleoseismic data of the Chelungpu and Longitudinal Valley faults helps to estimate the conditional probability corresponding to a renewal model with the coefficient of variation
(COV). In addition, COV is a key parameter in time-varying
probability estimates, particularly the standard deviation of
recurrence intervals for a given fault system between large
events. However, the conditional probability in the next subsequent time depends on the ratio between the elapsed time
and the recurrence interval of a fault (Te/Tr ratio). In addition
to a small Te/Tr ratio of the Chelungpu fault, a large Te/Tr ratio
of the Meishan fault is discussed in this paper.
2. Seismotectonic Frame and Active
Faults in Taiwan
Taiwan is located in the convergent plate boundary of
the Eurasian plate colliding with the Philippine Sea plate at

a rate of about 70 - 80 mm yr-1 (Yu et al. 1997). This area
is one of the most seismically active regions in the world.
This tectonic environment produces a complex distribution
of active faults, causing high seismicity within and around
Taiwan. Statistics indicate that more than 7,780 people
have died due to earthquakes in the last century (Cheng et
al. 1999). Devastating earthquakes occur in Taiwan mostly
from ground ruptures or the reactivation of faults, such as
the 1999 Chichi Taiwan Earthquake with Mw = 7.6 in Central Taiwan due to a surface rupture longer than 105 km
along the Chelungpu fault.
Characteristic earthquake behavior is suggested mainly
by geological observations and/or trenching surveys. Unfortunately, basic information on the paleoseismicity of the
active faults in Taiwan are virtually lacking from geological
mapping. Therefore, after the 1999 Chichi Taiwan Earthquake, the data collected from trenching studies were used
to characterize the slip rate and the amount of displacement
per event that characterize the Holocene behavior of active
faults. The trenching studies allow estimating the age of paleoseismic events and the recurrence intervals for seismic
hazard assessments.
2.1 The Paleoseismological Investigation in Taiwan
Four fundamental elements need to be considered in the
seismic source characterization of active faults: (1) the identification, location and geometry of significant earthquake
sources; (2) the maximum size of the earthquakes associated with a fault; (3) the renewal rate at which fault rupture
occurred; and (4) the occurrence time of the last event. The
paleoseismological investigation goals for individual faults
are to provide basic information on the interval between

Fig. 4. The behaviour of the earthquake recurrence in the Chelungpu fault (left) and the Longitudinal Valley fault (right) in Taiwan follows the
time-predictable model based on a consistent slip rate level at which failure occurs. In this figure, the moment magnitude scale referring from Hanks
and Kanamori (1979): M = 2/3·logM0 - 10.7.
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earthquake-induced surface faulting, the displacement during each event, slip rate, and fault segmentation. This information forms the basis for estimating the magnitude of
paleoearthquakes and the earthquake recurrence renewal
model. In fact, paleoseismic evidence in several different
tectonic environments (e.g., Japan, Turkey, California etc.)
supports the idea that the reoccurring ruptures on a fault can
be described by a time-predictable model. The conclusion
from paleoseismological investigations in Taiwan indicated
that the behavior of rupture episodes at active faults adhere
to a time-predictable model, based on a consistent slip rate
level at which the earthquake occurs, such as the Chelungpu
fault (Chen et al. 2004, 2007) or the Longitudinal Valley
fault (Yen et al. 2008) etc. (as shown in Fig. 4). The recurrence times are based on the paleoseismic determinations
of the dates of old large earthquakes, which may contain
measurement uncertainties.
The 1999 Chichi, Taiwan, Earthquake caused a clear
surface rupture over 105 km in length along the Chelungpu
fault. This is a good seismic event for paleoseismological
study. Seven trenches were excavated along this fault to investigate the history of large earthquake events. The excavations along the Chelungpu fault characterized six large
earthquake events in A.D. 1999, A.D. 1699 - 1569, A.D.
1319 - 1209, A.D. 1289 - 1049, A.D. 619 - 299, and A.D.
289 - 69 during the past 2 millennia (Chen et al. 2007; http://
cgsweb.moeacgs.gov.tw/). The average slip rate of the Chelungpu fault is 6.4 mm yr-1. As shown in Fig. 5a, the mean
recurrence interval for the six characteristic earthquakes is
about 365 years and the variance is small with a COV of
0.356. This small COV value is similar to that in some other
research results. When COV has low value, the earthquake
occurred with a very periodic process. Past studies of the
investigative data from several major fault systems found

