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内容の概要
広島災害は、降雨を誘因として生じた地すべりであるが、このプログラムの元は本論文における地
震による地すべりのシミュレーション手法を一部修正したものである。
1792年に雲仙眉山で発生した大崩壊（深層崩壊）では、地すべりと地すべりにより引き起こされた
津波で約15000人死亡した。これは日本で最大の地すべり災害であるが、これまでそのメカニズムは
明らかにされていなかった。
これまで、数百メートルの深さの大規模地すべりの再現試験を行うことができなかったため、本研
究では、最大３メガパスカル（200 m 程度の深さの地すべりの再現が可能）までの非排水せん断試
験が可能な試験機（ICL-2）を世界で初めて開発した。
雲仙眉山大崩壊は、マグニチュード（M=6.4 ±0.2）の近接地震で発生したことが、宇佐見(1996)
でわかっている。本研究では、この新たに開発したICL-2試験機を用いて、眉山大崩壊の源頭部から
採取した土について、地すべり再現試験を実施し、地すべり発生・運動予測に必要な地すべり動力
学特性を計測した。また、荒砥沢地すべり(6700万m3)を引き起こした2008年岩手宮城内陸沖地震(マ
グニチュードM=7.2)の地震波形を与えて地すべり再現試験を行った。そしてまた、岩手宮城内陸沖
地震波形を地すべり発生・運動統合シミュレーション（Sassa e al 2010）に入力して、コンピュー
ターシミュレーションを実施した。
その結果、地すべり再現試験（図１６）によって、高速長距離運動地すべりが発生することが立証
され、また得られた数値を用いたもコンピューターシミュレーション（図２２－２３）によって、
実際の生じた高速長距離運動の運動範囲と運動距離を再現することができた。
この結果は、本手法を用いて前兆現象からある程度場所と深さの推定できる深層崩壊について、土
質試験とコンピューターシミュレーションにより、計測数値に基づいて地すべり災害危険度評価が
可能であることを示している。
地すべり再現試験機（ICL-2）とシミュレーション（LS-RAPID）の発表論文は下記です。
１．地すべり発生・運動統合シミュレーション
Sassa K, Nagai O, Solidum R, Yamazaki Y, Ohta H (2010) An integrated model simulating the initiation
and motion of earthquake and rain induced rapid landslides and its application to the 2006 Leyte
landslide. Landslides, 7 (3): 219-236.
２．地すべり再現試験機の開発（DPRI-1からICL-2まで）の歴史
Sassa K, He B, Dang K, Nagai O, Takara K. (2014) Plenary: Progress in Landslide Dynamics.
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A new high-stress undrained ring-shear apparatus
and its application to the 1792 Unzen–Mayuyama
megaslide in Japan

Abstract Sassa and others in the Disaster Prevention Research Institute
(DPRI), Kyoto University, developed a series of undrained ring-shear
apparatus to physically simulate landslide initiation and motion, from
DPRI-3 (Sassa 1992) to DPRI-7 (Sassa et al., Landslides 1(1):7–19, 2004).
The maximum undrained capacities in the DPRI series ranged from 300
to 650 kPa. Sassa and others in the International Consortium on
Landslides (ICL) have developed a new series of undrained ring-shear
apparatus (ICL-1and ICL-2) for two projects of the International
Programme on Landslides (IPL-161 and IPL-175). Both projects are
supported by the Science and Technology Research Partnership for
Sustainable Development Program (SATREPS) of Japan. ICL-1 was
developed to create a compact and transportable apparatus for practical
use in Croatia; one set was donated to Croatia in 2012. ICL-2 was
developed in 2012–2013 to simulate the initiation and motion of
megaslides of more than 100m in thickness. The successful undrained
capacity of ICL-2 is 3MPa. This apparatus was applied to simulate
possible conditions for the initiation and motion of the 1792 Unzen–
Mayuyama megaslide (volume, 3.4×108m3; maximum depth, 400m)
triggered by an earthquake. The megaslide and resulting tsunami killed
about 15,000 people. The Unzen Restoration Office of the Ministry of
Land, Infrastructure and Transport (MLIT) of Japan systematically
collected various papers and reports and published two summary
leaflets: one in English in 2002 and an extended version in Japanese in
2003. Samples were taken from the source area (for initiation) and the
moving area (for motion). The hazard area was estimated by the
integrated landslide simulation model LS-RAPID, using parameters
obtained with the ICL-2 undrained ring-shear apparatus. The estimated
hazard area agrees reasonably with the landslide moving area reported
in the Ministry leaflets.
Keywords Landslide . Undrained ring-shear
apparatus . Unzen . Mayuyama
Introduction
Globally, there have been many historical megaslides; however, they
do not occur frequently in the same area. The 2006 Leyte landslide in
the Philippines (Sassa et al. 2010; Catane et al. 2007) was triggered by
a very small, but nearby earthquake after a long period of rain. This
landslide resulted in 154 confirmed fatalities, and 990 other people
are missing in debris. The volume of this landslide is variously
estimated as 20 million m3 (Catane et al. 2007) and 16–30 million
m3 (Araiba et al. 2008). The depth is estimated between 120 and
200 m. The 2008 Iwate–Miyagi inland earthquake (magnitude 7.2) in
Japan caused a megaslide adjacent to the Aratozawa dam reservoir
(Miyagi et al. 2011). The volume of this landslide is 67 million m3. The
maximum height of the head scarp is over 150 m. Geological drilling
indicates a tuff layer forming the sliding surface 180 m below the
ground surface. Only 10 % of the landslide mass (1.5 million m3)
entered the dam reservoir. This landslide mass caused a maximum of
7- to 9-m-high tsunami adjacent to where the landslide entered the

