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Abstract: On September 6th, at 03:08AM local time, a 33 km deep earthquake underneath the Iburi
mountains triggered more than 7,000 co-seismic landslides within 25 km of the epicenter. Most of
the landslides occurred in complex terrain, and became coalescent. But a total of 59 landslides,
occurred as discrete events and stopped on semi-horizontal valley floor. Using this sample, the au-
thors aimed to define planar and vertical parameters for hazards purpose and for the characteriza-
tion of the mass-movement geometry triggered by the Hokkaido Iburi-Tobu Earthquake.The aim of
the present contribution was to contribute to the existing databases of empirical relationships based
on planform and vertical dataset, and to define the scalars of those relations that characterize the
mass-movements of the Iburi-Hokkaido earthquake, with the overarching goal of generating pre-
dictors for hazard-mapping. To reach these objectives, the methodology relies on LiDAR data flown
in the aftermath of the earthquake as well as aerial photographs. Using Geographical Information
System (GIS) tools planform and vertical parameters were extracted to calculate the power-law re-
lations between areas and volume, between the Fahrboschung and the volume of the deposits, as
well as other geometric relationships. Results have shown that the relation S = k[V,;]?/% where S is
the surface area of a deposit and Va the volume, and k a scalar that is function of S: k=2.1842 In(S)-
10.167 with a R? of 0.52, and this relation is improved for the open-slope mass-movements but not
the valley-confined ones, that present more variability. The Fahrboschung for events that started as
valley-confined mass-movements was Fc =-0.043In(D) +0.7082 with a R? of 0.5, while for open-slope
mass-movements, the Fo = -0.046In(D) + 0.7088 with a R? of 0.52. These results contribute to the
growing co-seismic landslide database and they can also be the base to understand the role of the
counter-slopes and complex topography on the spread and distance travelled by the mass-move-
ment deposits.
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1. Introduction

The world population is increasingly urban, leaving vasts areas of ‘green deserts’
sometimes located at the door-step of human settlements. Therefore, events triggered
in those peripheries call for control and management to limit hazards and disaster
risk. In those areas of lesser accessibility, remote sensing is consequently playing an
essential role in data collection and analysis, especially in countries where population
is ageing and manpower is coming at a premium. It is therefore within this framework
that the present contribution investigated the morphological parameters of individual
co-seismic mass-movements, emphasizing the need to be able to work from remote-
sensing data solely.

1.1. The 2018 Hokkaido Iburi-Tobu (HIT) Earthquake and the coseismic mass-movements

On September 5th, 2018 at 18:07 UTC (September 6th, at 03:08AM local time), a mag-
nitude 6.6 earthquake shook the Iburi-Tobu region - South of Hokkaido, Japan (Fig. 1).

© 2021 by the author(s). Distributed under a Creative Commons CC BY license.
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The shallow earthquake (33 km depth) was the result of a reverse-slop fault movement,
which resulted in approximately 7059 landslides (Fig. 1) within an area of 466 km? (Zhao
et al., 2020). Furthermore, remote sensing —based spatial analysis has shown that the den-
sity of mass-movements was up to 95/km? (Bo et al., 2020), and that this density was re-
lated to the surface area by the relationship:

2
y = 110 « el °8®gz37g] (1)

where y is the number of landslide for a given x surface area (Zhao et al., 2020).
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Figure 1. The Hokkaido Iburi-Tobu Earthquake of 2018. (1) Map of Japan indicating the position of
Hokkaido island and prefecture; (2) Location of the Research location in the Southern Part of Hok-
kaido; (3) Location of the epicenter symbolized by a red start and the digitized landslides in yel-
low. The locations of photographs 4 and 5 are also provided. (4) Landslide mixing sediments and
wood debris that stopped on a pseudo-horizontal valley floor — the object of the study. (5) Land-
slides with mixed deposits on slopes and constrained within narrow valleys —not used in the pre-
sent study.

