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Earthquake

Abstract The 2018 Hokkaido Eastern Iburi Earthquake triggered
massive landslides in the pyroclastic fall deposits. Most of them
are shallow debris slides. Based on the field reconnaissance, the
shallow debris slides were further categorized into three types:
steep translational sliding, gentle translational sliding, and mobi-
lization of V-shaped convergent sliding masses. The three types of
shallow landslides were investigated in depth through longitudinal
sections, vertical stratigraphic sections, and in situ hardness tests.
All three types of shallow landslides were found to initiate from
the liquefied failure of the weak Ta-d pumice layer and further
evolve to the overall mobilization of the superimposed pyroclastic
fall deposits along the liquefied sliding zone. To testify the con-
trolling role and to study the shear behavior as well as the anti-
liquefaction strength of the weak Ta-d pumice layer, a series of
laboratory tests (basic physical tests and triaxial tests) were con-
ducted on the soils around the sliding zone. The test results
indicate that the medium sandy Ta-d pumice MS and the fragile
Ta-d pumice CS have lower shear resistance and anti-liquefaction
strength than other layers and they can be easily liquefied under
intense ground motion. One paleosol layer underlying the Ta-d
pumice shows low permeability and enables weathering and soil
erosion of the Ta-d pumice, resulting in the widespread existence
of the fragile and medium sandy pumice layers in Ta-d.
In addition, the positive relationship between coseismic landslide
density and Ta-d pumice thickness demonstrates the controlling
role of the Ta-d on Iburi landslide occurrence from a macro
perspective.

Keywords Iburi earthquake - Ta-d pumice - Shallow debris
slide - Triaxial tests - Sliding zone liquefaction

Introduction

At 03:07:59.3 (JST) on 6 September 2018, a Mj 6.7 earthquake
(Japan Meteorological Agency 2018a) struck the Eastern Iburi
region of Hokkaido, Northern Japan. The epicenter of the main
shock is located at 42°41.4' N, 142°00.4" E, and the focal depth is
approximately 37 km (Geospatial Information Authority of Japan,
GSI 2018). The maximum seismic intensity of the Iburi earthquake
is 7 on the JMA scale (Japan Meteorological Agency 2018b), and a
peak ground acceleration (PGA) of 1.84 g was observed at the
HKDi27 K-NET station (Fig. 1a) (National Research Institute for
Earth Science and Disaster Resilience 2019).

About 5625 landslides (Fig. 1a) were simultaneously triggered
by the strong ground motion, and the total affected area was
46.3km* (Zhang et al. 2019). The high-mobilized and long runout
landslides are responsible for approximately 88% of the casualties
(36 out of the 41 deaths) in the Iburi earthquake (Yamagishi and
Yamazaki 2018). The widespread occurrence of the landslides and
their tremendous destruction attracted extensive attention and
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concern worldwide. Many studies concerning the spatial distribu-
tion and controlling factors of the Iburi landslides have been
conducted. In these studies, the controlling effects of the seismic
factors, topographic factors, and geological factors were analyzed
based on the established landslide inventories (Zhang et al. 2019;
Wang et al. 2019; Shao et al. 2019; Zhang and Wang 2019), and the
characteristics of the Iburi landslides were described in detail on
the basis of field investigations (Hirose et al. 2018; Osanai et al.
2019; Wang 2019). However, the controlling effect of the Ta-d
pumice (especially the shear behavior and anti-liquefaction
strength of the pumice) on the Iburi landslide occurrence has
not been well studied yet.

In this work, the correlation between Iburi landslide distribu-
tion and thickness of Ta-d pumice was studied with the aid of
ArcGIS, which demonstrates the controlling role of the Ta-d on
Iburi landslide occurrence from a macro perspective. Moreover, to
investigate the soil composition and the failure mechanism of the
Iburi landslides, three concentrated field surveys were conducted
in September 2018 and May and June 2019. The investigations
cover not only on-site field work but also the visit to a local
geological museum and the inquiries of local residents. On the
basis of field surveys, the types of shallow debris slides were
categorized, the stratigraphic section was classified, and the initi-
ation and the motion features were determined. Then, several
laboratory tests, including conventional laboratory tests, static
triaxial tests, and cyclic loading triaxial tests, were performed.
The physical properties, shear behavior, and anti-liquefaction
strength of the soils were studied in detail. This work aims to
investigate the controlling role of the Ta-d pumice on the Iburi
landslides by means of mechanical testing and statistical analysis
from micro and macro perspectives and further provide a guide-
line and reference for the disaster mitigation operation in pyro-
clastic fall deposits.

Geological setting
The southwest Hokkaido, where the Iburi earthquake occurred, is
subjected to the northwestward subduction of the Pacific Plate and
convergence between the North American and the Eurasian Plates
(Kimura 1994; Tamaki et al. 2010). Faults with NNW-SSE and NW-
SE strikes are developed in this region. Considerable historical
earthquakes have occurred in this region. The Iburi landslides
mainly occurred in the hilly terrain at an elevation lower than
350 m and a slope angle less than 30°. The outcropped strata in the
Iburi landslide-affected area are dominated by Neogene and Qua-
ternary marine and non-marine sedimentary rocks and Late Pleis-
tocene non-alkaline pyroclastic flow volcanic rocks (Ozaki and
Taku 2014).

