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Summary:
It is well-established understanding that strong earthquakes often cause large numbers of landslides in
mountainous areas. Damage caused by earthquake-induced landslides is sometimes larger than damage caused by
shaking of earthquake itself. In general, earthquake-induced landslides show quite different characteristics and possess
much more complicated causal mechanisms in comparison with landslides triggered by heavy rainfall. During the last
decades, a series of strong earthquakesinduced landslides in various regions in the world. A lot of researches on
earthquake-induced landslides have been intensively carried out by various institutions. In the first World Landslide
Forum, which was held in Tokyo in 2008, a thematic session on “Landslides and Multi-Hazard” including
“Earthquake-induced landslides” was organized.Especially in 2012, the Japan Landslide Society published a report
“Earthquake-induced Landslides”and further organized an International Symposium on Earthquake-induced
Landslides. The study of earthquake-induced landslides should have a major importance for appropriate understanding
of the causal mechanisms and the relationship among the landslide type, size, occurrence location and geomorphology.
It is urgently needed to develop practical methods for risk evaluation and hazard zoning on the basis of current
knowledge with appropriate mitigation strategy. This paper describes the state of the art knowledge in the field of
“Earthquake-induced landslides”. It includes: i) characteristics; ii) secondary hazards; iii) causal mechanisms; iv) risk
assessment and management.
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INTRODUCTION

During the last decades, a series of strong earthquakes occurred and induced landslides in various regions in the
world. Large numbers of landslides were induced by Chi-Chi earthquake in Taiwan (1999), by the Mid-Niigata
Prefecture earthquake in Japan (2004), by the Kashmir earthquake in Pakistan (2005), by the Wenchuan earthquake in
China (2008), by the Iwate-Miyagi Inland earthquake in Japan (2008), by the Tohoku earthquake in Japan (2011) and
most recently by the Kumamoto earthquake again in Japan (2016). Under such circumstances, a lot of researches on
earthquake-induced landslides have been intensively carried out by various institutions. Actually, some remarkable
research results focusing on general characteristics of earthquake-induced landslides are available during the last two
decades. For example, Keefer introduced a historical review of various investigation results on the earthquake-induced
landslides (2002, [8]). However, scientific and technical attentions to earthquake-induced landslides are still apparently
increasing. In this context, in the First World Landslide Forum, which was held in Tokyo in 2008, a thematic session on
“Landslides and Multi-Hazard” was organized and “Earthquake-induced landslides” was the main topics of the session.
Also in the Second World Landslide Forum, which was held in Rome in 2011, a thematic session focused exclusively
on “Earthquake-induced landslides” was organized. Especially, the Japan Landslide Society published a comprehensive
research report entitled “Earthquake-induced Landslides” (in Japanese) and further organized an International
Symposium on "Earthquake-induced Landslides" in Kiryu City in Japan in 2012. Furthermore, a special session on
"Earthquake-induced Landslides was again organized during the IAEG Conference, which was held in Turin in 2014.
As a result of intensive researches in recent years, nowadays many findings are obtained concerningthe causal
mechanisms and the relationship among the landslide type, size, occurrence location and geomorphology. However, in
order to avoid catastrophic damage by possible earthquake-induced landslides in future, it is urgently needed to develop
practical methods for risk evaluation and hazard zoning on the basis of current knowledge with appropriate mitigation
strategy. In the follwoing chapters, first the essential chracteristics of the earthquake-induced landsldies including
secondary hazards and then the causal mechanisms are described. Finally, a new approach on risk assessment and
management is introduced.

2.