The large number and high-density of mass-movements can be first explained by the seismic and
geologic realm of the event. The earthquake is believed to be the result of a local crustal weakness,
which reacted to the regional strain accumulation (Ohzono et al., 2019). The sudden energy release
is supposed to have originated from a major slip along the faulting plane (Kobayashi et al., 2019;
Kubo et al., 2020). This subterranean slip then translated at the surface into strong motion, notably
under the amplification of the near-subsurface structure (Takai et al., 2019). As the near-subsurface
is made of +/- 9,000 years old air-fall lapilli-sized pumice soil layers (about 1.5 m thick), which
draped the Neogene sediment formations (Yamagishi and Yamazaki, 2018), it creates a strati-
graphic discontinuity, which have been pressed forward as an explanatory factor of the high-den-
sity of mass-movements.

Besides the geological factors, heavy antecedent rainfalls that occurred before the earthquake con-
tributed to destabilizing the slopes. The HIT earthquake occurred one day after Typhoon Jebi (Ty-
phoon 21 of the year 2018) had swept over the area, pouring a cumulated 100 mm rainfall over 3
days (Yamagishi and Yamazaki, 2018). One can then logically suppose that the slope shear
strength was weakened before the HIT earthquake occurred.
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Because of the combination of both the typhoon and the earthquake, scientists have proposed that
one of the two parameters were at the origin of the high number and density of landslides. How-
ever, due to the local variation and temporal variation of soil mechanical properties, physically-
based deterministic models remain elusive to scientists who have to work statistically from data-
bases (Chang et al., 2020). Consequently, the present work aims:

(1) to contritbute to existing databases of the morphology of mass-movement deposits and how
they relate to the watershed morphometry they flow in;

(2) to provide an insight into the 3D geometrical relationships of the deposits in the area im-
pacted by the HIT-earthquake, as existing work has been so far focused on the spatial distri-
bution of the events and the 2D characterization of the mass-movement deposits.

This research finds further motivation in the fact that most landslides are either rainfall-triggered
or seismically-triggered, but more rarely the result of the two factors combined, for which further
research is needed (Calista et al., 2019; Pu et al., 2021), eve in areas of relatively low seismic activ-
ity (Bo et al., 2020).

1.2. The mapping of mass-movements from aerial remote-sensing platforms

Mass-movements can be either very-slow and deep-seated (Morelli et al., 2018) or
more shallow events, such as rotational, planar slides, rock falls, debris flows (Agliardi et
al., 2001), displaying surface deformation at a variety of scales (from the all mountain
down to a few meters across). For the study of mass-movements, there exists a broad
range of remote-sensing platforms. They range from satellite-platforms (Bovenga et al.,
2006; Thomas et al., 2016) down to airborne, UAV and Ground-based laser techniques and
photogrammetry (Gomez et al., 2021). Although remote-sensing is now sufficiently devel-
oped to generate datasets without contact-data, aerial photo-analysis for instance has long
been considered as a complement to field surveys (Strozzi and Ambrosi, 2007). And even
methods that have risen in recent years, such as structure-from-motion from aerial photo-
graphs (Gomez et al., 2015) and UAV (Clapuyt et al., 2016), still needs ground control data
(Mateos et al., 2017; Peternal et al., 2017; Eker et al., 2018). Remote sensing has therefore
considerably helped in the field of detection and mapping of landslides, and in areas
where no precursory signs are detectable, remote-sensing can be further used to under-
stand the mechanisms of triggering, movement and deposition. The geometric character-
istics of the landslides can then be used to develop empirical models for hazard and dis-
aster risk management.

1.3. Empirical relationships for mass-movements

Using remote-sensing platforms and field surveys, scientists have put the emphasis
on the generation of descriptive and explanatory metrics describing the morphology of
the triggering zones and deposits. Such metrics are essential to compare mass-movements
between events and between one location and another.

The mass movements of the HIT earthquake are mostly shallow rapid-onset events,
involving a mixture of soils and wood debris. These characteristics relates the events to
the classes of debris-flows and debris-avalanches, which have been defined as: “rapid to
extremely rapid shallow flow of partially or fully saturated debris on a steep slope, with-
out confinement in an established channel” (Hungr, 2005 p.15).

