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HAZARD ASSESSMENT OF EARTHQUAKE-INDUCED LANDSLIDES ON NATURAL SLOPES ABSTRACT

ABSTRACT -

Earthquake Geotechnical Hazards are related with phenomena such as amplification of ground
motion, landsliding and liquefaction. Slopes failures during earthquakes have claimed a great
number of casualties and have been a major cause of damage to structures and facilities
constructed on or in the vicinity of the slopes. The scale of such landslides on natural slopes can be
large enough to devastate entire villages or towns. Evidences of earthquake-induced landslides and
their effects were compiled and used to evaluate available methods for earthquake-induced hazard

assessment and to propose a new model.

Based on historical cases, contributing factors in earthquake-induced landsliding were identified and
classified as triggering and susceptibility factors. The way as these factors influence the landsliding
process was discussed and current use of those values in different hazard assessment models
analysed. A summary of principles, techniques and models available for landslide hazard
assessment is presented, and different proposais were analysed by comparing them with the data

compiled in the present project.

As starting point of the new database, a summary of historical evidences of earthquake-induced
landslides, in different regions world-wide, was compiled and regional relationships between
earthquakes and landslides were also presented and discussed. Two databases were compiled: a
landslide-inducing earthquakes and a earthquake-induced landslides. Data compiled in these
databases were used to proposed two hazard assessment model, a first model for regional hazard
assessment, in terms of potential effects of seismic events on slopes, and a second model for
landslide hazard assessment based on a combination of triggering and susceptibility factors to
classify hazard in six qualitative categories. The proposed models were used to validate the

applicability of some of the available methods.



HAZARD ASSESSMENT OF EARTHQUAKE-INDUCED LANDSLIDES ON NATURAL SLOPES ACKNOELWDGEMENTS

ACKNOWLEDGEMENTS

The author wants to thank Dr. Julian Bommer and Prof. Richard. J. Chandler for accepting the
research topic in the first instance, for his invaluable guidance and support in every aspect related to
this project. | am also very grateful with the UNIVERSIDAD NACIONAL DE COLOMBIA for its

unconditional support.

Thanks are extended to my research colleagues for masking more pleasant the working
atmosphere. Special thanks are devoted to lain Tromans and John Douglas for those many e-mails
always full of “interesting information”, and their technical support and discussion of many of the

topics presented in this project.

Financial support from COLFUTURO and the Financial Office of the Imperial college is greatly
acknowledged. Support from the legal advisor at Imperial College is also acknowledged. The
friendly assistance of the Civil Engineering and Geology Libraries staff, from where most of the data

come from, is enormously appréciated.

Special thanks goes to all my friends for their support specially to Lucia, Hortensia, Jonh, and

Chistiana. Thanks and best wishes to Ménica who always is there with me.

Of great importance is the support given by my family who have offered me unlimited love,
understanding and motivation to engage all my energy into this research. To Maria del Pilar, Juan
Pablo and Daniel Felipe many thanks for giving me the time to do this project and their permanent

support and love.



HAZARD ASSESSMENT OF EARTHQUAKE-INDUCED LANDSUIDES ON NATURAL SLOPES TABLE OF CONTENTS
TABLE OF CONTENTS

Abstract i

Acknowledgements ii

Table of Contents i

List of Figures X

List of Tables Xvii

CHAPTER 1. INTRODUCTION 1

1.1 Effects of earthquake-induced landslides 2

1.1.1  Socio-economical effects 2

1.1.2 Environmental effects 5

1.2 Definition, purpose and applicability of landslide hazard assessment 9

1.2.1 Landslide hazard assessment 11

1.2.1.1 Mass movement classification 12

1.2.1.2 Location of potential earthquake-induced landslides 15

1.2.1.3 Magnitude of earthquake-induced landslides 16

1.2.1.4 Occurrence of earthquake-induced Iandslides 17

1.2.2 Applicability of earthquake-induced landslides hazard analysis 19

1.3 Framework for earthquake-induced landslides hazard assessment 21

CHAPTER 2. EARTHQUAKES AS LANDSLIDE TRIGGERING FACTOR 23

2.1 Earthquake effects as landslide triggering agents 23

2.2 Strong-motion parameters 27

2.2.1 Earthquake intensity 28

2.2.2 Earthquake magnitude 32

2.2.3 Peak Ground Acceleration (PGA) 35

2.2.4 Peak Ground Velocity (PGV) and Peak Ground Displacements (PGD) 38

2.2.5 Arias Intensity (Al) 38

2.2.6 Energy Density (E') 40

2.2.7 Strong-motion duration 41

2.3 Factors influencing strong-motion 43

2.3.1 Source factors 44



HAZARD ASSESSMENT OF EARTHQUAKE-INDUCED LANDSLIDES ON NATURAL SLOPES . TABLE OF CONTENTS

2.3.1.1 Source mechanism 44

2.3.1.2 Rupture pattern 46

2.3.1.3 Magnitude 47

2.3.1.4 Depth 48

2.3.2 Path factors 49
2.3.2.1 Source-to-site distance , 49

2.3.2.2 Directivity effect 51

2.3.2.3 Hanging wall effect 52

2.3.2.4 Seismic wave scattering 52

2.3.3 Site factors 53
2.3.3.1 Surface geology 54

2.3.3.2 Resonance of sediment basin 54

2.3.3.3 Basin edge effect 55

2.3.3.4 Focusing effect 56

2.3.3.5 Topographic effect 57

2.4 Simulation and prediction of strong ground motion 59
2.4.1 Prediction of strong motion using Kriging approach 60
2.4.2 Prediction of strong motion by using attenuation relationships 67
2.4.2.1 Style of faulting 68

2422 Maénitude 69

2.4.2.3 Depth ‘ 69

2.4.2.4 Source-to-site distance 69

2.4.2.5 Directivity 70

2.4.2.6 Hanging wall effect 70

2.4.2.7 Surface geology ra

2.4.3 Methodology used for prediction of strong motion parameters 71
CHAPTER 3. SLOPE SUSCEPTIBILITY AND SUSCEPTIBILITY FACTORS 77
3.1 Geology 78