CHARACTERISTICS

First of all, it is necessary to undersatnd the exremely complicated characteristics of the earthquake-induced
landslides and wide variety of secondary effects of them.The Japan Landslide Society has established a task forceto
carry out a special research project entitled "Development of a methodology for risk assessment of the earthquakeinduced landslides" in 2009. In order to statisfy all objectives of thetask force, altogether 8 Working Groups, which
were carring out concrete investigations and analyses on individual research items, were organized. To clarify the
mechanism of the earthquake-induced landslides, a Working Group has been carried out detailed field investigations
especially on landslides induced by the Mid-Niigata Prefecture Earthquake and the Iwate-Miyagi Inland Earthquake in
2008. Characteristics of representative landslides, such as types, dimensions, distributions and run-out distances have
been investigated. Relationships between occurrence of landslides and seismological, geological and geotechnical
conditions have been analysed. Parallel to the case studies on recent earthquake-induced landslides in Japan, the task
force has been engaged indtailed field investigations first on landslides induced by the Kashmir earthquake in 2005
jointly with Geological Survey of Pakistan and later on landslides induced by the Wenchuan earthquake in 2008 jointly
with Chengdu University ofTechnology. The inidividual research items of the each Working Group are the followings:
WG1; Mechanism of earthquake-induced landslides, WG2; Methodology for risk assessment and risk management,
WG3; Secondary disasters, WG4; Countermeasures and design procedures, WG5; Warning and evacuations, WG6;
Histrical analyses of the past events, WG7; Review of the overseas events, WG8; Review of the recent events in Japan.
Whole investigation results by each individual Working Groups were integrated and used for risk assessment and
management of the earthquake-induce landslides.
2.1.

Classification of the movement types

Although various movement types are included in earthquake-induced landslides, common movement types can
be seen under similar geological properties. Major movement types of earthquake-induced landslides are shown in Fig.
1. There are (1) translational slides at ridges and cuestas with Tertiary-Quaternary well-bedded sedimentary rocks, (2)
flows in areas with unconsolidated Quaternary volcanic sediments, (3) shallow roational slides at ridges in areas of
volcanic rocks and sediments, (4) rock failures and toppling in areas of granite accompanied by the flow of weathered
granite.The relationship among movement type, geology and distance from the epiceter is shown in Fig. 2. It is obvious
that most of the earthquake-induced landslides occur within a 20-30 km distance of the epicenter for inland eathquakes
up to magntude 7. On the other hand, it was also recognized that subduction-zone earthaquakes with a magnitude of 8
and above can often induce rock slides at loctaions over 100 km away and also flow of unconsolidated volcanic
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sediment and rock failures of consolidated bedrock at locations 200-300km away. It is indicated that magnitude 8 is the
threshold value at which the relationship between distance from the epicenter to sliding locations and the movement
types of the slides changes significantly. This is possibly because of significant difference in the scale of the earthquake
fault.

Figure 1. Classification of the movement types of the earthquake-induced landslides in relation with geomorphlogy and geology
(Higaki and Abe, 2012, [4])

(a) In Japan

b) Outside of Japan

Figure 2.Relationship among movement type, geology and distance from the epicenter (Higaki and Abe, 2012, [4])
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Impact of secondary hazards

It is quite usual that secondary hazards are associated with the earthquake-induced landslides. Secondary hazards
are defined as follows:"Landslide hazardsthat were induced by post-seismic factors such as rainfall, snowmelt and
aftershock with a delay in time and over a wider area". Secondary hazards are shown schematically in Fig. 3 by
phenomenological aspects and in Fig. 4 with respect to social impact.Major secondary hazards after the occurrence of
the earthquake-induced landsldies can be classified into four categories based on time scale and possible disaster type as
follows: (1) Formation and collapse of landslide dams, (2) Post-seismic landslides, (3) Long-term degradation of
mountain watershed, (4) Isolation of residential areas due to traffic disruption and functional decline of countermeasure
constructions.

Figure3. Overview of the secondary hazards

Figure 4. Social impacts by the secondary hazards

(Okamoto et al., 2012, [2])

(Okamoto et al., 2012, [2])

Photo 1. Primary landslides directly induced by the earthquake

Photo 2. Landslide dam formed by the earthquake

(Both are examples of phenomena caused by the Mid Niigata Prefecture Earthquake in 2004)

Among the secondary hazards mentioned above, the formation of landslide dam is particulary dangerous. Some
large landslide dams should pose a great threat of flood and debris flow in case of dam collapse to the settlement in the
downstream area of the watershed. A representative example of landslide dam formed by the landslide induced by the
Mid-Niigata Prefecture Earthqauke is shown in Photo 2. It was urgently needed to arrange the emergency operations to
avoid the destructive collapse of the major landslide dams.
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MECHANISM

The mechanism of the earthquake-induced landslides is fundamentally different from the mechanism of the
landslides caused by rainfall or snowmelt. Significant loss of shear strength along the sliding surface can occur
instantaneously by the cyclic loading of large shear stress during earthquakes. The following two factors are considered
as essential factors causing such a sudden decrease of shear strength. One is decrease of effective stress due to increase
of excess pore-pressure, the other is destructon of consolidated soil structure. In some cases both factors may work
simultaneously.
3.1.