The Iburi landslides primarily occurred in the pyroclastic fall
deposits. The pyroclastic fall deposits (volcanic ash, pumice, and
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Fig. 1 Location maps. (a) Coseismic landslide triggered by 2018 Hokkaido Eastern Iburi Earthquake; (b) distribution of three investigated landslides. The Iburi landslide

database is derived from Zhang et al. (2019)

scoria) covering the study area mainly originate from Tarumae,
Eniwa, Shikotsu, and Kuttara calderas (Yamagata 1994; Osanai
et al. 2019). The uppermost deposits in the landslide area are the
pyroclastic fall deposits from the Tarumae volcano. Since the study
area is distant from the Tarumae volcano, pyroclastic flow deposits
can rarely be observed. Based on the eruptive history of the
Tarumae volcano, the pyroclastic fall deposits of Tarumae volcano
are divided into four layers: the Tarumae a (Ta-a: 1739 AD),
Tarumae b (Ta-b: 1667 AD), Tarumae c (Ta-c: 2.5 ka), and Tarumae
d (Ta-d: 8.7-10 ka) (Furukawa and Nakagawa 2010; Tajika et al.
2016). Ta-a consists of a mixture of scoria and gray pumice (Tajika
et al. 2016). Ta-b is comprised of gray pumice with a clear bedding
structure, and the particle size decreases top-down. Ta-c originates
from three eruptions around 2.5 ka ago (Furukawa and Nakagawa
2010), and the Ta-c2 from the second eruption layer is widely
spread in the landslide area. Ta-c2 is mainly composed of fine-
grained gray volcanic ash (Furukawa and Nakagawa 2010). Humus
layers are frequently sandwiched in the interfaces between Ta-c
and Ta-b as well as Ta-c and Ta-d (Osanai et al. 2019). The Us-b
pyroclastic deposits from the nearby Usu volcano and the B-Tm
fine-grained pumice from the Baekdu mountain can sometimes be
observed between Ta-b and Ta-c in the vicinity of the landslide
area. Ta-d is the most widely distributed layer in the study area,
and it is composed of two layers, i.e., the upper dark gray coarse
scoria (Ta-d1) and the lower porous pumice (Ta-d2). The soil layer
underlying the Ta-d layer is the hard and dense silty paleosol with
poor permeability. The sliding mass of the Iburi landslide is main-
ly comprised of the pyroclastic fall deposits mantled on the hard
paleosol. In addition, some pyroclastic fall deposits, i.e., Eniwa-a
(En-a: 19-21 ka), Shikotsu (Spfa-1 and Spfa-2: 40 ka), and Kuttara
(Kt-1: 43.5 ka), originated from the Eniwa and the Shikotsu caldera
(Furukawa and Nakagawa 2010), are located between the Ta pum-
ice and the bedrock.
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Based on the field investigation, most of the 5625 Iburi land-
slides (Zhang et al. 2019), except for the 2 deep-seated landslides,
are characterized by the overall sliding of the surficial and shallow
pyroclastic fall deposits. The sliding zone is located in the Ta-d2
pumice over the hard paleosol. In this work, the isopachs of the
pyroclastic fall deposits originating from the Tarumae mountain
are depicted in Fig. 2. It should be noted that the isopachs of the
pyroclastic fall deposits in Fig. 2 do not strictly and exactly match
the thickness and the distribution of the pyroclastic fall deposits in
the study area. It was observed in the field survey that the thick-
ness and completeness of the pyroclastic fall deposits vary even in
one landslide. Even so, these isopachs can provide a reasonable
reference for the analysis of the correlation between pyroclastic fall
deposits and the Iburi landslides.

Since the sliding zone of most Iburi landslides was observed in
the Ta-d2 pumice during the field work, the correlation between
the thickness (isopachs) of Ta-d2 pumice and the Iburi landslide
distribution was quantitatively analyzed. An irregular polygon
with PGA larger than 5 m/s* (Fig. 2) was selected as the targeted
area, as the PGA is widely considered as the predominant factor
controlling the occurrence of the coseismic landslides (Liao and
Lee 2000; Wang et al. 2002; Gorum et al. 2013; Xu and Xu 2014; Xu
etal. 2015). A 5-m/s” PGA contour was generated based on the PGA
map provided by the Quick Estimation System for Earthquake
Map Triggered by Observed Records (https://gbank.gsj.jp/
QuiQuake/QuakeMap/20180906.en.html). Approximately 98.9%
(5561) of the coseismic landslides (5625) are encompassed by the
5-m/s* PGA contour. During the quantitative analysis, the targeted
area (the irregular polygon) in Fig. 2f is divided into six subareas
based on the isopachs of the Ta-d2. These subareas denote the
areas with the Ta-d2 thickness of less than 0.08 m, 0.08~0.15 m,
0.15~0.3 m, 0.3~0.5 m, 0.5~1.0 m, and larger than 1 m, respectively.
Two terms, landslide area density (LSAD) and landslide number


https://gbank.gsj.jp/QuiQuake/QuakeMap/20180906.en.html
https://gbank.gsj.jp/QuiQuake/QuakeMap/20180906.en.html
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Fig. 2 Isopach maps of the pyroclastic fall deposits ((a) Ta-a; (b) Ta-b; (c) Ta-c1; (d) Ta-c2; (e) Ta-d1; (f) Ta-d2) originated from Mounts Tarumae. The isopachs are based
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density (LSND), are used to describe the density of landslides
occurring in each subarea, and the corresponding equations are
expressed in Egs. (1) and (2). Obviously, both the LSAD and LSND
increase with an increase in the thickness of the Ta-d2 pumice
despite the subarea with a thickness less than 0.08 m being the
largest class (Fig. 3). Moreover, the LSAD and LSND are very small
when the thickness of Ta-d2 pumice is less than o.15 m. The
positive correlation between landslide density and Ta-d2 thickness
demonstrates the important role of Ta-d pumice on the occurrence
and distribution of the Iburi landslides.