3.1.1 Material and lithology 79

iv



HAZARD ASSESSMENT OF EARTHQUAKE-INDUCED LANDSLIDES ON NATURAL SLOPES TABLE OF CONTENTS

3.1.2 Geological structures 82

3.1.3 Groundwater conditions - 85

3.1.4 Weathering 86

3.2 Mechanical behaviour of the slope material 88
3.2.1 Rock slopes 80
3.2.1.1 Intact rock behaviour - 90

3.2.1.2 Discontinuity behaviour 96

3.2.2 Soil slopes 98
3.2.2.1 Initial stress state and stress path 99

3.2.2.2 Dynamic soil behaviour . 103

3.2.2.3 Pore water pressures 104

3.3 Topography ’ 107
3.3.1 Slope inclination 107

3.3.2 Profile shape 108

3.3.3 Plan shape : 109

3.4 Land use 110
3.5. Climatic factors M
CHAPTER 4 LANDSLIDE HAZARD ASSESSMENT 116
4.1 Concepts 116
4.2 Seismic hazard analysis as part of earthquake-induced landslides hazard assessment 122
4.2.1 Seismic sources 122

4.2.2 Earthquake size and recurrence 125

4.2.3 Deterministic Seismic Hazard Analysis 128

4.2.4 Probabilistic Seismic Hazard Analysis 129

4.3 Landslide hazard zonation 130
4.4 Earthquake-induced landslides hazard assessment 133
441 Grade-1 methods 134
4.4.1.1 Takamura (1978) 135

4.4.1.2 Yasuda and Sugitani (1988) , 137



HAZARD ASSESSMENT OF EARTHQUAKE-INDUCED LANDSLIDES ON NATURAL SLOPES TABLE OF CONTENTS
4.4.1.3 Keefer (1984) 139

4.4.1.4 Ishihara and Nakamura (1987); Mora and Mora (1992) 147

4.4.1.5 Japanese Meteorological Agency (JMA), 1993 147

4.4.1.6 Maugeri et al. (1994) 148

4.4.1.7 Harp and Wilson (1995) 150

4.4.2 Grade-2 methods 151
4.4.2.1 Kanagawa Prefectural Government (1986) 151

4.4.2.2 Mora and Vahrson (1993, 1994) 154

4.4.2.3 Japan Road Association(1988) 157

4.4.2.4 Keefer (1993) 159

4.4.2.5 Harp and Noble (1993) 161

4.4.2.6 Feiznia and Bodaghi (2000) 164

443 Grade-3 methods 165
4.4.3.1 Wilson et al. (1979) 166

4.4.3.2 Yen and Condoretti (1980) 167

4.4.3.3. Wilson and Keefer (1985) 169

4.4.3.4 Lin (1990) 175

4.4.3.5 Siyahi and Ansai (1993) 178

4.4.3.6 Keefer and Wang (1998) 179

4.4.3.7 Lee et al. (2000) 180
CHAPTER 5. PUBLISHED STUDIES OF EARTHQUAKE-INDUCED LANDSLIDES 181
5.1 Regional studies 182
5.1.1 Earthquake-induced landslides in China 182
5.1.2 Earthquake-induced landslides in Japan 184
5.1.3 Earthquake-induced landslides in Costa Rica 187
5.1.4 Earthquake-induced landslides in New Zealand 188
5.1.5 Earthquake-induced landslides in Italy 191
5.1.6 Earthquake-induced landslides in Greece 193

vi



HAZARD ASSESSMENT OF EARTHQUAKE-INDUCED LANDSLIDES ON NATURAL SLOPES TABLE OF CONTENTS

5.1.7 Earthquake-induced landslides in the former Yugoslavia 196
5.1.8 Earthquake-induced landslides in the former USSR 197
5.1.9 Earthquake-induced landslides in Canada 199
5.1.10 Earthquake-induced landslides in New Guinea 200
5.1.11 Earthquake-induced landslides in El Salvador 200
5.1.12 Earthquake-induced landslides in Venezuela 202
5.1.13 Earthquake-induced landslides in Colombia 203
5.1.14 Earthquake-induced landslides in the United States 203
5.2 Studies including world-wide cases 203
5.2.1 Redeposition of sediments due to earthquake-induced landslides 203
5.2.2 Earthquake-induced landslides due to liquefaction 205
5.2.3 Keefer's studies 206
5.2.4 Extension of Keefer's database 212

CHAPTER 6. NEW DATABASES OF EARTHQUAKE-INDUCED LANDSLIDES AND

LANDSLIDE-INDUCING EARTHQUAKES 217

6.1 Landslide-inducing earthquakes database 219
6.1.1 Earthquake identification | 220
6.1.2 Geoéraphical position and failure characteristics 220
6.1.3 Earthquake size 221
6.1.4 Geological and topographical setting 221
6.1.5 Earthquake effects 227
6.1.6 Antecedent climatic conditions 228

6.2 Earthquake-induced landslides database 228
6.2.1 Identification and location of landslides 229
6.2.2 Morphometric characteristics 229
6.2.3 Failure conditions 234
6.2.4 Material properties 237
6.2.5 Seismic parameters 238

6.2.6 Climatic parameters 239

vii



HAZARD ASSESSMENT OF EARTHQUAKE-INDUCED LANDSLIDES ON NATURAL SLOPES TABLE OF CONTENTS

6.3 Descriptive statistics of parameters included into databases 239
6.3.1 Descriptive statistic parameters 239

6.3.2 Descriptive statistics for the landslide-inducing earthquakes database 241

6.3.2.1 Earthquake magnitude 242

6.3.2.2 Area affected by landslides 242

6.3.2.3 Epicentral distance 244

6.3.2.4 Distance to fault projection 244

6.3.2.5 Climatic parameters 245

N 6.3.3 Descriptive statistics for the earthquake-induced landslides database 249
6.3.3.| Epicentral and fault distance 250

6.3.3.2 Strong-ground motion parameters 250

6.3.3.3 Morphometric parameters 251

6.3.3.4 Climatic parameters 253

CHAPTER 7. REGIONAL HAZARD ASSESSMENT 255
7.1 Model description 256
7.2 Model development 257

