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ABSTRACT

Frequent high seismic activities occur in Taiwan due to fast plate motions. According to the historical records the most
destructive earthquakes in Taiwan were caused mainly by inland active faults. The Central Geological Survey (CGS) of Tai-
wan has published active fault maps in Taiwan since 1998. There are 33 active faults noted in the 2012 active fault map. After
the Chi-Chi earthquake, CGS launched a series of projects to investigate the details to better understand each active fault in
Taiwan. This article collected this data to develop active fault parameters and referred to certain experiences from Japan and
the United States to establish a methodology for earthquake probability assessment via active faults. We consider the active
faults in Central Taiwan as a good example to present the earthquake probability assessment process and results. The appro-
priate “probability model” was used to estimate the conditional probability where M = 6.5 and M = 7.0 earthquakes. Our result
shows that the highest earthquake probability for M = 6.5 earthquake occurring in 30, 50, and 100 years in Central Taiwan
is the Tachia-Changhua fault system. Conversely, the lowest earthquake probability is the Chelungpu fault. The goal of our
research is to calculate the earthquake probability of the 33 active faults in Taiwan. The active fault parameters are important

information that can be applied in the following seismic hazard analysis and seismic simulation.
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1. INTRODUCTION

1.1 Earthquake Hazards and Active Faults in Taiwan

Taiwan is located at the boundary between the Phil-
ippine Sea Plate to the east and the Eurasian Plate to the
west. These two plates have a convergence rate of about
80 mm yr' in a ~N118E direction (Seno 1977; Angelier
1986; Yu et al. 1997). There have been frequent high seis-
mic activities in Taiwan due to the very fast plate motions.
According to historical records the most destructive earth-
quakes in Taiwan were caused mainly by inland active faults.
For example, the Chi-Chi earthquake in 1999 was attributed
to the Chelungpu fault. The Hsinchu-Taichung earthquake in
1935 was attributed to the Shihtan-Tuntzuchiao fault system.
These two events resulted in thousands of casualties.

* Corresponding author
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It is not easy to avoid land usage near active faults in
Taiwan because of the population growth and urban devel-
opment. However, people can still minimize damage via
certain methods, such as appropriate building code for safe
construction and earthquake insurance for loss protection.
These methods require credible PSHA (Probabilistic Seis-
mic Hazard Analysis) which includes the earthquake prob-
abilities for active faults.

Since 1977, Bonilla (1977) and Hsu and Chang (1979)
plotted active fault maps in Taiwan, which were only pre-
liminary results in a small scale (1/2000000). In 2000, Na-
tional Central University (NCU) integrated the researches
from Tsai et al. (1998) and Lee (1999) to develop the NCU
edition of active fault map. Later, Cheng (2002) added
three blind faults to the active fault map of NCU for PSHA
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calculation. The Central Geological Survey (CGS) of Taiwan
published active fault maps in Taiwan since 1998. It lists 33
active faults in the 2012 active fault map. After the Chi-Chi
earthquake CGS launched a series of projects to investigate
the detailed data to better understand each active fault in Tai-
wan. This article compiles these data to develop active fault
parameters. This study also describes a process for estimat-
ing active fault earthquake probability assessment based on
experiences from Japan and the United States. We studied
active faults in Central Taiwan as an example to present the
earthquake probability assessment process and results.

1.2 Relative Studies and Reviews from Other Countries

In 1979 the National Earthquake Prediction Evaluation
Council (NEPEC) was established to advise the Director of
the U.S. Geological Survey (USGS) on the potential of dam-
aging earthquakes. In the mid-1980s NEPEC recommended
that a working group be convened to evaluate the potential
of large earthquakes in both southern California and the San
Francisco Bay Region (SFBR). The first report was titled the
Working Group on California Earthquake Probabilities 1988
(WGCEP 1988). The earthquake probability assessment had
undergone six revisions. The first three versions focused
mainly on primary active faults in California. In the 1990s’
version they first included alternative models (epistemic un-
certainties) using logic trees. The recent WGCEP 2003, 2007,
2013 reports are summarized in the following paragraphs.

The WGCEP (2003) study area is the SFBR. Monte
Carlo simulations were used to obtain the SFBR logic tree
branch weights. One of up to five different probability models
was chosen for the earthquake probability of each fault. These
models included: (1) a Poisson’s or exponential distribution;
(2) a Brownian Passage Time (BPT) model (Ellsworth et al.
1999); (3) a “BPT-step” model (Page and Carlson 2006); (4) a
“time-predictable” model (Shimazaki and Nakata 1980); and
(5) an “empirical” model (Reasenberg et al. 2003).