water (Konagai et al. 2008). A current tsunami and flood risk is
posed by lake dammed by the Usoy megaslide in Tajikistan, which
was triggered by a strong earthquake (magnitude 7.4) in 1911. The
landslide volume is 2.0 km3 (Schuster and Alford 2004), and it
created a 567-m-high landslide dam and Lake Sarez, now holding
17 km3 of water (Stone 2009). If this dam fails in the future, a major
disaster may occur in the Central Asian countries downstream.
The greatest landslide disaster in the history of Japan is the 1792
Unzen–Mayuyama megaslide (Nakada et al. 1992, 1999). Its volume was 3.4×108 m3 and the maximum depth was 400 m; around
15,000 people were killed by the landslide and its resulting tsunami
(Unzen Restoration Office of the Ministry of Land, Infrastructure
and Transport of Japan 2002; 2003). The objective of this research
is to develop a reliable hazard assessment technology for such
megaslides based on measurements of the dynamic parameters
of samples taken from the landslide source area and the travel
area, and an integrated numerical simulation of the initiation and
motion using those parameters. The newly developed ICL-2 highstress ring-shear apparatus, its initial test results and its application to the 1792 Unzen–Mayuyama landslide are reported in this
paper.
Development of a new high-stress dynamic-loading undrained
ring-shear apparatus (ICL-2)
Apparatus configuration
A general view of the ICL-2 ring-shear apparatus is shown in
Fig. 1. A computer with dual monitors (①② in Fig. 1) provides automated control for a variety of predetermined tests
(such as monotonic loading tests, cyclic loading tests, seismic
loading tests using the real seismic records, pore-pressurecontrol tests and various combinations of these). This computer displays signals from sensors for shear stress/torques,
normal stress/vertical load, pore pressure, effective pressure,
mobilized friction angle, shear displacement and vertical displacement as time-series data plots and as stress-path data
plots. Servo-control systems drive the shear motor and gapcontrol motor, oil servo-valves for the normal-stress control
and pore-pressure control. The servo-control systems and
amplifiers for data monitoring are included in the amplifier
box (③ of Fig. 1). The main apparatus, including the shear
box, loading piston, and shear- and gap-control motors, is
shown in ④ (Fig. 1). Other components (⑤, ⑥ and ⑦ in
Fig. 1) are a power supply, oil pump and the pore-pressure
loading unit.
The photograph and three diagrams of Fig. 2 show (a) a general
view of the apparatus; (b) the apparatus cross-section; (c) close-up
detail of the soil-filled upper and lower shear boxes equipped with
pore-water pressure sensors, also the detailed structure of the
rubber-edge sealing to maintain undrained condition; and (d)
Landslides
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Fig. 1 General View of ICL-2. From left to right: (1) monitor for signals to control
experiments and to control recording, (2) monitor for the stress path and timeseries data, (3) amplifier box, (4) main apparatus, (5) power supply box, (6) oil
pump inside the cover, and (7) pore pressure control unit

the signal-flow chart for the servo device controlling normal stress,
pore-water pressure, shear stress and the gap between upper and
lower shear boxes, respectively.
Change in loading system from previous models (DPRI-5, -6, -7)
Figure 3 shows the configuration of DPRI-6 (Sassa et al. 2004). The
major difference between ICL-2 and DPRI-6 is the normal-stress
loading system. DPRI-6 has a loading frame with two long pillars
and one horizontal beam to support the reaction of normal stress
loading. It is a common structure for triaxial and unconfined
compression testing machines, but it has a significant defect which
can interfere with servo-control systems of this apparatus. The
normal stress has to be controlled by the servo-control system
with high sensitivity to guarantee the undrained state during cyclic
and seismic loading tests and the sudden stress changes at and
around the peak failure.
When the normal stress applied to a sample is changed, the
horizontal beam deforms and the two long pillars extend or
compress. The normal stress on a sample changes during cyclic
and seismic loading, during sudden stress changes when grains or
soil structures fail due to high normal or shear stress, and also
before and after the peak shear strength through dilatancy in the
granular materials. The deformation in the beam and pillars is not
great but the gap is controlled by the servo-control to a tolerance
of 1/1,000 mm to maintain an undrained state during tests, and
sometimes the small deformation disturbs the servo-control system such that an intolerable oscillation develops.
Any sudden normal stress, including the effect of side friction,
affects the undrained sealing. To minimize the effect of extension/
compression and deformation in the reaction structure for normal
stress, ICL-2 does not have a loading frame with a horizontal beam
and long pillars (Fig. 2). The reaction force for normal stress
loading is provided instead by a single central axis (light green
upright part in Fig. 2b).
Change in normal-stress monitoring from (DPRI-5, -6, -7)
DPRI-6 (Fig. 3) has two vertical load cells (N1 and N2). N1 measures the normal stress loaded by the oil piston (OP1), N2 measures the friction acting on the side wall of the upper shear box.
The difference between N1 and N2 indicates the normal stress
acting on the shear surface by subtracting the vertical force and
Landslides

shear-resistance force acting on the rubber edges and the selfweight of the loading cap and the central axis.
ICL-2 (Fig. 2b) has only one load cell (N). The value monitored
by N is the normal stress acting on the sliding surface. The vertical
forces acting on the system, including the shear box and loading
piston, are (1) the normal force working on the sliding surface plus
the gap contact force and (2) the tensile force acting on the vertical
load cell. The side friction between the sample and the upper shear
box is the internal force in this system. Hence, the tensile force
monitored by the vertical load cell corresponds to the normal
force on the sliding surface, when deducting the self-weight of
the loading piston, the central axis (light green) and the loading
cap (dark green) as well as the gap contact force.
The gap contact force pressing the rubber edge is kept
constant by keeping the gap constant. The gap control servo-amplifier (SA: red, bottom of Fig. 2d) automatically controls the gap by sending a control signal to the servo-control
motor (SM) for gap control (left bottom of Fig. 2b and SM in
the bottom of Fig. 2d) and receiving a feedback signal from
the gap sensor (GS), with a precision of 1/1,000 mm.
Shear-stress control system
The servo-control shear motor (SM; gray color, right bottom
of Fig. 2b) rotates the lower shear box (yellow) through a
gear, while the upper shear box (dark green) is fixed to
torque-measuring sensors S1 and S2 rigidly mounted on two
pedestal pillars. The shear stress mobilized on the sliding
surface is measured by S1+S2, because the torque caused by
the shear stress on the shear surface and the rubber edge
shear resistance is balanced by the torque applied by the two
shear load cells. The servo-control motor applies the planned
shear load or shear speed by instruction from the control
signal given from the computer through the servo-amplifier.
The third illustration in Fig. 2d presents the control signal
(red line) to the servo-motor and the feedback signal (black
line) from the shear load cell in the shear–stress control test. The
shear control signal is generated in the computer. In the seismic
loading tests, a pre-selected seismic wave is saved in the
computer in advance. Then, the amplitudes of the shear
stresses to apply and their times of application are specified
in a computer file. This supplies the control signal to the
servo-amplifier to apply the shear load.
Fig. 2 Configuration of ICL-2. a Photo of the shear box and loading piston. b Outline of
the mechanical structure. c Mechanical structure for shear box and the close-up view of
the undrained gap. d Servo-control system. The mechanical configuration of the
apparatus is shown in panel b. The parts of the apparatus are coded with different
colors in the figure as follows: gray (lower part), stable part; yellow (lower shear box
and rotating table), rotates horizontally for shearing; dark green (upper shear box and
loading cap), rotates horizontally and moves vertically. This part is horizontally restrained
by a pair of load cells (S1 and S2) which monitor shear stress and vertically restrained by
the load cell which monitors normal stress (N). Each load cell is very slightly extended or
compressed as required to measure forces. Light green (central axis to connect to the
loading piston), can move vertically to adjust the gap between the upper and lower shear
boxes. The light green colored part is fixed to the dark green part after the sample has
been set until the conclusion of testing. Light gray (top, loading piston), the piston rod
(light green) connects to the stable part (gray) through the load cell for normal stress
(N). When oil pressure is supplied to the lower chamber (blue) of the loading piston, a
tensile stress acts through the central axis (light green), to pull the housing of the
loading piston (light gray) down on the sample, thus loading the normal stress