LSAP
LSAD = X 100% (1)
CAP

LSNP
LSND = X 100% (2)
CAP

where CAP is the percentage of a certain class (subarea) area to the
targeted area, LSAP is the percentage of landslide area in a certain
subarea to the total landslide area, and LSNP is the percentage of
landslide number in a certain subarea to the total landslide area.

Types and features of the Iburi landslides

Due to the differences in geomorphology, soil composition and
thickness, vegetation, and other affecting factors, the Iburi land-
slides show diverse geometric features and forms. The landslides
can be categorized into two major types (i.e., shallow debris slide
and deep-seated landslide) based on the sliding zone location and
the sliding mass structure. Only two deep-seated landslides were
confirmed, and the rest of the Iburi landslides are mainly shallow
debris slides. In this work, the shallow debris slides were regarded
as the main objectives, and their typical characteristics were
combed out. The shallow debris slides triggered by the Iburi
earthquake mainly presented two forms, i.e., translational sliding
and mobilization of V-shaped convergent sliding masses. The

translational sliding landslide can be further divided into steep
translational sliding and gentle translational sliding based on the
slope steepness and landslide mobility. Details and representative
landslides of these three types of shallow debris slides were de-
scribed and studied.

Steep translational debris slide

The Sakuraoka landslide (Fig. 1b) is a typical steep translational
debris slide, and it is composed of two sub-landslides (Fig. 4). The
whole source area is almost exposed due to the displacement of the
sliding mass on the steep slope. The alternately bright and dark
strips on the exposed planar sliding bed (Fig. 4a) at the upper
slope indicate the mobilization direction of the pyroclastic fall
deposits. The mean slope angle of the exposed sliding bed along
the longitudinal section A-A’ is approximately 22° (Fig. 4b), and
the mean slope angle of the exposed sliding bed along the longi-
tudinal section B-B’ gradually decreases from 44° to 10° (Fig.
4c).The apparent mobilized friction angles (Sassa et al. 1996,
2005) for the two sub-landslides are 10.1° and 8.6°, respectively.
The sharp bulges near the roads in Figs. 4b, c result from the
excavation during the disaster relief operations. According to the
field survey and the longitudinal sections, the source area and the
deposition area of the Sakuraoka landslide are approximately
bordered by the road where the topography changes sharply.

To investigate the soil structure and strength of the Sakuraoka
landslide, a series of trenches were dug at the right boundary and
along the survey lines (Fig. 4a), and two sets of in situ hardness
tests at the main scarp and the right boundary were conducted to
obtain the uniaxial compressive strength. The hardness tests were
conducted five times for each layer, and the average of the three
tests without the maximum and minimum were calculated as the
test results. The soil structure and the corresponding uniaxial
compressive strength of the Sakuraoka landslide are shown in
Fig. 5. At the main scarp of the Sakuraoka landslide (Fig. 5a), the
Ta-a pumice and the Ta-b upper coarse pumice were not observed,
and the off-white Ta-b fine pumice layer was mantled with the o.1-
m-thick humus. The upper Ta-d layer (Ta-d1) was lost and the total
thickness of Ta-d2 layer is approximately 2.45 m. The Ta-d2
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Fig. 3 Relationships between the thickness of Ta-d2 and the occurrence of the Iburi landslides in the corresponding class
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Fig. 4 The typical steep translational debris slide: Sakuraoka landslide. (a) General aerial view (the base map is derived from the Geospatial Information Authority of
Japan); (b) longitudinal section along survey line A-A’; (c) Longitudinal section along survey line B-B’

pumice layer was further divided into five distinct sub-layers (Fig.
5a, b) based on the color, particle size, and particle strength. The
top sub-layer is brownish-red, and the other four sub-layers are
grayish-green. The volcanic ash content of the brownish-red pum-
ice layer (Ta-d pumice with volcanic ash) decreases top-down. The
grain size of the upper grayish-green pumice (Ta-d pumice MG) is
coarse and decreases sharply at the bottom (Ta-d pumice FG and
CS). While the Ta-d pumice FG and CS are the same soil layer in
different locations (e.g., sections I-1 and I-2), their properties are
different. The particle strength of the Ta-d pumice FG is high, but
the Ta-d pumice CS is highly weathered and can be easily crushed
with fingers. Several irregularly distributed soft and medium
sandy pumice interlayers (Ta-d pumice MS) with different thick-
nesses can be found in Ta-d, and the water content of the cohesive
medium sandy pumice is as high as 144% to 223%. As this Ta-d
pumice MS interlayer can be observed in the stable main scrap and
flank, it is inferred that the medium sandy pumice may result from
the interbedded seepage flow parallel to the slope before the earth-
quake rather than during the Iburi earthquake. The strength of the
pumice layer was reduced due to the long-duration seepage flow, and
the pumice layer was eroded and weathered to a powder. The grain
strength of the Ta-d pumice is relatively low compared to the Ta-a,
Ta-b, and Ta-c layers. The nethermost layer in section I-1 is the silty
paleosol, and one dark gray coarse sand layer was observed in the silt
layer. However, this coarse sand layer was not observed in other
locations of the Sakuraoka landslide. The hardness test results in Fig.
sa show that the uniaxial compressive strength of the pyroclastic fall
deposits varies with depth and reaches a minimum value in the Ta-d
pumice MS. Then, the uniaxial compressive strength reaches a peak
value in the bottom hard silt paleosol.

