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Abstract. Coseismic landslides have been observed to cause severe damage dur-
ing many historic earthquakes. Numerical simulation of fault rupture process,
wave propagation and triggering of landslides considering realistic topography
and geological conditions helps identify the key factors in the landslide triggering
and evaluate the potential slope instability in seismically active areas.

In this study, a physics-based regional coseismic landslide evaluation framework
is constructed by integrating the flexible sliding analysis into spectral element
model (SEM). The framework combines advantages of SEM model for its capa-
bility of simulating complex 3D large-scale wave propagation and a flexible mass
sliding analysis for capturing local soil response in coseismic slope stability eval-
uation. Besides, equivalent linear method is implemented to incorporate the ef-
fect of soil nonlinearity.

The developed model is adopted to simulate the landslides in the Aso Volcano
area triggered by the 2016 Kumamoto earthquake. Realistic digital elevation
model, site conditions and fault rupture model of simulated region (51km x
43km) are used in the simulation. The resulting sliding response is compared with
the inventory of the triggered landslides to validate the proposed model.

Keywords: Coseismic landslide, Spectral element method, Flexible sliding
analysis, Equivalent linear model, 2016 Kumamoto earthquake.

1 Introduction

Earthquake-induced landslides have caused catastrophic damage to human society. For
example, the 1994 Northridge earthquake caused more than 57 deaths and over 9000
injuries, and more than 82000 residential and commercial units were damaged. It is
important to estimate the location and severity of triggered landslides given earthquake
and geologic conditions. In the seismic hazard evaluation procedure, prediction of the
permanent sliding displacement is commonly conducted, and it is crucial for the design
of infrastructure and protection of human lives. There are many factors affecting seis-
mic response of natural terrains, such as topography, site condition, soil properties, and
characteristics of earthquake motions. These factors can significantly affect regional



wave propagation and local ground-motion amplification, which need to be considered
in the prediction of coseismic landslides.

A typically used method for the sliding displacement calculation is Newmark sliding
block method [1]. It models landslide as a rigid block sliding on an inclined slope; A
yield acceleration is determined to represent the resistance of the block against sliding.
The sliding displacement is calculated by double integrating the difference between
ground-motion acceleration and the yield acceleration in the time domain, until the slid-
ing velocity becomes zero. Many studies have extended this method to flexible sliding
masses by accounting for the response of soil layers [2-5], and many regressed predic-
tive equations have been developed [6-9]. However, these studies are based on 1D local
site response analysis without considering regional wave propagation and 3D topo-
graphic effects.

In this study, a physics-based regional coseismic landslide evaluation framework is
constructed by integrating the rigid/flexible sliding analysis into wave propagation sim-
ulation. The wave propagation simulation is conducted using spectral element method
(SEM) that is capable of simulating complex large-scale 3D wave propagation. Its local
site response is used in the sliding analysis to calculate potential sliding displacement.
Besides, an equivalent linear method is implemented to incorporate the effects of soil
nonlinearity. The developed model is applied to simulate the coseismic landslides in
the Aso Volcano area triggered by the 2016 Kumamoto earthquake.

2 Development of regional coseismic landslide evaluation
framework

Fig. 1 shows the overall framework of the proposed model. We use the realistic digital

elevation data to construct a 3D SEM model for a regional scale wave propagation

simulation. During the simulation, shear stress acting on the sliding interface is used to

drive the sliding mass at each time step.
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Fig. 1. lllustration for regional coseismic landslide analysis framework



2.1  Wave propagation simulation

For the regional scale wave propagation simulation, the Spectral Element Method
(SEM) is adopted to model the complex topography and site conditions. SEM is effi-
cient and accurate for wave propagation simulation [10]. Using high-order interpolation
functions, the SEM is capable of capturing a wavelength within one mesh. To improve
the computational efficiency, we used a graded mesh in soil and rock, such that the
numerical model is accurate to simulate a wave frequency up to 5 Hz.

