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ABSTRACT
The seismic source characteristic model parameters is the input to probabilistic seismic hazard
analysis (PSHA) containing the large uncertainties. The subjective judgment and interpretation of
the limited data affect the result of PSHA. The aim of this study is to understand the effect of
seismic source characteristic models on the hazard results by quantifying the differences in the
design ground motions for different hazard levels at near fault locations around the Chelungpu
fault. It is correlated to the specific seismic design level for the individual site. The hazard result
is sensitive to the source parameters of the geometry of the fault, the zoning schemes for
background seismicity, especially the slip rate and b-value. For the uncertainty of probability
distribution, the recurrence of the Chelungpu fault source belongs to the time-dependent model.
The conditional probability with time is used to consider the recurrence model uncertainty. The
near fault effect is considered in the Taiwan Seismic Building Code using the same factor for the
hanging-wall and footwall sites. The hazard result shows that the scaling factor for the near fault
ground motion on the footwall site should be overestimated about 20 to 40% when the distance
large than 10 km.
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ABSTRACT
The seismic source characteristic model parameters is the input to probabilistic seismic hazard
analysis (PSHA) containing the large uncertainties. The subjective judgment and interpretation of
the limited data affect the result of PSHA. The aim of this study is to understand the effect of seismic
source characteristic models on the hazard results by quantifying the differences in the design
ground motions for different hazard levels at near fault locations around the Chelungpu fault. It is
correlated to the specific seismic design level for the individual site. The hazard result is sensitive
to the source parameters of the geometry of the fault, the zoning schemes for background seismicity,
especially the slip rate and b-value. For the uncertainty of probability distribution, the recurrence of
the Chelungpu fault source belongs to the time-dependent model. The conditional probability with
time is used to consider the recurrence model uncertainty. The near fault effect is considered in the
Taiwan Seismic Building Code using the same factor for the hanging-wall and footwall sites. The
hazard result shows that the scaling factor for the near fault ground motion on the footwall site
should be overestimated about 20 to 40% when the distance large than 10 km.

Introduction
The probabilistic seismic hazard analysis (PSHA) provides a framework to address the
uncertainties associated with the identification and characterization of seismic sources by
incorporating multiple interpretations of seismological parameters. The role of geological,
seismological, and geophysical investigation is to develop geosciences information about the site
for the detailed design analysis of the facility, as well as to ensure that the seismic hazard analysis
can include the up-to-date information. In the analysis, the seismic source model parameters
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contain large uncertainties; therefore, the results may vary significantly due to subjective judgment
and interpretation of the limited data. The aim of this section is to show the effect of designated
source models in the analysis, and it leads to the design ground motions range for different hazard
levels at different locations around the Chelungpu fault including the hanging-wall and footwall.
It indicates that the planar source zone definition and magnitude recurrence model selection for
accurate estimation of ground motion are important for the analysis, especially the near the fault.
Geometry Setting of the Chelungpu Fault
The 1999 Chichi earthquake (Mw 7.6) was caused by thrust faulting that produced a visible surface
rupture of 105 km along the front of the Western Foothills of Taiwan. To delineate the timing and
recurrence intervals of the Chelungpu fault, W. S. Chen et al. excavated seven trenches acrossing
the fault, and these contained evidence of six surface-rupturing earthquake events during the past
2 ka (kilo-years ago), including the Chichi earthquake [1-4]. The slip rate of 9.6 mm/yr for the
Chelungpu fault was estimated by the vertical slip rate via the fault dip as a result of the no
striations were observed on the fault plane in the trench to quantify the slip rate. Paleoseismological
investigations showed that the Chelungpu fault is divided into four segmentations along the surface
rupture of 1999 Chichi earthquake, as shown in Fig. 1.

Figure 1. The location of the 1999 surface rupture in the central Taiwan. From the reference, the
field measurements on the coseismic vertical slip along the 1999 surface rupture depicts
that the velocity slip rate of the three segments relative to two segment points is
different.
In many parts of the world, the activity information for the particular fault or without known fault
is not very clearly, especially the younger geological crust. The standard of practice is to use
predefined areal source zones relative to the fault-zone structure [9]. Corresponding to the
compound fault-zone structure, the simplify geometry model for the Chelungpu fault was proposed.
Fig. 2 illustrates the two tectonic geometries cross-section for this study:
(a) Geometry Model I : it summarizes the 3D geometry results of the Chelungpu thrust
system [5,6,7,8]. The rupture of the Chelungpu fault is complex, and the rupture depth

relative to the dipping angle includes three parts: (1) First segment is a 45 degree dipping
angle from the surface to subsurface 3km; (2) Secondly, after depth large 3 km to 7 km
with dip angle is about 25 degree, and (3) the depth of the third segment is subsurface 7
km to 12km with 10 degree dipping angle in order to fit to the decollement subsurface of
Central Taiwan.
(b) Geometry Model II : the geometry of the Chelungpu fault setting by the geologic
investigations [5]. The geometry is a 35 degree dipping angle from the surface to
subsurface 12km.
The source models, including the geometry and the segment slip rate, of the Chelungpu fault are
used to study the effect of seismic source model parameters on the probabilistic seismic-hazard
assessment results. The results shown in the next section will contribute to the discussion of the
earthquake model selecting and parameter setting in the PSHA, and clearly demonstrate the detail
of the effect of seismic source model for the ground motion near the fault.

