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Regional seismic landslide susceptibility considering geomaterial strength reduction

Sensibilité régionale aux glissements de terrain sismiques prenant en compte la réduction de la
résistance au cisaillement des sols

Masahiro Shinoda & Yoshihisa Miyata
Civil and Environmental Engineering, National Defense Academy, Japan, shinoda@nda.ac.jp

ABSTRACT: This paper proposes a method of creating an earthquake-induced landslide susceptibility map using a simple infinite
slope model to evaluate the landslide susceptibility over a wide area. The proposed method considers the geomaterial strength
reduction from peak to residual state in the slope and ground motion directivity. To simulate the actual landslides triggered by the
2016 Kumamoto earthquake, we optimized the best combination of friction angle and cohesion in each lithology using a proposed
weighted prediction rate. The permanent seismic displacement was calculated with and without strength reduction. When considering
strength reduction, the permanent seismic displacement by the main shock became relatively large, which was consistent with the
reported landslide inventory. The proposed regional landslide susceptibility map will be valuable for estimating the locations of
possible slope failure and extent of damage, as well as for planning field reconnaissance and preventing secondary disasters
immediately after earthquakes.

RESUME : Cette étude propose une méthode pour établir une carte de sensibilité aux glissements de terrain induits par les séismes en
utilisant un modele simple de pente infinie qui permet d’évaluer cette sensibilité sur une zone relativement large. La méthode proposée
prend en compte la réduction de la résistance des sols, de la résistance au cisaillement maximale jusqu’a la résistance au cisaillement
résiduelle , ainsi que la directivité des glissements. Afin de simuler les glissements de terrain réellement déclenchés par le tremblement
de terre de Kumamoto en 2016, 1a meilleure combinaison des valeurs de 1'angle de frottement et de la cohésion dans chaque lithologie a
été optimisée par un taux de prévision pondéré qui est proposé, et les déplacements sismiques permanents ont été calculés avec et sans
réduction de la résistance au cisaillement. En prenant en compte la réduction de la résistance, les déplacements obtenus par la secousse
principale deviennent relativement importants, ce qui est cohérent avec les valeurs rapportées par I’inventaire des glissements de terrain
qui a été réalisé. La carte régionale de sensibilité aux glissements de terrain proposée pourra s’avérer précieuse pour évaluer les endroits
ou des ruptures de pente sont possibles, pour estimer la possible étendue des dégats, pour planifier les reconnaissances de terrain et pour

prévenir les éventuelles catastrophes secondaires qui interviennent immédiatement apres les tremblements de terre.
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1 INTRODUCTION

Japan is one of the most seismically active countries in the world
and has suffered much damage from earthquakes. Recently, the
2011 Tohoku-Pacific Ocean earthquake (9.0-magnitude) caused
a significant amount of human and property damage. In addition,
on April 14, 2016, the Kumamoto earthquake (foreshock:
magnitude 6.5) occurred, and two days later, another earthquake
(main earthquake: magnitude 7.3) occurred, causing damage to
many buildings and civil engineering structures as well as the
collapse of many natural slopes. In 2018, the East Hokkaido Iburi
earthquake (6.6-magnitude) occurred, causing widespread slope
failure, primarily in Atsuma town (Figure 1).

2 LANDSLIDE SUSCEPTIBILITY

The landslide susceptibility triggered by earthquakes has been
studied and developed since the 1980s. Wilson et al. (1979) and
Wieczorek et al. (1985) proposed a method for predicting the
occurrence of earthquake-triggered landslides using seismic
acceleration and slope acceleration as indices based on stability
analysis using an infinite slope model and developed a landslide
susceptibility map. In addition, Jibson et al. (2000) proposed a
simple method to estimate seismic residual displacement based
on the Newmark method and produced a landslide susceptibility
map of the 1994 Northridge earthquake. The California
Geological Survey has published a method of mapping seismic
landslide susceptibility. Landslide susceptibility is obtained
using a yield seismic intensity as a function of a safety factor and
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Figure 1. Slope failure caused by the East Hokkaido Iburi earthquake in
2018. This photograph was taken by Asia Air Survey Co., Ltd and Aero
Asahi Corp.

slope inclination or from the regression equation of seismic
residual displacement using the Newmark method proposed by
Jibson (2007). To date, the methods proposed to evaluate seismic
landslide susceptibility have been studied for single earthquakes,
but they cannot be applied to earthquakes with fore-shocks and
main shocks, such as the Kumamoto earthquake. To evaluate
landslide susceptibility the geomaterial strength of the slope
should be accurately estimated after considering the actual
earthquake history (foreshocks and past earthquakes) before the
main shock, and then the seismic landslide susceptibility can be
evaluated.