(a)
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that the range of COV for repeat times for large events on
a fault or the transform and subduction plate boundaries is
within 0.2 - 0.4 (e.g., Nishenko and Buland 1987; Sykes and
Menke 2006), especially the Parkfield section of the San
Andreas fault with COV = 0.37 (Sykes and Menke 2006).
Cornell and Winterstein (1988) proposed the typical COV
values in practice range from 0.4 - 0.6. These COV values
determined using geological investigation are smaller than
the Jackson et al. (1995), which assumed renewal processes
with larger COV of 0.5 ± 0.2 for the most active fault segments in the San Francisco Bay area.
The Longitudinal Valley fault, which consists of many
segments, is currently the major seismogenic fault in East
Taiwan. The Longitudinal Valley fault is also the most important plate boundary fault between the Philippine Sea
Plate and the Eurasian Plate in Taiwan. Three sites were investigated along the Longitudinal Valley fault by Yen et al.
(2008), who identified three surface-rupturing earthquakes
within the past 390 years, including the 1951 earthquake.
This data yielded a relatively short mean recurrence interval
of approximately 150 years, as shown in Fig. 5b. Although the
uncertainty of the recurrence interval of the paleoearthquake
is indeterminate in the fault, based on the fault dipping angle
and the vertical uplift rate, the more accurate fault slip rate
can be calculated using trigonometry. The Longitudinal Valley fault slip rate was estimated between 17.0 - 24.4 mm yr-1
(Yen et al. 2008).
Not all pale-seismological studies can provide enough
information to estimate the recurrence intervals and its uncertainty. Although the Longitudinal Valley fault was identified as presenting a few paleoearthquakes during a specific
period, the uncertainty of the recurrence intervals for these
paleoearthquakes is indeterminate in the fault. The information shortage about the recurrence interval uncertainty exists

(b)

Fig. 5. The paleoseismological fault data and its mean occurrence interval. On the (a) is the recurrence interval of the Chelungpu fault was estimated
about 365 years, and the (b) is the recurrence interval of the Longitudinal Valley fault was estimated about 150 years. (Color online only)
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in most faults in Taiwan, such as the Meishan fault at which
only two historical earthquakes occurred, i.e., in 1792 and
1906. It is difficult to estimate appropriate COV for the fault
renewal model. However, alternative COV for the Longitudinal Valley and the Meishan faults for the time-dependent
model should be referred from other the major faults that
have periodic behaviour and for which sufficient information on previous earthquakes is available. In this case, according to the typical COV values in practice range from 0.4
- 0.6 (Cornell and Winterstein 1988; Jackson et al. 1995), a
conservative COV = 0.5 was used in the Longitudinal Valley and the Meishan faults, respectively. The characteristic
earthquake model has significant implications for seismic
hazard assessments associated with a particular fault. Each
fault has an extensive geological and seismological dataset
that defines the behavior of certain faults (e.g., Wasatch and
San Andreas Fault system; the Chelungpu fault) (Schwartz
and Coppersmith 1984). For well-instrumented active faults,
the recorded information may possibly be used to estimate
the recurrence rates for large earthquake events on an individual fault directly from the paleoearthquake investigation.
The paleoseismological studies have proven extremely important in quantifying the fault-specific earthquake recurrence and its historical magnitude.
3. Time-Predicted Earthquake Model
Implementation of a selected earthquake recurrence
distribution model in earthquake hazard calculation is critical. However, the Gutenberg-Richter relation works well for
large regions in general, but in most cases, the relationship
underestimates the number of earthquakes with moderate to
large magnitudes, such as the characteristic earthquakes of a
fault (Schwartz and Coppersmith 1984; Wesnousky 1994).
In particular, implied by the elastic-rebound theory, the renewal models are used to quantify the earthquake probabilities. On the contrary, the time-dependent model is typically
applied to larger-magnitude earthquakes that are modeled
as characteristic events on a single fault, with magnitudes
close to a central value Mc (Fig. 3). Without loss of generality, the areal seismic source occurrence is modeled using a
time-independent model, e.g., the Gutenberg-Richter relation. In contrast, the probability distribution of the occurrence rate for an individual fault is more applicable using
the paleoseismological event renewal process and geological observations.
3.1 Renewal Models
To represent the earthquake occurrence with respect to
time, it is assumed that the occurrence of large earthquakes is
periodic. This assumption is taken into consideration along
with the energy accumulation of previous events through an
earthquake renewal model. Renewal models were applied to