For the characterization of mass movement deposits, and especially debrisOflows, re-
searchers have developed a set of morphological metrics. Scheidl and Rickenmann (2010)
have expressed the relation between the deposit basal area S and the volume V using the
following relation:

S=K'gVP )

, which is the same expression that Crosta et al. (2003) used and for which they de-
termined V# tobe2/3,and K’ p tobeequal to 6.2. This equation comes from two power-
law relations between the size of the deposit and the volume on one hand, and between
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the flow cross-section and the volume of the deposit on the other hand (Iverson et al.,
1998).

On top of the planform relation of the deposit, other indicators relate the deposit to
the geometry of the catchment where the mass-movement started. The most concised ap-
proach links the vertical and horizontal translation to the volume of the mass transported,
providing an empirical assessment of potential hazards. This relation has been famously
expressed as the Fahrboschung, which is expressed as the angle between the highest start-
ing point of a landslides, and the furthest point the translated mass reaches. Other empir-
ical relations have similarly linked the travel angle starting from the centre of gravity of
the mass to be translated (before sliding) to the centre of mass of the deposit (Corominas,
1996). For volume of 1E+02 m? to 1E+06 m? from Swiss debris flow, the travel angle — tan
p — varied between less than 0.1 to 0.8 with a trend showing a decrease in the travel angle
with the increase of the volume of the debris flows (Corominas, 1996). However, the var-
iability in the dataset hardly makes it a prediction tool on its own, as tan 3 varies from 0.2
to >0.6 for 1+E3 m3 debris flow and from < 0.1 to 0.5 for debris flows around 1E+5 m3
volume. Rock avalanches and landslides also show similar patterns but for a different
relationship between the two variables (Rickenmann, 2005). These relations were formu-
lated by Corominas (1996) as:

log (%) = -1.05logV — 0.012 3)

where H is the vertical difference and L the horizontal distance and V the volume,
and in a different form, Rickenmann (1999) found a relation with R2 = 0.75 for 160 debris
flows expressed as:

L = 1.9y0%16[083 4)

Therefore, from the Northern American mountains, to the European New-Zealand
and Japanese Alps, an abundance of debris-flows has been instrumental in developing
these empirical relationships.

Building on this legacy of shape-factors construction, the present research contributes
a set of calculations for mass movements triggered by a combination of rainfall and seis-
mic activity. The objective is therefore to calculate geometric relations for the landslides
triggered by the 2018 HIT Earthquake, using aerial photographs and LiDAR data, to im-
prove hazards and disaster risk management.

2. Methodology

The present work is interested in generating comparable and “reusable” data, and
therefore a selection of landslide with “simple” landform geometries was chosen: (1) land-
slides that can be clearly identified as being one unit separated from another, and (2) land-
slides that were not adversely affected by complex topography in the deposition area
(deposition on flat valley floors).

2.1. Data acquisition: Information Retrieval from Lidar and Aerial Photographs using GIS

The data used in the present research have been orthophotographs (10 cm resolution)
created from aerial photographs taken in the immediate aftermath of the event and a Li-
DAR-based DEM. The DEM is a 52,000 pixels by 45,000 pixels gridded data of pixel size
0.5 m x 0.5 m projected in JGD2011 making a set of tiles of 10.8 km x 21.5 km. The aerial
photographs resolution is 0.1 m x 0.1 m. Both datasets were produced by the Japanese
Government Ministry of Land Infrastructure and Transport.

Using the open-source environment QGIS3.14, the orthorectified tiles of aerial pho-
tographs were combined into one single file. The same operation was applied to the DEM
tiles as well. Using shapefiles to delineate the planform of the mass-movement deposits
and make calculations over the raster images, a total of 59 landslides was mapped. The
choice of the 59 landslides was based on two conditions: (1) each mass-movement deposit
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was clearly separated from other deposits without mixing, and (2) the deposits had to stop
over a pseudo-horizontal area such as a valley-floor, a paddy-field, and so without having
to climb on a counterslope. The majority of the mass-movements occurred in the moun-
tains and had coalescent deposits that were not suited for the present analysis, and thus
were discarded. For each mass-movements, the following planform data was acquired:
the total travel distance, the width of the landslide deposits, and the length of the landslide
deposits; as well as the following vertical data: the elevation difference between the crown
of the mass-movement and the toe of the deposit, the height difference between the up-
stream elevation and the apex elevation, as well as the mean elevation of the deposit (Fig
2).

