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Formation process of two massive dams following
rainfall-induced deep-seated rapid landslide

failures in the Kii Peninsula of Japan

Abstract Extreme heavy rainfall due to Typhoon Talas on Sep-
tember 2-4, 2011 in the Kii Peninsula, Japan, triggered numerous
floods and landslides. This study investigates the mechanism and
the entire process of rainfall-induced deep-seated landslides
forming two massive dams in the Kuridaira and Akatani valleys,
respectively. The mechanism of the rapid deep-seated landslides is
examined through a series of laboratory experiments on samples
from sliding surfaces by using undrained high-stress dynamic-
loading ring-shear apparatus. The test results indicate that the
failure of samples is triggered by excess pore water pressure
generation under a shear displacement from 2 to 7 mm with a
pore pressure ratio ranging from 0.33 to 0.37. The rapid movement
of landslides is mainly attributed to high mobility due to the
liquefaction behavior of both sandstone-rich and shale samples.
Geomorphic settings and landslide mobility are major contribut-
ing factors to the dam formation. Additionally, shear displacement
control tests show that a certain amount of shear displacement
between 2 and 7 mm along the sliding surfaces of the gravitation-
ally deformed slopes might have led to the failures. Importantly,
computer simulation with LS-RAPID software using input param-
eters obtained from physical experiments is employed to interpret
the entire formation process of the abovementioned two landslide
dams. The simulation results are examined in accordance with the
observed on-site geomorphic features and recorded data to ex-
plain the possibility of sliding processes. The results further point
out that local failures are initiated from the lower middle part of
the landslide bodies where the geological boundary exists. This
condition most probably influences the landslide initiation in the
two case studies. This research is therefore helpful for hazard
assessment of slopes that are susceptible to deep-seated landslides
and other sequential processes in areas with geology and geomor-
phology similar to that of the Kii Peninsula.
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Introduction

Geomorphic processes like landslides lead to the formation and
development of a valley landscape, such as the formation of a
catchment, alluvial fan, or debris fan, channel constriction, and
temporary or permanent stream blockage (Korup 2002). Down-
slope movements resulting in the obstruction of river valleys can
induce secondary hazards when landslide dams form and fail
(Costa and Schuster 1987). The resulting destruction occurs with
the rapid movement of landslides and the subsequent impacts of
the landslide-formed dams, including dam breach, upstream in-
undation, and downstream flooding (Korup 2005). Therefore, it is

important to ascertain the sliding mechanism and to study the
possibility of landslide dam formation for hazard assessment of
sequent events and scenario planning to the ends of disaster
prevention and preparedness.

There are many reports on deep-seated landslides and the
aftermath of dam formations worldwide, e.g., the Hattian Bala
landslide in Pakistan (Dunning et al. 2007), the catastrophic
Shiaolin landslide in Taiwan (Tsou et al. 2011), more than 50 large
landslides triggered by the M6.8 Mid-Niigata Prefecture Earth-
quake (Sassa 2005) and the 17 rainfall-induced deep-seated land-
slides in the Kii Peninsula (SABO 2013) in Japan, the giant
Daguangbao landslide in China (Huang et al. 2012), and the
Sunkoshi landslide in Nepal (MOI 2014). The mechanisms of
deep-seated landslides have been widely investigated through geo-
logical and morphological features (Geertsema et al. 2006; Chigira
2011 and 2014; Chigira et al. 2013; Miyagi et al. 2011) or geotechnical
simulations (Petley and Allison 1997; Kilburn and Petley 2003;
Sassa et al. 2010, 2014; Setiawan, 2017). The possibility and condi-
tions of landslide dam formation have also been well-studied via
geomorphological parameters (Costa and Schuster 1987; Evans
2006; Chen et al. 2016; Ermini et al. 2006; Stefanelli et al. 2017).
These indexes usually combine two or more morphological pa-
rameters to characterize the landslides (e.g., the volume, depth,
velocity of mass movement) and the river valley (e.g., catchment
area, valley width, slope parameters). In addition, much research
has focused on the susceptibility of landslide dams to failure and
their cascading effects (Costa and Schuster 1987; Korup 2002 and
2005; Ermini and Casagli 2003; Peng and Zhang 2012; Fan et al.
2012). However, these studies of landslide dams have mostly been
descriptive and focused on the hazard assessment of consequential
effects. They traditionally consider the issues of landslides and
dam formation separately (Korup 2002). Therefore, research that
incorporates landslide initiation and motion into the formation
process of dams is indispensable for a comprehensive understand-
ing of landslide dams. Together with the analysis of morphological
indexes, research on the physical mechanism by which landslide
dams are formed is needed, since landslide initiation and its post-
failure motion significantly influence dam formation.

This paper thus aims to investigate the physical mechanism and
geotechnical factors controlling the landslide dam formation and
to present its formation process through the typical cases of the
two massive dams formed by the Kuridaira and Akatani deep-
seated landslides that occurred during the 2011 heavy rainfall event
in the Kii Peninsula, Japan in 2011. To do this, a site study,
laboratory tests, and computer modeling were carried out. The
entire process of rainfall-induced deep-seated landslides that re-
sults in the dam formation is analyzed by a computer simulation
done with the LS-RAPID software. The simulation recreates the
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event by integrating the physical soil parameters measured in
high-stress dynamic-loading ring-shear tests. Geotechnical tests
and the computer simulation provide a comprehensive insight
into the physical mechanisms and entire formation process of
landslide dams which has not been adequately addressed in the
previous studies. Otherwise, parameters, including the depth, vol-
ume, extent, and physical properties of constituent materials of the
landslide dams, obtained from the ring-shear and computer sim-
ulations are useful inputs for simulating other sequential effects
such as dam breaching and flooding. Hazard assessment of the
formation and failure of landslide dams, as showcased in this
study, is therefore adequate for disaster mitigation and prepared-
ness in upstream and downstream areas, particularly in the Kii
Peninsula which frequently suffers from a number of large-scale
deep-seated landslides and landslide dams in rainy seasons.