3 OBIJECTIVES

This paper proposes an evaluation method for regional
earthquake-induced landslide susceptibility that considers the
effects of the foreshock or past earthquake event (Figure 2).
Specifically, assuming that slope failure does not occur owing to
foreshocks or past earthquakes, slope stability is evaluated by
estimating the maximum and yield accelerations at each point of
the foreshock or past earthquake. Subsequently, using strong-
motion waveform records from seismological observatories near
the epicenter that can be obtained after the main shock, the
residual seismic displacement of the slope at the target site can
be calculated using the Newmark method after estimating the
acceleration time history of each point owing to the main shock.

In this study, the peak and residual strength parameters of
geomaterials in the slope were used to consider the foreshock or
past earthquake history. This study assumed that slope failure
does not occur because the soil of the slope maintains its peak
strength when subjected to foreshock or past earthquakes, and
slope failure occurs through yielding when the seismic force
exceeds the maximum resistance force during the main shock.
The validity of the newly proposed evaluation method for
regional earthquake-induced landslide susceptibility was verified
by applying it to the foreshock and main shock of the 2016
Kumamoto earthquake and comparing it with the actual
inventory map.

4 EVALUATION METHOD FOR REGIONAL
EARTHQUAKE-INDUCED LANDSLIDE
SUSCEPTIBILITY

4.1 Study area

The study area included in the residual seismic displacement map
created by the proposed method is 7517 m long and 14668 m
wide, centered on the epicenter of the 2016 Kumamoto
earthquake (Figure 3). Figure 3 shows a red relief image map
(RRIM, Chiba et al., 2008) overlain by the inventory map of the
slope failure due to the 2016 Kumamoto earthquake. The RRIM
was developed to visualize airborne laser measurement results in
2002. Airborne laser measurements can acquire large quantities
of topographic data. In the RRIM, the surface with a steep slope
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Figure 2. Flowchart for creating earthquake-induced seismic residual
displacement map of slopes considering foreshock and main shock of
earthquake.

is red, the ridge is bright, and the valley is dark. The key feature
of the RRIM is to simultaneously understand microtopography
and macrotopography, and it is particularly excellent in feature
extraction in microtopography. The RRIM used in this study was
created using the results of the aerial survey conducted after the
2016 Kumamoto earthquake, and digital data from the Forestry
Agency's aerial laser surveying operations report were used. The
inventory map shown in Figure 3 was based on digital data from
the aerial laser measurement service report of the Forestry
Agency in Japan.

Mukunoki et al. (2016) reported a summary of large-scale
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Figure 3. Red relief image map created after the mainshock of the 2016 Kumamoto earthquake using high-density aerial laser measurements.

The inventory map is overlain on the red relief image map.
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Figure 4. Geological map of the target region. The map was created from part of the seamless data used in the land conservation map (1:50,000)
produced by the Ministry of Land, Infrastructure, Transport and Tourism. The inventory map is overlain on the geological map.

landslides triggered by the 2016 Kumamoto earthquake. The
inventory map revealed that most landslides on the westward
slope of the central cone of Mt. Aso are shallow. The main
direction of the collapsed slopes is northwest—southeast (NW—
SE), which is perpendicular to the earthquake faults.

The slope, inclination, and azimuth were specified in the
target region based on data obtained from the digital evaluation
method (DEM) constructed by the Geospatial Information
Authority of Japan. These parameters were defined with every
center of the triangle cell, which was split obliquely in half from
the quadrangle cells defined by the DEM data. The slope azimuth
was specified in 32 directions. This method was referenced by
Shinoda and Miyata (2017).

