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Abstract This research aims to evaluate the
probability distribution of landslides triggered by a
potential earthquake. Based on the evaluations, successive
disaster prevention and mitigation can be well-prepared in
advance. Deriving the critical acceleration value depends
on the geometry and strength of the material on the slope.
Thus, the Newmark's displacement of slope can be
determined using the critical acceleration and strong
motion recording of an earthquake. A threshold value of
Newmark's displacement is assumed as Scm, which means
a landslide may occur if Newmark's displacement is
greater than it. To identify the feasibility, we synthesize
two waveforms of the 1999 Chi-Chi earthquake (M,, 7.6)
and one for the 2013 Nantou earthquake (M,, 6.2) to
compute the Newmark's displacements at Jiou-Jiou Peaks
and Shinyi town in Nantou County, Taiwan by using the
stochastic semi-empirical technique. The Newmark's
displacements are 9.75 averaged and 6cm respectively,
which are coincident with the earthquake-triggered
landslides occurring actually. By counting accumulations
of Coulomb’s stress changes of Nantou earthquakes in
2013 in central Taiwan, we predict the epicenter of a
potential earthquake. The regression relation between
critical acceleration with Arias intensity of the seismic
waveform is employed to calculate Newmark's

displacements in the Nontou County. Accompanied by
Newmark's displacement, the empirical probabilities of
earthquake-induced landslides are derived. Accordingly,
there are four populated densely areas with higher
Newmark's displacements and probabilities, indicating
that high landslide risk is existing potentially in these
areas and the corresponding disaster prevention
management and mitigation must be carefully regulated.

Keywords Landslide, Stochastic Semi-empirical
Technique, Newmark's Displacement, Arias Intensity

1. Introduction

An earthquake with a large magnitude often causes
serious disasters, including infrastructure, buildings, and
bridges which are destroyed. Long considered as
landslides triggered by earthquakes are the main parts of
secondary effects associated with earthquakes [1-3]. In the
past decades, there were almost 80 earthquakes that caused
100,000 to 1,000,000 ground movements that the lives of
several tens of thousands of people passed away [4]. The
1999 Chi-Chi earthquake (M, 7.6) was the largest
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earthquake on the island of Taiwan and inflicted severe
damage around the Chelungpu fault areas [5]. It not only
claimed the lives of more than 2000 people but ruined the
properties of many persons also. The earthquake-induced
landslides happened at Jiou-Jiou Peaks in central Taiwan
and damaged the environmental sightseeing surrounding
the place. The successive moderate-size 2013 Nantou
earthquake (M, 6.2) also triggered a landslide in the Shinyi
township of Nantou County, causing some damage to road
traffic safety. Therefore, predicting the locations,
probabilities, and damage of the co-seismic landslides
triggered by the potential earthquake are necessary for
hazard assessments.

The simplest way to assess the place where landslides
may occur is Newmark’s sliding rigid-block model [6]. In
this model, the critical acceleration (Ac) of a slope is
described as a function of the angle and sliding soil mass of
the slope, and if the seismic acceleration exceeds a critical
value, then the permanent displacement of the mass will
happen. Subsequently, Newmark’s model had been proved
and widely applied to predict slope displacement [4,7-9].
However, collecting the earthquake recordings in specific
stations, especially in mountainous regions, is difficult for
employing the Newmark’s model. Therefore, the
regression relations between Ac with Arias intensity (Ia) or
with PGA of seismic recordings are used to estimate
Newmark's displacement (Dn) of earthquake-induced
landslides. For example, Jibson [10] offered a regression
formula composed of Ac and Ia to derive Dn efficiently.
By analyzing the seismic recordings of the 2013 Lushan
earthquake (Ms 7.0), Yuan, et al. [9] modified the formula
to get more goodness of the Jibson's model for the Lushan
area. Li, et al. [11] used finite element analysis to derive the
equations of slopes’ movements and obtain excellent
predictions in the angle grater 60 degrees. In addition,
using a progressive technique that relates to scenario-based
seismic disaster risk is an alternatively effective way to
evaluate the damage and reduce the losses of the disaster in
the future. Employing two scenarios of earthquakes with
magnitudes Ms 7.0 and Ms 8.0, Liu, et al. [12] tried to
access successfully the earthquake disasters including
landslides and traffic damage in the Tianshui area, China.
Zhuang, et al. [13] assess the earthquake disaster that
occurred in the Guyuan region, China by the scenario
method. In this study, to overcome the problem without
sufficient seismic recordings of an earthquake, we firstly
combine the semi-empirical method with Newmark’s
model to evaluate the validities of Dn corresponding
landslides triggered by the 1999 Chi-Chi earthquake (M,,
7.6) and 2013 Nantou earthquake (M,, 6.2) respectively.
With the accuracy of the theoretical tests, we further use
the regression formula by Jibson [10] to get the Dn by
employing Ac and Ia which is derived with the stochastic
semi-empirical method for the potential earthquake in
central Taiwan. Finally, the probability distribution of
potential earthquake-induced landslides is calculated well
for disaster prevention.

