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Abstract

Landslide Dynamics is a relatively new field in Landslide Science. Reliable scientific

knowledge to assess the motion of landslides including hazard area, speed and depth is

needed to reduce human loss from landslides. However, the initiation and motion of

landslides is not easy to explain quantitatively because of pore-pressure generation during

initiation and motion, and continuing changes in grain size, grain shape and water content

of the involved soils in the shear zone. An apparatus has been developed to physically

simulate the formation of sliding surfaces and the post-failure motion of the involved soils

under realistic stresses. It can simulate pore-pressure increase due to rain water infiltration

and dynamic loading due to earthquakes in the field, and can monitor pore-pressure

generation, and mobilized shear resistance together with shear displacement. The apparatus

has evolved from the model DPRI-1 in 1984 through DPRI-2, 3, 4, 5, 6, to the model ICL-1

in 2011 and ICL-2 in 2013. This apparatus which is called the landslide ring-shear

simulator is now in use in foreign countries. This paper presents the progress of the

landslide ring-shear simulator and its application to earthquake-induced landslides, the

2006 Leyte landslide killing over 1,000 people, the 1792 Unzen Mayuyama landslide

killing 15,000 people, and a hypothetical Senoumi (Stone flower sea) submarine megaslide

using a cored sample from 190 m below the sea floor. A new integrated computer model

(LS-RAPID) simulating the initiation and motion using soil parameters obtained from the

landslide ring-shear simulator has been developed in parallel with the development of

landslide ring-shear simulator. LS-RAPID was applied to the three earthquake-induced

landslide cases mentioned above. The simulations included two triggering factors: pore-
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water pressure and three-component seismic waves. The combination of landslide ring-

shear simulator and integrated landslide simulation model provides a new tool for landslide

hazard assessment.

Keywords

Landslide dynamics � Ring shear apparatus � Landslide simulation � Computer model

Introduction

Slope-stability analysis is to study whether a slope fails or

not, and is the main tool for the study of landslide initiation.

Landside dynamics is to study landslide mobility after fail-

ure. The former study focuses on the design of engineered

slopes including embankments and earth dams, and also the

prevention of occurrence of landslides. The latter study

focuses on landslide hazard and risk assessment to identify

the hazard level, area exposed to hazard and landslide veloc-

ity if the landslide were to occur. These data are necessary

for early warning, evacuation and land-use planning to

reduce human loss. The necessary geotechnical parameters

and deformation in testing for each study are different.

Slope-stability analyses need the peak shear resistance at

failure and the mobilized shear deformation/displacement

is usually of the order of a few mm or cm before the failure,

although this depends on the sample size. On the other hand,

landslide dynamics needs the steady-state shear resistance

mobilized during post-failure motion. Results of basic geo-

technical tests such as the triaxial test and direct shear tests

are used in slope stability, while the results from physical

simulation tests (i.e. undrained dynamic-loading ring-shear

test) reproducing the sliding surface and post-failure motion

are used in landslide dynamics. The comparison is shown in

Table 1.

The science of slope-stability analysis advanced much

earlier than landslide dynamics. Many people are killed by

landslides especially in the developing countries due to

urbanization and extensive regional development. Expen-

sive landslide prevention works are difficult in developed

countries as well as in the developing countries within lim-

ited budgets. The most effective and economical way to

reduce human loss from landslides is landslide-hazard

assessment and disaster preparedness including early warn-

ing, evacuation and land-use planning. A limited displace-

ment and/or a low speed of motion may cause failure of

structures but not be dangerous for humans. A high-speed,

long-runout and wide-spreading motion may cause a great

disaster. The significance of landslide dynamics is becoming

more important.

Development of Landslide dynamics needs a tool to mea-

sure the mobilized geotechnical parameters after the

formation of a sliding surface—the post-failure strength

reduction to its value at steady-state motion. It also needs

an integrated computer model to simulate both the initiation

and the motion of the landslide within the same programme

using the geotechnical parameters mobilized in the landslide

motion. This contribution summarises three decades of

development of our tools for measuring dynamic geotechni-

cal parameters (namely the landslide ring-shear simulator)

and our development of a computer simulation from the

initiation to the motion. It focuses on the research and

technological developments which have been implemented

in the Disaster Prevention Research Institute (DPRI), Kyoto

University, Japan and the International Consortium on

Landslides since 1984.

The Landslide Ring-Shear Simulator

Aim and Concept of the Landslide Ring-Shear
Simulator

The formation of a sliding surface is not a simple phenome-

non. Strain is not defined in the shear zone. Grains of soil in

the shear zone are crushed or broken. Size and shapes of

grains in the shear zone are changed. Those changes neces-

sarily affect pore-water pressure due to volume change in the

shear zone. The extent of changes is different for different

soils such as volcanic or sedimentary, angular or round, hard

or soft minerals. The confining stress level much affects the

behaviour of grain crushing in the shear zone. It is difficult to

infer a reliable general principle for all the cases of concern.

The basic concept of the landslide ring-shear simulator

(Fig. 1) is to reproduce the stresses due to gravity, seismic

force or pore pressure on soils taken from the field and to

observe what happens; fail or not fail, excess pore-water

pressure generated or not generated in the initiation, failure,

and post-failure processes, and how much shear resistance is

mobilized in the whole process.

Figure. 2 illustrates the landslide initiation mechanism

due to increase of pore-water pressure in deep and shallow

slides. The upper figure shows the soil column with a unit

length along the bottom of a soil (weathered rock) layer, or

more precisely, a landslide-susceptible layer. The weight of
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the soil column is expressed as m x g in Fig. 2. where, m is a

mass of the soil column, and g is gravity.

If no ground-water table exists within the soil column,

that is, zero pore-water pressure is acting, the initial stress at

the bottom on this column is plotted as “I” in the stress-path

figure of normal stress and shear stress.

Normal stress at I is σ0 ¼ mg · cosθ, Shear stress at I is
τ0 ¼ mg · sinθ.

Note:

1. The initial stress point is located on the line with an

inclination of angle θ.
2. The distance between the origin and the stress point I

presents m � g (¼ the weight of soil column).

When ground-water level increases, pore-water pressure u

increases. The stress moves toward to the left. When the stress

reaches the failure line, shear failure will occur at the stress at

failure (shown as red circle along the failure line). Deeper

slides need a greater pore-pressure rise as seen in the Fig. 2.

τf ¼ cþ σ � tanφ ð1Þ

Figure 3 presents the loaded stress in the slope (a: left

figure) and the stress path during earthquakes (b: right fig-

ure). The initial stress acting on the bottom of the landslide-

susceptible layer (mg) is plotted as A0 (if no pore pressure is

acting, it is the same as I in Fig. 2). When an earthquake

occurs and a cyclic seismic load is applied, the loaded stress

is expressed by k · mg, where k is seismic coefficient which

is the ratio of seismic acceleration (a) and gravity (g),

namely k ¼ a/g.

Table 1 Slope stability and landslide dynamics

Necessary items for both analysis Slope stability Landslide dynamics

Objectives of analysis Design of engineered slopes and

prevention of landslide occurrence

Landslide-risk assessment for early warning, evacuation or land-

use planning

Necessary parameters Shear strength parameters (Shear

resistance at failure)

Steady-state shear resistance during post-failure motion

Necessary deformation in testing Order of mm to cm until failure Order of m in shear displacement

Difference from the initial state of

grain size/shape/structure

The initial state is mostly kept The initial state is completely lost

Testing methods Element tests such as triaxial tests and

direct shear tests

Physical simulation test to reproduce sliding surface and post-

failure motion (i.e.: Landslide ring-shear simulator)

Application of measured data Slope-stability analysis Numerical simulation of landslide motion

Basic science/analysis Soil mechanics—stability analysis Soil dynamics—landslide dynamics

Fig. 1 Concept of landslide ring-shear simulator

Fig. 2 Initiation by ground water rise (pore-pressure increase)
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When expressing the direction of seismic force as α from

vertical direction, the direction of the seismic stress incre-

ment in the stress diagram (b) is expressed as (α + θ).
The effective stress path during an earthquake is not in

the same direction as the total stress path.

Figure 3 illustrates the case where the initial stress + the

seismic stress reach the failure line.

When pore-water pressure is generated during seismic

loading, the effective stress path shifts from A0 to Af.

When the seismic stress reaches or even crosses the failure

line, the difference between shear stress and shear resistance is

used to accelerate the soil column. Each time period when

stress crosses over the failure line is short. If post-failure shear-

strength reduction does not occur, the shear displacement will

be very limited and stabilized after termination of the earth-

quake. However, if shear resistance is much decreased after

failure, rapid motion will occur due to the difference between

applied shear stress and mobilized shear resistance on the

sliding surface. The landslide ring-shear simulator (undrained

dynamic-loading ring-shear apparatus) can reproduce the

post-failure motion, measure the pore-water pressure

generated in the shear zone and the resulting shear resistance

during motion including that under steady state conditions.

Development of the Dynamic-Loading Ring-
Shear Apparatus Series (from DPRI-1 to ICL-2)

Sassa and colleagues of the Disaster Prevention Research

Institute (DPRI), Kyoto University and the International

Consortium on Landslides (ICL) have developed a series

of dynamic-loading ring-shear apparatus from DPRI-1 (ini-

tial version, 1984), DPRI-2, DPRI-3, DPRI-4, DPRI-5,

DPRI-6, DPRI-7, ICL-1 and ICL-2 (the latest version,

2013). To reproduce most earthquake-induced landslides it

is necessary to maintain a undrained condition in the soil

sample. Pore-water pressure is very important in the mecha-

nism of the long runout landslides. Maintaining an undrained

condition and measuring pore-water pressure accurately are

difficult to achieve. Models DPRI-1 and DPRI-2 could not

create the undrained condition although rapid shearing could

be produced. Model DPRI-3 was an intermediate version

from the initial model to the developed version of the appa-

ratus. Model DPRI-4 was a trial version, and models DPRI-5

and DPRI-6 were produced at the same time after obtaining a

special budget to mitigate earthquake disasters soon after the

Hyogoken Nambu Earthquake in 1995. These two apparatus

are developed versions of an undrained dynamic-loading

ring-shear apparatus having the features of undrained condi-

tion, pore-water pressure monitoring near the sliding sur-

face, and dynamic loading (regular cyclic or filtered real

seismic record). These two apparatus succeeded reproducing

sliding-surface formation and measuring post-failure motion

in rain- and earthquake-induced landslides. Sassa planned to

test large-scale landslides and aimed to test under 2 MPa

(DPRI-5) and 3 MPa (DPRI-6). However, these devices

failed to reach this intended high stress state in a stable

manner and also failed to maintain an undrained condition

under this high stress state. For these reasons sensors were

changed to smaller capacities. They successfully tested up to

500 kPa (with one successful test to 630 kPa in Fig. 12 in

DPRI-5). The latest models ICL-1 and ICL-2 use a different

loading system, successfully allowing higher normal stress

and maintaining an undrained condition up to 1 MPa (ICL-1)

and 3 MPa (ICL-2).