Normal-stress control system
Normal stress to the soil sample is transferred through three upright
loading rods connected to the loading piston (LP). Oil pressure is
supplied from an oil pump through the servo-control valve (SV: red

color in Fig. 2b). When a control signal (red line) is sent from the
computer to increase normal stress, the pressure of oil in the lower
chamber of the loading piston (dark blue) is increased, increasing the
normal stress to the sample. The normal stress acting on the sliding
Landslides
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The servo-control systems for pore pressure and gap control, as
well as normal stress and shear stress, are outlined in Fig. 2d. For a
pore-pressure-controlled test simulating rain-induced landslides,
pore pressure is increased following a preselected programme. The
control signal is sent from the computer to the servo-valve (SV: red
color). Water pressure is generated in the piston and supplied to the
sample as pore pressure. The feedback signal is returned from the
pore-pressure sensor (P: red color in Fig. 2b and c), thus automatically controlling the pore pressure. The gap between the upper shear
box and the lower shear box must be precisely controlled, even when
the samples dilate during shearing or cyclic loading. The contact
pressure of the rubber edge must be constant and greater than the
pore pressure inside the shear box, to calculate the normal stress and
shear stress applied to the sample. When the sample dilates and
tends to increase the gap, the servo-motor immediately responds to
maintain pressure to keep the gap constant.
Basic tests of the ICL-2 high-stress dynamic-loading undrained
ring-shear apparatus
To examine the rubber-edge friction and the performance of the
newly developed high-stress dynamic-loading ring-shear apparatus during drained speed-control and undrained monotonic
stress-control tests, a series of basic tests were conducted using a
sample taken from a megaslide, the Unzen–Mayuyama landslide.

Fig. 3 Reaction frame (two pillars and one horizontal beam) for previous
apparatus (example is DPRI-6)

surface is measured by the vertical load cell for normal stress (N: red
color). This measured value is used as the feedback signal (black line
in Fig. 2d). A servo-valve automatically controls the value of loaded
normal stress to the predetermined value.
Undrained sealing of the shear box and pore-pressure monitoring
The upper-left illustration of Fig. 2c outlines the shear box, and the
right picture is a detailed half section of the shear box. The lowerleft illustration shows a close-up view of the rubber edge and porepressure monitoring system. The rubber edge is supported by a
Teflon ring (pink color) held in place by a steel ring holder (blue).
The Teflon ring horizontally supports the rubber edge, which is
pushed outwards by the lateral pressure of soils and pore water
under high normal stress up to 3 MPa. The development of the
sealing structure in the undrained ring-shear apparatus is
reviewed by Sassa et al. (2014). The pore-water pressure is monitored by the pore-pressure sensor (P: red color) from the gutter
extending the entire circumference of the inner wall of the outer
ring in the upper shear box. The gutter is covered by two metal
filters and a felt cloth filter.
Landslides

Rubber-edge friction
The shear stress mobilized on the sliding surface is equal to the
measured value of the shear load cell (S1+ S2) minus the rubber-edge
friction. When a normal stress is loaded on the sample in the shear
box, a lateral pressure acts on the rubber edge, as shown in the two
lower figures of Fig. 2c. The rubber edge is compressed by the lateral
pressure, but due to an arch action of the rigid stainless steel shear box,
less pressure will act on the soft rubber edge. The lateral pressure ratio
(k is the ratio of lateral pressure to vertical pressure) is approximately
expressed by the Jakey’s equation (Sassa 1988) as k=1−sin φ. When
φ=30°, k=0.5. We initially believed that the lateral pressure would be
approximately 1/2 to 1/3 of the normal stress. We therefore chose to fill
the shear box with water and consecutively loaded normal stresses of
0.5, 1.0 and 1.5 MPa and sheared water in a speed-controlled test.
Figure 4 presents the measured shear resistance of the rubber edge
at 0.5, 1.0, and 1.5 MPa.
The 1.5 MPa test result was unstable, whereas 1.0 and 0.5 MPa
tests were stable. Both the1.0 and 0.5 MPa tests indicated a rubberedge friction of 20–25 kPa; however, the value varied with shear
displacement. The most important value is the steady-state resistance after a large shear displacement. It was found to be 20 kPa at
0.5 MPa, and 25 kPa at 1.0 MPa. The precision of the shear load cell
and normal stress load cell are 0.01–0.03 % of the full scale. The
precision of the pore-pressure sensors is 0.14–0.15 %. The precision
of the rubber-edge frictional resistance (±2.5) will be 0.08 % of the
full scale (3 MPa) of the load cell for normal and shear stresses.
When conducting tests at lower normal stresses, the load cells can
be replaced by those of lower capacities.
Sample from the 1792 Unzen–Mayuyama landslide
For initial tests of ICL-2, we chose samples from the1792 Unzen–
Mayuyama landslide in Shimabara City, Kyushu Island, Japan.
Mayuyama is a dome of the Unzen Volcano. The location of
sampling is shown in Fig. 5. Sample S1 was taken from a sand