different distributions which allow the probability of fault
occurrence to increase with respect to the elapsed time (Te)
since the occurrence of the last event with the subsequent
Tp-year. The typical distributions for describing earthquake
recurrence include the Exponential (Poisson), Log-normal,
Weibull, Gamma, or Brownian Passage Time (BPT) (Matthews et al. 2002). The BPT distribution is based on a simple
physical earthquake cycle model and has highly desirable
statistical properties in describing the earthquake recurrence
statistics. This distribution has been widely used in California and Japan (Fujiwara et al. 2005; WGCEP 2007; Field et
al. 2015), among other studies (Ellsworth et al. 1999; Matthews et al. 2002; Fujiwara et al. 2009; Akinci et al. 2010;
Garcia-Aristizabal et al. 2012). The probability density of
the BPT model is given as follows:
f BPT (t) =

n

2ra2 t 3

$ exp =-

( t - n) 2
G
2na2 t

(3)

where α is a dimensionless measure of COV (also known
as the aperiodicity) of the distribution, and t is the time.
The other probability distributions can be referred from the
statistics textbook. Different probability density functions
[f(t)] of renewal model, normalized time ratio for the earthquake recurrence interval (Tr), with COV equal to 0.5 are
illustrated in Fig. 6a.
The hazard function h(t) describes the instantaneous
rate of failure at time t given that no event occurred until
time t. It is defined as
h (t) =

f (t)
f (t)
=
R ( t ) 1 - F (t )

(4)

where F(t) is the cumulative distribution function for the
fault recurrence and the probability density function, f(t),
can be any distribution. In other words, an increasing hazard
function of time t indicates that an event is likely to occur at
a given increment of time, which depends on the memory of
the previous event. Figure 6b shows the hazard function for
the five distributions under discussion. In fact, it indicates
that the exponential distribution provides the constant hazard
function, which implies that an earthquake occurrence is unrelated to the elapsed time and confirms the stationary nature
under the Poisson assumption. The non-zero hazard rate at t
= 0 indicates that there is a possibility for earthquake occurrence immediately following the preceding event. All other
models conform to the probability for earthquake occurrence
increasing with increasing ratio between the elapsed time
and mean recurrence interval. The BPT distribution starts at
zero at time t = 0 in the hazard function and keeps a constant
hazard function level after ample elapsed time. This is unlike
the Log-normal distribution that will decrease to zero. The
hazard function of the Weibull distribution starts at zero, but
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the function increases indefinitely, while the Gamma distribution also has a finite asymptotic failure rate, but the function increases more smoothly (Matthews et al. 2002; Akinci
et al. 2010; Garcia-Aristizabal et al. 2012).
From the report on the paleoearthquakes study on the
Chelungpu fault, the intervals in the past 2 ka (kilo-years
ago) range from about 700 - 100 years and relate to COV
= 0.356. It is assumed that all five models, representing the
probability density function of the earthquake recurrence
interval, also using COV = 0.356, as shown in Fig. 7. The
time-axis is normalized by the expected value Tr. The cumulative probability data points of the paleoearthquakes of
the Chelungpu fault are plotted in Fig. 7 for comparison.
In addition to COV = 0.356, the COV = 0.5 and 0.7 are
also used in the BPT distribution in the same plot. In the
statistical analyses, the QQ-plot displays a quantile-quantile
plot of two observed data samples and model values. If the
samples do come from the same distribution, the plot will
be linear or close to 1:1. Based on the paleoearthquake data
from the Chelungpu Fault, the QQ-plots of the five distribution models show that the four renewal models have the best
performance for describing the characteristic behavior than
the exponential (Poisson) model, as illustrated in Fig. 8. In
the plot, the sample data is displayed with the plot symbol
‘+’ and the red line is a robust linear fit of the order statistic
of the two samples. In the test, the exponential (Poisson)
model result indicates that the rupture episode behaviour for
specific faults cannot unilaterally be described by a constant
occurrence rate. It is a reason that the WGCEP (2003) has
considered the weighting for the time-independent and timedependent models to build the hazard map. The data show
good agreement with the assumed probability distribution
function, which indicates that the uncertainty of the time investigation for the paleoearthquake occurring consists with
COV of 0.35 - 0.5.