Sudden increase of pre-pressure

Earthquake liquefaction refers to a collapse of a loose soil skeleton due to excessive strain, followed by an
increase in pore-pressure and loss of shear strength under undrained conditions. The liquefaction process has been
studied in the laboratory for many decades (e.g., Castro 1975, [1]), usually with a triaxial test apparatus. However, the
triaxial test apparatus has a serious disadvantage that it is limited to very small displacements. Sophisticated dynamic
ring shear test apparatus, which allow the liquefaction process to be followed to large displacements, was developed by
Sassa (e.g., Sassa et al. 2004, [10]). The design concept and the overview photo of the undrained dynamic-loading ring
shear apparatus are shown in Fig. 5. An example of the test results is shown in Fig. 6, presenting the time series
variation of an undrained cyclic ring shear test on loose sand. The soil sample was collected from the vicinity of the
rupture surface of an extremely rapid landslide, induced by the Mid-Niigata Prefecture Earthquake (Sassa et al. 2005,
[11]). The ring shear test was conducted by transferring simulated dynamic normal and shear stress signals based on the
monitored earthquake wave into the annular test box. The time series variation of loaded normal stress (green line),
mobilized shear resistance (red line), generated pore-pressure (blue line) and the resulting shear displacement (black
line) are seen in Fig. 6. Due to seismic shaking, pore water pressure was generated, then shear failure occurred and
shear displacement started. As the sample deformed under the cyclic load, pore-pressure significantly increased. In
response to the increase of pore-pressure shear resistance decreased and shear displacement steadily increased.

Figure 5. Dynamic ring shear apparatus(Sassa et al., 2004)

3.2.

Figure6. Undrained cyclic ring shear test results (Sassa et al., 2005)

Destruction of consolodated soil structure

Earthquake-induced landslide can occur also in unsaturated soil layers. In this case the consolidated soil structure
in the soil layers is lost due to cyclic loading by the strong shaking of earthquakes, so that the shear strength of the soil
layer decreases. Concerning the translational landslide induced by the Mid-Niigata Prefecture Earthquake, several
analyses were carried out to clarify the mechanism of the destruction of the consolidated soil structure because of strong
shaking during the earthquake. Numerical simulation for the collapse of a dip slope by two dimensional dynamic elastoplastic finite element method is reported by Wakai (2007, [12]). To simulate such a catastrophic failure, the strainsoftening characteristics under cyclic loading for the thin sand seam within the bedding plane were investigated, based
on the cyclic direct shear tests of undisturbed block samples. For this purpose, first undistubed block smaples including
the thin sand seam along the bedding plane were collected for laboratory tests. Then, the cyclic direct shear tests of
undisturbed specimen were conducted. Hysteric loops obseved in these cyclic loading tests (left colum) and strainsoftening process (right column) are shown in Fig. 7. The process by which the shear resistance sharply decreases is
well expressed. According to the simulation result, the movement of the sliding soil mass on the bedding plane during
earthquake is shown in Fig. 8. As a result, the observed phenomena was simulated well by the analysis. It was
suggested that a long distance traveling failure was induced by the strain-softening behavior of the bedding plane.
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Fig. 7. Histeretic loops obseved in cyclic loading tests (Wakai et al. 2007) Fig.8. Movement of the sliding mass (Wakai et al. 2007)

4.

RISK ASSESMENT AND RISK MANAGEMENT

Regarding the possible earthquake-induced landslides in future, it is urgently needed to develop a method to
evaluate the failure risk of slopes existing in the target area and to predict dangerous slopes. In order to take any kind of
risk management operations, it is essential to identify the dangerous slopes beforehand as a prerequisite. In the previous
chapter, the method to evaluate the stability of slopes on the two dimensional longitudinal profile targeting a specific
slope during earthquakes is described. On the other hand, it is very important from the view point of disaster mitigation
to evaluate the risk of landslides during earthquakes for a wide area like a whole watershed. As an advanced attempt,
dynamic response analysis method during earthqaukes for a wide area was developed. Another aproach is application of
Analytical Hierarchy Process to risk assessment during earthquakes for a wide area.
4.1.