The aim of models DPRI-1 to DPRI-7 was scientific

research to achieve high-precision results for science. The

aim of models ICL-1 and ICL-2 is for practical use, less

expensive to manufacture, lower-cost maintenance, and the

capability to be maintained abroad. Both apparatus were

developed to donate to developing countries, one to Croatia

and the other to Vietnam.

We introduce the initial apparatus DPRI-1, the intermedi-

ate DPRI-3, one of the developed stage (DPRI-6, the largest

model), and the latest and most advanced model ICL-2 using

three figures of the structures (Figs. 4, 5 and 6) and two tables

of characteristics (Table 2) and sealing structures for

maintaining undrained condition (Table 3). Figure 4 presents

the structure of models DPRI-1 and DPRI-3. The initial

model (DPRI-1 in the upper figure of Fig. 4) aimed to repro-

duce the shear zone of debris flows. The concept was to use a

circular device to represent an endless flume. Loading stress

is achieved with a motorcycle inner tube. This was not an

undrained condition. A water container was attached outside

the shear box. Sponge rubber was pasted in the gap between

upper and lower shear boxes as shown in Table 3. Water

could move freely through the edge.

The DPRI-3 structure is presented in the lower figure of

Fig. 4. It has a loading frame similar to a triaxial test

Fig. 3 Initiation by seisimc loading during earthquakes. (a) Loading

stresses in the slope, (b) Stress paths during earthquakes
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apparatus. Normal stress is loaded by air-servo valve and

compressor. Initially, the undrained condition was not kept.

A water bath was attached outside the shear box as seen in

Fig. 4. Pore-water pressure was measured by inserting a

needle (covered by porous cup) through the top cap

connecting to a pore-pressure sensor. Pore-water pressure

monitoring was unsuccessful. The area exposed to the pore

water was too small to push the diaphragm of the pore

pressure sensor. The sensitivity was insufficient and the nee-

dle was deformed by the shear displacement. The mechanism

of model DPRI-3 was improved. The DPRI-3 (final) in

Table 3 presented the eventual mechanism to measure pore-

water pressure and to keep the undrained condition. To

increase the contact stress between the rubber and upper

shear box, the top of the rubber edge was changed from flat

to stepped, thus reducing the contact area. The area exposed

to water pressure was much increased by installing a metal

filter around the whole circumference of the upper and outer

shear box. A smaller diaphragm pore-pressure sensor was

also used. This system dispensed with the water container,

but still could not produce a perfect undrained condition.

In January 1995, the Kobe earthquake occurred and 36

persons were killed by a rapid landslide. The mobility of the

landslide was one of a debris flow, however, there was no rain

at all during this very dry season and no water present in a

very small river at the toe of the slope. A landslide study was

needed to investigate this mechanism and to mitigate future

landslide disasters. Funding to develop an advanced

undrained dynamic-loading ring-shear apparatus was

obtained. Then, we developed two apparatus (a large shear

box (25–35 cm) and a smaller one (12–18 cm)). We aimed to

produce a high stress of 2–3 MPa. To create this capacity,

DPRI-6 has two stress- and speed-control servo-motors

(37 kW) and DPRI-5 has a 37 kW motor plus an oil piston

to give additional shear load around peak failure strength.

Both attempts failed to produce such a high shear force. We

could not maintain the undrained state at such high stresses,

and also we could not control the normal stress at such a high

level. This was caused by several reasons: at high load, the

tall poles of the frame were extended, and the horizontal

beam to load normal stress was deformed. The deformation

was elastic, and when sudden stress change occurs, the servo-

control system could not work properly due to the oscillation.

We had great difficulty reproducing stresses and shear

failure with crushable sand grains at such high stress levels.

The structure and the photo of DPRI-6 are shown in Fig. 5.

One advancement was a vertical positioning bar (shown in

red in Fig. 5 right) passing through the central axis. The bar

was fixed to the loading plate and moved together with the

upper shear box. The displacement of the bottom of the

vertical positioning bar was measured by a gap sensor

connected to the stable base, namely the lower shear box.

The gap between the upper shear box and the lower shear

box was measured by a gap sensor with a precision of 1/
Fig. 4 I The initial stage of apparatus of DPRI-1 and the intermediate

apparatus of DPRI-3
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1,000 mm. However, it was unsuccessful in avoiding oscil-

lation in the gap servo-control system at a level of MPa.

Figure 6 presents the latest model undrained dynamic-

loading ring-shear apparatus which has been developed to

simulate megaslides up to 3 MPa, and planned to be donated

to Vietnam in 2014. The ease of maintenance in Vietnam

was a major consideration in the design. A photograph of the

main apparatus is presented in the left top (a). Figure b

presents the mechanical structure of model ICL-2. The

greatest difference between (ICL-1 and ICL-2) and (DPRI-

3 and DPRI-6) is the system for loading normal stress.

Models DPRI-3 and DPRI-6 have a long loading frame

consisting of two long vertical pillars and one horizontal

beam. The frame is extended and compressed in pillars and

deformed in beam during changes in loaded stress due to

cyclic and seismic loading and sudden stress changes when

grains or soil structures fail due to high normal or shear

stress. This sometimes disturbs the function of the servo-

control system and an oscillation occurs. To minimize the

effect of extension/compression and deformation, the load-

ing frame is removed in the ICL series. The basic concept

returns to the DPRI-1 loading system without the loading

frame. In DPRI-1, an air tube pressed to the sample and the

loading cap which was restrained by the central axis. The

loading normal stress is provided by a tensile stress along the

central axis. Models ICL-1 and ICL-2 achieve this via a

loading piston in place of an air tube. Figure 6b, d shows

the structure and the servo-control system of ICL-2. Oil

pressure within the loading piston is controlled by servo-

valve (SV) using the feedback signal from the load cell (N)

measuring the normal stress. When a testing programme

has been selected and a control signal given for monotonic

stress, cyclic or seismic stress loading, oil is pumped into the

loading piston, loading the normal stress by pulling on the

central axis. The normal stress acting on the sliding surface

(upward) is retained by the central axis (downward), and this

load is measured by the vertical load cell (N). In this system,

the role of the two long pillars used in models DPRI-5, 6, and

7 was replaced by one short central axis column and the role

of the long horizontal beam is replaced by the loading piston.

Deformation of this system is much smaller than in the frame

loading system. This structure enables stable servo-stress-

control. The minimum deformation during cyclic and seis-

mic loading and possible sudden stress change due to grain

crushing on sands has enabled maintenance of an undrained

state up to 3 MPa during tests.

Another difference between the DPRI series apparatus

(DPRI-5, 6, 7) and the ICL series is the rubber edge which

has a critical role for sealing. Rubber edges of all DPRI

series apparatus were glued to the shear box. A constant

thickness of glue is impossible to achieve and the height of

the upper surfaces of the rubber edges of the inner ring and

the outer ring must be the equal to maintain an undrained

condition. Hence after a new rubber edge had been glued to

the shear box, it had to be machined by a skilled technician.

In the ICL series, the rubber edges are fixed without glue as

is illustrated in Table 3 (ICL-2). This shape (grey color) of

rubber edge is processed from a constant-thickness rubber

plate. A number of rubber edges of this shape can be com-

mercially purchased in reasonable cost. The rubber edge is

simply placed on the lower ring. Then the rubber edge is

pressed by a Teflon ring holder, and this holder is pressed in

Fig. 5 The developed stage of

apparatus of DPRI-6. Models

DPRI-5 and DPRI-7 are the

basically same system though the

shear-box size, the maximum

velocity and the loaded maximum

stresses are different
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turn by a steel ring holder fixed by a set of screws No glue or

specialist machining are needed. The Teflon ring holder was

designed for the high stress of ICL-2 (3 MPa). Because the

rubber edge used in DPRI-6 was deformed outwards due to a

high lateral stress, it could not maintain undrained state. To

prevent such deformation in the ICL series, a Teflon ring

Fig. 6 The most updated and practical apparatus of ICL-2. ICL-1 and

ICL-2 are developed for use and maintenance in foreign countries. (a)

Photograph of the main apparatus, (b) Mechanical structure of the main

apparatus, (c) Close-up view of the shear box and the undrained sealing

and pore pressure monitoring, (d) Servo-control systems for normal

stress and pore pressure through servo-valves (SV) and servo-control

systems for shear stress and gap through servo-motors (SM)
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Table 2 Characteristics of each stage of the ring shear apparatus (DPRI-1, 3, 6 and ICL-2)

Type Characteristics

DPRI-1 • Aim: to reproduce debris-flow motion under a certain normal stress within a rotational channel

• Target: Debris flows frequently occurred in Volcano Usu, Volcano Sakurajima and others in Japan

• Normal stress

Maximum normal stress: 40 kPa

Loading system: Rubber tube by air compressor and regulator which was installed between the loading plate and the top cap of the

upper shear box (no loading frame)

Monitoring: one load cell by automatic side-friction canceling

• Shear stress

Shear box: 300–480 mm in diameter and transparent acrylic shear box

Loading system: Speed- control motor

Maximum shear speed in the center of shear box: 100 cm/s

• Gap control, undrained condition, and pore pressure monitoring

Gap control system: Manual gap control by measuring the position change of the upper loading plate

Sealing of sample leakage: Silicon rubber

Undrained condition: Not possible

No pore pressure measurement

• Major reports: Sassa (1984) in 4th ISL and Sassa 1988 in 5th ISL, Lausanne

DPRI-3 • Aim: to reproduce earthquake-induced landslides.

• Target: Ontake landslide triggered by the 1984 Naganoken-Seibu earthquake in Japan.

