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Abstrat

The Iiyama slope failure ourred in the early morning of May 19, 2017, in Nagano Prefeture, entral Japan. It aused a debris

�ow in the Idegawa River, resulting in the evauation of the residents of the neighboring areas for half a year. Sine the soure was

loated in a mountainous area, the ause of the debris �ow was not disovered immediately.

To investigate the mehanism of this slope failure, we performed a �eld survey and obtained aerial photos of the slope failure

using an unmanned aerial vehile. Additionally, we analyzed seismi data reorded by the surrounding stations, to identify the

ground motion generated by the mass movements.

We found that the Iiyama slope failure involved two major mass movements: a large landslide and a subsequent debris �ow

triggered by the landslide. The movement of the landslide was reorded with long-period seismi waveforms, and the estimated

fore history showed a unidiretional movement from north to south for 50 s, reahing a maximum veloity of about 6.6 m/s.

Following, debris �ew for about 5 km from the top of the landslide soure area. The initial ollapse produed a large shaking with

a short-period omponent, and the signal gradually deayed as the debris �ow traveled along the river.

Our study shows that the two mass movements in the Iiyama slope failure generated ground motions with ompletely di�erent

frequenies. This suggests that the ground motions reorded by the seismometer are signi�ant for understanding the movement

mehanism of slope failure. The seismi signal, ombined with the aerial photos, helps us to understand the dynami movement

history of the landslide.

Highlights

� A omplexmehanism of the slope failure was lari�ed by

seismi data and UAV images

� Two mass movements were reorded in high- and low-

frequeny seismograms, respetively

� Seismi signals are useful for the detetion and disrimi-

nation of slope failures
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1. Introdution

Slope failures are ontrolled by geologi struture and some-

times involve a ompliated mehanism of ollapse, as was the

ase of the slope failure that ourred in Iiyama City, Nagano

Prefeture, Japan in 2017. The hillslope failure ourred in the

early morning on May 19, 2017 (times in this paper are based

on Japan Standard Time). Aerial photographs of the area show

the trae of the debris �ow and a large mass movement assoi-

ated with the debris �ow. The debris �ew for about 5 km, and

it was �rst observed by a loal resident of the downstream area.

The failure generated a shaking of the ground, whih was

reorded by the surrounding seismi stations (Researh Center

on Landslides, 2017; Yamada et al., 2017). In general, seismi

data are reorded ontinuously at a high sampling rate, so they

are useful for estimating the timing and movement histories of

slope failures (e.g. Hasegawa and Kanamori, 1987; Kawakatsu,

1989). In addition, seismi sensors reord signals at a great

distane, and thus their overage is muh wider (in the order of

tens of kilometers) than those of other types of sensors, suh as

optial sensors or wire sensors (in the order of tens of meters).

Seismi data of mass movements an be analyzed following

the deterministi approah or the stohasti approah. Long-

period seismi waveforms (in general, longer than the period

of miroseisms, or about 10 s) are analyzed using the deter-

ministi approah. The seismi waveform inversion tehnique

estimates a fore history of the mass movement by minimiz-

ing the di�erene between the syntheti waveform and the ob-

served waveform. This approah provides information on the

movement history, suh as the time history of the fore ating

on the surfae, veloity, mass, and the oeÆient of frition

(e.g. Brodsky et al., 2003; Favreau et al., 2010; Moretti et al.,

2012; Allstadt, 2013; Yamada et al., 2013; Ekström and Stark,
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2013; Yamada et al., 2018). On the other hand, short-period

seismi waveforms are analyzed using the stohasti approah,

sine the waveforms are greatly a�eted by the small-sale seis-

mi struture along the propagation path and it is diÆult to

alulate reliable syntheti waveforms. This approah uses the

envelope of waveforms, arrival times, spetrograms, and power

spetral density to obtain the loation and size of an event, and

the �ow mehanis (e.g. Suri�nah et al., 2005; Yamada et al.,

2012; Burtin et al., 2013, 2016; Chen et al., 2013; Chao et al.,

2015; Walter et al., 2017; Lai et al., 2018). In this study, we

ombined these two approahes to extrat information from

seismi signals on the failure movement. We also performed

a �eld survey and obtained aerial images using an unmanned

aerial vehile (UAV). By ombining the seismi data with the

aerial images, we investigated the omplex mehanism of the

Iiyama slope failure.