7.3 Results | 270
7.3.1 Area affected by landslides 270

7.3.2 Epicentral distance to disrupted slides 273

7.3.3 Distance to fault projection from disrupted slides 276

7.3.4 Epicentral distance to coherent slides 278

7.3.5 Distance to fault projection from coherent slides 279

7.3.6 Epicentral distance to lateral spreads and flows 281

7.3.7 Distance to fault projection to lateral spreads and flows 283

7.3.8 Summary 284

7.4 Model applicability 285
CHAPTER 8. LANDSLIDE HAZARD ASSESSMENT 294

8.1 Model description and development 295

viii



HAZARD ASSESSMENT OF EARTHQUAKE-INDUCED LANDSLIDES ON NATURAL SLOPES TABLE OF CONTENTS

8.2 Results 301

8.2.1 Disrupted slides 301

8.2.2 Coherent slides 303

8.2.3 Lateral spreads and flows 303

8.3 Model applicability 303

8.4 Landslide hazard assessment in Boyacé (Colombia) 309

8.4.1 General Setting 310

8.4.2 Regional hazard assessment 313

8.4.3 Landslide hazard assessment 315

8.4.4 Summary 320

" CHAPTER 9. CONCLUSIONS AND RECOMMENDATIONS 321

REFERENCES 327

ANNEX A. KRIGING FOR SPATIAL VARIABLE PREDICTION 338
ANNEX B. ATTENUATION RELATIONSHIPS USED FOR STRONG-MOTION

PARAMETERS PREDICTION 348

B.1 Attenuation relationships for Peak Ground Acceleration 348

B.2 Attenuation relationships for Peak Ground Velocity 349

B.3 Attenuation relationships for Arias Intensity 349

REFERENCES 349

ANNEX C. LANDSLIDE HAZARD ASSESSMENT MODELS 350

REFERENCES 352

ANNEX D. DATA COLLECTION SPREADSHEETS 361



HAZARD ASSESSMENT OF EARTHQUAKE-INDUCED LANDSLIDES ON NATURAL SLOPES LIST OF AIGURES

LIST OF FIGURES

Figure 1.1 Casualties due to Natural disasters in Costa Rica since 1950 (Based on Mora, 1997a)

Figure 1.2 Casualties due to earthquake-induced landslides

Figure 1.3 Erosion rate due to earthquake-induced landslides (After Keefer, 1994). Vertical dashed
line is the mean value of erosion by earthquake-induced landstides for studied regions,
and vertical solid line is the world-wide mean value of erosion due to different
processes. :

Figure 1.4 Causes of landslides that have formed natural dams (Based on Costa and Schuster,
1988)

Figure 1.5 Principal failure mechanisms considered by Varnes’ (1978) classification system.

Figure 2.1 Ground deformations due to earthquakes according to Solonenko (1977, 1979). Based
on effects of the 1957 Gobi-Altai earthquake (Ms=8.0). Seismotectonic deformations:
(1) zonal uplift and shift of arch blocky mountain massif; (2) graben; (3) local reverse
strike-slip faults, tension fractures, fissures or retreat and toppling; (4) palasoseismo
dislocations. Gravitational-seismotectonic deformations: (5) fault-zone collapses; (6)
gravitational-tectonic wedges. Seismo-gravitational deformations: (7) toppling of
mountain peaks; (8) fissures; (8) major collapses. Associated phenomena: (10)
mudflows connected with breaking of slightly dammed lakes. Anomalous phenomena:
(11) seismic island (reduction on intensity)

Figure 2.2 Comparison between different intensity scales (Reiter, 1990)

Figure 2.3 Isoseismals and landslides distribution during the 1976 Guatemala earthquake (Harp et
al.,, 1981)

Figure 2.4 Saturation of various magnitude scales ( Idriss, 1985) _

Figure 2.5 Velocity and Acceleration records for shocks of the 1983 Akita-Oki earthquake. Records
are for the same source and recorded at the same station. (Irikura and lwata, 1993).

Figure 2.6 Accelerograms from (a) the N29W Melendy Ranch record of the 1972 Stone Canyon
(M=4.6) earthquake and (b) the longitudinal record from the 1967 Konya (M=6.5)
earthquake. Time and acceleration scales are identical for both records. ( Kramer,
1996).

Figure 2.7 Critical acceleration as a function of Static Factor of Safety. Solid and dashed lines
represent values obtained by the Newmark and Ishihara equations, respectively; points
are from back-analyeis of some Japanese earthquake-induced landslides (from
Charalambos, 1999).

Figure 2.8 Newmark displacement as a function of Arias Intensity for several values of critical
acceleration ( Jibson and Keefer, 1993).

Figure 2.9 Strong motion and Husid plot for the N-S component of Bagnoli record during the 1980
Irpinia earthquake. D, and Dg also shown.

Figure 2.10 Types of fault movement based on sense of fault motion (Keller and Pinter, 1996)

Figure 2.11 Accelerograms from six earthquakes off the Pacific coast of Mexico. All records
measured at similar epicentral distance. The record from the M=8.1 continues for
another 25 sec. ( Kramer, 1996)

Figure 2.12 Various measure of distance used in strong motion predictive relationships ( Kramer,
1996)

Figure 2.13 Velocity records obtained during a 1983 Coalinga (California) aftershock (M=4.3)
illustrating the change in strong motion on alluvium compared to the bedrock site
(Reiter, 1990).

Figure 2.14 Resonant response of soft clay in Mexico City during the 1985 Michoacan earthquake
(Celebi et al., 1987)

Figure 2.15 (a)Topography and potable station locations at Canal Beagle area. (b) Velocity records
for vertical and horizontal components of an aftershock (29 July 1985) of the 1985
Valparaiso earthquake (from Celebi, 1987).

-



HAZARD ASSESSMENT OF EARTHQUAKE-INDUCED LANDSLIDES ON NATURAL SLOPES LIST OF FIGURES

Figure 2.16 PGA distribution for the N-S component during the 1980 Irpinia earthquake. Numbers in
large font are the observed values. Contour lines obtained by Kriging of PGA values
using an exponential model with a=50.

Figure 2.17 PGA distribution for N-S component during the 1980 Irpinia earthquake. Numbers in
large font are the observed values. Contour lines obtained by Kriging of PGA values
using an exponential model with a=5.

Figure 2.18 PGA distribution for the N-S component during the 1980 Irpinia earthquake. Numbers
in large font are the observed values. Contour lines obtained by Kriging of PGA values
using a spherical model with a=50. '

Figure 2.19 PGA distribution for the N-S component during the 1880 Irpinia earthquake. Numbers in
large font are the observed values. Contour lines obtained by Kriging of PGA values
using an exponential model with a=50 and c=10,

Figure 2.20 PGA distribution for N-S component during the 1980 Irpinia earthquake. Numbers in
large font are the observed values. Contour lines obtained by Kriging of PGA values
using an exponential model with a=100.