Slope break

Figure 2. The basic linear parameters used to calculate the geometric data as well as the empirical
factors (L: maximum horizontal distance travelled by the mass-movement; W: maximum width of
the deposit; LD: maximum horizontal length of the deposit pass the slope break; Ht: Maximum
elevation at the scarp the landslide started from; Hb: Minimum elevation at the toe of the deposit;
H: Difference of Hb subtracted from Ht; Z: the maximum height of the deposit, used to calculate
the slope of the deposit’s surface; B: the elevation of the underlying topography at the slope break
and at the toe of the deposit).

The parameters were then combined geometrically to estimate the volume of depos-
its D, with Z and Bs respectively representing the vertical and horizontal components of
the volume downstream of the slope break (eq. 5) :

n n
DZZZi—ZBSi (5)
i=1 i=1

To calculate the fahrboschung (which is given here as simply the ratio of the height
to the distance travel), we used the following relation:
Fe Ht — Hb
L

The fahrbdschung is often expressed in degrees, but in the text we refer to H/L as the
fahrboschung (the reader can transform it into an angle when suited).

©)

2.2. Empirical analysis

After creating the geometric indicators, the next methodological-step is an empirical
analysis of the relations between the different morphological factors. This analysis relies
on geometric equations and the power-law by Crosta et al., (2003) as:

S =kv,*? (7)

Where S is the surface area of the deposit, and Vu is the volume of the deposit, with
k being a scalar depending on the type of flow and the event recorded. Using the empirical
data generated by remote sensing, the value(s) of k has been calculated and compared to


https://doi.org/10.20944/preprints202106.0366.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 June 2021 d0i:10.20944/preprints202106.0366.v1

6 of 15

other landslide parameters, to see whether the parameter is stable regardless of the slide
considered or, on the contrary whether the relation changes.

Another scalar that was investigated is the one developed for rain-triggered debris-
flows, and it seems to apply well to the present problem as the deposits have been de-
scribed as “debris-flow —like” (Zhao et al., 2020) and because the relation relates the fan-
ning surface A and the volume of the debris-flow as (Takahashi, 2014) so that it can be
extracted from the deposits morphology:

Vg

T =
s”2tan (yq - 6,)

(©)

Where T=5/12 for debris-flows, yd is the slope surface downstream-ward, and 0d is
the basal slope underneath the deposit (Takahashi, 2014, eq. 5.61 p. 274). This equation has
the advantage of being more grounded into the realm of landslides as it takes into account
the slope angles where the material deposited as well as the slope of the surface of the
deposit that is a proxy of the internal friction angle and the velocity during deposition.

Those empirical relations are mathematical and grounded in geometric relations in-
stead of physical ones, so that they are adapted to hazards and disaster risk management
to make predictions of the hazard zones, but they do not aim to explain the physics of the
landslides.

3. Results

In this section, the authors present the geometrical relations between the morpholog-
ical parameters and between the different shape indicators and factors, before ending with
data on the distribution of the tree stems deposited over the sediments.

3.1. The geometry of the deposits on pseudo-horizontal surfaces

The investigated mass-movements are shallow, with slip surfaces located within 2 m
depth from the surface for valley-confined mass-movements and within 3.5 m depth for
open-slope mass-movements, based on the steps generated at the scarps where the land-
slide started from. The average deposit surface area is 8271 m? with the smallest event
being 172 m? and the largest one 25510 m?2 . The average length of the deposit was 133 m
and the minimum length 24 m and the maximum length 283 m. One of the important
factor is the ability of the material to spread while depositing. The relation between the
width (W) and the length of the deposit (LD) could be expressed with the following power
law (Fig. 3) as:

LD = 2.2492w1029 9

Interestingly, the type of landslides on open-slope and in confined valleys do not
statistically influence the relation between the length and the width of the deposit as the
empirical values agree with the model following a R? = 0.8985.
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Figure 3. Relation between the width of the deposits and the length of the deposits for all the sam-
ples that stopped on pseudo-horizontal valley floor.