(a)
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3.2 Calculation of time-dependent probability in hazard
analysis
Let f (p) denote a probability density function of the
recurrence interval of the fault rupture that causes the earthquake. The probability of the fault surviving up to time t,
counted from the last rupture occurrence, can be expressed
as
t
3
R (t) = 1 - Q (t) = 1 - #0 f (p) $ dp = #t f (p) $ dp

(5)

where Q(t) is the failure distribution function of the fault
and the probability density function, f (p) , can be any probability distribution. If the elapsed time of a time-predictable
active fault is given as Te, the hazard analysis is trying to estimate the occurrence probability of the fault during the subsequent Tp-year. For most structures, the earthquake design
is estimated based on the structural lifetime. In this case, Tp
is set as the structural lifetime, and the seismic hazard due to
the active fault can be estimated using the engineering reliability theory. Given a condition that the fault has survived
during [0, Te], the probability of causing fault rupture during [Te, Te + Tp] is called the posterior failure probability (or
recurrence probability):
Te + Tp

#T
f (p) $ dp
Qc [Te + Tp, Te]
Qc ^Te + Tp Teh =
=
3
Qc [Te]
#T f (p) $ dp
e

e

R (Te + Tp)
T +T
=1= 1 - exp 8- #T
h (p) $ dpB
R (Te)
e

(6)

p

e

The rate Qc(Te + Tp|Te) represents the conditional probability
(Pcod) in the consequent time period. Substituting the Tp-year
conditional probability (Pcod) for the Poisson probability per

(b)

Fig. 6. (a) Probability density distribution and (b) the Hazard function of the Exponential (Poisson) model, Brownian Passage Time model, Lognormal model, Gamma model, and Weibull model. All distributions have mean = 1 and standard deviation = 0.5 (except the exponential distribution). (Color online only)
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Fig. 7. Comparison of the five distributions and the recurrence-time data from paleoseismological investigation of the Chelungpu fault, including
COV = 0.356. In addition, the BPT distribution using COV = 0.5 and 0.7 are also plotted. (Color online only)

Fig. 8. The QQ-plots of the paleoearthquake data of the Chelungpu fault and the five distribution models. The distribution models include the
Weibull model, Log-normal model, Gamma model, Brownian Passage Time model, and Exponential (Poisson) model. Assuming COV = 0.356
of the Chelungpu fault. In the plot, the sample data is displayed with the plot symbol ‘+’ and the red line is a robust linear fit of the order statistic
of the two samples. In the test, the results shows that the robust linear of renewal models fit more closely to the line of 1:1 than the Poisson model
fitting. (Color online only)

year into the Poisson process, an effective Poisson rate (λeff,
WGCEP 2003) can be solved using:
meff = - ln (1 - Pcond) Tp

(7)

Thus, an effective Tp-year rate per year for the active faults

was applied in PSHA as a proxy for time dependence.
The Characteristic earthquake of a fault recurrence in
PSHA is commonly modelled as the Characteristic Earthquake Model (Youngs and Coppersmith 1985). This model
has a uniform distribution for the large earthquakes range
and an exponential distribution for the smaller size earthquakes. The uniform distribution is centred on the mean