2. Site Desription

The slope failure loation is in the northern part of Nagano

Prefeture, lose to the boundary with Niigata Prefeture (Fig-

ure 1). A nearby resident found that the downstream area of the

Idegawa River beame muddy and reported this to the loal au-

thorities at 7:53 AM onMay 19, 2017 (Iiyama City, 2017). The

authorities on�rmed that there was a large-sale hillslope fail-

ure in the upstream area of the river. There were no human a-

sualties or property damage, but the downstream residents were

ordered to evauate for half a year (Iiyama City, 2017). Hira-

matsu et al. (2017) analyzed the snow depth and preipitation

data in this area and onluded that the ause of the landslide

was most likely water originating from snowmelt.

The bedrok in the study area onsists of Pleistoene vol-

anis, espei�ally andesiti pyrolasti roks and lavas in-

teralated with layers of felsi tu� (Yanagisawa et al., 2001).

This bedrok is overed by old and new landslide debris and a

series of �uvial terrae deposits (Figure 2). The studied land-

slide ourred on a hillslope underlain by pyrolasti roks and

aused a subsequent debris �ow, whih traveled down about 5

km along the Idegawa River.

We performed a �eld survey on June 7-8, 2017, about three

weeks after the slope failure ourred, and obtained aerial

photos of the slope failure using an UAV. We made an or-

thophoto with ommerial modeling software (Pix4Dmapper)

that is shown in Figure 3(a).

The Iiyama slope failure onsisted of two major mass move-

ments. The western blok (Figure 3(a)) moved from north-

northwest to south-southeast and was deposited at the end of

the slope (hereafter referred to as the landslide). The width of

the mass was about 150 m and its length was about 400 m. This

blok was relatively undisturbed, and trees remained standing

on the mass, whih suggests its translational motion. Hiramatsu

et al. (2017), based on the displaement of the ontrol points on

the undisturbed mass, estimated that the mass �ew for a lateral

distane of about 70 m. Note that there is a sharp vertial edge

in the eastern boundary of the western landslide blok, whih

intersets with the mountain ridge at an angle of about 10

Æ

(Fig-

ure 3(b)). The deposit of this landslide bloked the right-hand

stream of the Idegawa River and reated a landslide dam.

The material of the eastern blok, whih moved from west

to east, supplied a debris �ow that traveled along the left-hand

stream of the Idegawa River. The soure of the mass was about

100 m in width and 400 m in length. Most of the debris stopped

at a debris barrier dam about 4 km downstream from the soure,

but some debris over�owed the dam, reahing the Chikuma

River (Hiramatsu et al., 2017).

In Figure 3(), we an observe �owlines (arrows) on the

ground surfae in the diretion of the debris �ow, so the upper

right portion whih is enlosed by the dotted line �owed as a

debris �ow. Figure 3(d) shows that the eastern part of the land-

slide was eroded and entrained by the debris �ow, suggesting

that the western blok ollapsed prior to the debris �ow.

We estimated the total mass of the landslide by omparing

the digital elevation models (DEMs) before and after the event.

For this purpose, we used a three-dimensional DEMwith 0.5-m

grid spaing reated from airborne Light Detetion and Rang-

ing (LiDAR) topographi surveys done by Nagano Prefeture

after the slope failure (Figure 4), and a 5-m DEMmade by pho-

togrammetry before the slope failure (Geospatial Information

Authority of Japan, 2017). Based on the mass thikness infor-

mation shown in Figure 5, the soure volume was estimated

at 1.2�10

6

m

3

and the total mass of the displaed material at

3�10

9

kg, assuming an average rok density of 2.5�10

3

kg/m

3

(Iwaya and Kano, 2005). Based on these DEMs and the en-

velopes shown in Figure 3(a), the volume of the western blok

was estimated at about 75% of the total volume.