3.2. Surface - volume relations of the deposits

For the investigated landslides, the k value (eq. 7) is varying with the size of the area
of the deposit, so that the power-relationship of equation 7 accepts an array of k-values.
The k-values relate to the surface area of the deposit following a logarithmic relation (Fig.
4):

k =2.1842In(S) — 10.167 (10)

Although the graphic representation seems to indicate that there are potentially two
different logarithmic relations (Fig. 4), the two are not a spatial relationship to the epicen-
ter nor the relation to a valley or a preferred orientation. The division between valley-
confined and open-slope landslides also show differently, with two k — the “o” and “c”
subscript refer to open-slope and valley-confined respectively - that are (Fig. 5):

k, = 2.2993 In(S) — 10.901 (11)
k. = 2.1308 In(S) — 10.124 (12)

And while ko displays a R? of 0.62 +/- 10%, the kc is only at 0.35 +/- 10%, showing in
the second case a greater variability in the dataset. The graphic representation gives clues
to this variability, as a cluster of landslides of 8,000 to 12,000 m2 are systematically below
the predictive curves relating kc to S.
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Figure 4. Relation between the power-relation scalar k (eq. 7) and the surface of the deposits.
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Figure 5. Relation between the power-relation scalar k (eq. 7) and the surface of the deposits, sepa-
rating the open-slope landslides (dark grey triangles) and the valley-confined landslides (light
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grey circles). The subscripts “0” and “c” refer to the open-slope- and the confined- landslides.

The second scalar that was investigated, and which has been developed for debris-
flow is the T-scalar, which is the empirical factor calculated for equation 8. As the base
slope underneath the mass-movement deposits (0d4) has been one of the variable kept close
to a constant by “choosing” landslides that had stopped on sub-horizontal surfaces, the
variability in the T scalar is therefore a function of the slope surface of the deposits, and
the Area-Volume correlation. Except for three outliers, the data are bounded by an upper
limit at T =-0.0001 S+ 3.75, while the two dataset relates to one another with T =-0.0001S
+2.9497, but very poorly (R?=0.0108).
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Figure 6. The relation between the Surface area and the T scalar relating the volume to the area
and the slope gradient of the deposit, allowing for ~5% outliers.

3.3. The fahrboschung for “open-slopes” and “Valley-confined” flows

The fahrboschung is comprised between 0.15 and 0.55 +/- ~5% (allowing 3 outliers),
and it decreases as the volume of the deposit increases. The smallest landslides < 4,000 m?
have all a fahrbéschung > 0.3, while the landslides with a volume > 59,000 m? are all below
0.2. Those to end-member groups link through a constantly decreasing F as V increases,
following a relationship (Fig. 7a) as follows:

F = 0.352179107%°D (13)

Separating the two types of landslides (valley-confined and open-slope), there is once
again no clear distinction between the two types of movements and they seem to have
relatively similar mobility (Fig. 7b), as represented by the two relation equations (Eq. 14
and 15):

F: =-0.043In(D) + 0.7082 (14)
F, =-0.046In(D) + 0.7088 (15)

As the fahrboschung is a proxy of the mobility of the landslides, one authors hypoth-
esized that it should have a linear effect on how the material spreads. Comparing the ratio
of width per length of deposit (W/LD), this ratio SF was computed against F (Fig. 9). There
isno strong linear correlation between the two dataset, because of a seemingly not varying
fahrboschung set of data F < 0.1, but an envelope with a positive trends appears, with the
mass-movements with the lowest-mobility being the one that tends to spread the most

(Fig. 8).
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Figure 7. (a) The fahrboschung F calculated against the volume of the deposits for the selected
landslides. (b) Relation between the deposited volumes and the fahrboschung (F) separating the
deposits from valley-confined mass-movements (Fc) and the deposits resulting from open-slope
mass-movements (Fo). Both display comparatively similar fahrboschung relations.
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Figure 8. The Fahrboschung F as a function of SF, being the ratio of the width to the length of the
deposit, showing its ability to spread laterally.