Case studies

The Kii Peninsula, located in the Cretaceous to Neogene
Shimanto accretional complex in the southeast of Japan (GS]
1998, Fig. 1a, b), is known as regions prone to frequent deep-
seated catastrophic landslides (Hayashi et al. 2013). In September
2011, the Kii Peninsula of Japan suffered an extensive landslide
disaster triggered by record-breaking rainfall brought by Ty-
phoon Talas. This event triggered more than 3000 landslides,
covering about 100 million m® of landslide sediments, where
large-scale deep-seated landslides exceeding 1 ha were found in
72 locations, forming a total of 17 massive landslide dams. After
the disaster, the five largest landslide dams, namely Kuridaira,
Akatani, Nagatono, Kitamata, and Iya, still exist and were iden-
tified by the Ministry of Land, Infrastructure, Transport and
Tourism for urgent countermeasures against secondary hazards
from overflow, debris flow, erosion, and dam breach (Hayashi
et al. 2013; SABO 2013). The case studies for this study were the
two largest deep-seated landslide dams in Kuridaira and Akatani
valleys, respectively, in Totsukawa village, Yoshino district, and in
Gojo city of Nara prefecture (Fig. 1c, d). These landslide dams
were selected because of their typical features in terms of geology,
topography, triggering factors, and failure characteristics for this
area. Landslides in both valleys were preceded by pre-existing
small scarps near the heads of the gravitational deformation
slopes (Chigira et al. 2013).

The landslides were induced by cumulative precipitation ex-
ceeding 1800 mm between August 31 and September 4 at
Kamikitayama AMeDAS Station, 17 km northeast of the Kuridaira
slope (Fig. 2). Typhoon Talas produced a maximum 72-h rainfall of
1650.5 mm and a maximum daily rainfall of 661 mm on September
3. The cumulative precipitation that triggered the Kuridaira and
Akatani landslides were approximately 1516.5 and 1746 mm, re-
spectively. The Kuridaira landslide occurred at 23:06:13 on Sep-
tember 3, with a duration of 100 s, and the Akatani landslide
occurred at 7:22:00 on September 4 over 70 s (Yamada et al.
2012). After the 2011 event, large-scale debris flows severely oc-
curred from the upper part of the Akatani landslide during the
rainstorm seasons between 2012 and 2014 (SABO 2014b). Morpho-
logical features of the Akatani landslide area are presented in Fig. 3.
Landslide deposits consist of rock debris of mudstone-rich mate-
rials and sandstone-rich materials and its fragments. Chigira et al.
(2013) estimated the maximum velocity of the movement of the
Akatani landslide as ranging from 8o to 100 km/h.
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The massive movement of the Kuridaira and Akatani landslides
blocked the valley courses and formed 100- and 85-m-high natural
dams in catchment areas of 8.7 and 13.2 km?, respectively (SABO
2013). The Kuridaira landslide had the largest volume (23.0 million
m?) and was about 100 m deep, 800 m long, and 600 m wide. The
Akatani landslide had a volume of 10.2 million m® with a depth of
67 m, length of 1000 m, and width ranging from 300 m at the head
to 500 m at the toe. These dimensions were calculated from 5-m
digital elevation model (DEM) data in September 2011 (SABO
2015). The geological plan and profile of the two slopes after
sliding are shown in Fig. 4. The Kuridaira slope exposed interbed-
ded sandstone and shale, shale- or sandstone-dominated alterna-
tion rocks, and clastic deposits (Fig. 4a, c), whereas the Akatani
slope consists of interbedded rocks of sandstone, sandstone- or
mudstone-rich materials, and landslide debris above its sliding
plane (Fig. 4b,d). Both sliding directions were mainly the dip
direction of the strata along northwest dip-slip faults of interbed-
ded broken formations and mixed sedimentary rocks. The sliding
surface of the Kuridaira landslide was predominantly formed on
the alternating layers of shale and sandstone-dominated rocks,
whereas the Akatani landslide mostly moved down along the layer
of sandstone-rich rocks. Geological features of the landslides with
structures of mixed rocks, broken formations, and wedge-shaped
discontinuities create conditions favorable for the build-up of the
groundwater table (Chigira et al. 2013).

The 2011 disaster attracted much attention and subsequently
motivated scientists and engineers to examine the geological and
topographical features of landslides and to make risk assessments
of secondary hazards (Chigira et al. 2013; Kojima et al. 2016; SABO,
2013, SABO, 2014a, b; Wang et al. 2014). However, most of these
studies looked mainly at certain aspects of landslide dams in
isolation, instead of studying deep-seated landslides coupled with
dam formation as a process. In addition, the mechanism and
process of deep-seated rapid landslides in the Kii Peninsula re-
main poorly understood (Tien et al. 2018). There is hence an acute
need to conduct a computer simulation that employs the physical
parameters from laboratory experiments to reproduce the process-
es behind dam-forming landslides. This study, therefore, attempts
to answer two important questions regarding the mechanisms of
dam-forming landslides and how massive movements formed two
specific landslide dams in the Kii Peninsula: first, what are the
formation mechanisms of natural landslide dams induced by
rainfall and the factors that govern rapid-moving landslides in
accretionary sedimentary zones with the alternation of mudstone,
sandstone, shale, and greenstone? Second, what are the initiation
and motion behavior in the entire process of two specific landslide
dams, including the onset of failures, the sequence of block move-
ment, the behavior of subsequent debris flow, and the landslide
dam formation?