Figure 2.21 PGA distribution for N-S component during the 1980 Irpinia earthquake. Number in
large font are the observed values. Contour lines obtained by Kriging of residuals of
PGA values using an exponential model with a=50 and the Ambraseys and Bommer
(1991) attenuation relationship as trend component.

Figure 2.22 PGA distribution for N-S component during the 1980 Irpinia earthquake. Numbers in
large font are the observed values. Contour lines obtained by the Ambraseys and
Bommer (1991) attenuation relationship, without Kriging.

Figure 2.23 PGA distribution for N-S component during the 1980 Irpinia earthquake. Large values
are the actual records. Contour lines obtained by a modified version of the Ambraseys
and Bommer (1991) attenuation relationship.

Figure 2.24 PGA attenuation relationships for the 1980 Irpinia earthquake. Solid lines represent
different expressions as indicated. Those lines marked by (r), log(r) and C3'log
(r)+C4*r, are expression obtained by transforming the Ambraseys and Bommer (1991)
expression by reducing the residuals of actual data, in each case these different source-
to-distance parameters were used. Case marked by C1 represents a transformed
expression in which only the intercept term was changed, in this case the line is moved
with respect to Ambraseys and Bommer (1991) expression by an amount equal to the
mean value of residuals.

Figure 2.25 PGA attenuation relationships for the 1980 irpinia earthquake. Solid lines represent
different expressions as indicated. Those lines marked by (r), log(r) and C3*log
(r)+C4*r, are expression obtained by transforming the Ambraseys and Bommer (1991)
expression by reducing the residuals of actual data and maintaining the intercept term,
of regression expression, constant, in each case these different source-to-distance
parameters were used. Case marked by C1 represents a transformed expression in
which only the intercept term was changed, in this case the line is moved with respect to
Ambraseys and Bommer (1991) expression by an amount equal to the mean vaiue of
residuals.

Figure 2.26 PGA attenuation relationships for the 1989 Loma Prieta earthquake. Solid lines
represent different expressions as indicated. Those lines marked by (r), log(r) and
C3'log (r)+C4"r, are expression obtained by transforming the Joyner and Boore (1988)
expression by reducing the residuals of actual data; in each case these different
source-to-distance parameters were used. Case marked by C1 represents a
transformed expression in which only the intercept term was changed; in this case the
line is moved with respect to Joyner and Boore (1988) expression by an amount equal
to the mean value of residuals.

Figure 2.27 PGA attenuation relationships for the 1989 Loma Prieta earthquake. Solid lines
represent different expressions as indicated. Those lines marked by (r), log(r) and
C3'log (r)+C4*r, are expression obtained by transforming the Boore et al. (1993)
expression, for sites type A (rock), by reducing the residuals of actual data; in each
case these different source-to-distance parameters were used. Case marked by CO
represents a transformed expression in which only the intercept term was changed; in
this case the line is moved with respect to Boore et al. (1993) expression by an amount
equal to the mean value of residuals.

xi



HAZARD ASSESSMENT OF EARTHQUAKE-INDUCED LANDSLIDES ON NATURAL SLOPES LIST OF FIGURES

Figure 2.28 PGA attenuation relationships for the 1995 Kobe earthquake. Solid lines represent
different expressions as indicated. Those lines marked by (r), log(r) and C3'log
(n+C4a*r, are expression obtained by transforming the Fukushima and Tanaka (1990)
expression by reducing the residuals of actual data; in each case these different source-
to-distance parameters were used. Case marked by CO represents a transformed
expression in which only the intercept term was changed; in this case the line is moved
with respect to Fukushima and Tanaka (1990) expression by an amount equal to the
mean value of residuals.

Figure 2.29 PGA attenuation expressions for the 1989 Loma Prieta earthquake. Red lines represent
the Boore et al. (1993) expression for sites A, B and C (upper, middle, and lower lines,
respectively). Black line represents the expression obtained by regression analysis of
actual data.

Figure 3.1 Geologic deposits related to earthquake-induced landslides for cases included in the
new dataset. Number refers to earthquakes where each type of deposit was reported to
be related to landslides; total number of earthquakes in dataset is 1276.

Figure 3.2 Variation of factor of safety with time for a hypothetical slide, with and without drainage (
Patton, 1984)

Figure 3.3 Slope failure patterns for residual soils (Nishida, 1989)

Figure 3.4 Redistribution of the potential energy after failure ( Leroueil et al., 1996)

Figure 3.5 Total stresses in isotropic slope ( Finn, 1965)

Figure 3.6 Distribution of a) vertical, b)horizontal, and c) shear stresses (MPa) on both sides and

’ base of a valley in anisotropic rocks ( Kalinin and Sheshenin, 1990).

Figure 3.7 Distribution of a) vertical, b) horizontal, and c) shear stresses (MPa) on both sides and
base of a valley in soft beds for a two-bedded slope ( Kalinin and Sheshenin, 1990).

Figure 3.8 Schematic effective stress path for slopes created by cuts (top), and natural erosion
process (bottom)(Leroueil et al., 1996)

Figure 3.9 Influence of individual hydraulic parameters on Kc. From left to right: schematic planar
failure model, seepage angle influence, hydraulic gradient influence, and pore
pressure influence (Anderson and Sitar, 1995).

Figure 3.10 Stress paths in slopes due to different processes: a) dissipation of negative pore
pressures due to excavation, b) changes in effective stresses due to fluctuation of water
level, and c) stress path due to dynamic loads (Leroueil et al., 1996)

Figure 3.11 Schematic effective stress paths and development of failure in cut slopes (Tavenas and
Leroueil, 1991)

Figure 4.1 Diagram showing types of topographic expression possible with different types of faults.
a) Strike slip, b) thrust fault and c) normal fault. ( Keller and Pinter, 1996).

Figure 4.2 Relationships between magnitude and fault characteristics ( Wells and Coppersmith,
1994).

Figure 4.3 Relationships between magnitude and distance to slope failure in Japan. (From
ISSMFE, 1993)

Figure 4.4 a Relationships between magnltude and maximum distance to fault projection from
farthest landslide for world-wide cases included in the present dataset. Lines shown are

~ the Takamura upper limits. Stars are Japanese cases in present dataset; no data for
“many landslides” areas obtained.

Figure 4.4 b Relationships between magnitude and maximum epicentral from farthest landslide for
world-wide cases included in present dataset. Lines shown are the Takamura upper
limits. Stars are Japanese cases in present dataset; no data for "many landslides”
areas obtained.