Considering the Time-Dependent Recurrence Rate for Fault in PSHA

characteristic magnitude, Mc, and has a width of 0.5 magnitude, as illustrated in Fig. 3a. In the characteristic earthquake model the individual fault slip rate is an important
parameter that describes the earthquake recurrence. However, it cannot be easily estimated using geological, paleoseismological and/or geodetic evidence. The individual
fault slip rate was developed by Shyu et al. (2016) based on
the seismogenic structural data in Taiwan. In addition to the
historic earthquakes, the slip rate is a parameter to estimate
the fault recurrence interval. The recurrence interval of the
study faults was determined from the fault paleoseismological data in this study.
In the fault recurrence interval application, the simplified “characteristic earthquake model” in which the truncated exponential model with low bc-value describes the
characteristic earthquakes range along a particular fault
segment is assumed to have an effective Tp -year rate per
year [λeff, Eq. (7)]. Assuming the total seismic moment is
constant, for a range of the characteristic earthquake, the effective Poisson rate (λeff) and a small bc-value can be applied
to a truncated exponential model. Figure 9 illustrates the
earthquake recurrence comparison between the characteristic earthquake model and the truncated exponential model.
For example, the fault source parameters include 200-year
repeat time and characteristic magnitude range of 7.0 - 7.5.
In the comparison, the result shows that the total seismic
moment in the characteristic earthquake range for the truncated exponential model with a bc-value of 0.2 is similar to
the uniform distribution part of the characteristic earthquake
model.
Therefore, a possible magnitude range of ΔM = 0.5 for
the characteristic earthquake is assumed for the hazard analysis (Fig. 3). To model the constant number for a fault using
the truncated exponential model, the bc-value is assumed to
be as small as 0.2 to represent the nearly equal magnitude
probability in the fmC(m). The characteristic earthquake fault
recurrence, which causes the intensity to exceed the specific
ground motion level y at the study site in the time range of
[Te, Te + Tp], can be expressed as
m fault = / $8 #M
N

j =1

M C + D M /2
C

- DM /2

P ^Y > y EC, mh fmC (m) dmB $ meff, C.
(8)
C= j

where EC,m is the occurrence of a characteristic earthquake
with magnitude m in fault C, and N is the number of faults
in the study region.
In addition, the number of earthquakes that cause the
same ground motion intensity as other time-independent
earthquake sources are calculated using a constant rate per
year on the basis of the Poisson process denoted as λ. The
total number of earthquakes per year, λT, which cause the
intensity to exceed the specific ground motion level y at the
study site in the consequent time period of [Te, Te + Tp], be-
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comes λT = λfault + λ, in which λfault means the effective Poisson rate per year from a summary of active faults according
to any renewal model; λ is the recurrence rate per year for
the background seismicity modelled by the Poisson model.
4. Hazard Calculation of Faults
In the current Taiwan seismic building code the generated spectral value has 475 and 2475 year return periods,
the traditional PSHA procedure with the constant rate of
Poisson process model was used. In addition to the basic requirement for design, seismic design value of a site located
near some identified specific faults also need to consider the
near fault effect. Therefore, the important influence on the
seismic design requirement during the structure lifetime will
directly change according to the time-dependent earthquake
model or the constant rate of Poisson process model.
For comparison, the time-dependent earthquake model
and the constant rate of Poisson process model were applied
for the following three faults in Taiwan: the Chelungpu, the
Meishan and the Longitudinal Valley faults. It is important
to point out that for the Meishan fault with the elapse time
(Te) is almost equal to its recurrence interval (Tr). The important influence on the hazard calculation using the timedependent model is more obviously presented than the Longitudinal Valley fault. The probability in the next Tp-year
is certainly a distinct difference with the Chelungpu fault
which last event happened in 1999.
In PSHA, the study site is located on the fault footwall surface distance equal to 2 km excluding the hang-wall
effect and site effect. The earthquake source zone model
adopts a conventional the seismic zoning scheme (Chang
et al. 2010) for modelling the behaviour of the background
seismicity (the catalogue of time from 1900 to June 2015).
The rationale for using the zoning scheme is that it had
been (and still is) used in a number of similar studies or
projects in Taiwan, such as the Taiwan seismic building
code. Five ground motion prediction equations (GMPEs)
of NGA-West2 project (Bozorgnia et al. 2014) are adopted
to evaluate the seismic risk in terms of strong ground motion (assume equal weighting in hazard calculation). The
individual GMPEs include ASK (Abrahamson et al. 2014),
BSSA (Boore et al. 2014), CB (Campbell and Bozorgnia
2014), CY (Chiou and Youngs 2014), and IM (Idriss 2014).
The average shear-wave velocity in the top 30 m, VS30, is
760 m s-1 in order to focus on the near fault effect in PSHA.
This study neglects the site effect.
4.1 Time-Dependent Probability
Table 1 lists the characteristic parameters for the Chelungpu, Meishan and Longitudinal Valley faults, the times
of the previous events (T0), and the earthquake fault recurrence intervals (Tr). The occurrence probabilities for the
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Fig. 9. Schematic illustration of the comparison of earthquake recurrence between the characteristic earthquake model and the truncated exponential
model. The fault source parameters include that the repeat time is 200-year and the characteristic magnitude range is 7.0 - 7.5. The bc-value = 0.2
is assumed in the truncated exponential model (blue area). The left is the recurrence rate of each magnitude; the right is the cumulative recurrence
rate of each magnitude. (Color online only)