Method

Two questions that have been raised in this paper are as follows:
What are the mechanisms of the two rapid landslides forming
natural dams and how the dams were formed in the river valleys.
Ring shear tests (Sassa et al. 2004, 2010 and 2014) were conducted
on samples of the sliding surfaces to investigate the influencing
factors on the landslide dam formation, particularly to present
their shear characteristics. Furthermore, the test results were ana-
lyzed to clarify the mechanism of the rapid rainfall-induced
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1- The Kuridaira landslide occurred at 23:06 on 3 September 2011
2- The Akatani landslide occurred at 7:22 on 4 September 2011
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Fig. 2 Rainfall data at Kitayama AMeDAS Station from August 31 to September 4, 2011 (JMA 2011)

landslides. The initiation and motion processes leading to the
landslide dam formation have not been observed and described
to date. Computer simulation reproducing reliable formation pro-
cess of the two landslide dams was thus performed by using an
integrated simulation model with LS-RAPID software (Sassa et al.
2010).

From the points of view of the study, site surveys and soil
sampling were first conducted to examine the geological and
topographical characteristics and current situation of the land-
slides. Total unit weight of the collected soil samples was measured
under a consolidation condition in ring shear apparatus. Subse-
quently, the deep-seated landslides, induced by pore water pres-
sure increments due to rainfall or shear displacement along the
sliding plane on gravitationally deformed slopes, were reproduced
by using the mean of the high-stress dynamic-loading ring-shear

0 50 100 200 300 400

500 n "

Fig. 3 Morphological features of the Akatani landslide area (SABO 2014b)
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apparatus ICL-2. In this study, all of the tests were conducted on
fully saturated samples with the saturation degree (Bp) equal to or
larger than 0.95 because a high degree of saturation is necessary
for acquiring the most accurate monitoring data. The By, value was
calculated by using the values of excess pore pressure and normal
stress increments under undrained conditions (Sassa et al. 2014).
The maximum normal stress values of 1.5 and 1.0 MPa were given
to the ring-shear tests, which corresponded to the sliding surface
depth of more than 100 m for the Kuridaira and nearly 70 m for
the Akatani landslide (SABO 2015). The samples were sheared in
different shearing control modes, including undrained shear stress
control (SSC), undrained shear displacement control (SDC), and
drained pore water pressure control (PWP) tests. The latter tests
indirectly simulated the buildup of the groundwater table under
rainfall. The SSC tests were employed to measure soil parameters

Mudstone

rich to muostone

Geology

rich to sandostone

Talus

slide rock

Debris - 3

Debris - 2

Debris - 1

Debris deposit

Brecciate rock

Rock debris

Shear zone

Scarp of June 2012

Debris of June 2012




Reservoir

Landslide
boundary
in September,
2011

&,

Alt

&

0 100 200 m
| I —

9“Dt
=

kY

>/ Strike and dip
#” Joint

N0 Lineation

A& Spring water

Alt2

Y

N

K\

‘40
e:,e
Ay /—/

[ Sandstone (Ss) [ Shale (Sh)
[ Deposits accumulated before 2011 (Dt;)
[ Deposits induced in the 2011 disasters (Dt,)

[ Alternation rock, dominated shale (Alsh)

Elevation (m) [ Alternation rock, dominated sandstone (Alss)

K-K
800 =<
A / \\ Ground surface
700 \ / (before) Slope surface
(C) \ A , (after)
600 \ / \Alfss\
500 .
400 Horizontal line (m)
0 160 260 30IO 40’0 560 660 760 800 900 1000 1100
Elevation (m) Ground surface AA
(before sliding)
1000 - [ Debris T12, 2011 (Dt1) L
L B Debris T4, 2012 (Dt2)
900 ~ RN Slope surface [ Tufaceous shale (Ts) -
\\(\Sep. 2011) [ Sandstone (Ss)
. [ Sandstone-rich (Altl) [
700 [ Mudstone-rich (Alt2)
(d) I
600 A "
]

g Horizontal line (m) i
400

0 100 200 300 400 500

T \J 17
600 700 800

900 1000 1100 1200 1300
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and to monitor the reduction of shear stress and pore water
pressure generation in a progress of accelerated shear displace-
ment from pre-failure, through failure and transient state to steady
state. The SDC tests were not only appropriate for investigating
how a shear displacement would trigger a landslide, but they also
measured physical parameters of the soil samples with low

permeability accurately. Only the rainfall-induced landslide simu-
lation by PWP tests is considered under the drained condition
because waters can introduce into or come out of the shear box via
the supply valve for pore water pressure. A detailed description
and testing procedure of the apparatus ICL-2 are presented in
Sassa et al. (2010, 2014).

Landslides 15 + (2018) | 1765



| Original Paper

Finally, a numerical simulation model of the two deep-seated
catastrophic landslides was performed by using LS-RAPID soft-
ware. The model integrates the initiation and motion processes of
landslides triggered by rainfall and/or earthquake, respectively,
from the stable state through the failure to post-failure at the
steady state (Sassa et al. 2010, 2014). This model considers all
driving forces acting on a moving landslide mass, i.e., self-weight,
lateral pressure, shear resistance, seismic forces, and pore pres-
sure. The initiation process and the development process to a
rapid motion is the expression of strength reduction during de-
formation and the progressive failure. In the model, 10-m DEM
data of the slope surfaces before landslides were from the
Geospatial Information Authority of Japan (GSI 2011). The 10-m
mesh data of the sliding surface after the landslide event was based
on 5-m DEM data created by SABO in 2011. The model employs a
triggering factor of pore water pressure indirectly simulating the
increment of groundwater level under rainfall. Most of the soil
parameters measured from ring-shear experiments were used as
an input for the computer simulation, whereas other parameters
were assumed according to the site investigation or likely condi-
tions of the landslides. In the model, input parameters of the
samples were set according to the geological distribution along
the sliding surfaces based on the profiles of slopes after sliding
(Fig. 3) and site investigation (Figs. 4 and 5). For the Kuridaira
landslide area, shear parameters of sample K2 were applied to the
right flank and in the lower part near the toe of the slope, while
other areas used physical properties of sample Ki. In the case of
the Akatani landslide area, parameters of sample A1 were given to
the entire area of the sliding surface except to the areas of right
head scarp and the lower part near the toe where sample A2 was
located.