2.2 Implementation of equivalent linear model

Accurate modeling of nonlinear soil behavior is important for the seismic hazard as-
sessment, where variation of soil stiffness and energy dissipation due to soil nonlinear-
ity should be considered [11]. The equivalent-linear method (ELM) is commonly used
to approximate the soil nonlinearity in site response analysis [12]. Fig. 2a shows the
implementation of ELM in SEM by iteratively adjusting soil properties to reach a
strain-compatible modulus (G) and damping ratio (1) in each soil element. Firstly, the
small-strain soil modulus and damping are chosen, and a new strain field is derived
after the wave propagation analysis; Then, G and A are updated according to the new
strain field, and this procedure is repeated until the relative error of the maximum shear
strain (ymax) is less than 2%; finally, the strain-compatible soil properties are achieved
and the dynamic response can be applied in the sliding analysis procedure. Note that
the effective strain is adopted for the updating of soil modulus and damping, which is
typically 65% of the maximum strain.
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Fig. 2. (a) Iteration procedure of ELM (b) Newmark analysis algorithm in SEM model

2.3 Flexible sliding analysis

The Newmark-type sliding analysis method is commonly used in the evaluation of nat-
ural slopes or earthquake-induced landslides, because it provides a simple index of the
seismic slope performance. The calculation requires two parameters: acceleration-time
history (k) representing the driving force, and a yield acceleration (k) indicating re-
sistance on the sliding interface. In this study, k is determined by the shear stress on



sliding interface divided by the mass of the sliding column, which also represents the
averaged acceleration within the soil mass (Fig. 1). As illustrated in Fig. 2b, sliding
displacement (D) is accumulated by double integration of (k - ky) until the sliding ve-
locity becomes zero.

The sliding calculation requires a pre-defined sliding direction, and it is assumed
along the dip direction of the slope. The aspect and slope angles can be calculated using
the digital elevation data of the simulated region. Then, shear stress zalong the sliding
direction (also called tangential direction) can be obtained by projection of the stress
tensor. Accordingly, the seismic coefficient k, can be derived as follow:

T
k= (1)
where p is the density of the soil; t is the thickness of the sliding layer; « is the slope
angle.

Conventional Newmark sliding block method represents the shear resistance by the
yield acceleration ky, which is a function of static factor of safety (FS) and slope angle
() as follow [7]:

k,=(FS-1)-g-sina )

Using a limit-equilibrium model of an infinite slope, FS is derived as follow:
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where ¢’ and ¢ are the effective cohesion and friction angle; pand pw are soil and water

densities; t is soil thickness in the slope-normal direction; m is the proportion of soil

that is submerged, which in this study is set to zero. By introducing the Eq. (3) to Eqg.
(2), the ky can be derived as:
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3 Coseismic landslides in Aso volcano area triggered by the
2016 Kumamoto earthquake

On April 14, 2016, an My, 7.0 earthquake occurred in Kumamoto and Qita Prefectures,
central Kyushu, Japan. More than 100 people were killed, 2000 were injured and 38000
houses were destroyed due to surface rupture, strong ground motion and landslides [13].
This earthquake caused more than 3000 landslides with a sliding area of around 7 km?
[14]. Most of landslides triggered by this event were shallow, disrupted failures with a
few flow-type slides and large rock/soil avalanches. The most impressive characteristic
of the landslides is that they were highly concentrated around the Aso volcano area.

In this study, the SEM model is constructed to reproduce the full process of this
earthquake, including the earthquake rupture process, wave propagation and induced
coseismic landslides in a study area of 51km x 43km around the Aso volcano, as illus-
trated in Fig. 3. The highest elevation is more than 1.5 km above the sea level atop Aso
caldera.
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Fig. 3. lllustration of the Aso volcano area and underlying rupture in the SEM model.

3.1  Source rupture process of the 2016 Kumamoto earthquake

Through multiple-time-window linear waveform inversion, the rupture process of the
Mw 7.0 main event is derived [13]. As shown in Fig. 4a, the fault can be modelled as a
curved fault plane divided into 28 subareas along the strike direction and 12 subareas
along the dip direction, each with a size of approximately 2 km x 2 km. Fig. 4b shows
total slip in each subarea. Large fault rupture mainly occurred in three regions, includ-
ing the Kumamoto region, the region north of Mt. Aso, and the Oita region. The surface
rupture has extended approximately 30 km and almost reached the caldera of Mt. Aso.
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Fig. 4. (a) Map projection of the total slip distribution for the main even (epicenter is the star);
(b) Planar projection of the total slip distribution (the vectors denote the direction and the slip
amount on the hanging wall side) [13].