The WGCEP 2007 (2008) used uniform methodology
for the earthquake probabilities for the entire state of Cali-
fornia. They developed a moment-balanced method (Field
et al. 2008) to make the models more consistent to observed
long-term slip rate data. The WGCEP 2007 framework is
comprised of four models: (1) a fault model; (2) a deforma-
tion model; (3) an earthquake rate model; and (4) a prob-
ability model.

Instead of using segmentation to establish fault models,
the WGCEP 2013 subdivided each fault into equal length
subsections, with lengths that are about half the seismogenic
thickness, resulting in 2606 total subsections. The multi-
fault ruptures were included via a generalized inversion
approach (a system-level framework both for incorporating
expert judgment and identifying a more complete range of
models that are consistent with all available data). The time
independent component result was presented in WGCEP

2013. The rates for all earthquakes were estimated from a
broader range of data. WGCEP 2013 removed the apparent
over-prediction of M 6.5 - 7 earthquake rates in WGCEP
2007. Although the WGCEP 2013 result fits the data better
than WGCEP 2007 overall, there may be areas that warrant
further site-specific investigation.

After the Great Hanshin-Awaji Earthquake Disaster
in Japan on 17 January 1995, the Special Measure Law on
Earthquake Disaster Prevention was enacted in July 1995.
The Headquarters for Earthquake Research Promotion
(HERP; HERP 2014) was established in accordance with
this law. The purpose of HERP is to promote earthquake
research to strengthen earthquake disaster prevention, es-
pecially the reduction of damages from earthquakes. The
Earthquake Research Committee is a part of HERP, which
evaluates seismic activity in a comprehensive manner and
publishes evaluation results.

The latest earthquake occurrence probability results for
major active faults in Japan were published in 2014. They
evaluated the recurrence interval of active faults in two
ways: (1) estimate the average in number of years according
to the historical records of occurrence from the fault; (2)
calculate the long-term slip rate (V) and one event displace-
ment (U) on the fault. The recurrence interval of this fault
is U/V. Two different earthquake probability models were
chosen. If the elapsed time was known the BPT model is
chosen to estimate the earthquake occurrence probability.
Otherwise, the Poisson’s distribution model is chosen.

HERP also integrated the Probabilistic Seismic Hazard
Maps (PSHM) and the result of subduction-Zone in Japan
into a network information station called J-SHIS (http://

www.j-shis.bosai.go.jp/map/).

2. CHARACTERIZATIONS OF ACTIVE FAULTS IN
CENTRAL TAIWAN

This article chose active faults in Central Taiwan as a
case study for assessing earthquake probability. The Cen-
tral Taiwan active faults in this article are shown in Fig. 1;
including the Shihtan-Tuntzuchiao fault system, the Sanyi
fault, the Tachia-Changhua fault system, the Chelungpu
fault, and the Tamaopu-Shuangtung fault system. The Tie-
hchanshan fault is a back thrust of the Tachia fault and may
not rupture independently, thus the Tiehchanshan fault was
not taken into account for earthquake probability.

Figure 2 shows the geological cross-section in Central
Taiwan. Most active faults from Central Taiwan are located
in the western foothills belt. The western foothills Tertiary
strata have been flexed into folds that trend east-northeast to
north-northeast. With increased force pushing in the north-
westward direction, the strata of the folds have been com-
monly broken through by west-verging thrust faults, result-
ing in imbricate fold-and-thrust belts.

This article collected the fault geometry parameters
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in Central Taiwan, which are summarized in the following

items.

(1) Fault depth: in Central Taiwan the rupture depth of most
faults ranges between 10 - 15 km. However, the Che-
lungpu fault can reach 20 km based on observing 921
aftershocks distribution (Kao and Chen 2000).

(2) Dip angle: in addition to the Shihtan fault and the Tie-
hchanshan fault, the dip direction of most Taiwan’s
active faults is eastward. The dip angle of most thrust

faults (some with strike-slip component) ranges between
30 - 60 degrees. The dip angle of pure strike-slip faults
ranges between 70 - 90 degrees.
(3) Fault width: fault width was estimated using fault rup-
ture depth/sin 6, where 0 is the fault dip.
(4) Fault area: fault area in Table 1 was estimated using fault
length x fault width.
This article also gathered the last event time occur-
ring in an active fault in Central Taiwan. This depends on

Fig. 1. Distribution map of the active faults in Central Taiwan. (Color online only)
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which probability model is used to assess the earthquake
probability. The last event times at the Sanyi fault and the
Tamaopu-Shuangtung fault are still unknown; the Shihtan-
Tuntzuchiao fault system is 1935 A.D. (M,, = 7.1) (Sheu et
al. 1982; Cheng 1995; Chen and Tsai 2008); the Tachia-
Changhua fault system is 1848 A.D. (M,, = 7.0); and the
Chelungpu fault is 1999 A.D. (M,, =7.6).