Site investigation and soil properties

Geological and morphological features of the landslide areas were
examined during the site survey. On-site evidence indicates that
the large deep-seated landslides with undulatory sliding surfaces
occurred as rockslide-avalanches on thickly vegetated, steep slopes
in the narrow V-shaped valleys. The sliding surfaces formed along
the dip direction of the strata on the planes of weakness, such as
faults or bedding planes. Large mass movements then have
completely obstructed the river channels to form lake basins
upstream. The formation of the two landslide dams and their
impoundments were created in the tributaries of the Kumano
River (Fig. 1). Failure characteristics of the landslide dams are
presented in Figs. 5 and 6.

Figure sa, taken in May 2015, presents an overview of the
deep-seated Kuridaira landslide. The geological structure of the
slope is characterized by clastic debris materials produced from
fractured shale and sandstone-dominated rock masses or their
interbedded layers. Shale and shale-dominated rock bodies are
distributed at the right flank and near the V-shaped head scarp,
while the distribution of sandstone-dominated rocks largely
extends from the left flank to the middle part of the slope.
The sliding surface, consisting of interbedded sandstone and
shale layers, is found near the head scarp (Fig. 5¢). The liquefied
materials within the shear zone (Fig. 5d) imply that the rapid
movement of the landslide triggered by excess pore water pres-
sure due to grain crushing of sliding plane materials. Two soil
samples of the sliding surface in sandstone and shale layers
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were taken to investigate the failure mechanism of the landslide.
The locations and photographs of the soil sampling are shown
in Fig. 5a, b. These are sandstone-dominated material samples
such as clayed sand (sample K1) and fractured shale samples
(sample K2). Sample K1 has low permeability and is finer than
sample K2. Sample K1 contains coarse-grained clastic rocks and
a small proportion of brown clay-sized materials. Conversely,
sample K2 contains small grain-sized, angular, black-greenish
fragments of broken shale; the color of sample K2 later changed
to yellow to some extent. Moreover, sample K2 is brittle, fissile,
and easy to break by hand. In the ring-shear tests, sample K2 is
highly deformed under high normal stress during consolidation.
A grain-size distribution of samples K1 and K2 is presented in
Fig. 7.

Figure 6 shows landslides in the Akatani valley where two
natural dams were created by massive movements. The Akatani
East landslide dam, which is 1.5 km downstream of the Akatani
landslide dam (Fig. 1d), was breached just after a river blocking.
The surface of this landslide is a brown color, because soil mate-
rials are fully deoxidized when saturated by surface water flow.
Materials of the sliding surface and debris masses are easy to
observe in the landslide areas. For the Akatani landslide,
sandstone-rich materials are largely distributed on the sliding
plane, while mudstone-rich materials are only found in the top
right part of the head scarp and in the area near the toe (Fig. 6a).
The Akatani landslide has continuously been at risk from
overtopping, dam erosions, and the downward movement of un-
stable debris masses reposing on the sliding plane. There are
therefore limitations, mostly for safety reasons, to collecting soil
samples or closely observing the failure characteristics within the
Akatani landslide area. Consequently, it was decided to conduct an
in-depth site survey and soil sampling in the Akatani East land-
slide because of its similarity in geology and morphology to the
slopes in the Akatani valley (Tien et al. 2017). In the survey, notable
evidence of water springs (Fig. 6a, b) on the sliding surfaces
implies the contribution of a high groundwater table, resulting
from high rainfall, as the main trigger of the landslides.

The Akatani East landslide’s sliding surface is formed along
the dip direction of the strata of interbedded sandstone- and
mudstone-rich material layers (Figs. 4b, d and 6b). Therefore,
soil samples of the sliding surface that had similar geological
features to those of the Akatani landslide were collected at the
sliding surface of the Akatani East landslide area. As shown in
Fig. 6b, two locations are examined for soil sampling: A1, locates
within a fault gouge in the interbedded sandstone- and
mudstone-rich blocks (Fig. 6¢), and A2, which contains landslide
debris of dark-gray mudstone-rich materials (Fig. 6d). At location
A1, two separately observed layers are the upper layer of dark-
gray mudstone-rich materials and the lower layer of light-gray
sandstone-rich materials. Both materials are produced via grain
crushing of interbedded layers of sandstone and mudstone due to
tectonic activities along the fault. The upper layer is thinner and
its grain size is finer than that of the lower layer. The upper layer
material is very similar to the residual debris at location A2 (Tien
et al. 2017). Therefore, only two soil specimens are used in ring-
shear tests, namely the sandstone-rich sample (sample A1) and
the mudstone-rich sample (sample A2). The grain-size distribu-
tion of these samples (Fig. 7) indicates that both samples contain
clay- and silt-sized grains, where sample A2 is finer than A1
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The test results indicate that the landslides occur as the effec-
tive stress path reaches the failure line (Figs. 8-right and 9-right).
In SDC tests, samples fail to initiate the landslide motion at a small
shear displacement. After sliding, the shear strength quickly re-
duces in the accelerating progress of shear displacement due to
excess pore water pressure generation resulting from extensive
grain crushing (Fukuoka et al. 2006 and 2007). Rapid motion is
observed when sliding surface liquefaction (Sassa 1996) takes
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place, in particular to sample K2 tests. The shear stress continues
moving along the failure line to certain values of the steady-state
shear resistance. The mean values of the friction angle both during
motion and at peak are 38.5 and 41.2° for sample K1 (Fig. 10a) and
41.5 and 44.1° for sample K2 (Fig. 10b).