• Normal stress

Maximum normal stress: 500 kPa

Loading system: Loading piston with air servo-valve, compressor and loading frame to support piston

Monitoring: two load cells, one for loading pressure, another for side friction within the shear box

• Shear stress

Shear box: 210–310 mm in size with a transparent acrylic outer ring

Loading system: Stress-control and speed-control motor

Maximum shear speed in the center of shear box: 37 cm/s

• Gap control, undrained condition, and pore-pressure monitoring

Sealing of water leakage: Polychloroprene (®Neoprene) rubber edge passed on the lower ring (Rubber hardness Index, 45�JIS)
Gap control: Servo-gap control system by measuring the position change of the upper loading plate and adjusting by servo-motor

(Extension of central axis was neglected)

Undrained condition and pore-water pressure monitoring: It was improved from 6th ISL in Christchurch 1992–1994

Successful undrained condition: 400 kPa

Pore pressure was monitored by a needle inserted close to the shear zone in 1992. It was monitored from the gutter (4 � 4 mm)

along the whole circumference of the upper-outer shear box 2 mm above the gap in 1994

Major reports: Sassa (1992) in 6th ISL and 7th ICL in 1996

DPRI-6 • Aim: to develop landslide ring-shear simulator

• Target: Nikawa landslide killing 34 persons. Triggered by the 1995 Hyogoken-Nambu earthquake

• Normal stress

Maximum normal stress: designed for 3,000 kPa. However, normal stress servo-control system does not function well. Tests were

conducted to 750 kPa by changing the normal stress load cell

Normal stress loading system: Loading piston by oil servo-valve and oil-pressure pump and loading frame to support piston

Monitoring: two load cells: one for loading pressure, the other for side friction within the shear box

• Shear stress

Shear box: 250-350 mm in size with non-transparent outer and inner rings of stainless steel. Maximum shear speed in the center of

shear box: 224 cm/s

• Gap control, undrained condition, and pore-pressure monitoring

Rubber edge in the gap: Polychloroprene rubber with Rubber hardness Index, 45� JIS
Gap control: Piston with oil servo-valve and oil pressure pump by measuring the position change of the upper loading plate. To

avoid the effect of extension of central axis, a displacement guide was installed within the central axis

Successful undrained condition: 550 kPa

Pore pressure is monitored along the entire circumference of the upper-outer shear box 2 mm above the gap (same with DPRI-3)

• Major reports: Sassa et al. 2004 in Landslides, Vol.1, No.1

ICL-2 • Aim: to develop a landslide ring-shear simulator for mega-slides (3 MPa normal stress) and able to be maintained in a developing

country

• Targets: 1792 Unzen Mayuyama landslide killing 14,528 persons and submarine mega-landslides including a 30 km wide and

20 km long possible landslide trace in Senoumi, Suruga Bay in Japan

• Normal stress

Maximum normal stress: 3 MPa

Normal-stress loading system: Loading piston by oil servo-valve and oil pressure pump which is retained by the central axis (no

loading frame)

Monitoring: One load cell with automatic side-friction canceling

(continued)
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horizontally supports the rubber edge. The height of the

rubber edge is gradually reduced by wear during

experiments. If the steel ring holder were to touch the

upper ring, it would mobilize a large shear resistance and

damage the upper ring. The Teflon ring is softer than steel

and has low friction, and so it causes no damage. However,

when wear allows the Teflon ring to touch the upper ring, it

can be noticed that it is time to change rubber edge.

Models ICL-1 and ICL-2 have been developed for practi-

cal use for landslide risk assessment in other countries

including developing countries. Model ICL-1 is small,

light-weight and transportable, and capable of testing up to

1 MPa at low shearing speed (5.4 cm/s). Model ICL-2 was

designed for up to 3 MPa and up to 50 cm/s. Both

apparatuses are commercially available as practical testing

machines (although careful handling is needed). Apparatus

ICL-1 was donated to Croatia and it is currently working in

the laboratory of the Faculty of Civil Engineering, Univer-

sity of Rijeka. Apparatus ICL-2 is planned to be donated to

the Institute of Transport Science and Technology (ITST) of

the Ministry of Transport, Vietnam.

Application of the Landslide Ring-Shear
Simulator

The undrained dynamic-loading ring-shear apparatus (land-

slide ring-shear simulator) of the developed stage of ring-

shear apparatus (DPRI-5 and 6) were applied to many cases

and reported in Sassa et al. (2004, 2005, 2010 and others).

Two test results using DPRI-5 are introduced here.

Initiation and Motion of Landslides Triggered by
Earthquakes (Higashi-Takezawa Landslide)
Figure 7 presents the Higashi Takezawa landslide triggered

by the 2004 Mid-Niigata Prefecture earthquake (M 6.8). The

landslide occurred within a previous landslide mass as

illustrated in the figure. The sliding surface was formed at

the contact between a siltstone layer and a sand layer. We

tested two samples taken from the siltstone and the sand

layer. We performed a cyclic loading test and also a seismic

loading test using the nearest seismic record. The test results

were reported in Sassa et al. (2005). Figure 8 shows the time

series data (a) and the stress path (b) of the seismic loading

test on sands taken from the landslide. The green color line in

Fig. 8a is normal stress. The wave form of normal stress can

reproduce the calculated normal stress from the monitored

seismic record. The red color line in Fig. 8a presents shear

stress. The shear stress cannot exceed the failure line, so the

shear stress over the shear strength is cut off. The blue color

line shows the pore pressure generated in the sample. It was

increased during seismic loading and also in the progress of

shear displacement, reaching a level very close to the normal

stress. Therefore, the steady-state shear resistance was very

low as shown in the red effective stress path (ESP) in Fig. 8b.

Accordingly, the apparent friction angle (calculated from the

ratio between the mobilized shear resistance and the total

normal stress) was only 2.5�. The blue color line in Fig. 8b is
the total stress path (TSP). Cyclic loading tests were

conducted on silts taken from the silt layer (Sassa et al.

2005). No pore-water pressure was generated during cyclic

loading tests for silts and limited motion occurred only while

the loaded stress was over the failure line, but stopped imme-

diately the loading stopped. We concluded that the sliding

surface probably formed at the base of the sand layer, and not

at the top of the siltstone layer.

Application to Landslide-Induced Debris Flows
Another example of the application of the landslide ring-

shear simulator is tor the 2003 Minamata debris-flow

disaster. A landslide occurred on a mountain slope and the

landslide mass moved onto a torrent deposit. A sliding

surface was created within the torrent deposit and the

enlarged mass including the initial landslide mass plus the

scraped torrent deposit flowed along the torrent and killed 15

people in a village constructed on an alluvial fan.

Figure 9 explains the model of the landslide-triggered

debris flow (Sassa et al. 1997). The stress on the base of

the soil column is presented in Fig. 9b. The initial stress at

the base of the torrent deposit is expressed by the point “A”.

Table 2 (continued)

Type Characteristics

• Shear stress

Shear box: 100–142 mm in diameter with non-transparent outer and inner rings of stainless steel

Shear speed in the center of shear box: up to 50 cm/s

• Gap control, undrained condition, and pore-pressure monitoring

Rubber edge in the gap: Polychloroprene rubber with Rubber hardness Index, 90�JIS
Gap control: Mechanical jack driven by a servo-control motor with feed-back signal of gap sensor for the position change of the

upper loading plate. (to avoid the effect of extension of central axis, a displacement guide is installed within the central axis)

Successful undrained condition: 3 MPa

Pore pressure is monitored along the whole circumference of the upper-outer shear box 2 mm above the gap

Major reports: Contributed to Landslides in 2013 and this paper
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Table 3 Progress of the sealing of the gap

Type Section of Sealing Notes

DPRI-1 • Sponge rubber was pasted on the upper edge

• Samples were glass beads and coarse sands

• Drained condition

DPRI-3

(initial)

• Square shape of the polychloroprene rubber edge (Rubber

Hardness Index is 45� JIS) was pasted onto the lower ring

• Incomplete undrained condition

• Water bath is set outside of the shear box

• Unsuccessful pore-pressure measuring

DPRI-3 (final)

• Stair shape of the polychloroprene rubber edge (Rubber Hardness Index is 45� JIS) was pasted onto the lower ring

• Successful undrained condition up to 400 kPa under 0.1 Hz cyclic test

• Successful pore-pressure measuring through the gutter along the whole circumference in the upper ring

DPRI-6 Stair shape of the polychloroprene rubber edge (Rubber Hardness

Index is 45�JIS) is pasted onto the lower ring

After rubber edge is pasted, the upper surface of inner and outer

rubber edges needs to be processed by a lathe or file to ensure that

the rubber surface is everywhere the same height

Successful undrained condition up to 550 kPa under realistic

seismic wave loading

Successful pore-pressure measuring through the gutter along the

entire circumference in the upper ring

(continued)
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If no excess pore pressure is generated during rapid loading

by a moving landslide mass, the stress point moves to point

C by adding the static stress (ΔW) to the initial stress. In

addition, by adding the dynamic stress (Fd) to the static

stress, the total stress moves to point B. Therefore, the stress

path in the actual field case tends to move from point A to

point B. However, when the stress path reaches the failure

line, it moves along the failure line as seen in Fig. 9b,

because the stress path cannot exceed the failure line. At

the point where the dynamic stress reduces to zero, the total

stress moves back to the stress point C, namely the sum of

W0 and ΔW. Denoting the angle of thrust during the colli-

sion with the torrent deposit as α and the dynamic stress as

Fd, using a dynamic coefficient kd ¼ (Fd/ΔW), the dynamic

shear stress and normal stress are expressed as:

Table 3 (continued)

Type Section of Sealing Notes

ICL-2 The polychloroprene rubber edge (grey) (Rubber Hardness Index is

90�JIS) was pressed by a polytetrafluoroethylene (teflon) ring

holder (pink) which was pressed by a stainless steel ring

No glue was used. The rubber edge was simply placed and pressed

Successful undrained condition up to 3,000 kPa

Successful pore-pressure measuring up to 3,000 kPa

Fig. 7 The Higashi-Takezawa landslide induced by the 2004 Mid-

Niigata Prefecture earthquake (M 6.8)

Fig. 8 The result of the seismic loading ring shear test by DPRI-6 for

sands taken from the landslide
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Fdcosα ¼ τd,Fdsinα ¼ σd ð2Þ

The stress path from A to B to C is the total-stress path

(TSP) in the case where no pore pressure is generated.

However, excess pore pressure is likely to be generated

during loading and also during shearing after failure. In

this case, the effective-stress path (ESP) will deviate from

the total-stress path(TSP) as a curved line from A to D.

When the landslide mass moves from a steep slope to a

gentle slope, the angle α is great, but when the landslide

mass (i.e., the debris flow) travels along the torrent, the angle

α is zero. Figure 10 presents the test result simulating the

case of the landslide (debris) mass moving onto the torrent

deposits. The gradient of the torrent bed was 15�, the depth
of the torrent deposit was 2–4 m, and the dynamic coefficient

was 0.9. Because of rapid loading by the fast-moving slide

mass (more than 10 m/s), the test was carried out under

undrained conditions similar to the seismic loading test. A

sliding surface was formed inside the torrent deposits which

were composed of reworked andesitic lava or tuff breccia.

The test result of this landslide ring-shear simulator

visualized that the torrent deposit must shear and move

together with the original slide mass. Only 18.5 kPa was

necessary as an additional shear stress to cause shear failure.

The mobilized apparent friction angle was only 1.9� in this

rapid and undrained loading condition as seen in the stress

path (Sassa et al. 2004).

Development of a Numerical Simulation Using
Measured Parameters

Theory of the Integrated Simulation Model

The basic concept of this simulation is explained in Fig. 11.