Figure 4.5 Relationship between maximum epicentral distance of slope failures and magnitude (
ISSMFE, 1993 )

Figure 4.6 Relationship between maximum epicentral distance of slope failures and magnitude for
world-wider deep and shallow slides.

Figure 4.7 Magnitude-distance relationships for disrupted slides. Upper graphs for epicentral
distance, lower for distance to fault projection. Left graphs for Mg, right for My. Lines
are Keefer's envelopes.

Figure 4.8 Magnitude-distance relationships for coherent slides. Upper graphs for epicentral
distance, lower for distance to fault projection. Left graphs for Mg, right for My. Lines
are Keefer's envelopes.

Xii



HAZARD ASSESSMENT OF EARTHQUAKE-INDUCED LANDSLIDES ON NATURAL SLOPES LIST OF FIGURES

Figure 4.9 Magnitude-distance relationships for lateral spreads and flows. Upper graphs for
epicentral distance, lower for distance to fault projection. Left graphs for Mg, right for
Mw. Lines are Keefer's envelopes.

Figure 4.10 Magnitude-distance relationship for disrupted slides in Central America. Squares
represent Costa Rican and Panamanian cases. Circles are Salvadorian and
Guatemalan cases. Black points are subduction earthquakes, whereas white points are
upper-crustal earthquakes.

Figure 4.11 General relationship between magnitude and epicentral distance of slope failures
(ISSMFE, 1993).

Figure 4.12 Mercalli Modified Intensity associated with different landslide mechanisms. Left graph
shows the minimum intensities for each mechanism during different historic
earthquakes; shadow areas represent Keefer's data. Right graph shows the intensity for
individual landslides ( Rodriguez et al., 1999).

Figure 4.13 Area affected by landslides (km?) as a function of earthquake magnitude Ms (left) and
Mw (right), and density of landsliding low density (top) and high density (bottom).
Dashed and solid lines are the upper limits proposed by Keefer (1984) and Rodriguez et
al. (1999), respectively.

Figure 4.14 Area affected by landslides-Magnitude relationship for cases in Central America. Area
extended to the farthest observed slide (left) and area enclosing extensive landsliding
(right). On the left graph crossed points correspond to El Salvador and Guatemala case,
for Panama and Costa Rica otherwise. On the right graph circles correspond to El
Salvador and Guatemala, and squares to Panama and Costa Rica.

Figure 4.15 Maximum epicentral distance-Magnitude relationships for Ecuador and Costa Rica (
ISSMFE, 1993).

Figure 4.16 Minimum JMA intensities at which slope failures have occurred (From ISSMFE, 1993)

Figure 4.17 Magnitude-area affected by landslides relationship from China ( Maugeri et al., 1994)

Figure 4.18 Decision tree for susceptibility of rock slopes for Keefer (1993) method (From Keefer
and Wang, 1998) .

Figure 4.19 Heights and inclinations of rock avalanches induced by earthquakes. (From Keefer,
1984b)

Figure 4.20 Slope angle and siope height for rock slope failures within present dataset.

Figure 4. 21 Number of rock falls per site versus Q-value. The dashed line is the upper bound of
data. (From Harp and Noble, 1993)

Figure 4.22 Map of Nasimoto area showing actua! and predicted slope failures caused by the 1978
Izuohshima-kinkai earthquake ( ISSMFE, 1993)

Figure 4.23 Displacements predicted by Newmark analysis as a function of assumed critical
acceleration for several strong motion records from California earthquakes. (From
Wilson and Keefer, 1985)

Figure 4.24 (Ac). and(Ac)io as a function of Arias Intensity for 10 strong-motion records ( Wilson
and Keefer, 1985)

Figure 4.25 Newmark displacement as a function of Arias Intensity for several values of critical
acceleration ( Jibson and Keefer, 1993).

Figure 4.26 Normalised displacement — critical acceleration ratio relationship for rectangular,
triangular and sinusoidal motion (Based on Yegian et al., 1988)

Figure 4.27 Probability of slope damage as a function of earthquake magnitude, PGA and Ac

" uncertainty. ( Lin, 1990)

Figure 4.28 Probability of slope damage as a function of critical acceleration and PGA. ( Lin, 1990)

Figure 4.29 Section of slope used by Siyahi and Ansai (1993)

Figure 5.1 Characteristics of landslides during the 1984 Nagano-ken earthquake in Japan (
Kobayashi, 1997).

Figure 5.2 Frequency of landslide volumes. Upper graph for the Nashimoto area during the 1978
lzuoshima earthquake. Lower graph for Otaki area during the 1984 Nagano earthquake.
( Kobayashi, 1997)

Figure 5.3 Critical acceleration-static factor of safety relationship as a function of slope angle
(Ishihara and Hsu, 1986)

Figure 5.4 Areas affected by landslides during pre-historical earthquakes in Taranaki, North Island,
New Zealand (Krozier, 1991).

xiii



HAZARD ASSESSMENT OF EARTHQUAKE-INDUCED LANDSLIDES ON NATURAL SLOPES LIST OF FIGURES

Figure 5.5 Landslides of the North-West sector of the Island of Ischia. Legend: 1) Debris slide and
year, 2) Debris flow, 3) Fall scarps (1881, 1863, 1828, 1797); 4) Area affected.by
surﬂclal landsliding in the earthquakes of 1881 and 1828, 5) Supposed rear scarp for
the 4™ century collapse. (Guadagno and Mele, 1995)

Figure 5.6 Magnitude-epicentral distance relationship for coherent (upper) and disrupted (lower)
landslides in Greece. Numbers referred to Table 5.10. Solid lines are the Keefer
(1984a) envelopes.

Figure 5.7 Common types of earthquake-induced landslides in former Yugoslavia (Sunari¢ and
Nedeljkovi¢, 1994). '

Figure 5.8 Susceptible lithologies to earthquake-induced landslides in former Yugoslavia: 1)
Calcareous-dolomitic, karstified rocks; 2) thin- to thick-bedded fractured and karstified
limestones; 3) volcanites and granitoids; and 4) ultramafites and basites ( Sunari¢ and
Nedeljkovi¢, 1994).