Figure 6 shows the vertical stratigraphic sections of several
points along the survey lines A-A’ and B-B'. In section I-3, the
Ta-d pumice are spread on the top with a thickness of approxi-
mately 0.05 m, and the middle layer is composed of a mix of
crushed pumice and paleosol with a thickness of 0.05 m. The
nethermost layer is the off-white and khaki hard paleosol. The soil
structures of sections I-4, I-5, and I-6 are almost identical, and
both comprise a thin pumice layer at the top and the strong and
hard paleosol layer at the bottom. Section I-7 was a profile after the
excavation of a buried road near the deposition area. It is inferred
that there is no downward erosion during the landslide motion, as
the excavated road is sound and the soil integrity is not disrupted.
The soil structure of section I-7 closely matches the main scarp
and the right flank, and Ta-d pumice is located at the bottom.

Based on the field investigation, the longitudinal sections, and
the vertical stratigraphic sections, it is concluded that the
Sakuraoka landslide is not a simple collapse of loose pyroclastic
fall deposits but rather an integrated motion of the whole pyro-
clastic fall deposits along the weak layer in Ta-d pumice. The
strong ground motion, in combination with the perched ground-
water, resulted in the liquefaction in the bottom Ta-d pumice layer
and the further motion of whole overlying pyroclastic fall deposits.
The scattered pumice remaining on the travel path indicates that
the sliding zone was consumed and pinched out.

Gentle translational debris slide

The Asahi landslide is a typical gentle translational debris slide, and
the general aerial view and the longitudinal sections are depicted in
Fig. 7. According to the field reconnaissance and the longitudinal
sections (Figs. 7b, c), the Asahi landslide is characterized by a planar
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sliding zone and translational downslope motion. The mean slope
angle of the source area along the survey line C-C’ is approximately
14°, and the corresponding apparent mobilized friction angle is 7.1°.
The mean slope angle of the source area along the survey line D-D’ is
approximately 10° and the corresponding apparent mobilized fric-
tion angle is 5.2°. The slope steepness of both sub-landslides of the
Asahi landslide is lower than that of the Sakuraoka landslide. The
most distinguishing difference between the gentle translational de-
bris slide and the steep translational debris slide is that the sliding
zone in the source area is not exposed. Instead, the wavy humus and
pumice were seated on the sliding bed at the source area, and the
transverse ridges perpendicular to the sliding directions can be easily
observed. In the middle of the landslide, an integrated and coherent
sliding mass can be clearly noticed (Fig. 7a). In addition, two distinct
segments of the mountain trail can be recognized in Fig. 7a. These
two segments of trail are confirmed as one mountain trail dislocated
by the mass movement, as their widths, trends, and vegetation are
nearly identical. Thus, it can be concluded that the sliding mass
mobilized as a whole and the integrity as well as the coherence of
the sliding mass was not largely destroyed. Controlled by the slope
steepness, the movement of the sliding mass at the rear stops and
remains on the sliding bed.

Figure 8 shows that the composition and structure of sections
II-2 and II-3 are similar to those of the Sakura landslide. The
irregular distributed Ta-d pumice MS interlayer can be observed
in sections II-2 and II-3. Sections II-4 and II-5 show the sliding
mass remaining on the sliding bed. The thickness of each pyro-
clastic fall deposit layer over the paleosol layer is thinner than that
of the corresponding layer at the crown, which demonstrates that
the sliding mass at the rear was stretched in the downslope mo-
tion. Section II-6 is located in the stable sliding mass at the

deposition area, and the soil structure closely matches that at the
crown. This means the integrity of the sliding mass remains
unchanged. During the field survey, several concrete pieces of the
original road that crossed the trench and rested at the landslide toe
area were observed. It should be noted that groundwater appeared
and perched at a height in the Ta-d pumice layer during the
excavation of section II-6 and this also happened 1 day after the
excavations of sections II-4 and II-5. This phenomenon was also
observed in the investigation of other landslides. Thus, it can be
inferred that the groundwater table was very high and almost
reached the exposed sliding zone during the Iburi earthquake.
The trench excavations of the Asahi landslide were conducted in
May 2019, prior to the rainy season (from June to August), while
the Iburi earthquake occurred at the beginning of September 2018,
just after the rainy season. Therefore, the groundwater table
should be very high during the Iburi earthquake, which may have
provided the hydrological condition for the widespread liquefac-
tion during the earthquake.

Mobilization of V-shaped convergent sliding masses

The Tomisato-N landslide is a typical mobilization of V-shaped
convergent sliding masses occurring in rugged valley terrain. The
longitudinal section (Fig. 9b) was measured almost along the valley
line, and the slope angle is approximately 15°. The slope angles of the
cross sections (Fig. 9c) range from 20° to 40°. This type of landslide
constitutes a set of sub-landslides. Clear strips parallel to the sliding
direction can be observed on the exposed sliding bed of the sub-
landslides. In this light, it is similar to the translational debris slides.
A series of convergent-sliding sub-landslides provided the prove-
nance and source for the further mobilization in the valley. The
disrupted sliding mass along with the stream in the valley formed

. P e
L \\._"‘-\
R

A £
Paleosol

Fig. 8 Vertical stratigraphic sections displaying the soil composition of the sliding mass in the Asahi landslide. The locations of the sections are depicted in Fig. 7
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the flow-like landslide and rushed down to the ditch outlet. A soft
disrupted sliding mass was observed on the travel path, and no
integrated sliding block was found in this type of landslide. Several
puddles can be observed in the deposition area (Fig. 9a). The soil in
the deposition area was very soft, and people could be easily trapped,
as in swamps. This means that the water content and the ground-
water table were high during the earthquake.