A vertical imaginary column is considered within a moving

landslide mass. The forces acting on the column are (1) self-

weight of the column (W), (2) seismic forces (vertical seis-

mic force Fv, horizontal x–y direction seismic forces Fx and

Fy), (3) lateral pressure acting on the side walls (P), (4) shear

resistance acting at the base (R), (5) the normal stress acting

at the base (N) given by the stable ground as a reaction

Fig. 9 Thematic figure of the landslide-induced debris flow (Sassa

et al. 1997). (a) Illustration of the model; (b) stress path of the torrent

deposit during loading. α: angle of thrust between the slope and the

torrent bed; F d: dynamic stress; k d: dynamic coefficient (Fd/ΔW)

Fig. 10 Test result simulating the torrent deposit scraped by undrained

loading of a moving landslide mass (BD ¼ 0.89). (a) Control signal for

normal stress and shear stress simulating the undrained loading on the

torrent deposit, (b) Monitored loaded normal stress, generated pore

pressure, mobilized shear resistance and shear displacement during

undrained loading, (c) Monitored total stress path (black) and effective

stress path (red) during undrained loading
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against the normal component of the self-weight, (6) pore

pressure acting at the base (U).

The landslide mass (m) will be accelerated by a force (a)

given by the sum of these forces: driving force (self-weight +

seismic forces) + lateral pressure + shear resistance

am ¼ Wp þ ∂Px=∂x � Δxþ ∂Py=∂x � Δy
� �þ R ð3Þ

Here, R includes the effects of forces of N and U in

Fig. 11 and works in the upward direction of the maximum

slope line before motion and in the opposite direction of

landslide movement during motion.

The slope angle varies depending on the position of the

column within landslide mass. All stresses and

displacements are projected to the horizontal plane and

calculated on the plane (Sassa 1988).

Effect of Soil Depth in the Landslide Mass on the
Steady-State Shear Resistance
The most important factor in predicting the motion of

landslides is the steady-state shear resistance. The term

“Steady State” is defined as the stress state at the failure

surface in which shear displacement will proceed without

any change of stress. Steady-state shear resistance is affected

by pore-pressure generation in the shear zone. The Nikawa

landslide was triggered in the Osaka formation by the 1995

Hyogoken Nanbu earthquake. It killed 34 people in

Nishinomiya city, Hyogo Prefecture, Japan. Figure 12

presents test results for weathered granitic soils taken from

the Osaka formation (Okada et al. 2000). All soils with

different normal stresses reached the same steady-state

shear resistance (τss) in the undrained ring-shear test. The

steady state without any further stress change is interpreted

as meaning that there is a certain critical normal stress for

each soil below which no grain crushing and volume reduc-

tion will occur. The critical normal stress for steady state for

this soil is σss. Initial stresses varied from 110 to 630 kPa. All

of the effective stress paths in these undrained monotonic

ring-shear tests reached the same failure line and followed

down the failure line due to the pore-pressure generation and

were stopped upon reaching steady state (σss, τss). The depth
of the landslide mass changes in the process of movement

across different ground topography. The total normal stress

acting on the sliding surface changes, but the mobilized

steady state shear resistance is constant. This relationship

was used in the new integrated computer simulation model

(LS-RAPID) simulating the initiation and the motion of

landslides (Sassa et al. 2010).

Shear Resistance Reduction After Failure to the
Steady State
Figure 13 is the result of a cyclic loading ring-shear test on

Tertiary-age sand in which a rapid landslide (the Higashi

Takezawa landslide shown in Fig. 7) is triggered by the 2004

Mid-Niigata earthquake. The shear resistance started to

decrease after a shear displacement (DL) of 5 mm at the

peak shear strength. The landslide initiation process

continues until the point DL. After DL, the shear resistance

continued to decrease until it reached a steady state after

some hundred millimetres of displacement. This relationship

of reduction in shear resistance is approximated by a straight

line (the purple line in the figure). In this case, the initiation

of steady state appears to be at DU (240 mm).

Fig. 11 Concept of landslide simulation model (Sassa et al. 2010)

Fig. 12 Steady-state shear resistance under different normal stresses

(BD ¼ 0.95–0.96) from Okada et al. (2000)

Fig. 13 Shear-resistance reduction after failure to steady state

(BD ¼ 0.98)
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Modelling of both process of landslide initiation and

motion was difficult in a single model. Therefore, the

slope-stability analysis dealt with the initiation of

landsliding until failure, while landslide runout analysis

dealt the landslide motion. There was no method able to

model both the initiation and motion in a single integrated

model. The undrained ring-shear test enables modeling of

both the initiation and the motion in the following approxi-

mation (Sassa et al. 2007).

Stage 1 (before failure)

for D < DL : tanϕa ¼ tanϕp, c ¼ cp, γu ¼ γu ð4Þ

Stage 2 (steady state)

for D > DL : tanϕa ¼ tanϕa ssð Þ, c ¼ 0, γu ¼ 0 ð5Þ

Stage 3 (transient state)

for DL � D � DU :

tanϕa ¼ tanϕp �
logD� logDL

logDU � logDL
tanϕp � tanϕa ssð Þ

� �

c ¼ cp 1� logD� logDL

logDU � logDL

� �

γu ¼ γu
logDU � logD

logDU � logDL
ð6Þ

Effect of Saturation on Steady-State Shear
Resistance
Pore water pressure generation is affected by the degree of

saturation. The relationship between pore-water pressure

parameter B ¼ Δu/Δσ3 and the degree of saturation (Sr)

can be measured in triaxial tests. Figure 14a is the relation-

ship between the B-value and the degree of saturation and

was obtained by isotropic triaxial compression tests on the

torrent deposits in the 1984 Ontake debris avalanche at

different degree of saturation (Sassa 1988). The sliding

surfaces in the landslide and the ring-shear test are both

direct shear state. However, the B value in the triaxial

compression state and BD (¼Δu/Δσ) in the direct shear

state are the same in isotropic soils. This relationship is a

reference for the effect of saturation on the steady-state shear

resistance. The steady-state shear resistance is changed by

the degree of saturation of the soil. We measure the fully

saturated steady-state shear resistance from the undrained,

fully saturated ring-shear test (namely the point of “full
saturation” in Fig. 14b).

If field conditions are dry, the steady-state shear resis-

tance of the mobilized dry soil layer will be the point “Dry”
just above the acting total normal stress shown in Fig. 14b.

We use a parameter of pore-pressure generation rate Bss

which is very similar to pore-pressure parameter B, although

B is defined in the undrained isotropic compression triaxial

test while Bss is defined in the undrained ring-shear test. In

Fig. 14b, we denote the steady-state shear resistance at full

saturation as τss (Bss ¼ 1.0) and the dry steady state as τss
(Bss ¼ 0.0). If the proportion of pore-pressure generation is

60 % of the full saturation, the steady state is denoted as τss
(Bss ¼ 0.6). As found in this figure, the apparent friction

angle ϕa (dr) ¼ ϕm in the dry state. ϕa (fs) at full saturation

is the lowest, ϕa (ps) at partial saturation has an intermediate

value.

Application of LS-RAPID Simulation to a Simple
Slope Condition and the 2006 Leyte Landslide

Application of LS-RAPID to a Simple Slope
The performance of the initiation process of LS-RAPID was

examined by applying it to a simple imaginary slope and

comparing the results with safety factors obtained from

some conventional limit equilibrium slope stability analyses:

(1) Fellenius, (2) Bishop simplified, (3) Janbu simplified, (4)

Spenser, and (5) Morgenstern–Price methods. The imagi-

nary slope which is composed of three slope parts: flat

Fig. 14 Effect of saturation on

the steady-state -shear resistance.

(a) Effect of degree of saturation

on the pore-pressure parameter

B-value (ratio of generated pore

pressure for confining pressure

increment by undrained triaxial

test. Sassa 1988); (b) Conceptual

figure of steady-state shear

resistance at different soil

saturation levels
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ground at the top, a steep slope in the middle and a gentle

slope at the bottom. The area of simulation is 350 m wide

and 440 m long, the size of mesh is 10 m, the maximum

vertical landslide depth is 40.53 m, the total landslide vol-

ume is 231,300 m3. The imaginary landslide body was

created in the form of an ellipsoid.

The initiation process due to pore pressure increase was

examined by inputting three pore-pressure ratios; ru ¼ 0.4,

0.5, 0.6. The characteristic of LS-RAPID is the expression of

strength reduction during deformation and progressive fail-

ure, while the limit-equilibrium slope-stability analyses

assume that the whole landslide sliding surface fails at once.

A relatively strong slope was considered which could be

failed by a high pore-pressure ratio supplied from the bed

rock. The values of tanϕp ¼ 0.8, cp ¼ 50 kPa, τss ¼ 50 kPa,

k ¼ 0.5, Bss ¼ 0.99, tanϕm ¼ 0.60 were given to the entire

simulation area. As the parameters of the shear-resistance

reduction, the shear displacement at the start of reduction DL

was given as 10 mm, and the shear displacement when

steady-state shear resistance DU was reached was given as

1,000 mm. Local failure and shear-strength reduction starts

first at a mesh (site) where the shear displacement first

reaches DL ¼ 10 mm, then it may develop to a progressive

failure.

In order to compare this simulation result to the safety

factors by the limit-equilibrium slope stability analysis such

as Fellenius, Bishop, Janbu, Spencer, Morgenstern–Price,

enough large shear displacement minimizing the effect of

progressive failure was chosen to be 2 m instead of 10 mm

for DL, and 5 m for DU, respectively. The large shear

displacement DL is effective to restrain the effect of shear-

resistance reduction and the progressive failure in the initia-

tion process. The simulation results are shown in the form of

3D perspective views in Fig. 15. The contour line is 2.0 m

pitch. The red color line shows the area of the moving

landslide mass. The red color appears when/where the veloc-

ity at a mesh exceeds 0.5 m/s.

DL ¼ 10 mm, DL ¼ 1,000 mm

In the case of r u ¼ 0.4 in Fig. 15a, only two small areas at

the top of the slope showed slight movement and two red

colored circles were observed, but no further progressive

failure appeared.

For r u ¼ 0.5 and 0.6, rapid landslide motion appeared as

shown in Fig. 15c, e.

DL ¼ 2,000 mm, DU ¼ 5,000 mm

No motion appeared for r u ¼ 0.4, limited deformation

appeared for an instant in the case of r u ¼ 0.5 as shown

Fig. 15b, d. A rapid landslide occurred for r u ¼ 0.6

(Fig. 15f). The border of landslide initiation is between

r u ¼ 0.4 and 0.5 for smaller DL–DU, and it is between

0.5 and 0.6 for larger DL–DU.

Time

Simulation stops when a zero velocity appears for all

meshes. Time in the figure shows the time from the start to

the end of motion. Ten seconds for A, B, D is a pre-

determined minimum calculation time, because the initial

velocity is zero, and some calculation is necessary to know if

movement will start or not.