Figure 2. The location of the Chelungpu fault and the seismicity. The red line on the right figure
are the source geometry models in this study. Buffer zones employed for different
source geometry models are shown by shaded areas on the map.
The Hazard Sensitivity of Seismic Source Model Parameters
Model Setting
In above section, the several data and assumptions of the Chelungpu fault were summaries and
simplified from the paleoseismological investigations, including the segmentation points, annual
slip rate of each segments, and total slip rate for all rupture. This section is to show the effect of
designated source models in the analysis, and it leads to the design ground motions range for
different hazard levels at different locations around the Chelungpu fault on the footwall. It
indicates that both two source zone definition of Model 1 and Model 2, and magnitude recurrence
model selection for accurate estimation of ground motion are important for the analysis, especially
the near the fault.

Model 1: Planar Source Geometry with Truncated Exponential Model
When the paleoseismological information about the active faults is limited, the common practice
in the PSHA is usually to assign the activity rate relating the background seismicity to the specific
buffer zone of the fault; therefore, all seismicity including smaller events are associated with the
fault (e.g., Working Group on California Earthquake Probabilities (WGCEP)[9]). Compatible with
the common practice, the truncated exponential (TE) model for representing the activity rate is
employed for the source zone near the Chelungpu fault. The upper bound magnitude (Mu) value is
chosen to be Mw7.6 + 0.25 based on the magnitude of the 1999 Chichi earthquake, and Mmin =5.0
is used to represent the minimum magnitude of the probable lower bound for damaging
earthquakes. Geometry of the source is defined by the relative surface boundary of the fault
geometry. The source buffer zones within the color zones are defined by the surface boundary
projection of the fault geometries (geometry model I and II) as shown in Fig. 2. Additionally, all
seismicity in the region are used to calculate the regional b-value. In the Model 1, the sensitivity
analysis of the source characterization includes the buffer zones relating to fault geometries
selecting and the recurrence parameters determined method.
Table 1. The activity rate setting for Model 1 sensitivity analysis.
Geometry Model

b-value
maximum likelihood: 0.833
least-squares: 0.564

N(5.0)
0.208
0.186

maximum likelihood: 0.68

0.175

Geometry Model I

Geometry Model II
Considering the historical seismicity catalogs are used to compute the activity rate, the data
completeness and the magnitude scale is important to do. The recurrence parameters for the zone
are determined by using the maximum-likelihood ([10], called MLH) rather than least-squares
method (called LST) fit to the cumulative rate, which considers the completeness of the catalog
for different magnitude bins and observed periods. In the conception, the maximum likelihood
method considers that the cumulative rate data are not independent, and the least-squares method
gives higher weight to rare large magnitude events that may not give a reliable long term rate. On
the other notion, due to the seismicity data collected from the limited time period, the
underestimate probable rate of the large magnitude events should be considered in the PSHA.
Table 1 lists the recurrence parameters for the Model 1 assumed. Both of the earthquake recurrence
models by the two b-values that are estimated by the two methods are compared in Fig. 3. The red
broken line and blue solid line in Fig. 3 shows that the TE model is considered the Mu =7.85 with

the different b-values. The TE model with steeper b-value release the fewer seismic moment by
the characteristic events, but it led to the higher rate of small-to-moderate earthquake than the other
TE model.

Figure 3. Comparison of the earthquake recurrence models the Chelungpu fault. Black dots
represent the cumulative rates of associated catalog earthquakes.
Model 2: Fault Source Geometry with Characteristic Model
Another common practice in the PSHA is to assign a characteristic earthquake distribution for
faults, in generally, the Youngs and Coppermith (YC) model [11] will be used when the geologic
information is clearly. It belongs to a composite model including a uniform distribution for the
large magnitudes and an exponential distribution for the smaller size earthquakes. The uniform
distribution is centered on the mean characteristic magnitude and has a width of 0.5 magnitude.
By definition, the parameters of the characteristic earthquake model for the Chelungpu fault are:
 The mean characteristic magnitude is assumed Mw7.6 for this case. For the exponential
distribution, the b-value is defined by the observed data as 0.833. Mmin =5.0.
 The geometry model I is used. It summarizes the 3D geometry results of the Chelungpu
thrust system [5,7,8]. The rupture is complex, and the rupture depth relative to the three
dipping angle.
 The long-term geologic slip rate of each segment have been estimated as listed in Fig. 1.
The slip rate of 9.6 ± 0.5 mm/yr was estimated by the vertical slip rate (6.94 mm/yr) via
the fault dip as a result of the no striations were observed on the fault plane in the trench to
quantify the slip rate[3].
Fig. 3 compare the magnitude recurrence models of the parameter setting from Model 1 and Model
2. The Mchar is selected as 7.6 due to the estimated moment magnitude of the 1999 Chichi
earthquake. The black dots stand for the cumulative annual rates of earthquakes from the
instrumental catalog assigned to the source of observation for different magnitudes. The black
solid line in Fig. 3 shows that the YC model using the slip rate of the Chelungpu fault. For the