The test results imply that sample K2 exhibits behavior of
granular materials: incessant grain crushing, rapid excess pore
pressure generation, and a high drop of shear strength. As a
result, residual strengths of sample K2 are low at 25, 37, and
95 kPa, and the highest mobilized apparent friction angle is only
3.7° (Fig. 10b). Sample K1 is close to sliding surface liquefaction
at o.5 MPa (Fig. 8a). Since there is no much shear strength
reduction for sample K1 under 1.0 and 1.5 MPa tests, partial
sliding surface liquefaction is observed due to a potential sus-
ceptibility of its coarse grain-size to grain crushing. A small
decrease in pore water pressure is monitored in sample K1 tests
after the shear stress reaches certain values at the steady state
(Fig. 8b, c). The mobilized shear resistances of sample K1 are 53,
235, and 412 kPa in 0.5, 1.0, and 1.5 MPa tests, respectively. The
mobilized apparent friction angle of this sample is 6.5-15.6°
(Figs. 8a and 10a). Combined effective stress paths for samples
K1 and K2 tests are depicted in Fig. 9.

PWP tests simulating rainfall-induced landslide

In this simulation, the saturated samples are first consolidated
to 1.0 MPa normal stress and 0.6 MPa shear stress in the
drained condition. The initial stresses (black line in Fig. 11)
are estimated from a representative sliding plane depth of about
70 m at the Kuridaira slope with an inclination of 31° and soil
weight of approximately 20 kN/m?®. The rainfall-induced land-
slide is indirectly simulated by the gradual increment of pore
water pressure at a rate of 1 kPa/s. The results displayed in
Fig. 11 present landslides occurring at pore water pressure
values of 330 and 360 kPa for samples K1 and K2, respectively.
This means that the pore water pressure ratios due to rainfall
are 0.33-0.36. Rapidly moving landslides are subsequently ob-
served due to excess pore water pressure generation coupled
with a sudden drop in shear resistance in the progress of shear
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displacement. In these drained tests, a high generated excess
pore water pressure is not measured due to its dissipation
through the supply valve for pore water pressure. Some excess
pore water pressure is partly monitored because the generation
rate is larger than the dissipation rate.

The Akatani landslide

Undrained SDC tests

In the simulations, the Akatani samples are consolidated at
normal stresses of 0.8 MPa and are subsequently instantly
sheared at a low shear displacement rate of 0.1 mm/s for sample
A1 and o.05 mm/s for sample A2. Figure 12 shows that excess
pore water pressure generation is immediately monitored under
a small shear displacement (shear displacement at failure) in the
undrained SDC tests. Sample A1 produces much excess pore
pressure and obtained friction angles of 39.5° during motion.
The residual strength at the steady state is 150 kPa (Fig. 12a),
while the apparent friction angle is about 13.0°. For sample A2,
excess pore water pressure is generated due to shear deforma-
tion just after shearing loading and temporarily maintained
with no grain crushing. Although water leakage does not appear,
pore water pressure then starts to decrease to almost zero at a
large shear displacement. The end point of mobilized shear
resistance is close to the initial shear stresses (Fig. 12b). The
friction angle during motion is about 38.0° and is reduced to
30.0° as the apparent friction angle at the steady state. The
shearing stops at a shear displacement of 2500 mm for both
tests.

PWP tests simulating rainfall-induced landslide

In the PWP tests, the initial stress conditions are reproduced at
1000 kPa of normal stress and 620 kPa of shear stress. The pore
water pressure increment simulating the rainfall-induced land-
slide is maintained at a constant rate of 0.5 kPa/s for sample A1
and 1 kPa/s for sample A2 (Fig. 13). The ratio of shear stress to
normal stress is about 0.62, corresponding to the natural slope
angle of 34°. The failure of samples A1 and Az is initiated when
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1.5 MPa, B =0.96, Sv =0.01 cm/s

controlled pore pressure values reach 340 and 370 kPa, respec-
tively. This means that the critical pore water pressure ratio (r,)
that triggered the landslide is 0.34-0.37. Sample A1 has a high
level of landslide mobility because of the great loss of shear
resistance under a rainfall simulation (Fig. 13a), whereas sample
A2 shows a lack of mobility (Fig. 13b). After failure, sample A1
stays at a small apparent friction angle of 5.5°, whereas this
value is 14.8° for sample A2. Accordingly, the rapid motion of
the Akatani landslide is mainly attributed to a large shear
reduction of sample A1, while sample A2 does not play a critical
role.

Shear strength reduction in the progress of shear displacement

The relation of shear strength reduction in the progress of shear
displacement is presented in Fig. 14. The D value defines the shear
displacement at the starting point of shear strength reduction (at
peak strength), and the Dy value indicates the shear displacement
at the end point of shear strength reduction (the shear strength for
the initiation of steady-state shear resistance). The sample failure
experiences four main periods, namely pre-failure, failure, tran-
sient, and steady states (Sassa et al. 2010), that are separated by the
D, and Dy values. The analysis shows Dy and Dy, values of 2-6 and
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80-200 mm, respectively, for Kuridaira samples and D; and D, ® Steady-state shear resistance (Ty): This parameter varies and

values of 4-7 and 500-1500 mm for Akatani samples.

Integrated computer simulation model for the two massive landslides
To simulate the two massive landslides induced by rainfall, the
LS-RAPID model is conducted by using soil parameters
(Table 1) obtained from the ring-shear tests. The following are
detailed explanations of indispensable input parameters:

® Lateral pressure ratio (k): The ratio is estimated to be 0.3-0.35
for the Kuridaira landslide and 0.35-0.42 for the Akatani land-
slide. The smaller value is for the lower part and the toe.