In the Tomisato-N landslide, the vertical stratigraphic sections at
the main scarp and the right flank are similar to those of the Sakura
landslide and Asahi landslide. In the right flank, the paleosol layer
can be traced to the paleosol layer in the exposed sliding bed, which

demonstrates that the sliding zone is localized in the Ta-d pumice
layer overlying the stable and hard paleosol layer.

Summarization of the failure mode

In this section, three main types of the coseismic landslides were
classified, and their failure modes were described in detail. Gen-
erally, localized liquefaction occurred in the weak layer of the Ta-d
pumice during the strong ground motion, and the integrated
sliding failure occurs in the initiation stage. Then, the whole
sliding mass mantled on the liquefied layer moves downslope. In
the motion stage, controlled by the topography and other factors,
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three mobilization types (steep translational sliding, gentle trans-
lational sliding, and the mobilization of V-shaped convergent
sliding masses) appeared.

Geotechnical properties and triaxial test results

Geotechnical properties
The soil composition of the landslides is a predominant factor
controlling landslide occurrence. It is important to understand soil
properties to investigate the failure mechanism of the landslides
(Gratchev and Towhata 2010; Wiemer et al. 2015). To investigate
the geotechnical properties of the soil layers, a set of in situ and
laboratory tests were conducted, and the in situ density (p), dry
density (p4), water content (w), specific gravity (Gs), void ratio (e),
and degree of saturation (S,) were obtained. The p, w, e, and §,
were tested using the undisturbed samples. The undisturbed sam-
ples applied in the tests were taken from the main scarp of the
Asahi landslide, and all the tests were performed following the
standards of the Japanese Geotechnical Society (JGS 2010). The test
results are summarized in Table 1. As the specific gravities of
different pumice particles vary with the grain size, porosity, and
structure, the Gs of pumice layers in Table 1 were the results of the
triturated samples. In fact, the Gs of some pumice samples are
smaller than 1. As illustrated in Table 1, the S, of the paleosol (silt)
and the Ta-d pumice MS are very high, and the w of the Ta-d
pumice MS is very high as well. The p, of the Ta-d pumice layers
are relatively low due to their large porosity. These tested param-
eters are used in soil classification, and they are adopted in
preparation of remolded samples in the triaxial tests.
Considering most Iburi landslides are translational sliding
along the interface between the Ta-d pumice and the hard
paleosol, soils located around the sliding zone (i.e., the Ta-d
pumice layers and the paleosol layer) are regarded as the focus
of this study. Figure 10 shows the grain size distributions of the
soils from the main scarp of the Asahi landslide. The Ta-d pumice
FG and the Ta-d pumice CS are taken from the vertical sections II-
2 and II-3 (Fig. 7a), respectively. Although these two samples are
from the same soil layer at different localities, their grain size
distributions have significant differences. The content of fine-
sized particle (less than o.075 mm) in Ta-d pumice CS is higher

than that in Ta-d pumice FG, and the grain strength of Ta-d
pumice CS is lower than that of Ta-d pumice FG. The Ta-d pumice
MS and the paleosol (silt) layer contain not only a high percentage
of fine-sized particles but also a low percentage of coarse-sized
particles. Thus, the uniformity coefficients (C,) for these two
layers are large, and the coefficients of curvature (C.) are small
(Table 2). The paleosol layer is abundant in clay and fine-sized
particles, and the clay and fine-sized contents are as high as
approximately 35% and more than 60%, respectively. While the
dry density is small, this paleosol layer maintains a low perme-
ability. Based on the grain size analysis, the Ta-d pumice MS is
defined as medium sand. This layer comprises weathered pumice
powder, black sand, and a handful of intact pumice particle. The
strength of the black sand is high while the strength of the intact
pumice particle being low.

Consolidated-undrained static triaxial compression test

The consolidated-undrained static triaxial compression test is com-
monly employed to investigate the strength properties of soil (Wang
et al. 2015; Yang et al. 2015a; Xu et al. 2018). The friction coefficient as
well as the stress-strain behavior of soil during the deformation
process can be obtained from the stress-strain relationship and the
stress path curve. In the tests, remolded samples were used, and the
dry density of the remolded specimens before consolidation was
controlled to be same with the undisturbed soils. The dried samples
were filled into a cylindrical rubber membrane to obtain a remolded
specimen with a height of 100 mm and a diameter of 50 mm. To ensure
that the grain size of the samples is less than 10% of the specimen
diameter, only samples passing through the 4.75-mm sieve was used.
Carbon dioxide was slowly supplied from the base of the specimen to
exhaust the air completely, and the de-aired water was thereafter
supplied to the specimen gradually. Then, Skempton’s B value
(Skempton 1954; Ortigao 1995) was obtained to check the degree of
saturation of the specimens. Skempton’s B values of all the specimens
used in this work were higher than o0.95, and the specimens were
considered fully saturated (Sassa 1985; Tokimatsu et al. 1990; Yang
et al. 2015b). Lastly, the specimens were consolidated under certain
confining stress (0, ). After the specimen consolidation, the specimens
were compressed with an axial strain of 1.0% per minute under
undrained conditions. The axial stress increment (Ao, = 0’1-0';) and