3. METHODOLOGY

3.1 Procedures for Estimating Earthquake Probability
at Active Faults

This article classifies three Taiwan active fault scenar-
ios from paleo-earthquake or elapsed time information from
the last earthquake. The conceptual flow chart of these three
scenarios is shown in Fig. 3 is the scenarios are described in
the following paragraphs.

(1) If a fault had ruptured many times and the elapsed time
from the last earthquake was available, the average re-
currence interval and standard deviation were calculated
using these paleo-earthquake intervals. Because of the
earthquake cycle associated with the elastic rebound
theory (Reid 1910), we chose the BPT model to assess
the “time-dependent” earthquake probability. The BPT
model properties satisfy the spirit of the hypothesis pro-
posed by Reid (1910) and also provide more realistic
asymptotic behavior for the failure rate than the alter-
native models. In one sense, the BPT model behaviour
is similar to a delayed Poisson process, for which the
conditional probability is zero for a finite time following
an event and then steps up to an approximately constant
conditional probability at all succeeding times.

(2) If we only understand the elapsed time from the last
earthquake the recurrence interval is calculated using
the characteristic earthquake model (Youngs and Cop-
persmith 1985). We used the b value from the truncated
exponential de-clustered catalogue model in shallow
area sources, as partitioned by Cheng et al. (2015). We
finally chose the BPT model to assess the earthquake
probability of a fault.

(3) If the elapsed time was unknown, we still needed to
evaluate the recurrence interval using U/V (U: one event
displacement; V: long-term slip rate) or the character-
istic earthquake model. We chose Poisson’s model to
assess the probability. Assuming a Poisson distribution
implies that the events are statistically independent.

The schematic diagram of earthquake probability as-
sessment on an active fault is shown in Fig. 4 and described
in the following paragraphs.

Step 1. The first step is to collect the fault parameters, which
include fault geometry (length, rupture depth, and
dip), segmentation, and slip rate. We calculated the
characteristic earthquake magnitude of each fault us-
ing its rupture area. Empirical source scaling equa-

tions (e.g., Wells and Coppersmith 1994; Yen and
Ma 2011) were used for this purpose.

Step 2. With every possible case considered we needed to
divide the fault segment to establish a rupture mod-
el. A fault rupture model is a weighted combination
of the rupture cases for a fault. The long-term slip
rate data can be applied in the characteristic earth-
quake model to obtain the recurrence interval. The
gathered data were integrated as a fault parameter
table (Table 1) for the following work.

Step 3. We calculated the earthquake recurrence interval us-
ing the characteristic earthquake model.

Step 4. Finally, we used the appropriate “probability mod-
el” to estimate the 30, 50, and 100 year conditional
probability for M = 6.5 and M = 7.0 earthquakes.

3.2 Logic Tree Concept in Considering the Model
Uncertainties

The earthquake probability model includes aleatory un-
certainties and epistemic uncertainties. Aleatory uncertainty
refers to the random variability that occurs in the natural
world. Epistemic uncertainty refers to knowledge limitation
about the natural world.

This article suggests the five logic tree branches in-
clude “fault segmentation and rupture model”, “fault dip”,
“rupture depth”, “long-term slip rate”, and “characteris-
tic earthquake magnitude (M,,)”. The fault parameters are
available using correspondence investigative techniques,
which are shown in Table 2. Different investigative tech-
niques may have different numbers for the same parameter,
so we adopted expert opinions and a logic tree to account
for the uncertainty in each step of the probability assess-
ments. Expert consultation meetings were held to determine
the fault parameter weights in the logic tree.

Figure 5 is an example of the Sanyi fault logic tree,
which shows the logic tree branches, parameter numbers
and their weights (in parentheses). The alternative param-
eters and their weights for active faults in Central Taiwan
are also shown in Table 1.

3.3 Fault Segmentation

One fault usually ruptures in one of its segments, but
not the entire length. Each segment has its own length and
slip rate; thus, the earthquake magnitude and recurrence in-
terval are not the same in different segments.