Fig. 4 Relationship between rubber-edge friction and shear displacement. Shear
box is filled with water. Shear speed: 10 mm/s. Loaded normal stress on water: 0.5,
1.0 and 1.5 MPa

Fig. 6 Photo of the sand layer behind hammer from which sample (S1) was
taken. It is exposed in the bank of a torrent gully in the source area of the
Unzen–Mayuyama landslide
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Fig. 5 The sampling locations in the Unzen Mayuyama area (image from Google Earth)

layer exposed along a torrent gully in the source area of the
landslide. Sample 2 was taken from the coastal area outside the
landslide area to represent the soil overridden by the landslide.
The mountain consists of volcanic lava rock and unconsolidated
eruption products (debris and sands). The sliding surface of the
landslide probably formed within a sandy layer rather than in the
strong intact lava rocks and boulders. We took samples from a
sandy zone exposed along a torrent gully side slope in the source
area. The sample site is shown in Fig. 6 and the grain-size distribution of the sample is shown in Fig. 7.
A series of tests to examine the capability and performance of
the ICL-2 apparatus were conducted on sample S1 from this
megaslide.
Drained speed-control test
A drained test is the best way to measure the friction angle of a
sample and also to check the apparatus without any effect of porewater pressure. A drained speed-controlled test was conducted as
a basic test. First, the sample was fully saturated to BD =0.97,
consolidated to close to 3 MPa and then sheared at 0.2 cm/s in
the drained condition. After the shear surface had reached peak
shear resistance, the drained normal stress was reduced to zero at
a rate of Δσ=5 kPa/s to obtain the drained stress path and friction
angle of the sample (Fig. 8). The peak friction angle for S1 was
39.1°, and the friction angle during motion was 35.9°. The stress
path and the friction angles appeared to be reasonable for the
nature of the sample. The lower graph in Fig. 8 is the time-series
data for total normal stress, shear resistance and pore pressure.
Landslides
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Fig. 7 Grain-size distributions of sample 1 (S1) and sample 2 (S2)

Pore pressure remained zero throughout the test, since the test was
under a drained condition. This drained, speed-controlled test
result indicated that each of the ICL-2 servo-control system for
normal-stress loading and unloading, the monitoring system, and
the undrained capability of the apparatus could successfully function even under the very high normal stress of 3 MPa.

Fig. 8 Drained speed-control normal-stress-reducing test on Sample 1. BD =0.97,
velocity=0.2 cm/s. After reaching the peak, the normal stress was reduced at a rate
of Δσ=5 kPa/s

Landslides

Undrained monotonic stress-control tests
The ring-shear test able to simulate the landslide phenomena is a
stress-controlled test which can provide appropriate shear stresses
under rainfall, earthquake or undrained loading in the moving
landslide mass. Undrained monotonic shear–stress control
tests were conducted under four different normal stresses
as tests of undrained capability, stress-control capability
and precision of stress and pore-pressure monitoring.
For each test, normal stress was first loaded in the drained
condition to close to the planned normal stress (0.3 to 3.0 MPa).
The shear box was then changed to the undrained condition, and
shear stress was loaded gradually at a rate of Δτ=1–5 kPa/s. When
the effective stress path reached the failure line, it began to decrease due to pore-pressure generation (the mechanism for this is
sliding-surface liquefaction as explained in “Sliding-surface liquefaction” section) along the failure line until the steady-state shear
resistance was reached. Shearing was continued in each test until
there was 3 m or more of shear displacement.
The stress paths and time-series data for each test are shown in
Fig. 9a to d. The stress path at a normal stress of 375 kPa (Fig. 9a)
reached the failure line (39.8°) showing dilative behavior and then
decreased along the failure line until it reached a steady-state shear
resistance of 37 kPa. Negative pore-pressure was measured just
before failure. After failure, the pore pressure increased during
shear displacement. This is a typical sliding-surface liquefaction
behavior for a dense material: dilation of the sample near failure
caused negative pore pressure, and grain crushing occurred in the
shear zone. The resulting volume reduction, together with the
accumulating post-failure shear displacement, generated positive
pore pressure, even in the dense material.
Shear behavior at 1,030 kPa (Fig. 9b) normal stress was similar,
but there was no negative pore pressure, although a zero pore
pressure was measured just before failure. The steady-state shear
resistance was 45 kPa, slightly higher than in the test at 375 kPa.
The friction angle of the peak failure line was 41.2°, which also was
slightly higher than at 375 kPa.
Shear behavior at 1,970 kPa (Fig. 9c) normal stress was contractive. Pore-water pressure was generated during shearing before
failure. The steady-state shear resistance was 80 kPa. Shear behavior at a normal stress of 2,900 kPa, close to 3 MPa (Fig. 9d)
presented a more contractive stress path and reached a failure line
of 40.3°, then went down the line to a steady-state shear
resistance of 120 kPa. The stress paths and time-series data
of these four undrained monotonic stress-controlled tests
showed no aberrations, and did not conflict with previous
ring-shear tests such as those reported by Sassa et al. (2004,
2010) and others. All stress paths are plotted in the same
figure in Fig. 10. As shown, the four tests overlapped along
the failure line during motion at 39.8°.
Sliding-surface liquefaction
The concept of sliding-surface liquefaction was proposed by Sassa
in 1996 and elaborated in later papers (Sassa et al. 2004, 2010,
2014). It is a key concept for pore-pressure generation in a shear
zone and post-failure rapid landslide motion. Figure 11 illustrates
sliding-surface liquefaction in an undrained seismic-loading ringshear test for volcanic sand taken from the 2006 Leyte landslide
(Sassa et al. 2010). Grains in the shear zone were crushed during
shearing under a normal stress greater than a critical normal stress