Table 1 Physical properties of the soil samples from the crown of the Asahi landslide

Soil layer p (kg/m?) pq (kg/m?) A G, e S, (%)
Surface humus 1258 1083 16.2 2.653 1.451 29.7
Ta-a pumice 1249 1065 17.2 2.733 1.565 30.1
Ta-b pumice 909 693 31.2 2.641 2813 293
Black humus 1083 540 101 2.528 3.684 69.1
Ta-c pumice 1333 1086 22.8 2.769 1.550 40.8
Ta-d pumice with volcanic ash 1122 506 121 2.553 4,041 76.7
Ta-d pumice MG 874 281 210 2.542 8.029 66.6
Ta-d pumice FG 891 530 68.1 2.624 3.950 452
Ta-d pumice CS 1023 511 100 2.627 4141 63.6
Ta-d pumice MS 1177 385 206 2.631 5.842 92.8
Paleosol (silt) 1649 1028 60.4 2.735 1.660 99.5
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Fig. 10 Grain size distributions of the samples from the main scarp (IIl-2 and II-3 in Fig. 7) of the Asahi landslide

pore water pressure (u) data were obtained. Consolidation pressures
of 30 kPa, 40 kPa, and 50 kPa were selected based on the soil thickness
and soil density of the aforementioned vertical sections.

Figure 11 shows the stress-strain relationships of the saturated
specimens in the consolidated-undrained tests, and only the test
results with a confining stress of 40 kPa were depicted. The general
trends of the axial stress increment and the pore water pressure of
Ta-d pumice MG (No. 1 in Fig. 1) and Ta-d pumice FG (No. 2 in
Fig. 1) are similar. The pore water pressures of both specimens
increase rapidly with an increase in the axial strain, and the
specimens are mainly compacted at this stage. When the axial
strain reaches approximately 3%, the pore water pressure reaches a
peak value, and the increment of the pore water pressure is larger
than 1/3 of the axial strain increment. This means excess pore water
pressure is generated at this stage (Skempton 1954; Ortigao 1995).
Then, with the continuous increase of the axial strain, the specimen
changes from a contractive state to a dilative state to overcome the
shear resistance between particles, and the pore water pressure
decreases accordingly. The axial stress increment increases with an
increase in the axial strain to a large value, indicating the strain
hardening of the two types of pumice specimens.

The behavior of the Ta-d pumice CS (No. 3 in Fig. 11) in the
consolidated-undrained triaxial tests is quite different from those
of the Ta-d pumice MG and the Ta-d pumice FG. The axial stress
increment and the pore water pressure increase with the increase

in the axial strain and then remain stable. Only contractive behav-
ior is observed for the Ta-d pumice CS. The peak value of the axial
stress increment is 36.4 kPa, which is far less than the peak values
of the Ta-d pumice MG and the Ta-d pumice FG. This phenome-
non results from the specimen particle being crushed under in-
creased axial strain. To justify the occurrence of grain crushing,
grain size analysis of the Ta-d pumice FG and the Ta-d pumice CS
after the test was conducted as well. As depicted in Fig. 12, the
grain size distribution curve of the Ta-d pumice FG after the test is
similar to before test, while the grain size distribution curve of the
Ta-d pumice CS after the test deviates remarkably to the left. The
considerable increase in the fine particles (left deviation) of the Ta-
d pumice CS indicates that grain crushing must have occurred
during the compression tests. Figure 13 shows the stress-strain
relationship and stress path of the remolded specimen from the
Ta-d pumice FG. The grain size distribution of the remolded
specimen was conditioned to be consistent with that of the Ta-d
pumice CS. The general trends of the axial stress increment and
the pore water pressure of the remolded specimen are similar to
those of the Ta-d pumice FG, but the peak value of the axial stress
is smaller. Thus, the grain crushing phenomenon is considered to
control the stress-strain behavior of Ta-d pumice CS. The grain
crushing inhibits the occurrence of dilation and strain hardening.
Similar phenomena have also been observed in previous studies
(Sassa et al. 1996; Wang 1999).

Table 2 Grain size distributions, CSL equations, and failure criterion equations of the samples around the sliding zone

Layer name

CSL equation Failure criterion equation

Ta-d pumice MG 5.2 6.9 1.1 t=081s 7=1380"
Ta-d pumice FG 24 3.6 1.1 t=075¢ 7=113 0"
Ta-d pumice CS 0.89 15 3.0 t=057s' +58 7=069 0" +7.1
Ta-d pumice MS 0.29 3.0 x 107 0.13 t=0585s' +2.0 7=0710' +25
Paleosol (silt) 0.019 1.2x 102 0.21 t=0505" +2.2 7=0580" +25
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Fig. 12 Grain size distributions of two specimens before and after the consolidated-undrained triaxial compression test

The axial stress increment of the Ta-d pumice MS (No. 4 in
Fig. 1) first increases with an increase in the axial strain and then
decreases. The peak axial stress increment is 28.4 kPa. The axial
stress increment of the paleosol specimen (No. 5 in Fig. 11) reaches
its peak when the axial strain is approximately 1%, while the pore
water pressure is still slowly increasing. The pore water pressures
of the Ta-d pumice CS, the Ta-d pumice MS, and the paleosol is
approximately equal to the confining stress, indicating that static
liquefaction occurs in all these specimens. However, the pore water
pressure of the Ta-d pumice MS clearly increases much faster than
that of the paleosol specimens. This phenomenon can be also
observed in the cyclic loading triaxial tests. Thus, it could be
concluded that the Ta-d pumice MS is more susceptible to lique-
faction than paleosol.