Faults could be subdivided into segments based on a
variety of static geometric or geologic criteria. Lee (1993)
listed eight criteria for fault segmentation, which are de-
fined by
(1) Bend of fault trace,

(2) En echelon steps in fault trace,
(3) Geomorphic changes,
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(4) Intersections with other faults, folds, or cross structures,
(5) Enormous changes in bedrock or hydrologic environment,
(6) Changes in slip rates,

(7) Changes in elapsed times, and

(8) Faulting gaps.

In Japan the segmentation criteria for active faults in-
clude (1) the fault trace geometry (I. gap of more than 2 km;
II. bend of more than 20 degrees; III. step over; and IV. par-
allel faults separated by more than 2 km) (Fig. 6); (2) the
fault behavior (change in slip rate or slip direction); (3) pa-
leo-seismicity (difference in faulting history); and (4) scaling
law (one segment longer than 20000 times the slip per event
should be divided into two) (Matsuda 1990).

In the United States, McCalpin (1996) also integrated
the segment type subdivision. He thought that the historic
rupture limits or prehistoric rupture limits defined by mul-
tiple, well dated paleo-earthquakes have more potential for
use as an earthquake segment than the more static, indirect
parameters.

The segmentation of active faults in Central Taiwan is
generally defined in this study by CGS. We also referred to
some published researches that divided the fault segment
into alternative rupture cases in our rupture model, which
are described in the following paragraphs.

In the Tachia-Changhua fault, the CGS said that the
connection between the Changhua fault and the Tachia fault
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two events are known
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Calculate the average recurrence

Understanding of the elapsed time

The elapsed time of the last event
is known
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interval and the standard
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l
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Fig. 3. Conceptual flow chart of earthquake probability assessment for active fault (modified from HERP 2001).
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Table 2. The relationship between investigative techniques and fault parameters. The block dot means that the fault parameter is avail-
able in the corresponding column of the investigative technique.

Fault P t . . .
Investigative Techniques ault Farameters Segmentation (Length) | Fault Dip | Rupture Depth | Long-term Slip Rate
Geologic cross-section ° ° ° °
Tectonic sequence stratigraphy °
Structural Geology
Balanced cross section ° ° .
Drilling boreholes (] (]
Earthquake surface rupture °
Surface Geological Exploratory trenchin ° .
Survey P Y g
Terrace dating °
Seismic profile ° °
Exploration Geophysics
Resistivity Image Profile °
D-InSAR or PS-InSAR °
Interpretation of Remote . . .
. Satellite image interpretation .
Sensing Image
Aerial photo interpretation °
Aftershock distribution ° °
) Seismicity cross sections ° °
Seismology
Focal mechanism solution °
Seismic tomography °
GPS coseismic slip °
Geodetic survey
GPS block model °
Fault | Rupture Dip RSZ:;:;e Char. Earthquake Lglr;g -rt:{? P?:nas?t";ty
Name model (degree) (km) magnitude (Mw) (mm yr') function

Wells and Coppersmith 1994

0:7.0(0.1)
Yen and Ma_2011

6.7 (0.5) g
12 4
< Wells and Coppersmith 1994

@3 -
oppersmith 1994 7 > Poisson
model

Ine4 hues

12 35)
< Wells and Coppersmith 1994

Fig. 5. Logic tree for the Sanyi fault. The parameters in logic tree are decided by experts’ opinion in consulting meeting, and the number in paren-
theses are the weight of each parameter.
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Segmentation by surface geometry
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Fig. 6. Specific segmentation criteria for active faults in Japan (Mat-
suda 1990). (Color online only)

is not clear because the morphology between these two
faults is covered by alluvium (Lin et al. 2008). However,
some researches considered the connection between these
two faults (Lee and Lin 2004; Shyu et al. 2005; Cheng et al.
2007). Therefore, this study still considered the Changhua
fault and the Tachia fault may connect to rupture together.
The southern part of the Changhua fault may connect to the
Tungshuhu fault (Lee and Lin 2004) or to the Chushan seg-
ment (Ota et al. 2002; Shyu et al. 2005), both of which were
considered in our rupture cases.

In the Chelungpu fault the Chelungpu fault segmenta-
tion defined by Lee and Chan (2007) is based on the differ-
ences in scarp morphology, dip-angles and the Chi-Chi sur-
face ruptures between the north (Fengyuan) and the south
(Tsaotun) segments.

The Tamaopu-Shuangtung fault is probably cut by an
east-trending strike-slip fault in the Tachiachi drainage area
(Ho 1959). The north segment is called the Tamaopu fault;
the south segment is called the Shuangtung fault.