® Dy and Dy values: These parameters use the average values
presented in Fig. 14.
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depends on soil depth at sliding surfaces. The values of 53-412
and 25-95 kPa are used for sandstone and shale rock areas of
Kuridaira slope (Figs. 8 and 9). Values ranging from 94.5 to
150 kPa and from 265 to 400 kPa are employed for sandstone
and mudstone areas of the Akatani slope (Figs. 12 and 13). A
higher value corresponds to a higher depth of the sliding
surfaces.

Excess pore water pressure generation (B): The By, value of
each area on the slope depends on the degree of saturation
resulting from the groundwater level. This parameter is select-
ed to range from 0.25 to 0.80 for the Kuridaira landslide and
from 0.25 to 0.85 for the Akatani landslide. In the model, we
use a By, of 0.25-0.45 for parts of the head scarp due to lower
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doing a validation and calibration, pore water pressure ra-
tios, due to rainfall triggering the Kuridaira and Akatani
landslides, are found to be 0.33 and 0.36, respectively. In

the simulation, the time increment is set to 10 s and the
loading duration is 150 s.

® Peak cohesion before motion (C,): Since two catastrophic
deep-seated landslides occur along bedding rocks of sand-
stone, shale, and mudstones, we employ the value of C, rang-
ing from 250 to 300 kPa.

® Pore-water pressure ratio (r,): According to the test results,
the Kuridaira and Akatani landslides are triggered by rain-
fall with critical pore water pressure ratios ranging from 0.33
to 0.36 and 0.33 to 0.37, respectively. We first conduct testing
models with variable values of r, for both landslides. After

The entire formation process of the two massive landslide dams
during heavy rainfall is summarized in Table 2. These processes
experience four main stages (Fig. 14): from the stable state to local
failure and through the transient state (progressive failures) before
reaching the post-failure stage (acceleration of rapid motion and
stopping of motion) at the steady state. The blue zones in Table 2
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Fig. 12 Results of the SDC tests with time series data (left) and effective stress path (right): a sample AT and b sample A2 from the Akatani landslide

represent stable parts, whereas the red zones display unstable
parts as any failure occurs. The landslide dam formation and its
motion behaviors are described below:

At the pre-failure state, slopes remain stable before the pore
water pressure reaches the critical value at the 1oth second
(Table 2a). When the pore pressure ratio within the slopes rises
to critical values during a heavy rainfall event, the initial local
failures (red points in the mesh) are initiated from the area of
samples K2 and A1 in the lower middle parts of the Kuridaira and
Akatani landslide bodies, respectively (Table 2b). The location of
the initiation of the landslides is in the same area in a large
number of testing models. In the simulation, the pore pressure
ratio values are kept constant at r, =0.33 for the Kuridaira and
r, = 0.36 for the Akatani landslides from 11th second to the end of
sliding. The failure expands to the adjacent points and gradually
spread to a large area of landslide bodies. The slopes then start to
move down at 19.1 and 19.5 s for the Kuridaira and Akatani
landslides, respectively (Table 2c). The progressive failures
resulting from local failure points are caused by a downward
movement of their upper zones, due to losing support at the bases,
and lower zones, due to the dynamic effects of the upper parts.
This process quickly continues and exacerbates the failure in the
entire slope. At the steady state, rapid motions accelerate due to a
great loss of shear strength and excess pore water pressure. The
large-scale landslides travel at high speeds down the valleys
(Table 2d). Subsequently, the landslide debris is channeled along
moving paths and rushed down to the toe. The large volume of
landslide masses completely dams the river courses and forms
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reservoirs in Kuridaira and Akatani valleys. In the last duration,
the motions gradually decelerate and stop after 104 and 110.3 s in
the respective valleys (Table 2e).

The maximum velocity of mass movements by simulation time
and along the sections K-K, K1-K1, and A-A (Fig. 4) are performed
for the Kuridaira and Akatani landslides in Fig. 15. The maximum
speeds of the Kuridaira and Akatani landslide motions are 42.8
and 51.8 m/s at 45 and 36 s, respectively, before the landslide bodies
collide with the opposite wall (Table 2d). The model closely
matches corresponding Google Earth images. The simulated re-
sults from the model nearly exactly overlap the images of the
landslide source area and the accumulation zone in the river
valleys (Table 2e). In addition, cross-sections obtained from the
model and the DEM data provided by the SABO Office after the
landslide in 2011 (SABO 2015, Fig. 16) are compared.

Discussion

Slow-moving landslides have mostly been characterized in sedi-
mentary zones composed of mudstones and green schist, such as
the Shikoku Region, West Japan (Bhandary and Yatabe 2007), or
formed in weak mudstone of the Neogene sedimentary strata in
the Kii Peninsula, Japan (Chigira 2015; Chigira et al. 2016). This
typical feature is attributed to the influence of clay-sized minerals
of the sliding surface materials that are not susceptible to grain
crushing. Sliding surface liquefaction (Sassa 1996) would not take
place because of the lack of excess pore water pressure generation
due to no grain crushing (Fukuoka et al. 2006). Consequently,
landslides would not show a high mobility level for traveling at
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Fig. 13 PWP tests for rainfall-induced landslide: a sample A1 and b sample A2 from the Akatani landslide