Safety Factors

For the central section of this landslide mass 2D slope

stability analyses were implemented using the stability anal-

ysis software “Slide V5” by Rocscience Inc. The same peak

shear strength parameters and the same pore pressure ratio

(tanϕp ¼ 0.8, cp ¼ 50 kPa, ru ¼ 0.4, 0.5, 0.6) were used in

Fig. 15 Landslide initiation in

LS-RAPID and Slope Stability

Analysis (Sassa et al. 2010).

Values of parameters:

tan ϕp ¼ 0.8, Cp ¼ 50 kPa,

τss ¼ 50 kPa, k ¼ 0.5,

Bss ¼ 0.99, tan ϕm ¼ 0.60,

α ¼ 0. Each mesh size ¼ 10 m,

each contour interval ¼ 2 m,

simulated area ¼ 350 � 440 m.

*1 Fellenius, *2 Bishop

simplified, *3 Janbu simplified,

*4 Spenser, *5 Morgenstern-Price
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all stability analysis methods. The calculated safety factors

for 1: Fellenius, 2: Bishop simplified, 3: Janbu simplified, 4:

Spenser, 5: Morgenstern–Price are shown in the right col-

umn of Fig. 15. The onset of landslide motion, namely the

unit safety factor (FS ¼ 1.0) appears when the value of ru is

between 0.5 and 0.6 for four models. For the Fellenius

method, the factor of safety becomes unity (FS ¼ 1.0)

when the value of ru is between 0.6 and 0.7. Therefore, the

border of stability is same with the border by LS-RAPID in

the case of long shear displacement (2 m) until the start of

shear-strength reduction except in the Fellenius method. The

difference between LS-RAPID and the limit equilibrium

slope stability analysis comes mainly from LS-RAPID’s
consideration of local shear and progressive failure vs. the

overall shear of the whole landslide body at once. The

differences between the three dimensional analysis (LS-

RAPID) and the two dimensional analysis cannot be exam-

ined in this way.

Application of LS-RAPID to the 2006 Leyte
Landslide
A rapid and long-traveling landslide occurred on 17 Febru-

ary 2006 in the southern part of Leyte Island, Philippines.

The landslide caused 154 confirmed fatalities and 990 peo-

ple missing in the debris. The International Consortium on

Landslides (ICL) and the Philippine Institute of Volcanology

and Seismology (PHIVOLCS) jointly investigated the land-

slide on the ground and from a helicopter. Figure 16 is a

frontal view of the landslide taken by K. Sassa from a

helicopter. A planar surface of hard rock is seen at the left

side of the head scarp. Other parts of the slope seem to be

weathered volcaniclastic rocks or debris. The landslide mass

moved from the slope and deposited on the flat area. Many

flow-mounds or hummocky structures were found. The

features of this landslide were reported by Catane et al.

(2007).

The longitudinal section of the central line of the land-

slide (Fig. 16a) was surveyed by a non-mirror total station

and a ground-based laser scanner in the field and compared

with a SRTM (Shuttle Radar Topography Mission) map

before the landslide which was implemented by H. Fukuoka,

a member of the team and colleagues from Philippines. The

red-color part shows the initial landslide mass while the

blue-color part presents the displaced landslide debris after

deposition. The length of landslide from the head scar to the

toe of the deposition was around 4 km. The inclination

connecting the top of the initial landslide and the toe of the

displaced landslide deposit is approximately 10�, which

indicates the average apparent friction angle mobilized dur-

ing the whole travel distance. The value is much smaller than

the usual friction angle of debris (sandy gravel) of 30–40�.
Therefore, it suggests that high excess pore-water pressure

was generated during motion. Figure 16b shows a flow

mound that travelled from the initial slope to this flat area

without much disturbance. Movement without much distur-

bance is possible when the shear resistance on the sliding

surface became very low; thus, movement of the material is

like that of a sled.

The material of the flow mound is volcaniclastic debris,

including sand and gravel. We observed the material in the

source area from the surface and by hand-scoop excavation

in the valley-side slope after the landslide. It consisted of

volcaniclastic debris or strongly weathered volcaniclastic

rocks. It is regarded to be the same material (either disturbed

or intact) as observed in the flow mound shown in Fig. 16b.

Therefore, we took a sample of about 100 kg from the base

of the flow mound shown in the point “S” in the section of

Fig. 16a and the photo of Fig. 16b. The location is in the

center of travel course and just below the source area. Then,

we transported the material to Kyoto, Japan.

A dynamic-loading ring-shear test was conducted as

follows. The sample was set in the shear box (250 mm inside

diameter, 350 mm outside diameter) of apparatus DPRI-6,

Fig. 16 Photo and section of the

2006 Leyte landslide. Left: The
front view of the Leyte landslide

on 17 February 2006 and

sampling point S; Right: The
central longitudinal section of

landslide (a) and the sampling

point S at the bottom of flow

mound (b)
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and fully saturated (BD ¼ 0.98). The stress acting on the

sliding surface of the deepest part (around 120–200 m) is

very high. However, because of the capacity of this appara-

tus DPRI-6 (ICL-2 was not yet developed in 2006): the

sliding surface was assumed for the test to be 35 m deep

and at an inclination of 25�. The unit weight of the soil was
assumed to be 20 kN/m3. In the preliminary test to increase

pore-water pressure until failure, the failure line of this

material was obtained. It has a friction angle of s 39.4� and
almost zero cohesion. In the simulation test of a rain- and

earthquake-induced landslide, the normal stress corresponding

to that of 5 m lower than the critical ground-water level (i.e.,

further 5 m rise of ground-water level shall trigger the land-

slide)was first loaded on the sample. Then, the shear stress due

to the self-weight of the soil layer was loaded. It is the stress

point shown by the white circle in Fig. 17a. Using the three

components of seismic record observed at Massin

(PHIVOLCS, Code number: MSLP, Latitude: 10.1340, Lon-

gitude: 124.8590, Elevation: 50.0), normal stress and shear

stress acting on the shear surface of 35 m deep with 25�

inclination on the direction of the Leyte landslide were calcu-

lated so that the peak seismic stress may correspond to the

range of seismic acceleration of 60–200 gal which was

estimated from the seismic record, attenuation by the

hypocentral distance, amplification by the contract between

the base rock and the volcaniclastic debris and the focusing

effect of the mountain ridge (Sassa et al. 2010).

Figure 17a presents the stress path of the test. The effec-

tive stress path showed a complicate stress path like a cloud.

The stress path reached the failure line repeatedly. There-

fore, this small seismic stress failed the soil structure and

grains during the period of stress reaching the failure line. It

generated a pore-water pressure (blue color line) due to grain

crushing and volume reduction, and it was accelerated in

progress of shear displacement (green color line). Namely

sliding-surface liquefaction occurred. The value reached a

very small steady-state stress (red color line). This process is

presented in the time series data around the failure in

Fig. 17b. The mobilized apparent friction coefficient defined

by steady-state shear resistance divided by the total normal

stress was 0.016 (0.9�).

Explanation of Sliding-Surface Liquefaction in This

Test Result

The sliding-surface liquefaction is a key finding in the prog-

ress of landslide dynamics. It was reported in Sassa (1996,

2000), Sassa et al. (1996). The test result of Fig. 17 presents

one of the best examples of “Sliding Surface Liquefaction”.
It is here explained in Fig. 18a, b.

Grains in the shear zone are crushed during shearing

under a normal stress greater than a critical normal stress

at steady state (σss). The soil structure failed and was

subjected to volume reduction. In the fully saturated

undrained state, a high pore pressure was generated by a

minimum reduction of volume. Then, both of the effective

stress and the mobilized shear resistance were reduced. T1 in

b figure is the onset of seismic loading. Immediately pore

pressure started to decrease. It is interpreted that a dilatancy

occurred which is a characteristic of dense materials. T2 in b

figure 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 pore-water pressure corresponds

to the normal stress at steady state (σss). T3 in b 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). A rapid motion was

reproduced in this simulation test.

The most important parameter for landslide motion was

the steady-state shear resistance (τss). The steady-state shear
strength was very low (less than 10 kPa in Fig. 17). The

testing condition was full saturation (BD ¼ 0.98) and the

loading stress corresponded to 35 m deep (much shallower)

and the sample used may be more weathered than that in the

deep landslide body. So we selected τss ¼ 40 kPa as a

practical value for this landslide. Various combinations of

values of factors can be considered. It was not easy, but we

Fig. 17 Test result of the ring shear test of the sample taken from flow

mound (BD ¼ 0.98). (a): Stress path. (b): time series data of stresses,

pore pressure, shear resistance and shear displacement

Plenary: Progress in Landslide Dynamics 53



assumed the following: The landslide was deep and the

material seemed to be intact in the source area as seen in

Fig. 16. Then, we estimated that the peak friction and peak

cohesion before motion in the source area should be high

(tanϕp ¼ 0.9, cp ¼ 100–300 kPa); the part of the head scarp

shown in Fig. 16 would be not saturated because it was close

to the ridge, probably there was less ground water to gener-

ate excess pore-water pressure. A value of Bss ¼ 0.1–0.2

was assigned in this area; the middle part was probably more

saturated (Bss ¼ 0.4–0.6) and the lower part in the

paddy fields on the flat area was probably well saturated

(Bss ¼ 0.9–0.97); The landslide body was stiff in the top,

and moderate in the middle and much disturbed in the lower

part and on the flat area (lateral pressure ratio k ¼ 0.2–0.7);

The shear displacement of shear strength reduction was

estimated as DL ¼ 100 mm, DU ¼ 1,000 mm referring to

the test of Fig. 17.

In the trial simulation, no landslide occurred when the

pore-pressure ratios were ru ¼ 0.10 and 0.15. However,

the case of ru ¼ 0.16 caused a rapid landslide.

Namely ru ¼ 0.16 (the ground-water depth was equal to

about 30 % of the depth of landslide mass) was the critical

value to trigger a landslide without an earthquake. Then,

various magnitudes of seismic shaking using the wave

forms of EW, NS, and UD recorded at Maasin, Leyte were

given in addition to a pore pressure ratio of 0.15.

The threshold to create a rapid landslide was between

KEW ¼ 0.11 and 0.12. We used KEW ¼ 0.12. Using the

ratio of magnitudes of seismic records of EW, NS and

UD, KNS ¼ KUD ¼ 0.061 were given. The seismic

shaking of three directions of EW, NS and UD were

applied in this simulation. Unstable deposits three meters

thick were assumed in the alluvial deposit area.

Blue dots shown in Fig. 19a are the unstable soil deposits

(initial landslide body) in the source area and also the unsta-

ble deposits in the alluvial flat area. A series of simulated

positions of the landslide are presented in Fig. 19. Each step

of a–e is explained as follows.

a: ru rises to 0.15 and earthquake starts but no motion.

b: Continuedearthquake loading (MaxKEW ¼ 0.12,KNS ¼
KUD ¼ 0.061) triggers a small local failure as presented in red

color mesh,

c: An entire landslide block is formed and moving,

d: The top of the landslide mass goes on to the alluvial

deposits,

e: Deposition at the end of landslide motion.