The basic criteria of rupture cases and weights are
shown in Figs. 7 and 8, which were determined using expert
opinions in the expert consultation meeting. Figure 7 means
that a fault may rupture in each segment (A, B, or C) or in
the whole segment. Figure 8 means that a fault may extend
its rupture length to A’ or A”, but the extension part (A’ and
A”) could not rupture independently.

However, there are still some exceptions. For example,
in the Chelungpu fault rupture cases, the north segment had
not ruptured independently according to the paleo-earth-
quake results using trenching data (Chen et al. 2007), so
this article gave the north segment a lower weight than the
south segment as well as the entire fault. In the Tamaopu-
Shuangtung fault rupture cases, because the length of the
Tamaopu fault segment is too short to induce a large earth-
quake, this article gave 0.1 as the weight for the Tamaopu
fault segment.

3.4 Probability Assessment of an Active Fault

3.4.1 Recurrence Interval Estimation

There are two models that can estimate the relationship
between earthquake magnitude and recurrence rate. One is
the truncated exponential model; the other is the character-
istic earthquake model (Youngs and Coppersmith 1985).

The general form of the Gutenberg-Richter (Gutenberg
and Richter 1954) exponential frequency magnitude rela-
tionship is

logN(m) =a - bm (H

Where N(m) is the cumulative number of earthquakes of
magnitude greater than m, where a and b are constants.

Although the earthquake magnitude distribution on a
seismic source is usually assumed to follow an exponential
distribution, there is increasing evidence that a characteris-
tic earthquake model may be more appropriate for individ-
ual faults (Schwartz and Coppersmith 1984; Davison and
Scholz 1985; Youngs and Coppersmith 1985; Wesnousky
1994; Uchida et al. 2012). The characteristic earthquake
model was also used for each rupture source in the Diablo
Canyon Power Planet SSC (Seismic Source Characteriza-
tion) model (Lettis et al. 2015) to estimate the relationship
between earthquake magnitude and recurrence rate.

The characteristic earthquake model of Youngs and
Coppersmith (1985) assumed that the characteristic earth-
quake magnitude ranges from m,-1/2 to m,. The character-
istic portion of the magnitude frequency density function is
a uniform distribution.

The cumulative rate is in the following set of equa-
tions:

exp[-B(m - my)] - exp[-p(m, - 1 /2 - m,)]

N(m)=N 1.0 - exp[-B(m, - 1/2 - m)]
+N°© formOSm<mu-% 2)

. _.Cmu_m _L<
N(m)=N 1/2 for m, 5y Sm<m,

Where N° and N° are the cumulative rate of exponential
and characteristic earthquakes respectively, m, is the lower
bound magnitude, m, is the upper bound magnitude; and m
is the calculated magnitude, p=b-1n10.

The total cumulative annual rate  where
mu-5Sm<mu is:
e 1
N —N(mu - 2) 3)

The total cumulative annual rate where m = mj is:
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N(mg) = N° + N°© 4)

The N°¢ and N° can be represented to fault area and fault
slip rate:

1y bIn10-exp[-P(m, - 3/2 - my)]

N°= 3 {1-exp[-B(m,-1/2-m)]}

&)

Ne = MA(S-{I-exp[-B(m,-m,-1/2)]}
exp[-B(my-mo - 1/2)]- Mo (m,)-
b-10?  b-exp(B)(1-10"?)
c-b) T c

Where A; s the fault area; S is fault slip rate; u is the rigidi-
ty shear modulus (here assumed 3 x 10" dyne cm™?); My(m,)
is the earthquake moment of m,; and ¢ and d are constants
of the following equation:

log(Mp) =cm +d @)

Where M, is the seismic moment; m is moment magnitude;
c¢=1.5;d=16.1 (Hanks and Kanamori 1979).

Figure 9 is an example of the characteristic earthquake
model for the Sanyi fault, which shows the relationship be-
tween magnitude and cumulative annual rate. This article
uses four rupture cases for the Sanyi fault to calculate the
relationship between magnitude and cumulative annual rate
using the characteristic earthquake model. The observa-

Two segment cases and weighting:

A A
B B
02 04 04

tion (red dots) data in Fig. 9 are chosen from shallow ar-
eal source, which was partitioned by Cheng et al. (2015).
Because it is difficult to distinguish which seismicity was
occurred by the active fault and the chosen numbers of seis-
micity from only an active fault are too small to calculate
the annual rate, this study chose a shallow areal source to
calculate and plot the cumulative annual rate. However, the
seismicity rate of shallow area source which includes back-
ground seismicity and seismogenic structures. Therefore, its
cumulative annual rate must be higher than the characteris-
tic earthquake model of a single fault.