Table 1. The parameters for the renewal models of the Chelungpu, the Meishan and the Longitudinal Valley faults.
Fault Name

Te

Mc (Mw)

Tr (R.P.)

Tp/Tr

Te/Tr

Chelungpu

geometry [Length (km) / faulting / dip] T0 (Last EQ. time)
105 km / Revise / 40°E

1999.8

16.67

7.15 - 7.65

365

0.1370

0.046

Meishan

25 km / Strike Slip / 75°S

1906.3

110.17

6.75 - 7.25

115

0.4348

0.958

Longitudinal Valley

150 km/ Revise/ 30°E

1951.9

64.52

6.85 - 7.35

150

0.3333

0.430

Note: Te = elapse time; Tr = earthquake recurrence interval of the fault; Tp = a subsequent time equal 50 years.

three faults during a subsequent Tp = 50 years (structural
lifetime) considering the elapsed time, using both the timeindependent and time-dependent models corresponding to
the five distributions (as Fig. 6) with COV = 0.35, 0.5, and
0.7 are illustrated in Fig. 10. The result indicates that the 50year conditional probabilities from the four renewal models
for the Chelungpu, Meishan, and Longitudinal Valley faults
show a similar tendency. The conditional probability is
proportional to the ratio between the elapsed time and the
fault recurrence interval (Te/Tr ratio). Weibull model adoption leads to a higher result than the others when the Te/Tr ratio is smaller as well as the Te/Tr ratio larger than 1, as shown
in Fig. 11. Figure 11 is the comparison of the five probability
models used in estimated with Eq. (6) the next 50-year conditional probabilities of earthquake occurrence for example.
All models have mean = 100-year and COV = 0.5 and 0.7.
Because of the smaller Te/Tr ratio, the probability of Tp =
50-year for the Chelungpu fault is highest from the Weibull
model. It agrees with the Weibull hazard rate function that it
starts at zero, however it does not reach a finite asymptotic
level but rather increases to infinity as shown in Fig. 6b. The
conditional probability estimation interrelates with the cumulative distribution shape of the renewal model. The shape
is decided by COV. The conditional probability of renewal

model conforms to the Poisson model when COV is large.
Therefore, considering the 50-year conditional probability,
the effective Poisson rate can be calculated using Eq. (7), as
listed in Table 2, and is applied to the hazard calculation.
4.2 Hazard Comparison
In order to identify the time-dependent and time-independent model contributions used in PSHA, the hazard
curves for the Chelungpu, Meishan and Longitudinal Valley
faults using the Poisson and the BPT models are compared
in Fig. 12. The justification is that although the most commonly used distribution in engineering practice is the Lognormal distribution, the statistic characteristic is restricted.
It is discussed in section 5.1. The result shows that the hazard contribution for using both the time-dependent earthquake model and the constant-rate Poisson process model
is significantly different. In this comparison, the effective
Poisson rate, λeff, from Table 2 during a subsequent Tp = 50
years is used for hazard calculation. For the Chelungpu fault
(Fig. 12a), the constant rate model tends to overestimate the
hazard near the fault site when Te/Tr ratio is smaller. This
result implies that the seismic requirement in the return period = 475 years since this site is overestimated about 25 %
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Fig. 10. The next 50-year conditional probabilities for earthquake occurrence for the Chelungpu, Meishan and Longitudinal Valley faults. A mean
365-year recurrence time is assumed for the Chelungpu fault, a mean 115-year recurrence time for the Meishan fault, and a mean 150-year recurrence time for the Longitudinal Valley fault. Graphs show the results using five distributions with COV = 0.35, 0.5, and 0.7. (Color online only)