For the remolded specimens with normal consolidation, the
cohesion obtained in consolidated-undrained triaxial compression
tests is positively correlated with the consolidation pressure. The
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obtained cohesion in triaxial test will be o, when the consolidation
pressure is o. Thus, the critical state line (CSL) passes through the
origin in general. In addition, as the cohesion and the friction
angle of soil are difficult to be clearly differentiated (Li 2004), the
cohesion and the friction angle were considered as a whole (shear
strength), and only the shear strength of specimen was presented
in this work. The equations for the CSL and the failure criterion
equations of the five layers are summarized in Table 2. The shear
strength of both the paleosol layer and the Ta-d pumice layers is
high, which explains why the pumice slope can remain stable in a
natural state while the cohesion of the loose pumice is very low.
The static shear strength of the five layers is positively correlated
with the grain size, i.e., the shear strength of the Ta-d pumice MG
is the largest, while the shear strength of the Ta-d pumice MS and
the paleosol is relatively low. The stress paths of the Ta-d pumice
MG and the Ta-d pumice FG move toward the upper right side
along the CSL after reaching the CSL. This implies that strain
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Fig. 13 Stress-strain relationship under the confining pressures of 40 kPa (left) and effective stress path (right) of the remolded specimen from Ta-d pumice FG; the grain
size distribution of the remolded specimen was conditioned to be consistent with that of the Ta-d pumice CS
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hardening occurs in these specimens. The stress path of the Ta-d
pumice MS shows a lower-left trend after reaching the CSL.

Consolidated-undrained cyclic loading triaxial tests
Soil liquefaction resulting from strong ground motion has been an
important topic in geotechnical earthquake engineering since the
1964 Alaska and Niigata earthquake (Fukuoka 1966; Seed 1968;
Scott and Zuckerman 1972; Takch et al. 2016). Shallow slope fail-
ures triggered by strong earthquakes are commonly related to
cyclic liquefaction in soil (Seed 1968; Ishihara et al. 1990; Harp
et al. 2003; Pei et al. 2017). To study the anti-liquefaction strength
of the soils around the sliding zone under seismic loading, a set of
stress-controlled cyclic loading triaxial (CTX) testing were per-
formed. The same specimen preparation procedure applied in
the static triaxial test was utilized in the CTX tests. During the
cyclic loading, stress variation on a plane dipping at 45° is
exploited to simulate the cyclic shear stress applied to the soil in
the earthquake. To maintain constant normal stress on the 45°-
dipping plane, the confining stress should be corrected. Consider-
ing that only the pore pressure is affected by the variation of the
confining stress, the corrected pore pressure ratio (r,) was used to
describe the variation in the pore water pressure (Zlender and
Lenart 2005; Xie 2011; Faris and Wang 2014). The corrected pore
water pressure ratio is defined in Eq. (3).
Aue Ao,

2

o= (3)

where Au is the increment of pore water pressure and o, is the
effective isotropic consolidation stress.

The anti-liquefaction strength of soil is commonly evaluated by the
relationship between the cyclic shear stress (7,;) and the number of cycles
required for liquefaction (N;). The N;, when liquefaction occurs (r,, =1)
could be determined by the variation curves of the pore water pressure
ratio. Under identical consolidation conditions, multiple sets of N; with
different o4 can be obtained by changing the dynamic stress o4. The
cyclic shear stress is calculated using Eq. (4). Then, the correlation
between the cyclic shear stress ratio (?) and the logarithm of Ny (logNy)

Table 3 Results of the consolidated-undrained cyclic loading triaxial test for the
samples around the sliding zone

Layer name og (kPa) Td/g’o N
Ta-d pumice FG 29 0.36 44
28 0.35 109
23 0.29 1115
Ta-d pumice CS 27 0.34 29
23 0.29 46
Ta-d pumice MS 25 0.31 27
21 0.26 78
10 0.13 1386
Paleosol (silt) 28 0.35 41
21 0.26 581
10 0.13 2881
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can be obtained (Seed et al. 1975). In this work, the confining stress
applied in the CTX test is 40 kPa. A sinusoidal cyclic axial load was
applied in the test at a frequency (f) of 1.5 Hz under an undrained
condition. The various dynamic stresses exerted on the specimens and
their corresponding N;, were listed in Table 3.

1
Ta =04 (4)

The variation curves of the axial stress increment, the axial
strain increment, and the pore water pressure ratio with the
number of loading cycles (N) of Ta-d pumice CS are illustrated
in Fig. 14. As N increases, the ability to resist loading gradually
decreases. Thus, the amplitude of the axial stress variation reduces
and stabilizes at a relatively low value finally. The amplitude of the
axial strain variation increases with an increase in N. The pore
water pressure varies with the cyclic loading, and excess pore
water pressure is generated. The excess pore water pressure rises
continuously and is approximately equal to the confining stress.
Thus, liquefaction occurs in the Ta-d pumice CS specimen. The
stress paths (Fig. 15) present the cyclic mobility behavior of Ta-d
pumice CS in the CTX test. The pore water pressure rapidly
increases initially and reaches a stable state in the following cycles.
The correlations between % and logN}, of specimens are illustrated
in Fig. 16. The liquefaction resistance of the four soil layers is
further concluded as follows: Ta-d pumice MS < Ta-d pumice CS
< Paleosol (silt) < Ta-d pumice FG.