Fig. 9 Undrained monotonic stress control tests at different normal stresses. Sample: S1 from Unzen–Mayuyama. a Normal stress=375 kPa, BD =0.93, Δτ/s=1 kPa/s. b
Normal stress=1,030 kPa, BD =0.95, Δτ/s=2 kPa/s. c Normal stress=1,970 kPa, BD =0.95, Δτ/s=5 kPa/s. d Normal stress=2,900 kPa, BD =0.96, Δτ/s=2 kPa/s

at steady state (σss). The soil structure failed and the soil reduced
in volume. In a fully saturated undrained state, a high pore
pressure is generated by a minimal reduction of volume. Then

both the effective stress and the mobilized shear resistance are
reduced. T1 in graph B in Fig. 11 is the onset of seismic
loading. Pore pressure immediately started to decrease. This
Landslides
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range from 37 to 120 kPa. The test at higher normal stress shows the
higher steady-state shear resistance, although the difference is smaller
than the difference in loaded normal stresses.
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Fig. 10 Combined undrained monotonic control test on Sample S1 (BD =0.93–0.96)

was interpreted as dilatancy occurring, which is a characteristic of dense materials. T2 in graph B (Fig. 11) is the start of
post-failure shear displacement. The pore pressure was progressively increased to close to the normal stress and then
kept constant. The difference between normal stress and porewater pressure corresponds to the normal stress at steady
state (σss). T3 in graph B (Fig. 11) is the start of steady-state
high-speed motion, namely, rapid landslide motion. The mobilized shear resistance at this stage is the steady-state shear
resistance (τss). Values of the steady-state shear resistance (τss)
from each test are given in Fig. 9.
The undrained test results for four different normal stresses, ranging
from 375 to 2,900 kPa, are plotted in Fig. 10. All stress paths had the same
friction angle (39.8°) during motion. All tests showed sliding-surface
liquefaction, that is, high pore-water pressure generated during the postfailure shear displacement. The values of steady-state shear resistance

Fig. 11 Illustration of the sliding surface liquefaction and a typical test result.
Example for volcanic debris from the 2006 Leyte landslide (Sassa et al. 2010)

Landslides

Application of the ICL-2 apparatus to the 1792 Unzen–Mayuyama
megaslide
The 1792 Unzen–Mayuyama megaslide is both the largest
landslide disaster and the largest volcanic disaster in Japan.
This landslide killed 15,153 people including 10,139 in the
Shimabara area. The other people were killed on the opposite
coast by a landslide-induced tsunami wave: 4,653 in
Kumamoto Prefecture, 343 on Amakusa Island and 18 people
in other areas (Usami 1996). The landside is illustrated on the
cover of a leaflet published by the Unzen Restoration Office
of the Ministry of Land, Infrastructure and Transport of Japan
(2003), based on a topographic survey. This illustration is
reproduced here (Fig. 12).
Figure 13 is a cross-section of the Unzen–Mayuyama
megaslide. The estimated ground surface before the landslide
is based on the paintings of Unzen–Mayuyama from the top
of Shimabara castle and other locations from the Unzen
Restoration Office of the Ministry of Land, Infrastructure
and Transport of Japan (2002) referring to Inoue (1999,
2000). The bedrock surface in the source area on the upper
slope is drawn from the current topography and the bedrock
surface in the lower area is estimated from drilling (Fig. 13).
The authors suggest that there were two original landslide
blocks (shown in Fig. 13 as blocks with red dots and black dots)
and two possible sliding surfaces in the section. The lower block was
assumed to have moved because of the undrained loading of the
displaced landslide mass (red dots). The average slope angle of the
sliding surface in the upper slope was 28.1°, and the average slope
angle of the lower slope was around 6.5°.

Ring-shear tests to simulate initiation of the Unzen–Mayuyama
landslide
A series of earthquakes struck the Shimabara area in April 1792. The
largest earthquake hit the area on 21 May 1792. The magnitude of this

Fig. 12 The 1792 Unzen Mayuyama landslide (estimation before and after the
landslide) (Unzen Restoration Office of the Ministry of Land, Infrastructure and
Transport of Japan 2003)

We performed three tests on the sample (S1) taken from the
source area of Unzen–Mayuyama (Fig. 5) to investigate the initiation of the landslide block in the upper slope (block with red dots
in Fig. 13) using the ICL-2 apparatus.

Fig. 13 Section of Mayuyama landslide and its interpretation. Modified from the Unzen
Restoration Office of the Ministry of Land, Infrastructure and Transport of Japan 2002

nearby earthquake is estimated to have been M=6.4±0.2 (Usami 1996).
Usami estimated that the seismic intensity at Shimabara was at least V
and possibly VI. The Unzen Restoration Office, however, estimates that
the seismic intensity which triggered the Unzen–Mayuyama landslide
was VII, because more than 30 % of the houses were destroyed in the
Shimabara area. Exact seismic accelerations may never be known, but
probably were around 400 cm/s2 or greater.
The Japanese seismic intensities (Usami 1996) are as follows:
80–250 cm/s2 (where walls and fences are cracked, and
Japanese gravestones fall down)
VI: 250–400 cm/s2 (where less than 30 % of Japanese wooden
houses are destroyed)
VII: More than 400 cm/s2 (where more than 30 % of the houses
are destroyed, landslides are triggered and surface fault
rupture is seen).

V:

The estimate of an acceleration of more than 400 cm/s2 by the
Restoration Office is probably correct, as it is based on a detailed
study of house damage.
There are no seismic records of the 1792 earthquake so we chose
to use a record from a recent earthquake. The 2008 Iwate–Miyagi
Nairiku Earthquake (M=7.2) triggered the Aratozawa landslide (67
million m3) in Miyagi Prefecture. The maximum recorded acceleration was 739.9 cm/s2 at MYG004 (National Research Institute
for Earth Science and Disaster, Prevention [NIED]). We have used
the Iwate–Miyagi earthquake wave form recorded in Miyagi
Prefecture (MYG004) for the ring-shear simulation test and also
in the computer simulation for 1792 Unzen–Mayuyama landslide.