high velocities in the geological setting of mudstone and/or shale.
The finding on the mechanism of rapid landslides in the Kuridaira
and Akatani slopes is presented in this study. Ring-shear tests
point out that the rapid moving landslides are mainly governed
by mobility behavior due to sliding surface liquefaction of frac-
tured shale rocks (sample K2) and sandstone-rich material (sam-
ple A1) under pore water pressure and shear loading. The high-
mobility behavior provokes the landslides to rapidly travel in a
long run-out. The simulation highlights the contribution of high
pore water pressure resulting from rainfall that triggered the
landslides. Under pore water pressure loading, the shear strength
reduces from a peak of 42.7° to an undrained-state residual friction
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angle of 3.4° at the steady state for sample K2 and from 42.1 to 5.5°
for sample A1. The sliding surface liquefaction (Fig. 17), caused by
extensive grain crushing and excess pore water pressure genera-
tion, leads to the significant drop in the strengths of K2 and A1
samples. The shear behavior indicates high mobility of samples K2
and A1 during motion. Conversely, mudstone-rich material (sam-
ple A2) does not produce rapid motion because its fine-grained
minerals are not subjected to grain crushing. In undrained SDC
test, a temporary excess of pore water pressure appears and this
amount of pore water pressure dissipates completely (Fig. 12b).
The typical shear behavior is interpreted as follows: sample A2
contains a large proportion of expansive materials of clay-sized
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Fig. 14 Shear strength reduction in the progress of shear displacement at normal stress of 1000 kPa: a Kuridaira samples (K1 and K2) and b Akatani samples (A1 and A2)
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Table 1 Soil parameters for computer simulation models

Soil parameters

Value for the landslides

Kuridaira Kuridaira Akatani Akatani
(sandstone (shale areas) (sandstone (mudstone
areas) areas) areas)
Material properties and shear strength parameters

Total unit weight of the mass (v, 20.0 19.5 20.2 20.6 Test data

kN/m?)

Unit weight of water (v,,, kN/m°) 9.81 9.81 9.81 9.81 Assumed

Lateral pressure ratio (k = o},/0,) 0.3-0.35 0.35-0.35 0.35-0.42 0.35-0.42 Estimated

Friction angle during motion (&,,,, °) 385 41.5 39.5 40.5 Test data

Peak friction angle (@P, °) 41.2 441 42.1 43.2 Test data

Steady state shear resistance (7, kPa) 53-412 25-95 94.5-150 265-400 Test data

Peak cohesion at sliding surface (cp, 250-300 250-300 250-300 250-300 Reference

kPa) data

Shear displacement at the start of 4 4 6 6 Test data

strength reduction (Dz, mm)

Shear displacement at the end of 140 140 1000 1000 Test data

strength reduction (D, mm)

Pore pressure ratio (r,) 0.33 0.33 0.36 0.36 Test data

Pore pressure generation rate (Bs,) 0.25-0.85 0.25-0.85 0.25-0.9 0.25-0.9 Estimated

Cohesion inside mass (c;, kPa) 0.1 0.1 0.1 0.1 Assumed

Cohesion at sliding surface during 0.1 0.1 0.1 0.1 Assumed

motion (c,,, kPa)

Parameters of the function for non-frictional energy consumption

Coefficient for non-frictional energy 5 5 5 5 Sassa et al.

consumption (2010)

Threshold value of velocity (m/s) 80 80 80 80 Record
data

Threshold value of soil height (m) 150 150 100 100 Record
data

grains that are not highly susceptible to grain crushing under
shearing. As a result, sample A2 does not crush to induce excess
pore water pressure. The monitored pore water pressure is pro-
duced due to sudden shear displacement and incessant deforma-
tion of the sample within the shear zone. Consequently, this
temporary pressure tends to be dissipated in a long time of the
test. Under this condition, clay, silt, and fine-grained materials
such as mudstone or mudstone-rich materials are not susceptible
to high landslide mobility. Moreover, the experiments show that a
certain amount of shear displacement of 2-7 mm accumulating
along the sliding surface due to the impact of gravitational slope
deformation could be an important factor triggering the land-
slides. As the shear displacement reaches a critical value (D,
value), local soil deformation due to undrained compression is
formed to induce excess pore water pressure, which is mainly
responsible for the landslide. The gravitational slope deformation
accelerates the rainwater infiltration, resulting in increased pore
water pressure above the bedrock and triggering the failures.
Together with this typical effect, the experiment results strongly
demonstrate that slope deformation might act on the potential
sliding surface to create small shear displacements and deforma-
tions as a trigger of the landslides.
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In the computer model, the two slopes initiate failing at the
lower middle area of the slopes. Compared to the geological
distribution of the landslides, the landslide onset corresponds to
the areas of the high-mobility samples K2 and A1 and is located in
the areas with a sudden change in the geological boundary (Fig. 4).
Simulation results reveal that the high potential of the landslide
initiation is in the high-mobility layers of the sliding surface. In the
specific cases of the two studied landslides, the sliding is initiated
at the boundary areas between interbedded sandstone and shale
materials for the Kuridaira landslide and interbedded sandstone
and mudstone materials for the Akatani landslide. The shear
strength of materials of the interbedded layers is possibly weak
in the boundary areas due to the absence of interlocking and
bonding materials. Similar results are obtained from a large num-
ber of simulations of the two landslides with the LS-RAPID model,
which indicate that the abovementioned interpretations are ap-
propriate for the initiation position. In comparison to the
Kuridaira landslide velocity, the Akatani landslide moves at a
higher speed because of its steeper topography. Although samples
K2 and A1 show high-mobility effects due to their small mobilized
apparent frictions, the mass movements stop at the toes of the
slopes instead of traveling further than expected. This is due to the



Table 2 Description of the entire formation process of the Kuridaira and Akatani landslide dams
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Fig. 15 Velocities of the two landslides obtained via LS-RAPID modeling: a velocity vs.