2. Methodology

2.1. Newmark's Model

The static factor of safety (FS) of the block on the
sliding surface, with the angle of o from the horizontal

Ac = (FS — 1) * sina @)
FS can be calculated as [7]

c tang

FS = 2)
where c is the cohesion of soil, y is the unit weight of soil,
h is the depth of failure surface, and o is the friction angle
of soil. A pore-water pressure is negligible in this model.
When the acceleration exceeds the critical acceleration
(Ac), the movement between the block and its base will
increase. On the contrary, if the accelerations are smaller
than Ac, the movements will not be created. The
cumulative displacement by double integration of seismic
acceleration recording a(t) that exceeds Ac is represented
as

Yhcosasina ~ tana

Dy = [;" f,"(@a(t) — Ac x g)dt? 3)

where the tr means duration time of the acceleration
recording. It is obvious that the critical acceleration Ac is
an important parameter to determine the Dn value. Given
parameters for different lithologies classified by rock
hardness as shown in [13] to eq. (1)-(2), the Ac value can
be calculated. Using the acceleration recording and Ac
value to eq. (3), the Newmark’s displacement Dn is
derived.

2.2. Semi-empirical Stochastic Technique

If the fault plane is divided into N*N subfaults, the
seismic wave to an observation station is the summation
from all the subfaults

Acc™S(t) = XL, BN, ARS (t— tyy) )
Acc®W () = T, BN, ARV (t—ty) ©)

where t;; is the delayed time. A station at a distance r from
one of the subfault n; with seismic moment M), and the
acceleration spectrum a;j(f) of the seismic wave contributed
by n;; are defined as [14]

8,(f)=CM, S/, LIPS fude ™)) ©
:R-F-PR

¢ 4zpp’ )

where pR is the radiation pattern that is affected by rupture

parameters, F is the free surface amplification effects, PR
is a constant, p and g are the density and the shear

wave velocity. S(f,f.), is represented as source spectrum,

which is treated asa »2 model. The a;; (t) can be derived
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by taking the inverse transform of a;(f). To overcome the
low-frequency mismatching of aj; (t), Joshi et al. [15]
employed the correction function F(t) ([16,17])
convolving with the obtained acceleration to modify these
errors. The F(t) is represented as

N-1

FO = 80 + [mip) oD ®
Aj(D) = aij() * F(D) ©)

Finally, the seismic wave can be obtained from
equations (4) and (5).

3. Theoretical Test

3.1. Chi-Chi Earthquake (Mw 7.6)

To identify the validity of the method, we synthesize
strong motions at two stations around Jiou-Jiou Peaks,
where located in Nantou County, Taiwan, and derive the
Newmark’s displacements by the method respectively.
Large amounts of landslides occurred around the Jiou-Jiou
Peaks triggered by the 1999 Chi-Chi earthquake (Figure 1).