The travel distance and the major part of the landslide

distribution were well reproduced (Sassa et al. 2007).

Fig. 18 The explanation of the

sliding surface liquefaction using

the test of Fig. 17. (a) Illustration

of the sliding-surface

liquefaction, (b) Monitored pore

pressure generation and

mobilized shear resistance during

the sliding surface-liquefaction in

the undrained seismic-loading

ring shear test on the sample

taken from the 2006 Leyte

landslide (Sassa et al. 2010)
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Latest Progress of Landslide Dynamics

Study of Dynamics of Submarine Megaslides

Figure 20 presents the onland and submarine topography in

Suruga Bay, Japan, where the Philippine Sea Plate subducts

under SW Japan. A distinctive depression known as

Senoumi (Sea of stone flower). Senoumi forms a step on

the western side of the Suruga Bay with a gully. The section

A-A0passing through this gully is shown in the lower figure

of Fig. 20. The slopes in the steep parts of the head scarp and

toe in the section A-A0 are 8–12�. The shape of the Senoumi

feature differs from those of most landslides as the exit to the

Suruga Trough is very narrow relative to the width of the

Senoumi depression. If Senoumi had formed by a blockslide,

the mass could not move out through this narrow exit.

However, it is possible to form such a shape if the landslide

mass almost liquefies after failure and moves/flows down-

slope with very low shear resistance while the landslide

enlarges retrogressively. The landslide is very large com-

pared to terrestrial landslides. However, the sizes of subma-

rine landslides are known to range very widely (Locat and

Lee 2008, and others). Due to downward erosion rivers are

well developed on land, and therefore, the width of a single

slope between rivers can not be so wide. However, the

development of rivers is minimal beneath the sea. So a unit

of slope can be very wide. It is one of the main reasons for

the large size of submarine landslides. A detailed explana-

tion on Senoumi is reported in Sassa et al. (2012). We

introduce the application of the undrained dynamic-loading

ring-shear apparatus to Senoumi, to define a mechanism for

a possible submarine landslide.

The application of the undrained dynamic-loading ring-

shear apparatus to study the mechanism of submarine

landslides attracted the Integrated Ocean Drilling Program

(IODP) researchers. Sassa and colleagues applied to use a

submarine sample recovered from the inferred base of a

large paleo-landslide in the Nankai Trough cored at Site

C0018 during Integrated Ocean Drilling (IODP) Expedition

333 in December 2010 (Strasser et al. 2012). The recovered

section (0–315 m below sea bottom) records �1 Ma of

submarine landsliding history in this active tectonic setting.

Six mass-transport deposits (MTDs) with thickness up to

60 m were identified in the drill cores. Fig. 21 summarizes

location of MTDs, dominant lithology in the stratigraphic

Fig. 19 Simulation result of the Leyte landslide. Pore pressure ratio

due to ground water: ru ¼ 0.15,; Seismic coefficient by the earthquake:

KEW ¼ 0.12, KNS ¼ KUD ¼ 0.061; Mesh sise is 40 m. Area is

1,960 � 3,760 m. Contour line is each 20 m. Three meter unstable

deposits was assumed in the whole alluvial area. (a) Simulation result

after 11 sec from loading the triggering factors. The upper-left figure

shows pore pressure ratio, and the lower-left figure presents seismic

loading. The right figure shows distribution of unstable soil mass

without motion, (b) Simulation result after 27 sec, starting a local

failure, (c–e) Simulation results showing the motion of landslide from

the source area to the deposit

Plenary: Progress in Landslide Dynamics 55



column and structural geological observations (Strasser et al.

2012). A volcanic-ash layer inferred to be the base of the

MTD 6 was used as the test sample in this study. A section

photo of this part and also a microscope image are included

in Fig. 21. This ash layer correlates to the “Pink” volcanic

ash sourced from the Kyushu island, Japan and is dated to

0.99–1.05 Ma (Hayashida et al. 1996). Comparable

volcanic-ash layers as cored at IODP C0018 drill site are

likely to have been deposited also in Suruga Bay, where no

deep-drill hole is available as yet. We therefore tested a

sample taken from this fine-grained volcanic ash layer at

the base of the landslides (MTD) drilled at IODP Site C0018

as an analog material for potential Suruga Bay sliding

surfaces using Ring-shear apparatus ICL-1.

The effective unit weight of soils in the sea water is

expressed by the difference between the unit weight of

saturated soil and the unit weight of sea water. The total

unit weight of soils in the submarine layer was assumed to be

18.6 kN/m3 from C0018 drilling data (Expedition 333

Scientists 2012). The unit weight of sea water was

10.1 kN/m3 from the average sea water density (1,026 kg/

m3). The normal stress of 1,000 kPa (the maximum capacity

of ICL-1) corresponds to a burial depth of 117 m. The

thickness of the largest landslide deposit from Site C0018

(MTD 6) is 60 m, but the sample depth is 189 m below sea

bottom (Fig. 21). A depth of landslide in Senoumi Bay was

estimated to be 200–600 m from current sea bottom. We

selected 1,000 kPa for the loaded normal stress since it is the

upper limit of ICL-1. The angle of the slope is given by tan�1

(initial stress/initial normal stress due to gravity). The angle

of the steeper slopes in section A-A0 of Fig. 20 is 8–12�.
Thus, 160 kPa was assumed as the initial shear stress, which

corresponds to a slope of tan�1 (160/1,000) ¼ 9.09�.
The procedure of the test was as follows: (1) a necessary

amount of sample was saturated with de-aired water and left

in a vacuum cell for one night to remove air bubbles; (2) the

sample box was filled with de-aired water; (3) the fully

saturated sample was placed in the de-aired water in the

shear box; (4) de-aired water was circulated for a while;

(5) the BD value (Δu/Δσ) was measured and confirmed to

be greater than 0.95; (6) the normal stress was increased to

1,000 kPa and the shear stress was increased to 160 kPa, both

under drained conditions to create the initial stress state of

the soil under gravitational loading; (7) a dynamic shear

stress was applied using the predetermined program (either

cyclic stress or seismic stress using the 2011 Tohoku Earth-

quake wave form).

The Tohoku earthquake is an example of the wave form

of a megaquake which has two main shocks, and a long

duration of shaking. We examined whether this Tohoku

earthquake waveform could produce a rapid landslide

motion in a gently dipping sea floor where a shear surface

is formed either in volcanic ash or in Neogene silty sand.

Various factors of testing conditions such as earthquake

wave, loading stress, loading time were examined prior to

beginning the undrained ring-shear test.

Examination of Testing Conditions
On 11 March 2011, a great earthquake occurred offshore of

the Tohoku Region of Japan. Seismic acceleration from

some hundreds to a few thousands gal were recorded at

Fig. 20 A possible megaslide in the Suruga Bay in Japan
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Fig. 21 Sampling of soils of submarine landslides and drilled core
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monitoring stations in the Tohoku Region. The largest

measured earthquake acceleration (2,933 gal as the resultant

acceleration of EW, NS, and UD components and 2,699 gal

as a single component) was recorded at station MYG004 at

Tsukidate in Miyagi Prefecture, 176 km west of the epicen-

ter. Since mega earthquakes similar to the 2011 Tohoku

earthquake have occurred in the past, and likely will occur

in the future, the Cabinet Office of the Government of Japan

is examining the risk of such a mega earthquake in the

Suruga trough (Cabinet Office 2011, 2012). The seismic

record of the NS component of MYG004 was used for the

ring-shear test as an example of mega-earthquake loading.

Examination of Loading Shear Stress
We examined the testing plan of seismic loading ring shear

test based on the results of a cyclic loading test (Sassa et al.

2012). Initial normal stress and shear stress was decided to

be the same as used in the cyclic loading test, namely 1,000

and 160 kPa, which corresponds to the normal stress and

shear stress due to gravity on a slope of 9.09�. According to

the cyclic loading test, an additional 400 kPa of shear stress

may fail the sample. So we used 0.3 times the MYG004 NS

acceleration record as the maximum acceleration (810 gal)

in this ring-shear test. The same value was recorded in

FKS009 in Ono of Fukushima Prefecture (217 km from the

epicenter).

Examination of Loading Duration
The cyclic loading tests of 0.1 Hz were successful for this

sample in ICL-1. The servo-shear stress control motor

(400 W) cannot reproduce the high-frequency loading

using the recorded data of the 2011 Tohoku earthquake.

Preliminary tests were conducted to investigate the time

required to reproduce the seismic wave form of MYG004

by increasing the shaking time by factors of 10, 20, and 30.

We found that a 30-fold increase in time scale could repro-

duce shear stress changes similar to the recorded wave form.

The ring-shear test is conducted under undrained conditions,

and so pore pressure is unaffected by time because no pore-

pressure dissipation occurs. The same stress path can be

obtained in a 30-times longer test as would be obtained in

a real-time test. The comparison of the monotonic

(corresponding to 0.0 Hz) undrained shear stress loading

test and 0.2, 0.4, and 1.0 Hz cyclic undrained shear stress

loading test presented almost the same relationship between

stress and shear displacement and also almost the same stress

path between the curve of monotonic loading test and the

curve connecting peak values of the cyclic loading test

(Trandafir and Sassa 2005). Then, the test was conducted

in the 30-times longer time period.

Figure 22 presents the ring-shear simulation test for the

behavior of a submarine slope including a volcanic ash layer

subjected to the 0.3 times the largest acceleration history of

the Tohoku earthquake.

When the first shock of the seismic loading started, a high

pore pressure was soon generated. The mobilized shear

stress is smaller than the control signal (loaded shear stress).

It means the failure occurred. However, the shear

Fig. 22 Test result of seismic loading test on drilled core using the

2011 Tohoku earthquake wave form. The upper figure is the time-series

data during the seismic loading test. The lower figure is the enlarged

part of the failure and the start of rapid landslide motion. Black line is
normal stress, red line is the monitored shear resistance during loading,

blue line is the monitored generated pore pressure during loading, green
line is control signal for shear stress which is the wave form of the 2011

Tohoku earthquake, but 0.3 times lower acceleration
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displacement was closely below DU (initiation of steady

state), then, a rapid motion did not occur. When the second

shock arrived, the sample failed before the peak of the

second shock and shear strength reduction and rapid land-

slide motion started, probably the shear displacement

exceeded DU. In the lower figure, a negative shear stress

failed the soil at the point A, and a large shear displacement

started from the point B. When the peak acceleration D

arrived, very rapid shear displacement occurred from C to

F under a reduced shear resistance of E and later steady state

shear resistance. Here, negative shear displacement means

the landslide mass above the sliding surface moved upslope

(namely the bed rock below the sliding surface moved

downward). This can occur in seismic loading. This ring-

shear test simulated experimentally the submarine slope

including the volcanic ash layer and showed that it could

fail even on a very gentle slope if a very large earthquake

were to strike the area.