the Kuridaira slope (K-K, K1-K1) measured from the head to the toe

obstacles of the opposite slopes to the downward movement of the
landslides. The rapid landslides favor dam formation at the rivers
before debris materials could be eroded and washed away. The
simulation results indicate that the landslide mobility is an impor-
tant factor contributing to the dam formation. Furthermore, the
narrow V-shaped valleys allow the creation of high dams because
of the small area in which the landslide masses could spread out.
The contributing factors for dam formation agreed strongly with
those described by Costa and Schuster (1987). In the formation
process of the landslide dams at both sites, the sliding masses
move downward the valleys, then collide straight into the opposite
wall. The materials of the sliding masses then begin accumulating
on the river bed. Due to an obstruction of the opposite wall in the
narrow valleys, the debris spread out widely in both the upstream
and downstream areas, generating a high run-up at the opposite
banks. The landslide materials raise the river bed, and this accu-
mulation body hinders the downslope movement of the progres-
sive failures. The subsequent mass movement then slides along
debris layers, hence failing to reach to the opposite bank. It then
lays on the dam. A bulge in the middle of the cross-sections of
both landslides is characterized by this motion process (Fig. 16). In
addition, the wide-spreading motion of landslides forms debris
fans in downstream accumulation areas. The model results suggest
that the shape of the accumulation bodies are a result of the
geometry of the river valleys. The results from the computer
simulation further show that the critical pore pressure ratio trig-
gering the Akatani landslide (r, = 0.36) is higher than that for the
Kuridaira landslide (r, = 0.33). According to the recorded data, the

Elevation (m) === Ground before sliding

900 1 ——Ground after sliding
800 ——Simulation result
——Sliding surface o
700 1 O Run-up points ~__+"
600 A <
500 A
400 A
503 Profile K-K of the Kuridaira
landslide
200 A
100 A Horizontal line
(m)
0 T T T T T T J
0 200 400 600 800 1000 1200 1400

Velocity (m/s)
60 -

(b)

50 1
40
30 4

20 A

Distance by
sections (m)

10

0 4
0 200

400 800 1000 1200 1400

time and b velocity vs. distance along cross-sections of the Akatani slope (A-A) and

Akatani landslide took place after the Kuridaira landslide by
several hours. This finding seems reasonable and fits into the
sliding sequence of the two landslides triggered by continuous
rainfall during Typhoon Talas. Since no groundwater data was
recorded before the failures, it remains a question to what extent
rainfall could have triggered the landslides. The role precipitation
plays in triggering the landslides also remains unclear because of
the strong influence of the deep-seated landslides on the strata of
original slopes. In the computer model, however, the cumulative
effect of rainfall on the saturation of slope materials is simply
estimated via pore water pressure generation rate (B,) which
indicates the potential to generate excess pore water pressure.
The upper part of the slopes would then be unlikely to have been
saturated because they are close to the ridge. The middle slope is
likely to have been more saturated while the lower part might be
well saturated. Therefore, B,, = 0.25-0.8 and B, = 0.25-0.85 are,
respectively, assigned to the Kuridaira and Akatani areas; a higher
value is employed for a much more saturated zone. In addition,
the effect of accumulative precipitation triggering the landslides is
indirectly determined via pore pressure ratio (r,) measured in the
ring shear tests. A good result of the simulation model suggests an
accurate measurement of pore pressure ratio (r,) and a reasonable
estimation of pore pressure generation rata (Bg;).

Moreover, the study findings contribute to the understanding
of the failure characteristics of mudstone and shale slopes that are
widely distributed globally, especially since the landslide mecha-
nism by ring-shear apparatus has not been fully described as yet.
Specifically, the exposed sliding surface of the Kuridaira landslide
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Fig. 16 Comparison of ground surface after (m) sliding in 2011 and its elevation drawn from the simulation result
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Fig. 17 Sliding surface liquefaction behavior of shale samples under different normal stresses in ring shear tests

consists of weathered, fractured shale rocks, which are permeable,
brittle, and coarse-grained materials. This geological feature is the
most important factor contributing to the development of land-
slides, from gravitational slope deformation to the massive move-
ment. On the other hand, in interbedded sandstone and mudstone
zones, such as in the Akatani landslide, the potential sliding
surface might be formed in the layer of sandstone-rich materials
due to crushable materials and vulnerability to sliding surface
liquefaction behavior.

Conclusions

This paper presents the entire formation process of two massive
dams formed by the two largest deep-seated landslides due to
heavy rainfall during Typhoon Talas in the Kuridaira and Akatani
valleys. The landslide dams are created on the tributary rivers of
narrow, steep V-shaped valleys, which are significantly affected by
extreme monsoon rainfall and specific geological features, namely
broken formation, fractured discontinuities, and interbedded
rocks of mudstone, sandstone, and shale. As indicated by the
ring-shear tests, the slope movements result from excess pore
water pressure generation under a small shear displacement of
2-7 mm or under an increase of pore water pressure with a critical
ratio due to rainfall of 0.33-0.37. The deep-seated rapid landslides
are thus attributed to the high mobility of samples K2 and A1 due
to sliding surface liquefaction behavior. In addition to geomorphic
features, landslide mobility is one of the main contributing factors
to the dam formation. The entire formation process of the two
landslide dams is examined by a computer simulation model that
integrated physical soil parameters measured in the ring-shear
tests. The evolution of landslide-formed dams—from local failures
to massive movement across the entire slope, and through the
accelerating failures and progressive motions to the complete
damming of the rivers at the end of the motion—is described in
detail. The simulation results are well examined to be consistent
with the observed geomorphic evidences on the sites and recorded
data. The finding regarding landslide mobility is crucial for future
hazard assessment and disaster preparedness. The model is useful
for estimating landslide parameters (such as depth, volume, ve-
locity, and extent of the mass movement) and forecasting the
potential of river damming in valleys surrounding the study area.
By ascertaining the failure mechanism and predicting landslide

behaviors and the dam formation, this research has practical
significance in proactively establishing prevention and mitigation
measures against potential deep-seated landslides and their sec-
ondary hazards on slopes that are similar to those in the Kuridaira
and Akatani valleys in terms of geology and morphology.
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