The failed masses were a part of larger landslide body that

an be identi�ed on the pre-event topography. The loal hill-

slope shows a low inlination (< 20

Æ

) and rugged topography

as a result of the repeated movements of this long-lived land-

slide. A depression formed at the top of the slope before the

failure event (Figure 4(b)), suggesting the preeding deforma-

tion of the sliding mass. The fratured and partly pulverized

bedrok layers formed by the reent landslide ativities ov-

ered the wide area of the hillslopes and they are desribed as

younger landslide debris in Figure 2.

Boreholes had been drilled along a length pro�le of the west-

ern landslide body to understand its subsurfae strutures. Fig-

ure 5 shows the pro�les of the boring ores drilled at six lo-

ations on the main body of the landslide. The loal bedrok

onsists of tu� breia, inluding andesite gravels in tu�aeous

matrix, and interalated tu� beds dipping southeast. The up-

per part of the bedrok had been hemially weathered, and it

has been only slightly a�eted by the gravitational deformation

of the entire hillslope. This bedrok was overed by massive

landslide deposits, with heavily damaged strutures due to the

repeated landslide movements. The sliding surfae of the 2017

failure event was formed at the base of these landslide deposits,

with a maximum depth of 48 m below the ground, and it an

be identi�ed by the ontrasting strutures between the sliding

mass and the immobile substrate.
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3. Seismi Signals

The ground motion aused by the Iiyama slope failure was

reorded by the surrounding seismi stations. Figure 1 shows

the station distribution around the site of the failure. We used

the F-net broadband seismi stations, short-period seismi sta-

tions (Hi-net and Japan Meteorologial Ageny), and high-

sensitivity aelerometers olloated with the Hi-net short-

period sensors. The high-sensitivity aelerometers onsisted

of two horizontal omponents, while the other sensors had three

omponents.

Figure 6 shows the seismi signal at the losest station

(N.MAKH) reorded by a high-sensitivity aelerometer. The

distane between the station and the loation of the failure event

is about 8 km. Both the original aelerogram and displaement

�ltered between 0.01 and 0.1 Hz are shown. There is a lear dif-

ferene in the signal arrival times between the two waveforms.

The long-period displaement signal starts inreasing at 60 s

and reords a harmoni pulse with a period of about 40 s. The

aeleration signal at this period is relatively small, and it is

suddenly ampli�ed at 100 s. The signal is attenuated exponen-

tially as a funtion of time, but a small signal ontinues for

around �ve minutes (see Appendix Figure S1). Most of the en-

ergy in the aeleration reord is ontained in the frequenies

between 1 and 4 Hz (Figure 6())

These short-period harateristis are also observed at the

other surrounding seismi stations as shown in Figure 7. This

�gure shows the veloity waveforms reorded by the short-

period seismometers. To remove the high-frequeny noise, we

apply a fourth-order Butterworth low-pass �lter with a uto�

frequeny of 5 Hz. The amplitude of the waveform deays as

a funtion of distane, but the signal of the landslide remains

detetable as far as 40 km away. However, the reords of dis-

tant stations have longer tails than the stations losest to the

slope failure site due to the sattering of the short-period sig-

nals (Sato, 1977; Wu and Aki, 1988; Jing et al., 2014).

The long-period signals were reorded by the F-net broad-

band seismometer and the high-sensitivity aelerometers. Fig-

ure 8 shows the �ltered displaement waveforms. We proessed

these reords aording to the following proedure. First, we

removed the mean from the time series and orreted all wave-

forms for the instrumental response. A non-ausal fourth-order

Butterworth �lter with a orner frequeny of 0.014-0.1 Hz was

applied. The �lter window was seleted so that muh of the

bakground noise was redued without removing the landslide

signal. We used a non-ausal �lter to avoid phase distortion in

the shape of the landslide waveform. The data were integrated

in the time domain to obtain the displaement waveforms. Fig-

ure 8 shows the onsistent harmoni pulse in the waveforms

of all stations, but the amplitudes of the EW and UD ompo-

nents are relatively small. We used these �ltered displaement

waveforms with a duration of 150 s starting from 6:36:40 AM,

May 19, 2017, for the seismi waveform inversion in the next

setion.