Correlation between the Ta-d pumice and the lburi landslide
occurrence

In this work, field investigations were performed in detail to investi-
gate the soil composition, sliding zone, and failure mechanism of the
coseismic landslides. Three types of landslides were confirmed, and all
three types of landslides shared the same initiation feature, i.e., the
global motion of the soil mass along the zone at the Ta-d layer.
Meanwhile, in situ and laboratory tests were conducted to investigate
the shear behavior and the anti-liquefaction strength of the pyroclastic
fall deposits. The test results indicate that the Ta-d pumice MS with a
D,, of 0.3 mm and the Ta-d pumice CS with a low particle strength
have a lower anti-liquefaction strength than the other layers of soil. In
addition, the dilative behavior and strain-hardening behavior ob-
served in Ta-d pumice FG raise the bar for the occurrence of shear
failure and liquefaction. A stable interbedded paleosol layer was de-
veloped between the deposition of the underlying En-a pumice (19-
21 ka) and the superjacent Ta-d pumice (8.7-10 ka). The fine-grained
paleosol retains low permeability, and the perched groundwater could
maintain a certain level above the paleosol layer. Meanwhile, seepage
flow could develop over the paleosol layer, which enhances the soil
erosion of the lower Ta-d pumice. In fact, the Ta-d pumice MS and
fragile Ta-d pumice CS were extensively observed in the Ta-d pumice.
The existence of the medium sandy or fragile pumice layers heightens
the liquefaction potential of the Ta-d pumice and further encourages
the landslide risk under intense ground motion. Therefore, it is con-
cluded that the widespread occurrence of the Iburi landslides results
from the localized liquefaction of the medium sandy Ta-d pumice MS
or fragile Ta-d pumice CS layers under earthquake motions. In addi-
tion, the positive correlation between Iburi landslide distribution and
Ta-d pumice thickness was analyzed on macroscale. These results
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emphasize the key controlling role of the Ta-d pumice on the occur-
rence of the Iburi landslides.

The historical earthquakes that occurred in the landslide distri-
bution area and its vicinity were collated. The 2017 M,, 5.3 earthquake
occurred in the Iburi landslide distribution area, and another five
earthquakes (the 2009 My, 5.5 earthquake, the 2007 M,, 5.5 earth-
quake, the 1981 M, 6.3 and M, 5.0 earthquakes, and the 1978 M,, 5.0

earthquake) occurred less than 20 km from the landslide affected
area. The largest PGA of the historic earthquakes in the vicinity of the
2018 Iburi landslide area was 3.34 m/s” in the 2017 M, 5.3 earthquake,
recorded in the IBUHo1 KiK-net station (Fig. 1a). None of these
historic earthquakes triggered massive landslides. As most Iburi
landslides occurred in the area with the PGA larger than 5 m/s? it
could be inferred that there is high potential for the substantial
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Fig. 15 Effective stress path of Ta-d pumice CS during the consolidated-undrained cyclic loading triaxial test
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occurrence of landslides in this area when the PGA is larger than 5 m/
s”. The strong ground motion along with the existence of the widely
deposited Ta-d medium sandy pumice and Ta-d fragile pumice is
concluded to be the foremost factors responsible for the destructive
Iburi landslides. This study can provide a guideline for future disas-
ter mitigation operations for this area and a reference for similar area
covered by strong-weathered pumice.

Conclusions

A succession of field investigations, statistical analysis, and laboratory
tests were implemented to scrutinize the controlling role of the Ta-d
pumice on the massive occurrence of the Iburi landslides. Based on the
longitudinal and vertical stratigraphic sections, the types of the Iburi
landslides are classified in detail and the initiation, and motion features
of different types of landslide are elaborated. Both in situ tests and
laboratory tests were conducted, and the physical properties, shear
strength, and anti-liquefaction strength of the soils around the sliding
zone were analyzed. The weak pumice layers crucial to the initiation of
the Iburi landslides were further confirmed. In addition, correlation
analysis between the Iburi landslide distribution and the pyroclastic fall
deposit distribution was performed. The controlling role of the Ta-d
pumice on the Iburi landslide occurrence was highlighted. Detailed
conclusions of this work are summarized as follows:

1. All the 5625 coseismic landslides, except for 2 deep-seated
landslides, are shallow debris slides. The majority of the shal-
low debris slides initiate due to the localized liquefaction of the
weak sliding zone at Ta-d pumice. Three types of downslope
movements—steep translational sliding, gentle translational
sliding, and the mobilization of V-shaped convergent sliding
masses—are generated controlled by the geomorphology.

2. The medium sandy Ta-d pumice MS and the fragile Ta-d pumice CS
show lower anti-liquefaction strength than the paleosol and Ta-d
pumice FG. Localized liquefaction initially occurs in Ta-d pumice
MS or CS layers under intense ground motion. The liquefied zone
further develops to the overall displacement of the pyroclastic fall
deposits mantled on the liquefied zone.
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3. The stable low-permeability paleosol layer underlying the Ta-d
pumice enables the seepage flow parallel to the slope and further
results in the erosion and weathering of the Ta-d pumice. This
explains the extensive existence of the Ta-d pumice MS or fragile
Ta-d pumice CS in the landslide distribution area.

4. Statistical analysis indicates that the occurrence and distribu-
tion of the coseismic landslide are highly consistent with the
distribution of the Ta-d pumice.

5. The area mantled with the weak Ta-d pumice is likely to suffer
from massive slope failures when the PGA is larger than 5 m/s”.
This study can provide a guideline for future disaster mitiga-
tion operations for this area and a reference for similar areas
covered by strong-weathered pumice.>
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