The rupture process is represented by a number of point sources in SEM, each source
has its own time history referring to the given slip velocity time functions [13]. Moment
tensor of each subarea is calculated with its final slip, slip, dip and rake directions.

3.2 Velocity structure and strength parameters

The velocity structure adopted in this study refers to the 3D subsurface structure model
of this region [15] and soil condition data explored at K-net and KiK-net stations d
provided by National Research Institute for Earth Science and Disaster Resilience
(NIED) of Japan.
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Fig. 5. Velocity structure within (a) shallow layer and (b) deep layer

Information on the soil strength parameters within the Aso volcano is very limited, as
not many laboratory or in-situ tests have been conducted. The strength constants ob-
tained by a simple test using a soil strength probe gives a friction angle of approximately
30° and cohesion of 3.5 kPa for the pumice around this area, while these two parameters
are 2.0 kPa and 15° for volcanic ash [16]. The vane cone shear test was performed by
[17] on a site in the Sanno-Tanigawa area in the southwest part of Mt. Eboshidake and
obtained a cohesion between 4 and 10 kPa and a friction angle within 20 to 40 degrees.
They also showed that for pumice in the Takanodai area, the cohesion is in the range of
5 to 15 kPa and friction angle of 25 to 45 degrees. A back calculation for strength pa-
rameters around this area using Newmark method was conducted to fit the realistic
triggered landslides in [18], and a detailed summary for strength parameters for differ-
ent geologic classifications is given. In this study, we set strength constants by referring
to available experimental data, and for those not available we adopted the inferred val-
ues by [18]. Besides, sliding depths of 3 m around the central cones and 10 m around



the caldera edge are identified as potential sliding depth, where shear stresses are rec-
orded to calculate the seismic coefficient k.

3.3  Wave propagation and ground motion distribution

Fig. 6 illustrates the ground velocity in the East-West direction at different times. In
this simulation, the fault rupture was triggered at 0 sec at the hypocenter located around
13 km in depth. It took less than 6 seconds for the wave to reach the ground, and then
radiated outwards (see Fig. 6a). The rupture propagated to the northeast direction and
the strong-motion directivity effect can be observed, as demonstrated by strong velocity
as great as 1.5 m/s in northeast area (see Fig. 6b). The whole rupture process lasted
around 16 seconds, while the entire simulation lasted 30 seconds until the seismic wave
field propagated out of the computational domain.
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Fig. 6. Ground velocity in the East-West direction at (a) t = 6 sec and (b) t = 14 sec
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Fig. 7. PGA and PGV maps around Aso Volcano

The PGA and PGV shakemaps around Aso volcano are shown in Fig. 7. It can be seen
that large PGA and PGV are concentrated on the projected area of the fault plane, i.e.,
the hanging wall side of the fault plane. The strong motions in this region are mainly
contributed by the directivity effect and larger rupture slip (as shown in Fig. 4). Obvious
topographic amplification was also observed around the edge of the Aso caldera, and
we simulated a significantly large PGA of 1.8 g in the Aso bridge area due to this local
topographic effect [19-20]. Similarly, we simulated a PGV as large as 2 m/s in this
location. The central cones of Aso caldera experienced relatively moderate ground mo-
tions, with PGA values between 0.2 g and 0.6 g and PGV values in the range of 0.25
m/s to 0.75 m/s. As the rupture distance increases, the peak ground motion decreases
gradually. The distribution of these ground motions is closely related to the triggered
landslide pattern, as will be discussed in the following part.

3.4  Predicted landslide and its comparison with inventory

Fig. 8. Comparison of coseismic landslides (a) by SEM-Newmark prediction and (b) inventory
data (compiled from [21] and [22])

The SEM-Newmark sliding analysis method evaluates the difference between the seis-
mic coefficient k (calculated from Eqg. 1) and sliding resistance ky (calculated from Eq.
4), and it leads to sliding episodes and accumulation of permanent sliding displace-
ments in the downslope direction. In this study, the field of sliding resistance ky, was
pre-calculated using the estimated soil strengths. Then, during the SEM simulation of
wave propagation, the driving force (shear stress along the sliding interface) at each
time step was recorded to calculate the relative sliding displacement at each location.
Sliding was considered to occur when the sliding displacement was greater than 15cm.