Figure 5.9 Earthquake and landslides location within Yukon area. ( Everard and Savagny, 1994)

Figure 5.10 Areas affected by landslides in EI Salvador due to historical earthquakes ( Rymer and
White, 1989)

Figure 5.11 Geological hazards in Venezuela. Black points are seismic induced phenomena. Half
filled points are likely to be caused by earthquakes. Open points were due to causes
different other than earthquakes. (Lugo, 1984)

Figure 5.12 Magnitude-Volume of sediments relationship ( Keefer, 1994)

Figure 6.1 Classification of igneous rocks ( Blyth and De Freitas, 1984)

Figure 6.2 Classification of sediments and sedimentary rocks ( Blyth and de Freitas, 1984).

Figure 6.3 Classification of metamorphic rocks (Blyth and de Freitas, 1984).

Figure 6.4 Suggested nomenclature for landslides proposed by the IAEG (1990). Terms explained
in Table 6.4.

Figure 6.5 Profile and plan shape classification (Clark and Small, 1982).

Figure 6.6 Section through topples in different states of activity. 1) Active, 2) Suspended 3)
Reactivated, 4) Dormant, 5) Abandoned, and 6) Relict. (From UNESCO Working Party
on World Landslide Inventory, 1993).

Figure 6.7 Sections through slides showing distributions of activity: 1) Advancing, 2) Retrogressing,
3) Enlarging, 4) Diminishing, and 5) Confined. Subdivisions 1 and 2 represent slide
conditions prior and after the movement. (UNESCO Working Party on World Landslide
Inventory, 1993).

Figure 6.9 Sections through landslides showing styles of activity:1) Complex, 2) Composite, 3)
Successive, and 4) Single. (UNESCO Working Party on World Landslide Inventory,
1993).

Figure 7.1 Schematic hypothesis of surface boundary shape

Figure 7.2 Surface boundaries for area affected by landslides

Figure 7.3 Annual and monthly rainfalls for areas affected by earthquake-induced Iandshdes Limits
correspond to reglons enclosing cases affecting areas lower than 1000 km? (external),
between 1,000 km? and 10,000 km? (middle), and larger than 10,000 km? (internal).

Figure 7.4 Annual and monthly rainfalls for earthquakes that affected areas lower than 1000 km? by
landsliding. Boundary shown was used to define reference points in Table 7.1.

Figure 7.5 Annual and monthly rainfalls for earthquakes that affected areas between 1000 km? and
10000 km? by landsliding. Boundary shown was used to define reference points in
Table 7.1.

Figure 7.6 Annual and monthly rainfalls for earthquakes that affected areas larger than 10000 km?
by landsliding. Boundary shown was used to define reference points in Table 7.1.

Figure 7.7 Annual rainfalls and surface wave magnitude tor different areas affected by earthquake-
induced landslides. Solid lines represent the external limit of the surface. Dashed lines
delimit magnitude and annual rainfall ranges for regions enclosmg cases aﬁectlng areas
lower than 1000 km? (lower rectangle), between 1000 km? and 10000 km? (middie
rectangle), and larger than 10000 km?(upper rectangle), these areas are shown
separately in Figures 7.8 to 7.10. Reference points shown are those presented in Table
71.

Figure 7.8 Annual ralnfalls and surface-wave magnitude for earthquakes that affected areas lower
than 1000 km? by landsliding. Solid lines represent the external boundary of the surface.
Dashed lines delimit magnitude and annual rainfall ranges.

Xiv



HAZARD ASSESSMENT OF EARTHQUAKE-INDUCED LANDSLIDES ON NATURAL SLOPES UIST OF AIGURES

Figure 7.9 Actual annual ralnfalls and surface wave magnitude for earthquakes that affected areas
between 1000 km? and 10000 km? by landsliding. Solid lines represent the external
boundary of the surface. Dashed lines delimit magnitude and annual rainfall ranges.

Figure 7.10 Actual annual ralnfalls and surface wave magnitude for earthquakes that affected areas
larger than 10000 km? by landsliding. Solid lines represent the external boundary of the
surface. Dashed lines delimit magnitude and annual rainfall ranges.

Figure 7.11 Monthly rainfalls and surface-wave magnitude for areas affected by earthquake-
induced landslides. Solid lines represent the external limit of the surface. Dashed lines
delimit magnitude and monthly rainfall ranges for regions encIosnng cases affectmg
areas lower than 1000 km? (lower rectangle) between 1000 km? and 10000 km
(middle rectangle), and larger than 10000 km?(upper rectangle), these areas are shown
separately in Figures 7.12 to 7.14. Reference points shown are those presented in
Table 7.1.

Figure 7.12 Monthly rainfalls and surface-wave magnitude for earthquakes that affected areas
lower than 1000 km? by landsliding. Solid lines represent the external boundary of the
surface. Dashed lines delimit magnitude and annual rainfall ranges.

Figure 7.13 Actual monthly rainfalls and surface wave magnitude for earthquakes that affected
areas between 1000 km? and 10000 km? by landsliding. Solid lines represent the
external boundary of the surface. Dashed lines delimit magnitude and annual rainfall
ranges.

Figure 7.14 Actual monthly rainfalls and surface wave magnitude for earthquakes that affected
areas larger than 10000 km? by landsliding. Solid lines represent the external boundary
of the surface. Dashed lines delimit magnitude and annual rainfall ranges.

Figure 7.15 Magnitude and area affected by landslides relationship. Points represent data from
Keefer (1984). Thin line is Keefer's envelope, and thick lines enclose the limits obtained
in present study. Solid horizontal lines are the limits established for the four different
area affected categories: small, lower intermediate, upper intermediate and large
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CHAPTER 1

INTRODUCTION

Earthquakes can cause damage, casualties and injuries population in two main ways. First there is
the direct effect that the dynamic forces, created by the earthquake, have on structures and
facilities. Then there are secondary effects such as liquefaction and landslides, which greatly
increase the social and economical impact of an earthquake. Of these hazards, landslides are
potentially the most destructive; it is well documented that over the years earthquake-induced
landslides have caused thousands of deaths, huge economical losses and severe environmental
changes. These landslides have occasionally been on an immense scale, such as those produced
by the Alaska earthquake (1964, Ms=8.4 ), devastating large areas; however, an earthquake can
also set off hundreds of small landslides in an area, each with the potential to cause damage and

fatalities as was the case during the 1999 Taiwan earthquake (Ms=7.4).