The calculated recurrence interval of each fault is
shown in Table 1.

3.4.2 Probability model

The diagram for calculating conditional probability
is shown in Fig. 10. The red line is the probability density
function f(t). The time interval of interest (exposure time) is
from T (the present time) to T + AT (hachured area). The
survivor function at time T is equal to the blue area. The
conditional probability is the ratio of these two areas, which
can be shown in the following set of equations:

F(T)-F(T + AT)

P(T<t<T+AT[t>T)= FD) €))

F(T) = fT *f(t)dt )

The Poisson and BPT models were chosen in this study for

Three segment cases and weighting:

LAl
| ef e
C C| C|

0.1 015 0.15 0.2 0.2 0.2

Fig. 7. Rupture case criteria and weights for fault segmentation in this study.

One side extension cases and weighting:

04 06

Two side extension cases and weighting:

A A

A A’

0.1 02 02 05

Fig. 8. Rupture case criteria and weights for fault extension in this study.
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Fig. 9. The relationship between magnitude and cumulative annual number from four rupture cases of the Sanyi fault. The red points represent the
seismicity data, and the length of the bars through the data points represent one standard deviation error bars. (Color online only)

Probability Density

T T+AT

Time
Fig. 10. Calculation of conditional probability from a probability density function. The time interval of interest (exposure time) is from T (the pres-
ent time) to T + AT (hatchured area). The survivor function at time T is equal to the shaded area. The conditional probability is the ratio of these
two areas. (Color online only)
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different conditions (see Fig. 3). These two models are de-
scribed as follows.
(1) Poisson model:

The Poisson model describes the distribution of times
between successive events for a homogeneous Poisson pro-
cess (random occurrence) and is specified by the function:

fop () =Ae™ (10)

where A is the mean rate of events per unit time. In our cal-
culations, A is the mean rupture rate of each rupture source,
as determined by the long term model.

In the Poisson model conditional probabilities for a
specified time interval depend only on the length of the in-
terval, At, and the long-term rate of rupture for each source.
The conditional probability for each source is given by

1-e™ Y

where At is 30, 50, or 100 years.
(2) BPT model:

In contrast to the Poisson model, a time-dependent re-
newal process model embodies the expectation that after one
earthquake on a fault segment, another earthquake on that
segment is unlikely until sufficient time has elapsed for stress
to gradually re-accumulate (Lindh 1983; Sykes and Nish-
enko 1984; Nishenko and Buland 1987; Ellsworth 1995;
Ogata 1999). Such models require a minimum of two pa-
rameters, and typically include knowledge of the time of the
most recent rupture. One is the mean rate of events, . The
other, aperiodicity (0.), is a measure of the irregularity of the
length of the intervals between successive events. WGCEP
(2003) chose sampling points for o (with relative weights)
of 0.3 (0.2), 0.5 (0.5), 0.7 (0.3). In Japan they chose o =
0.24 for BPT calculation. Analysis of 37 series of recurrent
earthquakes in the world, Ellsworth et al. (1999) suggested
a provisional generic value of o0 = 0.5, which can serve as a
working estimate of the aperiodicity for recurrent earthquake
sequences of all sizes and in all tectonic environments. We
considered the variability of each fault adopting 0.3 (0.2),0.5
(0.5), and 0.7 (0.3) in this study as the BPT model’s aperiod-
icity, which were included in our logic tree branches.

The BPT model (Kagan and Knopoff 1987; Ellsworth
etal. 1999) is a renewal model that describes the rupture time
statistical distribution. The probability density is defined by

fger (D) =,/ 27‘[2%3 exp

Where U is the mean rate of events, O is aperiodicity.

(t-p)p
207 ut

(12

4. ANALYSIS RESULT

This study gathered fault data, which were integrat-
ed into a fault parameter table. The parameters and their
weights for active faults in Central Taiwan are shown in
Table 1. The segmentation and rupture cases for each fault
are summarized in the following paragraphs.