4. Seismi Waveform Inversion

Long-period ground motion is less in�uened by subsurfae

soil struture than short-period motion, and this helps extrat-

ing long-period soure information on the landslide movement.

In order to determine the landslide mehanism, we performed

seismi waveform inversion (Kawakatsu, 1989; Brodsky et al.,

2003; Yamada et al., 2013). The inversion tehnique estimates

the fore history ating on a �xed loation by minimizing the

di�erene between observed and syntheti waveforms. The

syntheti waveforms are a onvolution of the pre-omputed

Green's funtion and the fore history. We performed a grid

searh in spae to �nd the optimal loation for explaining the

observed seismi waveforms. The grid searh was performed

in an area of about 30 km � 30 km with a 5 km spaing (Figure

1).

We alulated Green's funtions at eah node using the dis-

rete wavenumber method (Bouhon, 1979) and the Japan Me-

teorologial Ageny's (JMA) one-dimensional veloity stru-

ture model (Ueno et al., 2002). Based on the method of Nakano

et al. (2008), we performed a seismi waveform inversion in

the frequeny domain and determined the best �tting three-

omponent soure time funtion of a single-fore mehanism,

assuming loations at eah grid point. Then, the normalized

residual of equation (7) found in Nakano et al. (2008), whih is

the di�erene between observed and syntheti waveforms nor-

malized by the amplitude of the observed waveforms, for eah

node is used to determine the soure loation. Figure 1 shows

the residual ontour of this grid searh whih suggests that the

best-�t soure loation is very lose to the Iiyama slope failure

site.

Sine the spatial resolution of the grid searh is rather oarse

(5 km), in the next step we �xed the exat loation of the soure

at the site of the Iiyama slope failure (36.99

Æ

N, 138.42

Æ

E) and

repeated the waveform inversion. Figure 8 shows the optimal

fore history and the waveform �t. There is good agreement

between observed and syntheti waveforms with a normalized

residual of 0.07.

The fore history in Figure 8(a) shows a lear harmoni sig-

nal at 55-100 s. This orresponds to a typial soure time fun-

tion for the landslide movement with relatively short travel dis-

tane (Brodsky et al., 2003; Yamada et al., 2013, 2018). It re-

�ets the aeleration and deeleration proess of the landslide

movement. The Green's funtions are dominated by surfae

waves and the vertial omponent of the fore ontributes sig-

ni�antly to the shape and amplitude of the (horizontal om-

ponent) Rayleigh waves. Therefore, horizontal waveforms on-

tain information about the vertial fore, and with enough num-

bers and azimuthal overage of stations, these data an be used

to estimate the vertial fore. To evaluate how well the vertial

fore was resolved from our dataset, we omputed the model

resolution matrix (Menke, 2018). We on�rmed that they were

identity matries in all the frequeny and the rank of the Green's

funtion matries was equal to the number of the unknown pa-

rameters (i.e., 3). This supports that all omponents were well

resolved in our analysis.

The maximum fore in the vetor sum is estimated as
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2.1�10

9

N. The aeleration history an be obtained by divid-

ing the fore by the mass, and the veloity history is found by

integrating the aeleration history. Assuming a onstant mass

(i.e., that the whole mass moved uniformly), the maximum es-

timated aeleration and veloity were 0.69 m/s

2

and 6.6 m/s,

respetively.

5. Disussion

The Iiyama slope failure was a unique landslide with both a

substantial mass movement and a debris �ow ourring losely

in time and spae. Based on the DEM model, there were two

major bloks. The western blokmoved fromNNW to SSE and

was deposited at the valley bottom. The eastern blok �owed

along the river as a debris �ow.

The western blok slid on the bedrok of tu�-breia, with

a thikness of about 50 m (Nagano Prefeture, personal om-

muniation). Sine the sliding surfae had formed along the

pre-existing geologial struture, the mass was likely to move

uniformly as a blok in the translational diretion. The moving

diretion of the landslide oinided with the dipping diretion

of the bedding loally (Figure 2).

The movement of the eastern body, whih beame a debris

�ow, sueeded that of the western blok, sine the debris �ow

exavated the slid mass of the western blok (Figure 3(d)).