4.2 Geotechnical information

The geological map of the study area was derived from portions
of the seamless data used in the geological map of Aso volcano
(scale of 1:50,000) published by the Geological Survey of Japan.
This geological map has been published with digital data based
on Ono and Watanabe (1985). The geological map of the target
area is shown in Figure 4. The inventory map was overlain on a
geological map. From Figure 4, it can be seen that landslides
primarily occurred where the geology corresponded to pumice in
part densely welded (Kp), lava flow (N), and lava flow and
pyroclastic rocks (E), which accounted for 28%, 20%, and 16%
of the failed slopes in total, respectively. The ratios of the number
of cells indicating failed slopes to the total number of cells were
9.0%, 1.5%, and 2.9%, respectively.

Information on the geomaterial strength parameters near the
epicenter of the Kumamoto earthquake is very limited.
Furthermore, the geology around the epicenter is highly variable,
and specifying the geomaterial strength parameters of all the
lithologies is difficult. Although such a scenario is extremely
generalized, the strength parameters should be determined
rationally. Therefore, in this study, we ascribed a geomaterial
strength parameter for each lithology to match the actual
landslide occurrences, given the obtained landslide inventory
map as the condition to resolve. The geomaterial strength
parameters for each lithology were optimized by maximizing the
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proposed weighted prediction rate, as explained later. Based
on the above field test results, the friction angle was set to 20°,
25°,30°, 35°, 40°, and 45° in each lithology, and cohesion was
setto 0, 5, 10, and 15 kPa. The total number of combinations of
friction angle and cohesion generated was 24. Furthermore, as
the number of lithologies in the study area was 24, the total
number of numerical investigations was 576.

4.3 Seismological information

The National Research Institute for Earth Science and Disaster
Prevention (NIED) in Japan has published ground motion data
obtained from a strong-motion seismograph network (K-NET)
and a pair of strong-motion seismographs on and under the
ground (KiK-NET) (NIED 1996), which were used in this study.

The strong-motion records of acceleration in the NS and EW
directions at the observatories close to the epicenter were
collected. The acceleration chronology at any specific point was
estimated using the method proposed by Shinoda and Miyata
(2017). To estimate the chronology of the acceleration at the
target points, the maximum acceleration and wave shape were
estimated. The maximum acceleration at specific locations was
estimated using the inverse distance weighting method, with 10
acceleration chronologies around the target point and the
horizontal distances between the target point and its observatory.

For simplicity, the wave shape at the target point was assumed
to be the same as that at the closest observatory. By applying the
above wave shape and estimated peak ground acceleration, the
acceleration chronology was estimated in a specific direction. In
addition, the effects of vertical accelerations are frequently
neglected when creating a landslide susceptibility map.
Therefore, in this study, the effect of vertical seismic motion was
assumed to be small.

4.4 Estimation of geomaterial strength parameters
considering the stable slope subjected to foreshocks

Kurokawa (2018) surveyed a wide area via a helicopter to
confirm the occurrence of landslides immediately after the
foreshock and main shock, respectively. From a comparison
between the foreshock and main shock, the large-scale landslide



was considered to occur because of the seismic activity,
specifically because of the main shock. In other words, the slopes
did not collapse in response to the foreshock. From this
observation, the lower limit of the geomaterial strength
parameters can be determined. In this study, when the calculated
seismic safety factor of the slopes subjected to the foreshock
using the maximum horizontal seismic coefficient obtained
during the foreshock period was less than the minimum safety
factor, the cohesion was back-calculated to satisfy the minimum
safety factor under the assumed friction angle set in each
lithology, as follows:

c=FS, .vh(sina+K

hmax

cosa)cos o )

—yh(cosa—K,, .. sina)cosa tan ¢

hmax

where y is the unit weight of the sliding mass, ¢ is the friction
angle of the sliding mass, c is the cohesion of the sliding mass, /
is the depth of the sliding mass, « is the slope inclination, and K
is the horizontal seismic coefficient. As mentioned earlier, in this
study, we ignored the effect of vertical seismic motion, which is
very small.