(1) The Shihtan fault and the Tuntzuchiao fault may trig-
ger each other, so the two faults can be considered as
a Shihtan-Tuntzuchiao fault system. The rupture model
can be divided into 3 types in the logic tree, which are
the Shihtan fault rupture, the Tuntzuchiao fault rupture,
and the Shihtan-Tuntzuchiao fault system rupture. The
Shihtan fault rupture length can be divided into three cas-
es (15,25, and 35 km) based on the fault models of Lin
et al. (2013). In addition, the Tuntzuchiao fault rupture
length can be divided into two cases: the first has a sur-
face rupture length of 20 km; the second is 37 km long.
Because the Shihtan fault is a triggered back thrust, this
article gives low weights to the Shihtan fault cases. Thus,
the summation weight for the three Shihtan fault cases
is 0.2. The possibility for the Shihtan-Tuntzuchiao fault
system to rupture is even lower than that for the Shihtan
fault because of the different faults types. This article
gives the Shihtan-Tuntzuchiao fault system a weight of
0.1. The Shihtan-Tuntzuchiao fault system rupture cases
are shown in Fig. 11.

(2) The Sanyi fault can be divided into 4 rupture cases ac-
cording to the northern and southern extensions. Case A
is the central segment. Case B is the northern and central
segment. Case C is the central and southern segment;
and case D is the full segment (Fig. 12).

(3) The Tachia-Changhua fault rupture model can be di-
vided into 3 types, which are the Tachia fault rupture (1
case), the Changhua fault rupture (3 cases), and the Ta-
chia-Changhua fault rupture (3 cases). The weight of the
Tachia fault rupture is 0.4; the Changhua fault rupture
is 0.4; and the Tachia-Changhua fault rupture is 0.2. In
the Changhua fault rupture and Tachia-Changhua fault
rupture cases, both of them can be subdivided into three
cases according to the difference in the southern exten-
sion. The seven rupture cases are shown in Fig. 13.

(4) The Chelungpu fault rupture model can be divided into
3 types, which are the north segment rupture (2 cases),
south segment rupture (2 cases), and the whole rupture
(4 cases). Both the north segment rupture and the south
segment can be subdivided into two cases based on their
own extensions. The eight rupture cases are shown in
Fig. 14.

(5) The Tamaopu-Shuangtung fault can be divided into 3
rupture cases. Case A is the whole segment; case B is
the Tamaopu fault segment; and case C is the Shuang-
tung fault segment. The three rupture cases are shown
in Fig. 15.

Table 3 shows the active fault probabilities in Central
Taiwan. We used the appropriate “probability model” to
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Shihtan Fault
Fault System

Tuntzuchiao Fault

Fig. 11. Rupture cases and weights for the Shihtan-Tuntzuchiao fault system. (Color online only)
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Fig. 12. Rupture cases for the Sanyi fault. (Color online only)
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Fig. 13. Rupture cases for the Tachia-Changhua fault system. (Color online only)
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Fig. 14. Rupture cases for the Chelungpu fault. (Color online only)
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Table 3. Probabilities for active faults in Central Taiwan.

Conditional Probability
Fault Name The 'a“( e:)e“t time |, obability model M=65 M=7.0
' 30 year 50 year 100 year |30 year 50 year 100 year
Shihtan-Tuntzuchiao system AD.1935 BPT 53% 89% 17.3% 00%  0.0% 0.0%
Sanyi Holocene POISSON 44%  72%  13.6% 02%  04% 0.7%
Tachia-Changhua system A.D.1848 BPT 156% 237%  39.1% 26%  43% 8.4%
Chelungpu A.D.1999 BPT 02%  0.6% 3.0% 00%  00% 0.8%
Tamaopu-Shuangtung Holocene POISSON 1.4% 2.3% 4.5% 0.7% 1.1% 2.2%
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estimate the 30-, 50-, and 100-year conditional probability

for M = 6.5 and M = 7.0 earthquakes. The probabilities for

each fault are summarized in the following paragraphs.

(1) The Shihtan fault and Tuntzuchiao fault, which may
trigger each other, can be considered as a Shihtan-Tunt-
zuchiao fault system. The BPT model was used for this
fault system. The last event is set at year 1935. The re-
sults showed that the probabilities for a M,, = 6.5 earth-
quake occurring in 30, 50, and 100 years are 5.3, 8.9,
and 17.3% respectively. The probabilities for a M,, = 7.0
earthquake occurring in 30, 50, and 100 years are 0.0,
0.0, and 0.0% respectively.

(2) The Poisson model was used for the Sanyi fault. The re-
sults showed that the probabilities for a M,, = 6.5 earth-
quake occurring in 30, 50, and 100 years are 4.4, 7.2,
and 13.6% respectively. The probabilities for a M,, = 7.0
earthquake occurring in 30, 50, and 100 years are 0.2,
0.4, and 0.7% respectively.