Dynamic response analysis

A simple finite element analysis systems to evaluate the seismic slope stability in the mountainous area is
proposed by Wakai (2008, [13]). The time history of the dynamic ground response during strong earthquake can be
estimated by an effective constitutive model of soil with appropriate soil parameters. A comparison of the calculated
results with the observed slope movement distribution in Imo-River watershed during the Mid-Niigata Prefecture
Earthquake is performed to validate the proposed analytical method. As a result, the distribution of actual slope
movements is explained to some extent and mechanical factors that greatly affect the slope movements during
earthquakes became clear.

Figure 9. Conceptual diagram for earthquake-induced

Figure 10. Conceptual diagram on occurrence field
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landslideslandslides (Hayashi et al. 2011,[3])

(Hokuriku Regional Development Bureau, 2012, [5])

During the earthquake, the shear force, which can trigger the landslide, acts on the slope based on the large
inertia force caused by strong ground motion with earthquake shaking as shown conceptually in Fig. 9. According to the
field investigations directly after the Mid-Niigata Prefecture Earthqauke, it is found that slope failure type shallow
slides occur at ridges and massive landsldies occur near the valley bottom as shown in Fig. 10. Results of dynamic
response analysis for a wide target area (9.3 km x 10.6 km) including whole watershed of Imo-River is shown in Fig.
11. Slope failures occur in the area with high horizontal acceleration more than 1000 gal at ridges and massive
landslides occur in the areas with high shear stress more than 30 kN/m2 near valley bottom.

Figure 11. Results of dynamic response analysis on Imo-River watershed (Wakai et al. 2008, [13])

4.2.

Application of Analytical Hierarchy Process

Another approach with prediction method of dangerous slopes using Analytical Hierarchy Process (AHP)
method was conducted by the Japan Landslides Society (2014). First, a lot of data on characteristics and movement
types of landslides induced by recent earthquakes were collected. Then, factors densely related to the earthquakeinduced landslides were extracted based on the collected data. The method assigns to each factor and assess the
susceptibility of landslide from the total scores.As essential factorsthe following items were extracted: (1) geological
classification by lithofacies, (2) Occupancy rate of landslide mass, (3) Degree of topographic unevenness, (4) Opening
degree of valley topography, (5) Valley density. Each factor is weighted according to its importance and reflected in the
score. Risk map on earthquake-induced landslides based on AHP method is shown in Fig. 12.
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Figure 12. Risk map on earthquake-induced landslides based on AHP method (Japan Landslide Society, 2014, [7])

The AHP-score is displayed in 10 levels from 0-10 to 90-100 in Fig.12.Actually, the analysis result shows that
most of landslides occur in the area with the score higher than 70. It is suggested that risk of earthquake-induced
landslides can be predicted to a certain extent beforehand using this method.

5.

CONCLUDINGS REMARKS

As a result of intensive recent research activities on earthquake-induced landslides, certain advances have been
achieved. In the previous chapters following items are described: (1) Typical characteristics of earthquake-induced
landslides are commonly recognized. (2) Movement types of earthquake-induced landslides are properly categorized.
(3) A certain relationship is found between movement types and geological properties. (4) In the case of inland
earthquake up to magnitude 7, landslides are induced mostly within a 20-30 km distance from the epicenter. In the case
of subduction-zone earthquakes with magnitude 8 and above, landslides are induced at locations over 100 km or
sometimes at locations 200-300 km away. (5) Causal mechanism are explained by decrease of effective stress due to
increase of excess pore-pressure on one hand and by destruction of consolidated soil structure on the other hand. (6)
Distribution of earthquake-induce landslides is explained by dynamic response analysis. (7) Prototype version of risk
map on earthquake-induced map using AHP method is developed.
However, several open problems are still remaining. Further researches are still needed to examine following
issues:(1) Relationship between the location of the epicenter or the source fault and that of the earthquake-induced
landslides should be examined more clearly. (2) Physical and mechanical characteristics of unconsolidated volcanic
sediments should be clarified, because flow type landslides with long travel distance in such geological formation layer
occur also in far distant areas from the epicenter. (3) Concerning practical disaster mitigation, appropriate risk
assessment methods and hazard zoning methods should be developed with sufficient accuracy to promote reasonable
land-use to avoid damage by the earthquake-induced landslides. (4) Concerning the efficiency of technical prevention
measures, it is already found that most of existing prevention measures, which are installed originally for stabilization
of landslides caused by rainfall, showed certain effective functions also to the earthquake-induced landslides. However,
it is still remaining question how to design sufficiently resistant technical prevention measures.
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