4.5 Slope model and estimation of seismic residual
displacement

A simple infinite slope model was adopted to calculate the
permanent seismic displacement. This model employed a slip
surface along the boundary between the movable and immovable
layers (Figure 5). Today, the infinite slope model is frequently
used to evaluate regional seismic landslide hazards (e.g., the
California Geological Survey 2012). A constant value of 3 m was
used as the slope depth of the sliding block in this study from the
findings of a field reconnaissance after the main shock of the
2016 Kumamoto earthquake.

The calculation method for the permanent seismic
displacement with the simple infinite slope model is
fundamentally the same as the Newmark sliding block analysis
(Newmark 1965). The difference is in considering the peak and
residual strengths of the geomaterials. Figures 6a and 6b show
the shear force—displacement and shear stress—displacement
behaviors of the geomaterial element in the slope. When the
seismic safety factor of the slope is less than 1.0 during an
earthquake, the geomaterial peak strength decreases to the
residual strength (Figure 6a). Subsequently, the permanent
seismic displacement is calculated using the residual strength.

The above concept considering both the peak and residual
states has already been published by Matasovic et al. (1998).
With reference to Matasovic et al. (1998), we assumed that after
achieving the peak state when the seismic force is applied to the
slope, the peak strength of the slope has an approximately linear
degradation until it attains residual strength (Figure 6b). In this
study, we assumed that the peak strength decreased abruptly,
which was a conservative assumption. Furthermore, from a
mechanical perspective, after achieving the peak state when the
seismic force is applied to the geomaterial element in the slope,
the geomaterial element can be considered as having the friction
property maintained to some extent and the cohesion is
significantly reduced. Therefore, in this study, we assumed that
the peak and residual friction angles were the same, and the
cohesion decreased to zero in the residual state, for simplicity.

For ease of understanding, representative calculation results
for the permanent seismic displacement while considering only
peak strength, and peak and residual strengths, can be calculated
in the following manner. The analytical model used to calculate
the permanent seismic displacement is the same as that shown in
Figure 5. To illustrate the calculation of slope displacement, the
slope inclination and depth of the sliding block were set at 30°
and 3 m, respectively. The unit weight, peak and residual friction
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angles, and peak and residual cohesion of the slip surface of the
sliding block were set at 20 kN/m?, 45°, 45°, 15 kPa, and 0 kPa,
respectively.

Movable layer

ol | Rlan ¢

1mmovable layer

Figure 5. Infinite slope model.
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Figure 6. Force—displacement relationship on slip surface along the
boundary between the movable and immovable layers: (a) measured
force—displacement curve and (b) strength reduction model with
increasing displacement.
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Figure 7. Representative results for the Newmark analysis at the KiK-
NET Mashiki observatory in the east direction: (a) chronology of
horizontal acceleration; (b) chronology of velocity; (c) chronology of
permanent displacement.

Figure 7 shows representative results from the KiK-NET
Mashiki observatory, and the data include a chronological record
of the horizontal acceleration, velocity, and permanent seismic
displacement in the east direction from the permanent seismic
displacement calculation. As shown in Figure 7, the permanent
seismic displacement considering both peak and residual
strength is much larger than that considering only peak strength,



although the seismic yield coefficient is the same in both
scenarios. In detail, the permanent seismic displacement
considering peak strength is 15.7 cm, while the permanent
seismic displacement considering both peak and residual
strength is 70.3 cm. This result is very important to simulate the
actual behavior of landslides in the Kumamoto earthquake. As
mentioned before, many slopes were stable after being subjected
to the large foreshock. In addition, many slopes failed after being
subjected to the main shock in the Kumamoto earthquake. These
observations indicate that the geomaterial strength that can
withstand the foreshock but yield to the main shock should be
determined. Therefore, to simulate landslides subjected to a
foreshock and main shock, the strength reduction from the peak
to residual strengths should be considered.