(a)

(b)

Fig. 11. Comparison of the five probability models used in estimated the next 50-year (Tp) conditional probabilities of earthquake occurrence for
example. All models have mean = 100 years and COV = 0.5 for (a) and 0.7 for (b). (Color online only)
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Table 2. The effective Poisson rate (Tp = 50 years) by the renewal models using different COV for
the Chelungpu, the Meishan and the Longitudinal Valley faults.
Fault Name
Chelungpu

Meishan

Longitudinal Valley

COV

Log-normal

0.00274

0.00001

0.35

0.00274

0.70

0.00274

0.50
0.35
0.50
0.70
0.35
0.50
0.70

Effective Poisson Rate (Tp = 50 years)

Poisson

0.00870
0.00870
0.00870
0.00667
0.00667
0.00667

(a)

BPT

Weibull

Gamma

0.00000

0.00041

0.00013

0.00000

0.00000

0.00018

0.00011

0.02626
0.01867
0.01393
0.00596
0.00805
0.00882

0.02595
0.01809
0.01323
0.00620
0.00814
0.00901

0.00008
0.00127
0.02676
0.01692
0.01175
0.00512
0.00614
0.00662

0.00000
0.00096
0.02613
0.01759
0.01230
0.00586
0.00705
0.00722

(b)

(c)

Fig. 12. Comparison of the PGA hazard curves using the time-independent and time-dependent models for the Chelungpu (a), the Meishan (b), and
the Longitudinal Valley (c) faults. The study site is located on the footwall of the fault. Five NGA-West2 GMPEs are used and assumed the VS30 =
760 m s-1. (Color online only)
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in the current Taiwan seismic building code (based on the
Poisson model). Another case study is performed for a
site near the Meishan fault, as shown in Fig. 12b, with an
elapsed time Te almost equal to its mean recurrence interval.
The large Te/Tr ratio for both hazard curves derived using
either the time-independent model or time-dependent model
is approximated to have the same hazard level. Figure 12c
shows the constant rate model is similar to the time-dependent model because the Te/Tr ratio is close to 0.5, such as the
Longitudinal Valley fault.
5. Discussions