(3) This article considers the fact that the Tachia fault may
rupture together with the Changhua fault. The last event
is set at year 1848. The BPT model was used for this
fault system. The probabilities for a M, = 6.5 earthquake
occurring in 30, 50, and 100 years are 15.6, 23.7, and
39.1% respectively. The probabilities for a M,, = 7.0
earthquake occurring in 30, 50, and 100 years are 2.6,
4.3, and 8.4% respectively.

(4) The last event for the Chelunpu fault is set at year 1999.
The BPT model was used for this fault. The results
showed that the probabilities for a M,, = 6.5 earthquake
occurring in 30, 50, and 100 years are 0.2,0.6, and 3.0%
respectively. The probabilities for a M,, = 7.0 earthquake
occurring in 30, 50, and 100 years are 0.0,0.0, and 0.8%
respectively.

(5) The Poisson model was used for the Tamaopu-Shuang-
tung fault. The results showed that the probabilities for a
M, = 6.5 earthquake occurring in 30, 50, and 100 years
are 1.4,2.3, and 4.5% respectively. The probabilities for
aM,, = 7.0 earthquake occurring in 30, 50, and 100 years
are 0.7, 1.1, and 2.2% respectively.

5. DISCUSSION

There are possibilities that should be considered when
establishing fault rupture models for active faults, includ-
ing (1) systemic rupture between two active faults, (2) the
extendable length of one fault, and (3) the existence of blind
fault.

There are many uncertainties when choosing a long
term slip rate. For example, the geologic data that we used
to calculate the long term slip rate is not available in some
active faults. In addition, the long term slip rate observed
from surface geologic data cannot represent the cumula-
tive energy in deep fault plane. The slip distribution on the
whole fault plane can be estimated by inversion of geodetic

data, but the observed time of geodetic data is too short to
represent the long term slip rate. The slip vector on fault
plane is also a type of uncertainty. Thus, the uncertainty of
long term slip rate is still larger than other parameters.

We adopted the following methods in this article to
cope with the epistemic uncertainty of long term slip rate. If
the geologic data (exploratory trenching, drilling, and geo-
morphic features) were sufficient to calculate the long term
slip rate, we used results from geologic data as long term
slip rate for the fault. Otherwise, we need to establish an in-
version model using geodetic arrays. The rates of deforma-
tion across a specific fault can be calculated by the inversion
model. Additionally, if a fault had aseismic slip (e.g., the
Chihshang fault in Eastern Taiwan), we need to reduce the
seismic moment according to the proportion of the released
aseismic energy. After estimating the slip rate of each fault
in Taiwan, we need to compare this with the regional plate
motion to make sure that they are consistent. In terms of
slip vector, we can use the rake on fault plane as a logic tree
branch to cope with the uncertainty of slip vector. Finally,
we adopted expert opinion and logic tree to solve the prob-
lem of uncertainties.

During the assessment process we found that the recur-
rence interval for some active faults is too short to match
the historical record. Due to the short length and high slip
rate of some active faults in Southern Taiwan, such as the
Hsinhua fault, the Tsochen fault, and the Hsiaokangshan
fault, the recurrence interval could be less than 100 years in
the characteristic earthquake model. We assume that not all
relationships between earthquake magnitude and recurrence
rate are consistent with the characteristic earthquake model,
perhaps consistent with the Gutenberg-Richter relationship.
In the future, we need to choose correspondent model based
on the realistic record or the active feature of each fault.

6. CONCLUSION

This study described a process for estimating earth-
quake probability assessment for active faults based on ex-
periences from Japan and the United States. The procedure
includes the construction of a logic tree, fault segmenta-
tion criteria, characteristic earthquake model and statistical
models. We used the active faults in Central Taiwan as a
case study to calculate the earthquake probability.

Our results showed that the highest earthquake prob-
ability where a M, = 6.5 earthquake could occur in 30, 50,
and 100 years in Central Taiwan is the Tachia-Changhua
fault system. Conversely, the lowest earthquake probability
is the Chelungpu fault.

The future goal of our research is to calculate the earth-
quake probability for the 33 active faults in Taiwan. The ac-
tive fault parameters are important information that can be
applied to seismic hazard analysis and seismic simulations.

If the parameters for an active fault are not clear when
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collecting data we will suggest the Central Geologic Survey
conduct a more detailed investigation for this fault. We also
might suggest that a fault with high earthquake probability
should be monitored constantly to prevent and mitigate the
forecast earthquake disaster.
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