4. Discussion
4.1. Result summary

The mass-movements measured from LiDAR and aerial photographs remote sensing
are relatively homogeneous in term of deposits geometry following the relation LD =
2.2492W102% with a R? = 0.8985. If one considers this geometric relation as being the result
of mass-movements ending on a sub-horizontal surface, it is then possible to compare
these results with the deposits of mass-movements that have stopped on counter-slopes
to investigate the role of the latter for instance. The k-parameter follows a k=2.1842 In(S)-
10.167 relation with the surface area of the deposit, with variations depending on whether
the deposit was created by an open-slope or a valley-controlled landslide (equations 11
and 12). The T parameter was more spread and could not lead to any significant relation,
if not for the construction of an empirical ceiling-function. The fahrbdschung followed a
typical pattern, with the larger deposit-volumes displaying a F inferior to the ones of
smaller landslides: the deposits generated from valley-confined movements yielded a
fahrboschung of Fc=-0.043In(D)+0.7082 with an R?=0.5021, while the open-slopes’ move-
ments displayed a Fo = -0.046In(D)+0.7088 with R? = 0.5284.

4.2. The Hokkaido Iburi-Tobu Earthquake landslides were extremely mobile

The fahrboschung, whether it is expressed as an angle or as a ratio height to length is
a useful comparator of the mobility of landslides that has been shown to decrease with
the mass and volume landslides At the Naga landslide for instance, Lagmay et al (2020)
calculated a fahrboschung (as H/L) of 0.17 (or 9 degrees), while Catane et al (2019) calcu-
lated 0.16 (or 9 degrees), for estimated volumes of 11 and 27 million cubic meters respec-
tively. At the Guinsaugon landslide (February 2006, Leyte Island, Philippines), Evans et
al. (2007) calculated 0.21, and Lagmay et al. (2008) 0.17, with in both cases, volumes of 15
million cubic meters On 23 September 1991, the rock avalanche of Zhaotong (China)trav-
elled 3650 m horizontally for a vertical drop of 960 m, resulting in a fahrbdschung of 14.7
degrees or 0.263 expressed as H/L (Xing et al., 2016). If we use the relation obtained in
the present study between H/L and V (as H/L = 0.046In(V)+0.7088), the present-formula is
much lower (it gives for instance 0.028 for the 27 million cubic meter Naga landslide, in-
stead of the measured 0.16).

This suggests that the Iburi-Tobu Hokkaido earthquake landslides were extremely
mobile compared to other values found in the literature. Direct comparisons of different
landslides is however arduous, because of the variety of flowing processes, materials and


https://doi.org/10.20944/preprints202106.0366.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 June 2021 d0i:10.20944/preprints202106.0366.v1

12 of 15

grain-size. For granular flow for instance, Coombs et al (2020) have shown that the
fahrboschung decreased by 14% from 25 to 21.4 degrees when the mean grain sizes in
the experiments is changed from 3 to 25 mm. Besides the original grain-size effects, the
self-comminution of the grains impact stability and shear strength (Gomez et al., 2020)
and so is the presence of volcanic material in soils, as it has been shown in other locations
in Japan (Yamanouchi and Murata, 1973). This work found that the dry density could be
as low as 13 to kN/m3, values that are comparable to the 10 to 15 kN/m3 found in Tenerife
(Gonzalez de Vallejo et al.,, 1981) or 11 to 14 kN/m? for the Cangahua volcanic soil for-
mation in South America (O’rourke and Crespo, 1988).

Because of the variability of parameters at play, the authors reduced the sum of these
issues to the Mohr-Coulomb effective stress theory to discuss the high-mobility of the
Hokkaido Iburi-Tobu coseismic landslides from a practical perspective. In its simplest
form, the Mohr-Coulomb failure criterion can be expressed as:

1, =C+ (07— uw)ftan @' (16)

Where the term on the left is the maximum stress a soil allows before failing, the first
term on the right side of the equation is the cohesion, the second term is the effective stress
multiplied by the tangent of the angle of friction. This equation can be used to describe
the state of a material on a slope, but a non-linear envelops is needed to take into account
the seismic loading (Zhang and Chen, 1987) and expressed with a linear coefficient (Zhao
et al., 2017) as follow:

g\ 1/m
1=Co*(1+a—’1') (17)

where, is the shear stress g, is the normal stress, o;is the intercept of the envelope
shear stress with the normal stress axis (Zhao et al., 2017), C,is the cohesion and 1/m is
the non-linear parameter. Because the present contribution is a remote sensing contribu-
tion, and not a geotechnical analysis, the goal is not to solve these equations, but to com-
pare the two in order to reflect to the unusually long runout, and low H/L even when the
landslide volumes were small.