5.1 Sensitivity Analysis with Respect to the Renewal
Model COV
Reliable seismic hazard curve estimation via the
PSHA approach requires considering uncertainties due to
variables in the size, location and magnitude prediction for
future earthquake events. In faults with low activity rates it
is not easy to apply paleoseismological studies, therefore
creating large uncertainties (Atakan et al. 2000). Both the
Chelungpu and Longitudinal Valley faults provided sufficient fault-crossing trenching to constrain the history of past
events. It is important to properly consider the variability in
recurrence rates caused by multiple-segment ruptures that
may change from event to event due to fault interaction. The
variability in the recurrence interval can be referred to other
faults in Taiwan, such as the Meishan fault, in which only
one repeat time data can be identified from the historical
earthquakes.
The conspicuous difference in the occurrence probability for time-predictable characteristic earthquakes in
the next Tp-year subjected to the conditional constraint are
from case studies on the Chelungpu and Meishan faults,
which have existing different elapsed periods Te. Figure 13
shows the 50-year occurrence probability of the four timedependent earthquake models using the Log-normal, BPT,
Weibull and Gamma distributions with respect to Te/Tr ratio
of COV values of 0.35, 0.5 and 0.7, as well as for the Poisson probability.
The probability of occurrence increases or decreases
with increasing COV values that have a Te/Tr ratio of approximately 0.3 and 0.6 of the Chelungpu and the Meishan
faults, respectively. Oppositely, Fig. 13 shows that the renewal model leads to increasing probabilities with decreasing COV values when the Te/Tr ratio is greater than the intersection point. The decreasing results of the conditional
probabilities using different renewal models consist with
the varying COV values as shown in Fig. 10. It is concluded
that as far as time dependence is concerned, the sensitivity of occurrence probability depends on the choice of the
earthquake recurrence model and its corresponding COV.
In addition, Fig. 13a also shows the Log-normal distribution when applied to the renewal model. As the Te/Tr
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ratio is higher than 2.0, the conditional probability begins
to decrease, contrary to the basic renewal model concept
that the probability goes up as the time since the last earthquake increases. Figure 13b shows that the BPT model is
very similar to the Log-normal model, but does not have
the undesirable feature or decreasing probabilities for long
recurrence times. For this reason, the BPT model is preferred over the Log-normal model. Figures 13c and d show
that the Weibull and Gamma models are similar. However,
the probability tendency of the Weibull model relates to its
Hazard function that it does not reach a finite asymptotic
level but rather increases to infinity.
5.2 Sensitivity Analysis of bc-value for the
Characteristic Model
The probability of the occurrence of individual faults
estimated using the renewal model was used with consideration of the general form of the truncated exponential model, fmC(m), for characteristic earthquakes. In the hazard calculation for this study, the simple “characteristic earthquake
model” is assumed using the truncated exponential model
with the characteristic earthquake parameters, Mc, its range,
recurrence rate, and bc-value. The characteristic earthquake,
Mc, is the centre of the magnitude range. The recurrence rate
relates to the effective Poisson rate per year of conditional
probability for the next Tp-year. The schematic illustration
of the cumulative probability density function of magnitude
is shown in Fig. 9. Figure 14 illustrates a comparison of
the hazard curves using different bc-value in the truncated
exponential model. For the Meishan fault, the characteristic
earthquake range is 6.75 - 7.25 (Mc = 7.0) to coordinate with
the λeff equal to 0.018 yr-1 (related to Table 2). The models
include an exponential distribution with the bc-value for the
large magnitude earthquakes and an exponential distribution with the b-value equal to 1.0 for the smaller magnitude
earthquakes. An additional constraint is done by following
the Youngs and Coppersmith (1985) characteristic model
setting. The comparison result shows that reducing the bcvalue in the exponential distribution increases in the hazard
contributions of a large earthquake. This study highlights
that the characteristic behavior of a fault is described by the
truncated exponential model within a characteristic magnitude range in which the change in bc-value produces a very
small difference in hazard. It is a fact that a fault could be in
equilibrium by releasing the seismic moment of long-term
accumulation in characteristic earthquakes. The Characteristic Earthquake Model by Youngs and Coppersmith (1985)
assumes a uniform distribution with the fault slip-rate of the
large earthquakes, and the total seismic moment being released in larger size earthquakes and smaller earthquakes.
The truncated exponential model using a low bc-value is
similar to the uniform distribution for a range of large earthquakes. It assumes that all of the seismic energy is released
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(a)

(b)

(c)

(d)

Fig. 13. Comparison of the next 50-year conditional probabilities of the individual faults characterized by the four dependent models [(a) Lognormal, (b) BPT, (c) Weibull, (d) Gamma] and Poisson model, calculated from COV value of 0.3, 0.5 and 0.7, respectively. (Color online only)

Fig. 14. Comparison of the PGA hazard curves for a site near the Meishan fault between considering different bc-value in the truncated exponential
model, fmC(m), for the characteristic earthquake range. The cumulative probability density function of magnitude for describing the relative rate of
earthquakes are compared. (Color online only)
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in a range of characteristic earthquakes. The cumulative
probability density function of magnitude for describing the
relative rate of earthquakes are compared in Fig. 14. It indicates that the truncated exponential model with different
bc-value calculate a similar total seismic moment, related to
the very small difference in hazard calculation.

using different renewal models also needs to be studied.

6. Conclusion
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