Fig. 23 Simulation result

(LA-RAPID) of the Suruga Bay

landslide
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In order to examine the hypothesis that the Senoumi

depression was formed by a submarine megaslide, we

applied the new integrated computer simulation model

(LS-RAPID) to this case. We input all of the soil properties

including key parameters of steady-state shear strength, the

critical shear displacements of DU and DL, friction angles

at the peak and during motion and others (Sassa et al.

2012). We input all of three components of the MYG004

2011 Tohoku Earthquake acceleration wave form as an

example of a very strong earthquake in Japan. The record

at MYG004 was the greatest in this earthquake. Recorded

accelerations differ between recording stations even at

almost the same distance from an epicenter such as

2,933 gal for 176 km at MYG004, 810 gal for 217 km at

FKS009. We input the wave form of MYG004, but

amplitudes of acceleration multiplied by 1.0, 0.7, 0.4, and

0.3 times, and the excess pore pressure ratio ru ¼ 0.3 in the

central and deep area along the A-A0 line of the Senoumi

depression (Fig. 20) as another triggering factor into the

computer simulation LS-RAPID.

The simulation results for IODP volcanic ash using 0.3

times, 0.7 times and 1.0 times MYG004 seismic record is

shown in Fig. 23. Blue balls represent soil columns stable or

less than 0.5 m/s moving velocity. Red balls show columns

with values greater than 0.5 m/s velocity.

In Fig. 23, Time = 35 s presents the situation soon after

the first shock. A very small local failure was caused in the

bottom of the figure by the first shock of 0.3 � THEQ (2011

Tohoku Earthquake acceleration). The deep central part

subjected to ru ¼ 0.3 failed by 1.0 � THEQ. 0.7 � THEQ

case is in between.

Time = 85 s presents the situation after the second shock.

The whole Senoumi area was failed by 1.0 � THEQ. But

local failures around the central depression zone only

occurred in 0.3 � THEQ.

Time = 205 s presents the further movement of the

initiated landslide mass into the Suruga trough.

The final figure (STOP) presents the deposition after the

movement of all meshes was terminated.

This result presents that the whole Senoumi area could be

formed by a single strong earthquake. An alternative inter-

pretation is that a strong earthquake moved a central part of

the Senoumi depression eastwards. Then, a series of

subsequent backward development of landslides together

with shallow landslides and submarine erosion could create

the current whole Senoumi depression.

The ring-shear-simulation tests reproduced the situation

of the central part along A-A0 line by 0.3 � THEQ. This part

failed in 0.3 � THEQ also in this simulation. Both results

agree. The ring-shear test and the computer simulation result

gave a reasonable interpretation of the formation of the

central part of the Senoumi depression feature.

Application of ICL-2 and LS-RAPID to the 1792
Unzen Mayuyama Landslides

The 1792 Unzen Mayuyama megaslide is the largest land-

slide disaster and also the largest historical volcanic disaster

in Japan. This landslide killed a total of 15,153 people,

10,139 people in the Shimabara area, many other people

were killed on the opposite banks by the landslide-induced

Tsunami wave; 4,653 people in the Kumamoto Prefecture,

343 people in Amakusa Island and 18 people in other areas

(Usami 1996). Figure 24 presents a 3D view of the Unzen

Mayuyama landslide area before and after the event. It is

taken from the cover of Japanese leaflet published by the

Unzen Restoration Office of the Ministry of Land, Infra-

structure and Transport of Japan (2003) based on a topo-

graphic survey and analysis of available sources. The ground

surface before the landslide was estimated from paintings of

Unzen-Mayuyama from the top of Shimabara castle and

others by the Unzen Restoration Office of Japan (2002)

referring to Inoue K (1999, 2000). The bed-rock surface in

the source area in the upper slope was drawn from the

current topography and the location of the bed-rock surface

of the lower area was estimated from drilled bore holes.

Figure 25 presents the current images of the Unzen

Mayuyama landslide (from Google Earth) and the location

of sampling points S1 for the landslide source area. S2

location was selected outside of the landslide moving area

to eliminate the effect of the displaced landslide mass. S2

Fig. 24 The 1972 Mayuyama landslide before and after the event

(Estimated by the Unzsen Restoration Office 2003)
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sample was tested to represent the soils in the deposition area

before the event.

We conducted many tests on sample S1.We introduce one

of the basic tests (Fig. 26) which was to trigger the landslide

only by increasing pore-water pressure. Firstly the sample

was saturated (BD value was 0.98). Then, it was consolidated

to 3.0 MPa normal stress and 1.5 MPa shear stress in the

drained condition. This initial stress corresponds to a slope of

arctan (1.5/3.0) ¼ 26.5� which was the initial average slope.
Then, pore-water pressure was gradually increased at a rate

of Δu ¼ 1 kPa/s. Failure occurred at pore-water pressure of

1.2 MPa, that is, a pore-water pressure ratio ru ¼ 1.2/

3.0 ¼ 0.4. The friction angle at failure was 39.4�.
Figure 26 presents the results of this pore-pressure control

test on Sample 1. The value of pore pressure is automatically

controlled by the servo-control system using the feedback

signal from pore pressure sensor shown in Fig. 6d. The stress

path moved to left direction as pore pressure increased until

it reached the failure line. Then, the line dropped until the

steady-state shear resistance was reached (τss ¼ 113 kPa).

The real effective stress acting on the sliding surface should

be on the failure line after failure. So the pore pressure acting

on the sliding surface and the pore pressure monitored by the

pore-pressure sensor are different in the pore pressure con-

trol test. The time-series data of this test are shown in

Fig. 26b. Pore pressure is steadily increased at a

predetermined rate (Δu ¼ 1 kPa/s). At 1,220 s after the

start of the test, shear displacement initiated, and simulta-

neously the shear resistance dropped and the pore pressure

increased slightly. But the pore-pressure value was returned

to the predetermined rate by the servo-control system. The

tentative pore-pressure rise at the time of failure (Fig. 26b, c)

suggested a volume reduction due to grain crushing. There-

after, the shear resistance was maintained at a certain value

shown in Fig. 26c. Pore pressure generated in the shear zone

due to gain crushing in the shear zone should have

dissipated. However, the shear resistance exponentially

decreased to the steady state from 1,320 to 113 kPa. During

this period, the shear displacement increased from 1.5 to

4.5 m. A pore-pressure controlled test is basically a drained

test because pore water can move in or out of the shear box,

as volume reduction due to grain crushing proceeds. A finite

width of a less permeable silty layer formed by grain

crushing can cause a difference between the pore-pressure

value monitored by the pore-water pressure sensor and the

pore pressure amongst the fine particles of the shear zone.

That is, a high excess pore pressure builds up within the less

permeable shear zone, while pore-water pressure outside

maintains the value controlled by the pore-pressure servo-

control system through the permeable sand sample beyond

the shear zone. For comparison, the undrained monotonic

shear-control test and the pore-pressure control test were

conducted under the same normal stress (3 Mpa). Photos of

shear zones in both tests are shown in Fig. 27.

This test result shows that this landslide mass could move

rapidly even if it were triggered by a slow rate of pore-water

rise during rain.

Another implemented test was a seismic loading ring-

shear test to simulate initiation of the Mayuyama landslide

by the combined effect of pore-water pressure and earth-

quake shaking. The Unzen Mayuyama landslide was trig-

gered by a nearby earthquake; its magnitude has been

estimated to be M ¼ 6.4 	 0.2 (Usami 1996). Usami notes

that the seismic intensity of this earthquake at Shimabara

was around “V-VI?” The Unzen Restoration Office

estimated that the seismic intensity which triggered the

Mayuyama landslide was VII because more than 30 %

houses were destroyed in the Shimabara area. The exact

seismic acceleration is not known, but it may have been

around 400 cm/s2 or greater.

The Japanese seismic intensities (Usami 1996) are:

V: 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 % houses

are destroyed, landslides are triggered and faults rupture

the ground surface).

This earthquake was not recorded on a seismograph. We

investigated recent landslide cases in Japan to find a similar

Fig. 25 The present 1972

Mayuyama landslide and the

sampling point
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earthquake record that could be used in landslide simulation.

The 2008 Iwate-Miyagi Nairiku Earthquake (M ¼ 7.2) trig-

gered the Aratozawa landslide (67 million cubic meters) in

Miyagi Prefecture. The maximum recorded acceleration was

739.9 cm/s2 at MYG004 (National Research Institute for

Earth Science and Disaster, Prevention (NIED)). It would

be similar to the earthquake which triggered the 1792 Unzen

Mayuyama landslide and both earthquakes triggered

megaslides. We used the Iwate-Miyagi earthquake wave

form recorded in Miyagi Prefecture (MYG004) in the ring-

shear test and the numerical simulation.

The adopted procedure of the ring shear test for this

landslide was as follows.

Initially, the sample (S1) was saturated (BD ¼ 0.94) and

consolidated to 3 MPa normal stress and 1.5 MPa shear

stress. That is, the corresponding slope angle was arctan

(1.5/3.0) ¼ 26.6�. Then, pore-water pressure was increased

up to 800 kPa (pore-water pressure ratio ru ¼ 800/

3,000 ¼ 0.27) as the initial slope condition (although the

exact value was not known, but it must be smaller than 0.4).

A preparatory test in Fig. 26 showed that ru ¼ 1.2/3.0 ¼ 0.4

was the critical pore water pressure which caused a landslide

without an earthquake. As stated above, the earthquake

which triggered the 1792 Unzen-Mayuyama landslide was

estimated to be M ¼ 6.4 	 0.2 with a Japanese Seismic

intensity between VI (25–400 cm/s2) and VII (more than

400 cm/s2) during the earthquake. The maximum shaking

was probably more than 400 cm/s2.

The maximum recorded seismic acceleration record of

the 2008 Iwate-Miyagi earthquake was 739.9 cm/s2 which

caused the Aratozawa landslide. We loaded the NS compo-

nent 2008 Iwate-Miyagi earthquake record (maximum

acceleration 739.9 cm/s2) at MYG004 as the additional

shear stress. For precise pore-pressure monitoring as well

as servo-stress control, a five-times slower speed of seismic

acceleration record was applied. The test result is shown in

Fig. 28a, b. Figure 28a presents the stress path and Fig. 28b

presents the time series data. The green line in the time-

series data is the 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 is calcu-

lated from the ratio of acceleration (a) and gravity (g): a/

g ¼ 969/1,500 for positive acceleration or a/g ¼ -1,131/

1,500 for negative acceleration. The acceleration

corresponds to (969/1,500) � 980 ¼ +633 cm/s2 and

(�1,131/1,500) � 980 ¼ �739 cm/s2. The control signal

for shear stress given to the ring shear apparatus exactly

corresponded to the monitored acceleration record.