large magnitude range, the recurrence rate from the YC model and the TE model is almost the
same with the observed seismicity rates, whereas the predictions of the TE model are almost five
times higher than the cumulative rate of associated earthquakes for the small-to-moderate
magnitudes range. This difference is observed because approximately 75% of the seismic moment
is released by small-to-moderate magnitude earthquakes and the rest (25%) is released by the large
earthquakes in the TE model. On the other hand, for characteristic earthquake model, the key
feature is that this constraint results in about 94% of the total seismic moment being released in
characteristic earthquakes and about 6% of the moment being released in the smaller earthquakes
that fall on the exponential tail. The 97% of the accumulated seismic moment is released by
characteristic events and the rest of the seismic moment is released by small-to-moderate
magnitude earthquakes on the exponential tail due to the constraints of the boxcar equal 0.7.
Relatively, when the boxcar become smaller, the recurrence model will close to the maximum
magnitude model. It mean the seismic moment is totally released by the characteristic events of
the fault.
Effect of the Seismic-Hazard Assessment
These four alternative earthquake recurrence models for the Chelungpu fault are incorporated in
the PSHA to be able to quantify the differences in the hazard results by different modeling
approaches. The individual GMPEs include ASK14[12], CB14[13], CY14[14] and theirs sigma
models. The average shear-wave velocity in the top 30 m, VS30, is 360 m/sec. This study neglects
the site effect. The study sites are located on the footwall in around the fault. The PSHA is
performed for the near-fault site (Rrup = 5 km and 20 km) assuming rock-site conditions for peak
ground acceleration (PGA) and spectra acceleration at T=2.0 s.
The resulting hazard curves are shown in Fig. 4, respectively. Two horizontal lines in Fig. 4 show
the acceptable hazard levels in building codes; 10% chance of exceedance in 50 years (denoted by
the black broken line) and 2% chance of exceedance in 50 years (denoted by the black solid line)
for reference. Fig. 4 shows that the ground motions from the PSHA analyses that employ models
1 and 2 are very close to each other in 2500-year return periods. But the differences of the ground
motion levels in the 475-year return period are strongly correlated with the recurrence source
model setting. It also shows the hazard curves using TE model for different buffer zone (Geometry
Model I and Geometry Model II, as shown in Fig. 2) configurations for the sites, respectively.
Reducing the size of the buffer zone decreases the number of earthquakes within the zone and the
activity rate, resulting in smaller ground motions for small hazard levels. But, the larger b-value
leads the larger ground motion for the engineering significance corresponding to 475- and 2500year return periods, because of the areal source including the long-term period source. In fact that
the TE model may not affected by the changes in the buffer zone dimensions because the YC
model is the dominating contributor of the hazard at these hazard levels. The buffer zone (TE
model) selecting should impact to the hazard result of the short period due to the b-value. The
results dependence were also found by Gülerce and Vakilinezhad (2015) [15] from analysis. Rates
of small-to-moderate magnitude events are almost equally overestimated if the TE model
employing (Model 1). But, the estimated ground motions of the 2500-year return periods are
significantly closer than the other alternatives, such as the fault model, if the source is modeled by
an areal source zone.