4.6 Prediction rates of the occurrence of landslides

The highest likelihood strength parameters of the geomaterials
were determined from the prediction rates of the occurrence of
landslides. The landslide susceptibility was evaluated based on
the calculated permanent seismic displacement with various
geomaterial strength parameters, which were estimated within
the range of the reported test results. The degree of coincidence
between the calculated permanent seismic displacement
exceeding a certain threshold value and the actual landslide was
investigated. Subsequently, the geomaterial strength parameters
were estimated with the highest prediction rates. In this study, 5
cm was used as a threshold value for the amount of landslide. A
new weighted prediction rate can be proposed as follows:

wn, +wyn, 2)
w (n,+ny)+w, (ny+n,)

PR, =

where PRy, is the weighted prediction rate, n1 is the number of
cells of predicted landslides in accordance with observed
landslides, n2 is the number of cells of stable slopes in
discordance with observed landslides, #3 is the number of cells
of predicted landslides in discordance with stable slopes, 74 is the
number of cells with stable slopes in accordance with stable
slopes, and w1 and w2 are the weight coefficients with the
following constrained conditions:

2w, +2w, =1 3)
0<w, w,<0.5 “

If the weight coefficients of w1 and w2 have the same value of
0.25, the sensitivity of the number of failed and stable slopes is
equivalent to the calculation of the prediction rate, and this
prediction rate would be a single absolute value. If the weight
coefficient of wi increases and the weight coefficient of w2
decreases, the sensitivity of the number of failed slopes increases
(the sensitivity of the number of stable slopes decreases) in the
calculation of the prediction rate. The above prediction rate has
upper and lower bounding values such as 1 (perfect prediction)
and 0 (uniformly failed prediction), respectively.

4.7 Creation of regional seismic landslide susceptibility map

Figure 8a shows the permanent seismic displacement map
created with the strength parameters optimized by maximizing
the weighted prediction rate without considering strength
reduction. Almost all permanent seismic displacement shows a
small value of less than 20 cm without considering strength
reduction. The weighted prediction rate and absolute prediction
rate using the total number of failed and stable slopes were 0.874
and 0.983, respectively. Figure 8b shows the permanent seismic
displacement map created with the strength parameters
optimized by the weighted prediction rate when considering
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strength reduction. The weighted prediction rate and absolute
prediction rate using the total number of failed and stable slopes
were 0.842 and 0.911, respectively. The weighted prediction rate
and absolute prediction rate when considering strength reduction
were slightly smaller than those without considering strength
reduction. This is because the sensitivity of the number of failed
slopes increases using the weight coefficient wi of 0.45. The
result of the permanent seismic displacement shown in Figure 8b
was visually congruent with the landslide inventory compared
with that using the strength parameters optimized by the average
prediction rate when considering strength reduction, as shown in
Figure 8b.

5 CONCLUSIONS

This paper proposes a method for creating an earthquake-induced
landslide susceptibility map using a simple infinite slope model
to evaluate the landslide susceptibility over a wide area
comprising one hundred square kilometers, with reference to
previous research by Shinoda and Miyata (2017). In general, the
geomaterial strength parameters of natural slopes are often
unknown, and the ground information are also inadequate for the
target area of this study. Further, in Japan, a detailed landslide
inventory map was created recently after the occurrence of
several very large earthquakes. Consequently, in this study, a
landslide susceptibility map creation method that uses back-
calculated geomaterial strength was also proposed to match the
reported landslide inventory. Additionally, a new weighted
prediction rate that optimizes the appropriate geomaterial
strength was proposed.

In addition, as peak and residual strengths are exhibited in
general geomaterial deformation behavior, the permanent
seismic displacement in this study was calculated with and
without strength reduction. The landslide susceptibility was
estimated as the condition with the highest weighted prediction
rate considering the landslide inventory of the foreshock and
main shock. Without consideration of strength reduction, the
permanent seismic displacement caused by the main shock was
relatively small, and the estimated landslide susceptibility
became very low. Conversely, with consideration of strength
reduction, the permanent seismic displacement caused by the
main shock became relatively large, which is consistent with the
reported landslide inventory.
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Figure 8. Maps of predicted permanent seismic displacement of slopes subjected to the 2016 Kumamoto earthquake: (a) with cohesive geomaterial
in residual state optimized by the weighted prediction rate with w; = 0.45 and w, = 0.05; (b) with non-cohesive geomaterial in residual state

optimized by the weighted prediction rate with w; = 0.45 and w, = 0.05.