As the figure shows, failure occurred around 1,825 kPa, at

a/g ¼ (1,825–1,500)/1,500 ¼ 0.22, the necessary accelera-

tion at failure was 216 cm/s2. This test result suggested that

around 1/3 smaller earthquake shaking (around 216/

633 ¼ 0.34) than the Iwate-Miyagi earthquake could cause

failure or the landslide could be triggered under a slope

Fig. 26 Ring shear test result simulating the failure due to pore-

pressure increase (BD:0.98) (a) Stress path, (b) Time-series data of

monitored stresses, (c) Time-series data around the failure
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condition with a pore pressure ratio of 0.27. The steady-state

shear strength was 157 kPa. The friction angle was 41.0�,
slightly higher than that of the pore-pressure control test in

Fig. 26 (39.4�).
LS-RAPID was applied to the 1792 Unzen Mayuyama

landslide. The simulation used the geotechnical parameters

obtained it the ring-shear test on S1 and S2 and the earth-

quake record of the 2008 Iwate-Miyagi earthquake at

MYG004. The parameters used were the following:

1. Steady-state shear resistance: 120 kPa in the landslide

source area (deep soil layer), while 40–80 kPa in the

landslide moving area (shallower soil layer) from the

test results of normal stresses of 370 kPa, 1,020 kPa,

1,980 kPa (Sassa et al. 2014).

2. Friction angle during motion: 40�.
3. Peak friction angle: 42.0�. The maximum angle was 41.2�

in this series of tests. However, the angle under field

conditions can be greater.

4. Critical shear displacement for start of strength reduction

(DL) and the start of steady state (DU) were 6 mm and

90 mm from cyclic, monotonic and dynamic tests (Sassa

et al. 2014).

5. Pore-pressure generation rate Bss is 0.7–0.9 in the source

area, and 0.99 under the sea (completely saturated). Out-

side of the landslide it was 0.2 as the ground was assumed

to be unsaturated.

6. Lateral pressure ratio k ¼ 0.7-0.9. We assumed 0.9 in the

coastal area and under water. Outside of landslide was 0.4

assuming the ground was not saturated.

7. Unit weight of soils: 19.5 kN/m3.

The unit weight of soils at Unzen was not measured. To

estimate it, we consolidated the sample (S1) in the ring-shear

apparatus in a saturated condition. The consolidation stress,

sample height, dry unit weight and saturated unit weight

were measured (Sassa et al. 2014). The saturated unit weight

can reach 21 kN/m3 at 3 MPa, but the dry unit weight was

19 kN/m3 at 3 MPa. Smaller values can exist in shallower

area. We used one value for the whole area. We assumed this

value to be 19.5 kN/m3.

The simulation results are presented in Fig. 29.

At 11 s, the pore water pressure reached 0.21 and the

earthquake started, but no motion appeared.

At 17 s, the main shock of earthquake attached the area

and the failure occurred within the slope. Failure started

from the middle of 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 and entered into the sea.

At 226 s, the landslidemass stopped tomove and deposited.

The deposition area was compared with the figure made

by topographic survey including the submarine state by the

Unzen Restoration office (2002) (bottom-right of Fig. 29).

Both landside hazard areas are very similar. The section of

line A in the right-bottom figure and the EW section (almost

same with line A) of computer simulation were compared.

Both travel distances from the headscarp of the initial land-

slide to the toe of the displaced landslide mass were also

very close (about 6.0–6.5 km).

Fig. 27 Observation of shear

zones in an undrained test and in a

pore pressure control (drained)

test Total normal stress: 3 MPa.

(a) Photo of sample after the

undrained monotonic shear stress

control test. Any clear grain-

crushing shear zone was not

observed (BD: 0.95). (b) Photo of

the sample after the pore-pressure

control test (BD: 0.99). A grain-

crushing silty shear zone was

clearly observed (red arrow)
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Significance and Difficulties in Social
Implementation of the Landslide Dynamics

The World Landslide Forum (WLF) is a platform for

scientists, engineers, practitioners and policy makers who

are involved in landslide disaster risk reduction. It is not only

a scientific and technical symposium. Please allow us to add

the significance in the social implementation of the landslide

dynamics and the difficulties to be solved as the background

of this study.

The subtitle of WLF2 was “Putting Science into Prac-

tice”, the subtitle of WLF3 is “Landslide Risk Mitigation

toward a Safer Geoenvironment”. Putting Science into Prac-
tice toward a Safer Geoenvironment is one of major

objectives of WLF. The social implementation of the land-

slide dynamics is very important for this target. Sassa and his

colleagues have focused on the development of landslide

dynamics for its social implementation for landslide risk

reduction as well as the basic science. The mechanism and

dynamics of sliding-surface formation within a slope and its

post-failure motion are not easy to explain and understand.

Even strain is not defined in the shear zone. The material in

the shear zone changes before the motion and during the

motion in terms of grain-size distribution (components of

sands, silts, clays) and grain shape (angular, round). In

addition, pore-pressure generation in the shear zone

increases the difficulty of application of any universal theo-

retical analysis.

The most simple and practical method used for landslide

risk assessment is to physically simulate the initiation and

the motion of landslide by reproducing all of the stresses

(gravity, pore-water pressure, seismic stress) on a sample

taken from the field under a stress level the same as or

similar to the field rather than a theoretical approach based

on material science.

Among many soil mechanical tests, the ring-shear appa-

ratus is one able to produce a sliding surface within a soil

mass. Most ring-shear apparatus (Bishop et al. 1971;

Bromhead 1979; Sadrekrimi and Olson 2009) can shear

samples at a certain speed. However, natural phenomena

are controlled by the applied stress and stress-control appa-

ratus are necessary to physical simulate natural sliding phe-

nomenon. Then, efforts have been made to reproduce

seismic stress loading by earthquakes, pore-pressure

increase during rainwater infiltration, and dynamic loading

on torrent deposits.

Another important factor necessary for understanding

landslide triggering and landslide dynamics is to measure

pore-water pressure generated in the shear zone and the

shear resistance mobilized on the shear surface during

motion. Ring shear apparatus have a gap between the

lower shear box and the upper shear box (Bishop et al.

1971; Sassa et al. 2004 and others). Undrained conditions

must be kept to measure pore-water pressure in the shear

zone during motion (Maximum 5.4 cm/s (ICL-1) to 300 cm/

s (DPRI-7) at the center of the sample) by preventing any

leakage of water from the moving gap. Pore water pressure is

desirable to be measured within or near the shear zone for

understanding the mobilized shear resistance. Great effort

has gone into solving these two tasks (Table 3 and the servo

gap control system in Fig. 6).

We believe that the current undrained dynamic loading

ring-shear apparatus (landslide ring-shear apparatus) has

been developed from a scientific tool to a practical tool for

landslide risk assessment. However, further effort was

needed to shift it from being a practical tool within Japan

to being an internationally practical tool. Maintenance of the

apparatus must be convenient, practical and inexpensive. A

new programme known as the Science and Technology

Research Partnership for Sustainable Development Program

Fig. 28 Undrained ring shear test result simulating the failure due to

pore pressure plus seismic loading using the 2008 Iwate Miyagi earth-

quake (BD: 0.94). (a) Stress path, (b) Time series data of monitored

stresses, pore pressure and shear displacement as well as control signal
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(SATREPS) of Japan has started since 2009 in cooperation

with the Ministry of Education, Culture, Sports, Science and

Technology (MEXT) and the Ministry of Foreign Affairs

(MOFA) of Japan. The aim of this programme is to promote

the application of Japanese science and technology to sus-

tainable development in developing countries. ICL has

obtained funding for two projects (for Croatia and for

Vietnam). During these projects, ICL has developed two

types of undrained dynamic-loading ring-shear apparatus

(ICL-1 for Croatia and ICL-2 for Vietnam). Those two

apparatus were developed for use abroad by minimizing

maintenance costs. ICL-1 was donated to Croatia in 2012

and it is well used at the University of Rijeka. The landslide

ring-shear simulator is now an international practical tool as

well as a scientific tool for landslide science.

The computer simulation for the initiation and the

motion (LS-RAPID) has been developed from a scientific

research code (initially Sassa 1988) to a user-friendly soft-

ware used abroad (Sassa et al. 2010) and further improve-

ment through a SATREPS project. The English manuals for

Fig. 29 Simulation result and topographic survey in the plan. Red color balls represent moving mass, while blue balls represent stable mass

Plenary: Progress in Landslide Dynamics 65



the undrained ring-shear apparatus (Ostric et al. 2013a, b) and

the computer simulation (LS-RAPID) (Sassa et al. 2013) were

made as part of ICL Landslide Teaching Tools (He et al.

2013, 2014). These manuals are available from http://icl.

iplhq.org/.

Conclusion

1. A reliable and practical technology is needed to reduce

landslide-disaster risk by assessing landslide initiation

and motion including landslide velocity, moving area

and area at landslide risk, and depth of soils.

2. Analyses of initiation and motion of landslide phenom-

ena are complicated because of pore-pressure genera-

tion and changes of grain size, grain shape and water

content of the involved soils in the shear zone due to

grain crushing and mobilization.

3. Sassa and others together with the Disaster Prevention

Research Institute, Kyoto University, and the Interna-

tional Consortium on Landslides have developed a

series of ring-shear apparatus models from DPRI-1 to

DPRI-7, ICL-1 and ICL-2.

4. The later series of apparatus developed after the 1995

Hyogoken Nambu earthquake can reproduce the

sliding-surface formation and post-failure motion by

cyclic loading/seismic loading and pore pressure

increase within the apparatus.

5. The latest apparatus (ICL-1 and ICL-2 developed by

SATREPS projects) increased undrained capacity from

500–630 kPa to 1 MPa (ICL-1) and 3 MPa (ICL-2) by

changing the loading structure.

6. The purpose of SATREPS projects is that scientific

research and technology developed in Japan can be

applied for social implementation in developing

countries, namely “Putting Science into Practice”
7. ICL-1 and ICL-2 were much improved from the previ-

ous DPRI series in manufacturing cost and mainte-

nance in foreign countries. Improvements include the

undrained sealing in the gap between the upper stable

shear box and the lower rotatable shear box.

8. Key parameters in landslide dynamics including the

steady-state shear resistance (τss) and the critical

shear displacement (DL, DU) and triggering factors of

pore-water pressure and seismic records/waves are

input to the integrated computer simulation model

(LS-RAPID) simulating the initiation and the motion

of the landslide. The simulation result can present the

initiation from a local failure to formation of a land-

slide mass through progressive failure; and then pres-

ent the initial motion of the landslide mass,

entrainment of substrate deposits on the lower slopes

and deposition with the cessation of motion.

9. Landslide dynamics is a scientific tool, but it is devel-

oping into a practical tool for landslide-disaster

reduction in developed and developing countries alike

with support from relevant institutions and colleagues.
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