(a) PGA
(b) T=2.0s
Figure 4. Hazard curves for models 1 and 2 for a near-fault site (Rrup=5 km and 20 km). The
broken and solid black lines represent the hazard levels of 10% and 2% chance of
exceeding in 50 years, respectively.
Sensitivity of the PSHA Results to the Model Parameters
To quantify the effect of source characterization parameters on the final hazard outcome, series of
sensitivity analysis are conducted for each model. Several arbitrary sites starting from 5 km away
from the rupture zone up to 30 km away from the source are selected for the analysis to reflect the
effect of site location. Effects of the parameter uncertainties are evaluated by comparing the hazard
curves with the base case hazard curve (YC model, boxcar=0.5) for the each source model setting.
Fig. 5 shows the peak ground motion level (corresponding to 475- and 2500-year return periods)
on the hazard for different sites (with the different distance) near the Chelungpu fault. The impact
of the scenario weights on the hazard curve is substantial, especially in the near-fault regions for
higher hazard levels, indicating the importance of building the proper recurrence source models.
The scenario weights can change the design PGA values approximately ±0.40g for 475- and 2500year return periods for the near-fault sites that is 5 km away from the fault, but this effect
diminishes as the rupture distance increases. As extended, Fig. 6 shows the normalized ratios of
the ground motion in the different hazard level corresponding to the hazard result using
characteristic earthquake model with boxcar equal to 0.5. When the YC model is used, then the
hazard is sensitive to the changes in the larger rates of large magnitude events coming from
different combinations of fault rupture scenarios. The requirement for design on the site near the
Chelungpu fault depend on the PSHA considering the recurrence model:
 For the 475-year return period (10% of 50-year): The PGAs from the TE model using
different geometry and b-values are higher than the YC model between 20~70%.
 For the 2500-year return period (2% for 50-year): The deviation is smaller than the 30%
between the TE model and the YC model.
Considering the Time-dependent model
Time-dependent probability model are considered because studies of paleoseismic records on wellstudied faults in Taiwan find them to be technically defensible characterizations of the timing of
earthquakes in the state. From the report on the paleoearthquakes study of the Chelungpu fault, the
mean recurrence interval of the six characteristic earthquakes is about 365 years and the variance

is small with a CV= 0.356, as shown in Fig. 7(a). 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. Brownian Passage Time (BPT)[16] is the common probability
distribution for describing earthquake recurrence with time. Fig. 7(b) shows the 50-year
occurrence probability of the time-dependent earthquake model using the BPT distribution with
CV values of 0.35, 0.5 and 0.7, as well as for the Poisson probability.
In the case of the Chelungpu fault that recently occurred, the constant occurrence rate model may
overestimate the seismic hazard for a given specific ground motion level. The percentage of the
difference on seismic hazard demand between the Poisson model and time-dependent model will
have about 25 % difference on the site located near the Chelungpu fault. To reflect the real physical
phenomenon it is necessary to consider the time-dependent earthquake recurrence frequency
model in the hazard calculation. The result can provide a reference to compare the current seismic
design code for the seismic design at the specific site near a fault.

Figure 5. Sensitivity of the hazard ground motion corresponding to the different distance near the
Chelungpu fault, using different recurrence model of the Chelungpu fault.
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Figure 6. The normalized peak ground motion ratios at different distance near the Chelungpu fault
in the different hazard level corresponding to the hazard result using characteristic
earthquake model with boxcar equal to 0.5.

(a) recurrence interval
(b) the conditional probability in the next 50 year
Figure 7. The time-dependent recurrence rate for the Chelungpu fault. (a) The statistics of the
recurrence interval; (b) the conditional probability in the next 50 years.
Conclusions
The primary objective of this study was to quantify the effects of different approaches in seismic
source modeling of the Chelungpu fault on the PSHA results and design ground motions in the
near-fault and far-field regions. Analysis results showed that the variances in the hazard results
obtained by different seismic recurrence source models are closely correlated with the source-tosite distance and the acceptable hazard level. For near-fault sites, design PGAs estimated by
adopting areal source zones in the PSHA are significantly and systematically smaller than the
results of PSHA based on fault models. Analysis results also indicated that when the source models
that combine the characteristic behavior of faults and exponential distribution of small-to-moderate
magnitudes either by defining fault lines and surrounding buffer zones are discussed, the hazard
results are quite stable both in the near-fault and far-field regions.
If an areal source zone is preferred, then the seismicity (or the instrumental catalog) dominates the
behavior of the source model, and the recurrence model parameters (especially the b-value) bring
in the largest uncertainty to the PSHA results. When the planar fault models are used, then the
large rates of moderate-to-large magnitude events dominate the hazard curve, especially for the
hazard levels used for standard engineering applications. However, the threshold magnitude should
be selected carefully to prevent the overlap of assigned rates to moderate-magnitude earthquakes
in the buffer zone and in single or multi-segment fault sources. Therefore, using planar fault
models without buffer zones and combining the rates by employing the composite magnitude
recurrence model should be preferred.
Giving the probability distribution function of recurrence interval and the occurrence time for the
most recent characteristic earthquake event on a fault, a time-dependent assessment of seismic
hazard is developed in this study that takes into account the cyclic rupture characteristics of active

faults for a particular lifetime. In the case of faults that recently occurred, the constant occurrence
rate model may overestimate the seismic hazard for a given specific ground motion level.
Accordingly, the constant occurrence rate model (uniform Poisson process model) may
underestimate the seismic hazard for the case of faults that have not occurred for a long time.
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