There is awareness that population growth and urbanisation is increasing the exposure to
earthquakes, and thus to earthquake-induced landslides. This is particularly so in the Third World,
where land use is generally uncontrolied. it has been shown that there is a correlation between the
degree of development and capacity to plan and mitigate the effects of natural hazards (Mora,
1997a). Hence the importance of developing techniques that allow the assessment of hazards

related to earthquake-induced landslides.

The significant contribution of earthquake-induced landsiides to natural hazards on population and
environment is presented by Table 1.1, which shows a list of the most catastrophic landslides of the
twentieth-century as proposed by Schuster (i996). From this list of 25 cases, which were selected
based on their social and environmental impact, nine were triggered by earthquakes and two
additional cases were related to volcanic activity. Most of these cases have occurred within the

circum-Pacific region; Varnes (1981) noted that from the nearly 600 people per year who were killed
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by slope failures from 1971 to 1974, 90% were from nations in this region, and probably most of

them were caused by earthquake-induced landslides.

The principal effects of earthquake-induced landslides on population and environment and

applicability of hazard analysis to reduce these effects, are presented in this Chapter.
1.1 Effects of earthquake-induced landslides

Some landslides induced by earthquakes are extremely large and have made major changes in the
landscape, but have had little effect on people or structures. On the other hand, some are smaller
landslides that have had only very local effect on the terrain but have been disastrous to people and
homes, structures‘ or lifelines. Still others have had major effects on the landscape as well as on the
people and their belongings. Hence effects of landslides can be divided into two groups: socio-

economical and environmental.
1.1.1 Socio-economical effects

Although the future location of natural hazards can be predicted in many instances, there is an
inability to predict their occurrence in terms of time and intensity. Therefore, the fundamental
problem of economical losses caused by natural disasters comes from their sudden occurrence and

their intensity.

Floods and droughts cause the main losses to the world's food production, while earthquakes
generate the largest direct losses of human lives and infra-structure damages in urban areas
(UNDRO, 1991). The 1991 Valle de La Estrella earthquake in Costa Rica (Mw=7.6) caused the
greatest damage in the history of the country (Mora, 1997a). The environmental damage produced
included extensive landsliding, destruction of primary tropical rainforest, soil erosion, floods, silting
of rivers and the Caribbean Sea, liquefaction, tectonic uplift and exposure of extensive areas of
coral reefs. It was shown that this earthquake costs the country 8.5% of the 1991 Gross National

Product (GNP) and an average loss of 2% of the GNP in the years following the earthquake. As is
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shown in Table 1.2, these losses are much larger than losses produced by other effects. Similar

figures can be found for other areas affected by earthquakes.

Table 1.1. Major catastrophic landslides of the 20" century. (After Schuster, 1996)

YEAR LOCATION NAME TYPE TRIGGERING VOLUME (m")
PROCESS (Area)
1911 Tadzhik Rep. Usoy Rock slide Usoy Earthquake 2.0°10°
M=74
1919 Indonesia Kelut lahars Volcanic mud flows Eruption of Kelut (185 kmz)
(Java) volcano
1920 China Haiyuan landslides Landslides Haiyuan ?
(Ningxia) earthquake
1921 Kazakh Rep. Alma-Ata Debris flow Snowmelt ?
1933 China Deixi Landslides Deixi earthquake >150 * 108
(Sichuan) M=7.5
1939 Japan Mount Rokko Slides and mud flows Heavy rain ?
{Hyogo)
1949 Tagzhik Rep. Khait Rock slide Khait earthquake ?
M=7.5
1953  Japan Arita River Slides, debris flows, Heavy rain ?
(Wakayama) ) Mud flows
1953 Japan Minamiyamashiro Slides, debris flows. Heavy rain ?
(Kyoto) Mud flows
1958 Japan Kanogawa Slide, debris flows, Heavy rain ?
(Shizuoka) Mud flows
1962 Perg Nevados Huascarén Debris avalanche ? 13* 10
(Anchas)
1963 italy Vaiont Rock slide Filling of Vaiont 250 * 10°
(Fruili-Venezia- reservoir
Gruilia)
1964 United Stated Alaska Landslides Prince William ?
(Alaska) Sound earthquake
M=9.4
1965  China Rock slide ? 450 * 10°
(Yunnan)
1966 Brazil Rio de Janeiro Slides, avalanches, Heavy rain ?
(Rio de Janeiro) Debris flows, mud
flows
1967 Brazil Serra das Araras Slides, avalanches, Heavy rain ?
(Serra das Debris flows, mud
Araras) flows
1970 Peru Nevados Huascaran Debris avalanche Earthquake ?
(Ancash) M=7.7
1974  Peni Mayunmarca Rock slide Rainfall 1.6*10°
(Huanca-Velica) Debris avalanche River erosion?
1980 United States Mount St. Helen Rock slide Eruption of 2.8*10°
(Washington) Debris avalanche Mt. St. Helen
volcano
1983 United States Thistle Debris slide Snowmelt and 21+ 10°
{Utah) Heavy rain
1983  China Saleshan Landslide ? 35°10°
(Gansu)
1985 Colombia Nevado del Ruiz Debris flow Eruption of ?
(Tolima) Nevado del Ruiz
volcano
1986  Papua New Bairaman Rock slide Bairaman 200 * 10°
Guinea Debris avalanche earthquake
(East New Britain) M=7.1 .
1987  Ecuador Reventador Landslide Reventador 75-110* 10
(Napo) earthquakes
M=6.1 and M=6.9
1984  Colombia Paéz Landslides Paéz earthquake (250 km?)
(Cauca) M=6.4
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earthquake-induced landslides as shown in Figure 1.1.

The number of people severely affected by natural disasters in the world increases at a rate of 6%
per year, almost double the increase of the population (UNDRO, 1991). In Costa Rica since 1950

most human losses have been caused by landslides: 18% of total deaths have been direct effect of

Table 1.2. Assessment of direct costs due to the 1991 Valle de La Estrella earthquake

(Costa Rica). (US $M). (Adapted from Mora 1997a)

Activity, property and services Losses %
Handicraft, small industry, mining 2.7 0.28
Heavy industry 2.5 0.26
Electricity and communication 1.5 0.16
Harbours and facilities 17.5 1.81
Other port facilities 8.0 0.83
Qil refinery and oil pipelines 8.0 0.83
Aqueducts, drinkable water systems, sewage 25.0 2.59
Railways, rails and bridges 10.0 1.04
Roadways 15.0 1.55
Bridges 6.0 0.62
Tourism 2.0 0.21
Agriculture 29.0 3.00
Banana crops and transport facilities 30.0 3.10
Channels 10.0 1.04
Airports 1.0 0.10
School's infrastructure 2.0 0.21
Health infrastructure 13.0 1.35
Housing 71.3 7.39
Trading, infrastructure and equipment 27.0 2.80
Direct cost for emergency activities 5.0 0.52
SUB TOTAL 285.0 29.54
200.0 20.72
Cost of commercial wood lost from landslides in forests (20,000 Ha.)
Cost of exploitable soils lost by landslides (20,000 Ha.) 480.0 49.74
965.0 100.00

TOTAL

Hebgen Lake earthquake (Mw=7.28).