According to Jibson [10], the threshold value of Dn
value was suggested as about Scm. That means when the

Longitude

26°N

25°N

Latitude

24°N

Latitude

23°N

2879

derived Dn values exceed 5 cm, the earthquake-induced
landslide may occur realistically. The simulated strong
motions and Dn are demonstrated in Figure 2 and Figure 3.

Both of the Newmark’s displacements of the two
stations are greater than 9cm, and it is coincident that
landslides triggered by the Chi-Chi earthquake occurred
here. These evidences support the proposed method which
is suitable to estimate the place that landslide occurs
exactly after a large earthquake happens. In addition, based
on (e) in Figures 2 and 3, the landslides may begin at 15s
and create permanent displacement at 21s lasting changes
dramatically within the period time of 15-21s. It could
attribute to the sophisticated rupture process of the Chi-Chi
earthquake which produced a more complicated seismic
waveform [18].

3.2. Nantou Earthquake (Mw 6.2)

The 2013 Nantou earthquake occurred in the Nantou
County, Taiwan and induced landslide causing serious
damages of major traffic road in the Shinyi township of
Nantou County. The landslide is demonstrated in Figure 4.

Applying the method to this station and computing the
Newmark’s displacement, we display the results in Figure
5.
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Figure 1.

The landslides induced by the 1999 Chi-Chi earthquake occurred in Jiou-Jiou Peaks, where located at Nantou County, Taiwan. The red

squares represent two stations and the red star means the epicenter of the Chi-Chi earthquake. The landslide photograph is cited from the following

website http://lovegeo.blogspot.com/2018/09/blog-post_22.html
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Figure 2. (a) is the simulated strong motion, (b) is the absolute acceleration of the block, (¢) and (d) are the relative acceleration and velocity of the
block, respectively, and (e) represents the relative displacement of the block at station 1. Dn is about 9.6cm
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Figure 3. (a) is the simulated strong motion, (b) is the absolute acceleration of the block, (c) and (d) are the relative acceleration and velocity of the

block, respectively, and (e) represents the relative displacement of block at station 2. Dn is about 9.9cm
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Figure 4. The landslides induced by the 2013 Nantou earthquake occurred at Shinyi township, where located in Nantou County, Taiwan. The red
square represents a station and the red star means the epicenter of the Nantou earthquake. The landslide photograph is cited from the following
website https://tw.appledaily.com/headline/daily/20130603/35059453/
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Figure 5. (a) is the simulated strong motion, (b) is the absolute acceleration of the block, (c¢) and (d) are the relative acceleration and velocity of the
block, respectively, and (e) represents the relative displacement of the block at the station. Dn is about 6cm.
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Figure 6. The Coulomb stress changes in central Taiwan. The place with the maximum ACFS may be the epicenter of the potential earthquake
which is represented as a yellow star. The two white stars are the epicenters of earthquakes with Mw 6.0 and 6.2, respectively. [19]

Based on the results, it is obvious that the Dn=6 cm is
greater than the threshold value which is agreeable to the
earthquake-induced landslide that occurred around the
location of the simulated station. From (e) in figure 5, the
varieties of relative displacement are simpler than the
results in Figures 3 and 4. The 2013 Nantou earthquake
with magnitude Mw 6.2 had a simpler rupture process [19]
than the Chi-Chi earthquake, so the energies of the
synthetic waveform in Figure 5 (a) are focused on 5-15s,
indicating the landslide may occur within relatively short
time of 2 seconds. According to the results, the Dn is
strongly affected by the magnitude of an earthquake, slope
properties and seismic waveform.

4. Results and Discussions

The epicenter of a potential earthquake (Mw 6.2) in
central Taiwan was estimated by the Coulomb stress
changes (ACFS) [19] and the result was shown in Figure
6.