Pore-water pressure control test
The first basic test for this landslide (Fig. 14) was to trigger
landslide failure by increasing only the pore-water pressure.
Firstly, the sample was saturated (BD value, 0.98), then consolidated to 3.0 MPa normal stress and 1.5 MPa shear stress
in a drained condition. This preparatory stage was to reproduce the initial stress in the slope, and is shown as a black
line in Fig. 14.
This initial stress corresponded to a slope of arctan (1.5/3.0)=
26.5°. This is a similar slope to the landslide block in Fig. 13. Then,
in order to simulate the pore-pressure-induced landslide process,
the pore-water pressure was gradually increased at a rate of Δσ=5
kPa/s. Failure occured at a pore-water presure of 1.2 MPa (a porewater pressure ratio ru =1.2/3.0=0.4). The friction angle at failure
was 39.4°.
Undrained cyclic loading test
The second basic test (Fig. 15) was an undrained cyclic loading test
on the saturated Sample S1. Initially, the saturated sample was
consolidated at 2.0 MPa normal stress, then a 1.2-MPa shear stress
was loaded in the drained state to create the initial stress state. The
slope angle forthis combination of normal and shear stresses
corresponded to arctan (1.2/2.0), i.e., 31.0°. The shear box was then
switched to the undrained state for the undrained cyclic loading
test. We applied the control signal for the computer as follows: an
initial cycle of shear stress increment of ±300 kPa was to be loaded
as asine curve, in which the second, third and fourth cycles of
shear stress were to be loaded as increasing ±300 kPa in each step.
(Normal stress was 2 MPa. It was expected that the soil would fail
before the loading of the fourth cycle when the total shear stress
would be 2.4 MPa). Thereafter, three cycles wouldbe kept constant
before the cyclic shear stress was reduced to zero. This computer
signal was sent to the servo-amplifier for shear stress, while the
control signal for normal stress was held constant. The pore-water
pressure generation during the test, mobilised shear resistance, and
shear displacement were eachmonitored continuously during the
test. The stress path and the time-series data for this test are shown
in Fig. 15. The shear stress reached the failure line during the second
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Fig. 14 Pore pressure control test on sample 1. Sample: S1 from Mayuyama source area. BD =0.98
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Fig. 15 Undrained cyclic loading test on Sample 1. BD =0.98, cycle rate: 0.2 cycle/s, shear stress step: 300 kPa

shear–stress cycle and shear stress decreased after the peak of
the third cycle due to generation of high pore-water pressure.
This phenomenon is what we have called sliding surface liquefaction. Then, the rate of shear displacement (the purple line in
Fig. 15) accelerated and displacement reached to more than
10 m. The peak friction angle was 40.5°, and the friction angle
during motion was 39.6°. The steady-state shear resistance was
81 kPa.
Seismic-loading test
The third test (Fig. 16) was a seismic-loading ring-shear test to
simulate the landslide initiation of the Mayuyama landslide by the
combined effect of pore-water pressure and earthquake shaking.
Initially, the sample (S1) was saturated (BD =0.94) and consolidated to 3 MPa in normal stress and 1.5 MPa in shear stress (the
corresponding slope angle was artanc (1.5/3.0)=26.6°). Then porewater pressure was increased up to 800 kPa, (a pore water pressure
ratio ru =800/3,000=0.27) as the initial slope condition. An exact
value remainsunknown, but it must have beensmaller than 0.4. A
preparatory test (Fig. 14) showed that ru =1.2/3.0=0.4 was a critical
pore-water pressure which could cause a landslide without an
earthquake. The earthquake which triggered the 1792 Unzen–
Mayuyama landslide was estimated to be magnitude M=6.4±0.2,
with a seismic intensity of VII during the earthquake; in the

Japanese standard, this corresponds to a seismic acceleration of
more than 400 cm/s2, as explained above.
The maximum recorded seismic acceleration in the 2008 Iwate–
Miyagi earthquake was 739.9 cm/s2, which caused the Aratozawa
landslide. We loaded the N–S component of the 2008 Iwate–
Miyagi earthquake record (maximum acceleration is 739.9 cm/s2)
at MYG004 as the additional shear stress. For precise pore-pressure monitoring, as well as to maintain servo-stress control, a fivetimes slower ratewas used in applying the recorded seismic acceleration. The test result is shown in Fig. 16.
The green line indicatesthe control signal. The maximum value
is 2,469 kPa (1,500+969 kPa) and the minimum value is 369 kPa
(1,500−1,131). The loaded acceleration (a) is calculated from the
ratio of seismic acceleration and gravitational acceleration: a/g=
969/1,500 or a/g=1,131/1,500, because ma =969 kPa and mg =1,500
kPa, expressing the landslide mass at unit area as m. The acceleration corresponds to +633 and −739 cm/s2. Therefore, the control
signal for shear stress sent to the ring-shear apparatus exactly
corresponded to the monitored acceleration record.
As Fig. 16 shows, failure occurred around 1,825 kPa, namely,
a/g=(1,825−1,500)/1,500=0.22; the necessary acceleration to failure was 216 cm/s2. This test result suggested that a lesser earthquake shaking (of around 216/633=0.34) than occurred in the
Iwate–Miyagi earthquake could have caused failure under a slope
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Ring-shear tests to simulate the motion of the Unzen–Mayuyama
landslide
We collected two samples during the Unzen–Mayuyama field
investigation. One sample (S1) was taken from the current ground
in the soure area (red dot zone of Fig. 13) of the Unzen–Mayuyama
landslide to study the initiation of the landslide. In order to
investigate the motion of the landslide, we took another sample
(S2) from a location close to the landslide area, but not covered by
the landslide source area mass, i.e., from exposed ground along the
coast. We assumed that S2 could represent soils in the lower slope
and deposits along the coast (black dot zone of Fig. 13).
We first carried out a basic undrained monotonic speed-control
test on S2 (Fig. 17). The peak shear strength appeared below the
failure line. The friction angle during motion was 40.4°, and
steady-state shear resistance was 100 kPa. The friction angle and
the steady-state shear resistance were similar to S1 (40.3° and 120
kPa). Thus, both samples were very similar in their undrained
shearing behavior, even though they were sampled from
differentpoints.
When a landslide mass on the upper slope moves, it applies
undrained loading to the soil mass on the lower slope and initiates
motion of the lower slope in addition to the motion from the
upper slope. A study of a landslide-induced debris flow, where
the landslide mass in the slope moved onto and mobilized a
torrent deposit, was reported by Sassa et al. (2004), although the
stress level is much different.
ICL-2 was used to simulate undrained loading on the black-dot
layer in the lower slope (Fig. 13) using the displaced mass from the
upper slope (red-dot block). Figure 18 presents the test result of an
undrained dynamic loading test simulating this scenario. Firstly,
the initial normal stress and the initial shear stress (σ0 =1,000 kPa,
τ0 =150 kPa, corresponding to an 8.5° slope) were loaded in the
drained condition to reproduce the initial stress state at the bottom of the black-dot layer. The normal stress was increased to
2,790 kPa (which is close to the 3 MPa capacity of the apparatus) as
the undrained load, although a 400-m-deep initial landslide will
result in a greater normal stress. If the lower slope mass can resist
the undrained load from the upper slope without raised pore-