Sine the two movements ourred losely in time and spae,

we interpreted that the debris �ow was triggered by the move-

ment of the western blok. Hiramatsu et al. (2017) observed

multiple springs �owing from the side sarp of this eastern part

immediately after the failure. The abundant supply of subsur-

fae water may have promoted the movement of the debris �ow.

The fore history estimated from the long-period waveforms

shows a simple unidiretional mass movement. The partile

motion in the horizontal plane and the setion along the sliding

diretion are in good agreement with regard to the diretion of

movement (Figures 4 and 9). The �rst positive pulse in the NS

diretion (Figure 8(a)) orresponds to the aeleration at the

beginning of sliding, and the seond negative pulse orresponds

to the deeleration due to the mass blok reahing the valley

(Yamada et al., 2013).

Signals of debris �ows tend to appear in the short-period

ground motions (Burtin et al., 2016). The ground motion is

essentially produed by the impat between partiles and the

ground within the hannel (Lai et al., 2018). The frequeny of

the signal reorded by the regional network is about 1-5 Hz in

general (Chen et al., 2013; Allstadt et al., 2018), but it may be

higher if the station were lose to the soure (Burtin et al., 2016;

Walter et al., 2017; Lai et al., 2018), due to the larger attenua-

tion in high frequenies. The seismi signal of the debris �ow

tends to have an emergent onset, and the duration is in the or-

der of tens of minutes, depending on the �ow distane (Burtin

et al., 2016; Walter et al., 2017; Lai et al., 2018; Allstadt et al.,

2018).

Compared to past studies, the short-period ground motion in

Figure 6(a) shows a sharp peak and deays exponentially as

a funtion of time. Sine the soure-station distane is large

ompared to the migration of the soure, the amplitude hange

may re�et the �ow proess. Based on this assumption, the

large amplitude may orrespond to the initiation proess from

the ollapse to the debris �ow, and the long tail of the waveform

suggests that the debris �owed along the river. These signals did

not appear in the long-period omponent, sine the mass of eah

partile was too small to produe the neessary momentum on

the ground surfae.

We estimated that the landslide started moving at 6:37:35

AM, and ontinued for about 50 s. The debris �ow was trig-

gered by the landslide at 6:38:20AM, the large amplitude of the

seismi signal lasted around 3 minutes, and the amplitude went

bak to its original noise level after 5 minutes (see Appendix

Figure S1). Hiramatsu et al. (2017) desribed the stream pro�le

and hange in the riverbed heights obtained from the airborne

laser surveys before and after the event. There is a substantial

hange in the riverbed between the soure area and the debris

barrier dam (Figure 2). This suggests that the seismi signals of

the debris �ow were produed eÆiently in this 4-km streth.

Therefore, the average speed of the debris �ow in this setion is

estimated at 13 m/s. Hiramatsu et al. (2017) estimated that the

veloity of the subsequent debris �ow at 2:40 PM on May 22

was 11 m/s aross the lowest 1 km of its �ow range. Assuming

the upstream area had a higher slope and larger veloity, this

number is onsistent with our estimated veloity of the debris

�ow. The veloity may have hanged if the debris �ow was

strethed while traveling or if it oured suessively.

The omplexmehanism of the Iiyama slope failure was lar-

i�ed by seismi signals and UAV images. The seismi sta-

tions in the study area were originally installed for onstrut-

ing an earthquake atalog, but they have also proven useful for

the analysis of geotehnial hazards. By using a UAV, high-

quality and high-resolution aerial images are easily obtained.

With these aerial images, researhers an ondut photogram-

metry using sophistiated struture-from-motion software (e.g.

Walter et al., 2009; Niethammer et al., 2012). This researh

is unique, beause the omplex movement of the slope failure

was analyzed using remote sensors at relatively low ost and

in a short time, ompared to onventional �eld surveys. These

remote tools are expeted to be very e�etive in the quik in-

vestigation and mehanism lari�ation of future geotehnial

hazards ourring at inaessible loations.