After the prediction offered by Liao and Huang [19],
there were several earthquakes occurring around this
location. For example, it had 8 sensible earthquakes with
magnitudes from M;5.0 to Mp 3.3 that occurred on
08/17/2018 and 08/18/2018 reported by CWB. Therefore,

we are eager to estimate the landslides distributed around
central Taiwan if a potential earthquake with Mw 6.2
happened here actually. In this stage, the regression
equation offered by Jibson et. al. [10] relating the critical
acceleration Ac and the Arias intensity I, to compute
Newmark’s displacement Dn is employed.

logDn = 1.46logla - 6.642logAc + 1.546 + 0.409 (10)
2m (ot
I, = E“forAcc(t)zdt (11)

where Acc(t) is computed by the proposed method
described in section 2.2. With the digital terrain model and
the geologic data [20] cooperating with the rock hardness
classification [13] of Nantou County, the critical
accelerations Ac distributed around the mountainous
regions in Nantou County can be estimated well.
Employing eq. (10) and (9), we can derive the
corresponding Newmark’s displacements Dn and display
them in Figure 7.

Jibson et al. [7] established an equation which evaluates
the probability of slope failure correlating with
Newmark’s displacement Dn. The equation is described as

P(D,) = 0.335[1 — exp(—0.048D1565)]  (12)

The distribution of probabilities related to the Dn in
Figure 7 can be computed and the result is shown in
Figure 8.
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Based on Figures 7 and 8, there are some important
results that have to be mentioned. First of all, due to the
attenuation relationship of earthquake energy propagation,
potential earthquake-triggered landslides may occur near
the epicenter. Although few people live in the mountainous
places, if the typhoon strikes central Taiwan bringing
heavy rain it will cause debris flow disasters attacking the
people living nearby downstream. The second, the four
populated densely regions surrounded by rectangles in
Figure 7 include the areas in conjunctions of Puli town,
Guoshing, and Renai townships, the areas centered at
Yuchin township connecting to a part of Puli town,
Zhongliao, ChiChi, and Shuili townships, the area located
at Lugu township, and the areas between Shuili and Shinyi
townships. The maximum value of probability shown in
Figure 8 is about 0.31. It is clear that the probability
contours in Figure 8 mainly center on two patches. One
patch is the area between Puli town, Guoshing and Reinei
townships. The other one locates at Yuchih township
connecting with the adjacent districts. That indicates the
earthquake-triggered landslides may destroy the residential
buildings making losses of properties and lives of the
people. Plenty of falling rocks could accumulate on the
road or at the entrance of the tunnel to pose an enormous
obstacle to traffic safety. Finally, the inventories of
landslides mixed with torrential rain can produce debris
flow causing more dangerous disasters and damaging the
people again.

5. Conclusions

In this paper, Newmark’s model combined with the
semi-empirical stochastic technique is applied to
investigate the potential earthquake-triggered landslides
and probabilities distributed in central Taiwan. At first, we
demonstrate that the theoretical tests yield consistent
estimates of observations of landslides. According to the
result, the potential earthquake-induced landslide risks are
further assessed. Based on the assessments, we find that the
most dangerous places caused by the potential landslides
may locate in four mountainous regions. The first one is
around the conjunction of Puli town, Guoshing and Reinai
townships, and the second is centered on Yuchih township
connecting parts of four districts including some parts of
Puli town, Zhongliao, ChiChi, and Shuili townships. The
third one locates in the northwestern part of Lugu township
where tea production is the most famous in Taiwan. The
last one is at the main artery of traffic between Shuili and
Shinyi townships. The four places are densely populated
and have heavy traffic between the districts. The strengths
of our present work mainly include two points. First, we
simulate the strong motions to calculate the Arias intensity
I, instead of using the regression relationship compared
with the past studies. The second point is that our work
contributes a practical application to evaluate landslide
hazards. Based on these results, the corresponding disaster

prevention plans for the potential landslides have to be
made in advance to keep the safety of people. For
individuals, knowledge of disaster prevention, evacuation
routes and emergency responses must be understood
precisely. In addition, disaster prevention drills, disaster
relief  supplies, disaster prevention information
management, and damage assessment are important works
for the government.
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