Finally, a sliding map was derived based on the SEM-Newmark prediction, as shown
in Fig. 8a.

The landslide inventory data is used to verify our prediction based on the landslide
survey conducted by the Forest Agency of the Ministry of Agriculture, Forestry, and
Fisheries, Japan [21]. They carried out high-density aerial laser measurements to iden-
tify the occurrence of landslides and cracks in the slope after the 2016 Kumamoto earth-
quake. As reported, the inventory map was precise after analyzing the detailed topo-
graphic map and orthorectified aerial photographs. Sliding data in some areas inside
the Aso caldera are missing, and we refer to another investigation conducted by NIED
[22]. These two inventories complemented each other and provided the final landslide
inventory map adopted in this study (cf. Fig. 8b).

Overall, our predicted landslide distribution generally matches the inventory data. It
can be found that landslides were mainly concentrated on central cones and the western
edge of the caldera. A great amount of pumice with low cohesion and friction angle
were located around the central cones, leading to significant amount of landslides in
that area due to weak soil strength. Note that the ground motions within this region are
quite strong, with PGA around 0.5 g and PGV around 75cm/s. The intensive ground
motions along the western edge of the caldera also lead to great amount of landslides.
One of the most notable destroyed the Aso bridge [14]. In addition, the northwestern
edge of the caldera also suffered severe damage.

Fig. 9 illustrates the distribution of slope angles and the percentage of landslides by
statistical analysis using grid cells of 5 m x5 m. Note that the inventory data includes
both the sliding sources and deposits, while the Newmark method only evaluates the
potential sliding source based on a threshold value. In this study, we identify the sliding
sources as the upper half of the sliding mass in the inventory based on common practice.
Fig. 9 shows that around 38% of the landslide source occurred on slope with angles of
10 - 20°, and 32% occurred on slope angles of 20 - 30°. The corresponding percentages
of the predicted landslides by Newmark analysis are also reported for comparison using
different threshold values of sliding displacements.
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Finally, we evaluate the accuracy of the SEM-Newmark prediction by one-to-one com-
parison of the predicted and measured landslides using the 5 mX5 m grid cells. If a
threshold sliding displacement of 15 cm is adopted, the SEM-Newmark model can cap-
ture 37.4% of the sliding sources from the inventory, and the model over-predicted the
landslide area by a factor of 4.6. If a more conservative threshold of 5 cm is adopted,
the SEM-Newmark model can capture up to 50.5% of the sliding sources, however, the
over-prediction ratio increases to 7.7.

4 Summary and discussion

In this study, a computational framework is proposed by integrating 3D physics-based
wave propagation simulation with the Newmark-type sliding mass analysis for a re-
gional evaluation of coseismic landslides. The model is examined by simulating wave
propagation and coseismic landslides in Kumamoto Prefecture during the 2016 Kuma-
moto earthquake. This study is first of its kind to evaluate regional coseismic landslide
(51km x 43km) considering realistic rupture process, wave propagation, topographic-
site effect, and local site conditions. The rupture directivity and ground motion ampli-
fication effects are clearly observed, as demonstrated in the ground motion maps. The
sliding analysis satisfactorily identifies the potential sliding areas, with prediction ac-
curacy up to 50% (using 5 cm as threshold).

The accurate prediction of coseismic landslides is attributed to reasonable strength
values adopted for various geologic classifications in this region, which helps identify
areas susceptible to seismic hazards. Besides, accurate simulation of the wave propa-
gation is also very important, because they can be significantly amplified due to local
topography and altered by the pattern of fault rupture. Despite the good performance of
the proposed framework, it still remains as a challenge to preciously predict all sliding
areas especially for such a large region. This is because of the existence of many un-
certainties and variabilities. For example, velocity structure of the domain, crucial to
the wave propagation, is treat as uniformly distributed based on limited geologic data.
The rupture process obtained from the waveform inversion also included many sources
of uncertainties. Other factors like soil strength, material nonlinearity, sliding depth and
plant root reinforcement also affect the prediction. These effects will be investigated in
a future study.
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