From equation 17, when m is more or equal to 1, the Mohr-Coulomb envelope is
therefore rising at a lower rate than the linear Mohr-Coulomb envelope, so that for a sim-
ilar slope the normal stress that the slope can sustain before failing is lower under seismic
activity.

By this process, the authors would argue that there may be a reduction of the “local
effects” explaining the relative homogeneity in the shapes of the landslides (cf. equation
9 with a R2 = 0.89). This effect needs further evidence and investigation, but potential re-
search direction certainly includes the role of the shaking during the movement, limiting
deposition due to local effects, and also the homogeneous start of the mass movements.
As rainfall will poor more on one catchment than another, heterogeneity in the mass
movements may arise. Finally, the factor of safety of each slope may become irrelevant
when considering the threshold, as intense surface acceleration may produce energy
throwing all the slopes way above their factor of safety threshold. This would then ho-
mogenize the mass-movements, limiting local factors.

Remote sensing effectiveness could thus be increased in combination with high-res-
olution rainfall data and geo-mechanical data, and this is the last discussion point I would
like to mention. I believe that in the same way geologists and topographers have made
maps of the surface of the Earth and the formations, we need to develop high-resolution
maps of shear strength of soils if we want to improve significantly present models.

Conclusion

High-Resolution Topographic data combined with remotely-sensed imagery has
been shown to be an effective tool in generating sets of descriptive parameters of landslide
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deposits. The correlation between the width and length of the deposit have shown a good
correlation, suggesting that the conditions of lateral spreading during deposition were all
relatively similar. This is often not the case with rain-triggered landslides, because the
internal friction and cohesion can show wide variability, but in the present case, the seis-
mic excitation at the scale we are working is rather similar, and so is the material. So that
at the micro-scale the “excitation of particles” tends to converge, and during the deposi-
tion process, this convergence may have contributed to create planform relations of length
to width that are very similar. However, the T parameter developed for debris-flow, has
shown weak correlation with the parameters of shape and volume. We interpreted this
weak correlation as being eventually the effect of continuous excitation by the earthquake.
It is not a balance of potential energy at the start being dissipated with movement, we
need to take into account the input of seismic energy over time while the landslide is trav-
elling. This dataset can be used to evaluate the areas where deposits are likely to develop
based on other pre-event topographic data, and by then quantify hazards and disaster-
risk around earthquake-prone hills and mountains. This work also emphasizes the need
to develop further database of landslide parameters, so that those can be compared in
order to define specificities of one location or another.

The present research has shown the exceptional mobility of the landslides, and one
research direction that spans beyond the realm of remote sensing, is the field investigation
of the potential influence of volcanic fallout, as it is often the case in Japan. I would further
argue that increasingly adding “tele-connections” between landforms and soil formation
is certainly a direction that is necessary, in the same way they have been shown to play a
potential role in linking tsunamis and mountain debris flows through atmospheric tele-
connections (Gomez and Soltanzadeh, 2012).
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Notations:

C’: effective cohesion

D: Deposit volume calculated from the LiDAR data assuming a flat underlying layer and no erosion
[m3]

F: fahrboschung [no unit]

k: the factor relating volume to area [1/m]

LD: Length of the deposit [m]

S: Surface of the deposit calculated from the LiDAR and aerial photographs [m2]

SF: Ratio of the width to the Length of the deposit [no unit]

T: One of the scalar used in Takahashi’s equations relating debris flow volume to area [1/m]

W: Maximum width of the deposit measured near or at the centre [m]
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t_f: Shear stress along the failure plane

o_f: total normal stress along the plane of failure

@": effective angle of internal friction

u_w: the stress due to the water in the grain interspace.
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