water pressure, it may resist around 2,374 kPa (2,790×tan (40.4°)
in this dynamic loading. However, as seen in Fig. 18, a high porewater pressure was generated in the undrained loading. The sample failed at 720 kPa and its steady-state stress was 80 kPa. The
landslide mass from the upper slope should scrape off a layer of
the lower slope and move together as a combined greater mass

Stresses and pressure (kPa)

condition with a pore-pressure ratio of 0.27. The steady-state shear
strength was 157 kPa.
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Fig. 18 Undrained dynamic loading test on sample 2. BD =0.97, initial stresses
(σ0 =1,000 kPa, τ0 =150 kPa)
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toward the sea. This scenario was proven to be possible by this
landslide simulation test using ICL-2.
The integrated model simulating the initiation and the motion
of landslides (LS-RAPID; Sassa et al. 2010) usesthe shear displacement at peak strength (DL) and the shear displacement forthe
initiation of steady-state shear resisitance (DU). The shear stress
and the shear displacement curves for the tests conducted for S1
and S2 are shown in Fig. 19. The figure presents DL =5–7 mm, DU =
80–105 mm.
Application of the integrated computer simulation model (LS-RAPID)
to the Mayuyama landslide

Unit weight of soils in the Unzen volcano
The unit weight of soils in the Unzen volcano was not measured.
To estimate it, we consolidated sample (S1) in the ring-shear
apparatus in a saturated condition. The consolidation stress, sample height, dry unit weight and saturated unit weight are shown in
DL=5-7

Shear stress (kPa)

2000
1500

DU=80-105

S1-Cyclic

1000

Fig. 21. The saturated unit weight reached 21 kN/m3 at3 MPa, but
the dry unit weight was 19 kN/m3 at 3 MPa. Smaller values would
have occurred in shallower areas. We assumed a single value for
the entire area: 19.5 kN/m3.
Landslide dynamics parameters
The parameters used in the computer simulation are listed in
Table 1.
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(1) The pore water pressure control ring-shear test result (Fig. 14)
indicated that ru =0.4 would trigger the landslide without an
earthquake.
(2) The seismic loading ring-shear test (Fig. 16) indicated that a
pore-pressure ratio (ru =0.27) and a seismic acceleration of
+216 cm/s2 would cause failure.

Fig. 20 2008 Iwate–Miyagi earthquake record (MYG004). From K-net of National
Research Institute for Earth Science and Disaster Prevention (NIED)

Unit weight (kN/m3)

Triggering factors
The 1792 Unzen–Mayuyama landslide was triggered by a nearby
earthquake of seismic intensity VII (a seismic acceleration of more
than 400 cm/s2) in Shimabara. Since we did not have its earthquake record, we used the 2008 Iwate–Miyagi earthquake record
(MYG004) which triggered the Aratozawa landslides (Fig. 20). The
maximum acceleration was 739 cm/s2 for the S component, but we
applied sets of smaller accelerations, namely, 0.7 times
(507 cm/s2) and 0.5 times (370 cm/s2) the MYG004 record,
because the result of the seismic-loading ring-shear test
(Fig. 16) showed that the necessary acceleration to failure
was 216 cm/s2. Both sets of simulated earthquake shaking
caused similar landslide motion, although the moving shape
was slightly different. Then, 0.5 times the 2008 Iwate–Miyagi
earthquake record was adopted as the triggering seismic
parameter.
We assigned a pore-water pressure before the earthquake of
ru =0.21 because:
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Fig. 19 Shear resistance and shear displacement by different mode of shearing
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Fig. 21 Consolidation of sample and saturated unit weight. Sample S1 was
consolidated in the ring-shear apparatus

Table 1 Parameters used in computer simulation of Unzen–Mayuyama landslide

Parameters used in simulation

Value

Source

Steady state shear resistance (τss)

120 kPa

Test data

Lateral Pressure ratio (k=σh/σv)

0.7–0.8

Estimation (see text)

Friction angle at peak (ϕp)

42.0°

Test data

Parameters of Soils in the source area (Deeper area)

Cohesion at peak (c)

10 kPa

Assuming small

Friction angle during motion (ϕm)

40.0°

Test data

Shear displacement at the start of strength reduction (DL)

6 mm

Test data

Shear displacement at the start of steady state (DU)

90 mm

Test data

Pore pressure generation rate (Bss)*

0.7–0.9

Estimated

Total unit weight of the mass (γt)

19.5 kN/m3

From the test

Steady state shear resistance (τss)

30–80 kPa

Test data

Lateral Pressure ratio (k=σh/σv)

0.8–0.9

Estimated

Friction angle at peak (ϕp)

40.0°

Test data

Cohesion at peak (c)

10 kPa

Assuming small

Parameters of Soils in the moving area (shallower area)

Friction angle during motion (ϕm)

40.0°

Test data

Shear displacement at the start of strength reduction (DL)

6 mm

Test data

Shear displacement at the end of strength reduction (DU)

90 mm

Test data

Pore pressure generation rate (Bss)

0.7–0.9

Total unit weight of the mass (γt)

19.5 kN/m

Estimated
3

From the test

Triggering factor
Excess pore pressure ratio in the fractured zone (ru)

0.21

Assumption

0.5 times of the 2008 Iwate–Miyagi earthquake

Max:370 cm/s2

Wave form of the Ground
motion record at MYG004

Coefficient for non-frictional energy consumption

1.0

Data (Sassa et al. 2010)