6. Conlusions

We investigated the omplex mehanism of the Iiyama slope

failure by obtaining �eld data and aerial photos through a �eld

survey three weeks after the inident, and by analyzing the seis-

mi signal of the slope failure. Our aim was to extrat the slope

failure's timing and movement history.

We found that the Iiyama slope failure onsisted of two ma-

jor mass movements: a large landslide and a subsequent debris

�ow triggered by the landslide. These two movements were

reorded at the surrounding seismi stations at di�erent fre-

quenies. The ombination of the long-period and short-period

seismi waveforms reveals the timing and types of the reorded
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mass movements. The UAV provides information on the geol-

ogy and topography of the surfae proess and the aerial photos

an also be used for reating a DEM if a high-resolution DEM

is not available.

Our study shows that the two mass movements in the Iiyama

slope failure generated ground motions with ompletely di�er-

ent frequenies. This suggests that the groundmotions reorded

by the seismometer are signi�ant for understanding the move-

ment mehanism of the slope failure. The seismi signal, om-

bined with drone aerial photos, helps us to understand the dy-

nami movement history of the landslide.
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Figure 1: Map with the loations of the seismi stations. The star shows the

landslide loation, triangles show Hi-net loations, the irle shows a JMA

short-period (SP) seismi station, and the square shows an F-net broadband

(BB) station. The �lled symbols represent the stations used for the waveform

inversion. The bakground olor shows the elevation, and thik solid lines show

the prefeture boundary. The blak dots show the loations of the grid searh

and the ontour lines show the residuals of the grid searh. The inset shows the

map of Japan and the loation of the slope failure.

Modern alluvium

Lower terrace  deposit

Middle terrace deposit 

Higher terrace deposit 

Younger landslide debris

Paleo landslide deposits

Felsic tuff

Andesite lava

Andesite pyroclastic rocks

Landslides and debris 

flow by the 2017 event

Area of Figs. 

3(a) and 4(a)

1 km

A debris 

barrier dam

Figure 2: Geologial map of the study area (modi�ed after Yanagisawa et al.

(2001)). The numbers show the strike and dip of the strata.
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Figure 3: Photos taken using UAV images (June 8, 2017). The white solid lines

show the envelope of the landslide, and the white dotted lines show the envelope

of the debris �ow. The white arrows show the diretion of the �owline on the

ground surfae. (a) The orthophoto generated by the software. The loations

and diretions of photos (b)-(d) are indiated with blak arrows. (b) Photo of

the sarp at the eastern edge of the landslide. () Photo of the soure head of

the landslide. (d) Photo of the sarp made by the debris �ow.
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Iiyama landslide. The ontours show the DEM after the landslide (July 3,
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Figure 5: Pro�les of six boring ores drilled on the main body of the landslide

(ourtesy of the Hokushin Regional Development Bureau). The loations are

shown in Figure 4.

2

4

6

8

×10-12

(m/s2)

(a) Acceleration

(b) Displacement (0.01-0.1Hz)

−1x10-4

0

1x10-4

A
cc

. (
m

/s
/s

)

−2x10-6

0

2x10-6

D
is

p.
 (

m
)

0 100 200 300

(c) Spectrogram

0

5

10

F
re

q.
 (

H
z)

Time (s)

Figure 6: Seismi reords of the Iiyama landslide at N.MAKH station in NS

omponent. The origin time is 6:36:40 AM, May 19, 2017. (a) Original high-

sensitivity aelerometer reord, (b) �ltered displaement reord with a non-

ausal fourth order Butterworth �lter between 0.01 and 0.1 Hz, and () spe-

trogram of the aeleration reord. Eah segment for the fast Fourier transform

has 128 samples and overlaps 112 samples.
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Figure 8: Seismi waveforms of the Iiyama landslides with a band-pass �lter

at 0.014-0.1 Hz. The origin time is 6:36:40AM, May 19, 2017. (a) Estimated

single-fore soure time funtions for the EW, NS, and UD omponents. (b)

Displaement waveform �ts between observed (blak) and syntheti (red) data

obtained from the soure inversion. The letters on the left show the station

ode, and the numbers at the top right show the largest amplitude of the two

waveforms.
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