Threshold value of velocity

100 m/s

A few times greater than
maximum reported speed

Threshold value of soil height

400 m

Maximum depth of the initial
source area

Parameters of the function for non-frictional energy consumption

Other factors
Steady state shear resistance under sea

10 kPa

Unit weight of sea water

1. Steady-state shear resistance: 120 kPa in the landslide
source area (deep soil layer), and40–80 kPa in the
landslide moving area (shallower soil layer), based on
the undrained monotonic stress control test results
(Fig. 9).
2. Friction angle during motion: 40.0°from the combined
undrained monotonic stress control tests on sample S1
(Fig. 10).
3. Peak friction angle: 42.0°. The maximum was 41.2° in control
series of tests (Fig. 9). However, the value in undisturbed field
conditions can be greater.
4. Critical shear displacements for start of strength reduction (D L) and the start of steady state (D U ): 6 and

10.1 kN/m

5.

6.

7.

8.

Data (Sassa et al. 2004)
3

Average sea water density

90 mm from the shear resistance and shear displacement
relationship for S1 and S2 (Fig. 19).
Pore-pressure generation rate B ss was 0.7–0.9 in the
source area, and 0.99 under the sea (completely saturated). Outside of the landslide, a value was 0.2 was assumed (unsaturated).
Lateral pressure ratio k: 0.7–0.9. We assumed the ratio
to be 0.9 in the coastal area and under the sea.
Outside of the landslide, it was 0.4 (unsaturated).
Unit weight of soils: 19.5 kN/m3, estimated from consolidation of sample and saturated and dry unit weight of sample S1
(Fig. 21).
Pore-pressure ratio before earthquake: 0.21 (assumed).
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Fig. 22 Simulation result of 1792 Unzen–Mayuyama landslide

9. Seismic loading: 0.5 times that of the three components
of the Miyagi–Iwate earthquake (maximum acceleration
of 370 cm/s2).
10. Coefficient for non-friction energy consumption: 1.0 (the same
value used for the 2006 Leyte landslide; Sassa et al. 2010)
The simulation results are presented in Fig. 22.
Red color balls represent the moving mass, while blue balls
represent the stable mass.
At 11 s, the pore-water pressure reached 0.21 and the earthquake
started, but no motion occurred.
Landslides

At 17 s, the main shock of earthquake struck the area and failure
occurred within the slope. Failure began from the middle of the
slope.
At 26 s, the earthquake has almost terminated. The whole
landslide mass was formed during the earthquake shaking.
At 64 s, the landslide mass continued to move after the earthquake ended and entered into the sea
At 226 s, the landslide mass stopped moving and was deposited.
In Fig. 23, the simulated deposition area was compared with the
map made by the Unzen Restoration Office of the Ministry of
Land, Infrastructure and Transport of Japan (2002) based on

Fig. 23 Comparison of the central sections between simulation result (upper) and topographic survey (lower)

topographic survey. To compare both landslide motions, the
section of line A in the right-bottom figure and the E–W section
(almost the same as line A) of the computer simulation were
compared. Both movements were very similar. The travel distances from the head scarp of the initial landslide to the toe of
the displaced landslide mass were also very close — around
6 km (the travel distance in the computer simulation is 6.6 km,
while the distance based on field investigation of the deposits is
5.9 km).
Conclusion
Megaslides more than 100 m deep have caused great disasters.
Sassa and others developed a series of undrained ring-shear testing apparatus (from DPRI-3 to DPRI-7) to geotechnically simulate
the failure of soils, the formation of sliding surfaces and the
steady-state motion of landslides within the apparatus. However,
the undrained capacity was limited to several hundred kPa. In
order to investigate megaslides, which are more than 100 m deep,
test pressures of more than 1 MPa are needed.
With support from the Science and Technology Research
Partnership for Sustainable Development Program (SATREPS)
of Japan, Sassa and ICL members in 2012–2013 developed a
new high-stress undrained ring-shear apparatus, with a maximum undrained capacity of 3 MPa. Developments also include improved performance, and easier handling and
maintenance (particularly for outside of Japan). For the first
application of ICL-2, we performed a series of tests using a
sample taken from the 1792 Unzen–Mayuyama landslide, the
greatest landslide disaster in Japan. This landslide disaster is
well documented, but the landslide dynamics had hitherto not
been studied. The major results from applying ICL-2 to this
landslide are summarized:
1. Undrained tests were successful up to 3 MPa in the monotonic
speed-control test, monotonic stress-control test, pore-pressure

control test, cyclic-shear-stress loading test and seismic-shearstress loading test using the real earthquake records.
2. Undrained monotonic loading tests were conducted for
the same sample under different normal stresses ranging
from 300 kPa to 3 MPa. The friction angle during motion
remained almost constant (around 39.8°) throughout. The
undrained steady-state shear resistance from 37 to 120 kPa
was proportional to the loaded normal stress across the
entire tested range.
3. The pore-pressure control test for simulating the source area
of the landslide suggested that a pore-pressure ratio of 0.4
could have caused the landslide without an earthquake. The
seismic-shear-stress loading test under a pore-pressure ratio of
0.27 indicated that the landslide could be initiated bya seismic
acceleration of 216 cm/s2.
4. We input a pore-pressure ratio ru = 0.21 and 0.5 times the
seismic acceleration of the 2008 Iwate Miyagi earthquake
record (MYG004), (maximum acceleration = 370 cm/s 2 )
into the integrated landslide simulation model (LSRAPID) as triggering factors. Soil parameters estimated
from the undrained ring-shear tests were also input into
the model.
The simulation results indicated a landslide hazard area and its
central section that were similar to those determined by the Unzen
Restoration Office of the Ministry of Land, Infrastructure and
Transport of Japan (2002; 2003) based on a topographic survey.
5. This first application of the new ICL-2 high-stress undrained
dynamic loading ring-shear apparatus to the 1792 Unzen–
Mayuyama landslide showed that the apparatus and the
integrated computer simulation (LS-RAPID) using the measured parameters were effective tools for understanding the
initiation and motion mechanisms of megaslides and their
hazard assessment.
Landslides
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