Total deaths and those caused by landslides for some past earthquakes are presented in Figure
1.2. In some cases, death toll due to earthquake-induced landslides are extremely high, such as
those produced by the 1970 Peru earthquake (Mw=7.96). In other cases, the entire death toll due to

an earthquake has been due to earthquake-induced landslides, as was reported for the 1959
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Figure 1.1 Casualties due to Natural disasters in Costa Rica since 1950 (Based on Mora, 1997a)

1.1.2 Environmental effects

The impact of landsliding caused by large magnitude earthquakes on the environment has been
little studied. Effects on sediment yield rates and denudation over short, medium and long periods
have not been sufficiently analysed. Pearce and Watson (1986) showed that a few studies,
principally in tropical rainforest areas, have concluded that the pulse of sediment generated by
earthquake-induced landslides is short-lived, with most of the sediments supplied to rivers flushed
out of the affected drainage basin within 0.5 to 2 years. Other less detailed observations of short-
lived damming or blocking of large rivers by natural dams produced by earthquake-induced
landslides support this conclusion (Costa and Schuster, 1988). However, there are cases where the
process takes a much longer time, as is the case of the Sarez Lake in Tadjikistan produced by the
1911 Khait earthquake (Mw=7.25), which still represents a hazard for more than five million people

that live downstream along the valley.

Long-term hazards due to earthquake-induced landslides and their importance in slope erosion
have been studied by Keefer (1994), who presents a model to determine the contribution of
landslides to long-term erosion and landslide hazard. Keefer (1994) points out the importance of
earthquake-induced landslides on the geomorphological development from observations of previous
works (Muir, 1912; Matthes, 1930) on the Yosemite Valley (California). The conclusion is that 90%

of all the talus in Sierra Nevada of California was generated by earthquakes, however, while
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earthquakes were important in talus formation, most of recent talus have been the result of more
gradual and ongoing processes. Further more, Keefer shows how recent studies in the same valley
(Wieczoreck, et al.,, 1992) have demonstrated that at least 12% by volume of historical landsliding

was produced by earthquakes (53% of that definitely attributable to a specific cause).
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Figure 1.2 Casualties due to earthquake-induced landslides

Estimates of long-term rates of erosion from earthquake-induced landslides have also been
reported for areas in New Zealand and Papua New Guinea. In New Zealand, between 40 and 67
percent of long-term erosion rates from an area of 154,000 km? on the South Island has been found
to be produced by earthquake-induced landslides (Adams, 1980). Additional analyses by Pearce
and Watson (1986) indicate that while earthquake-induced landslides were the main regional
sediment supply mechanism, much of the landslide material probably remained in storage for long

periods of time before being transported out of the river basin.
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In Papua New Guinea, Simonett (1967) found that for the Torricelli Mountains, the sediment
production during the 1935 earthquake (My=8.07) was about six times higher than the normal

sediment production of adjacent mountain areas of low seismicity.

Comparison of erosion rates from earthquake-induced landslides to rates produced by other
hillsiope processes for different regions around the world are presented by Keefer (1994). These
results show the significant variation among the regions in the relative contribution of earthquake-
induced landslides to the overall slope erosion, with the seismically-induced processes being
predominant in some regions such as San Francisco Bay and Hawaii. A relatively small contribution

can be seen in other areas as Yosemite Valley (California) and Central Japan.

Mean erosion rates for earthquake-induced landslides vary from 5 to 553 m3kmZ-yr. This value is
slightly lower than the range of 10 to 1200 m>km?-yr, calculated for total erosion rates on steep
slopes world-wide by Young (1969). The areally weighted mean erosion rate for earthquake-induced
landslides for twelve regions studied by Keefer (1994) is 56 m%km?-yr, as shown in Figure 1.3,
which is about one-ninth the world-wide mean of 500 m%km?-yr for all processes on steep slopes as

determined by Young (1969).

The two most important processes in initiating dam-forming landslides are excessive precipitation
and earthquakes, as is shown in Figure 1.4. These processes account for 90% of the case studies
presented by Costa and Schuster (1988). The 1929 Buller earthquake (Mw=7.6) in the north-
western part of the Souih Island in New Zealand, produced slope failures that formed at least 11
landslide-dammed lakes (Adams, 1981). The 1783 Calabrian earthquake (Mw=7.1) triggered mass
movements that formed 215 landslide-dammed lakes (Cotecchia, 1987). In 1911, an earthquake in
the former Soviet Union triggered a rock avalanche (the Usoy landslide), with a volume of 2.0 to 2.5
billion cubic metres, which dammed the Murgab River. This landslide-formed dam of about 500 m
high created the Sarez lake, which, as stated previously, still constitutes a high hazard for about 5

million people living downstream along the river valley.
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Figure 1.3 Erosion rate due to earthquake-induced landslides (After Keefer, 1994). Vertical dashed line is the mean value
of erosion by earthquake-induced landslides for studied regions, and vertical solid line is the world-wide mean
value of erosion due to different processes.
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Figure 1.4 Causes of landslides that have formed natural dams (Based on Costa and Schuster, 1988)

The Tsao-Ling landslides in Central Taiwan, which dammed the Schi-chi River, as a result of an
earthquake in 1862, illustrate the long-term seismic hazard due to earthquake-induced
landslides(Costa and Schuster, 1988). In 1898, the natural dam failed for unknown reasons. In

December 1941, a major earthquake formed another landslide dam, 140 m high, at the same
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location. In August 1942, heavy rains caused the slide reactivation and thé dam increased in height
from 140 to 217 m. In May 1951, several days of intensive rainfall led to the overtopping and failure
of the dam. Due to the subsequent flood, 154 people were killed and 564 homes damaged. On
August 1979, heavy rains again reactivated the landslide, which dammed the river with a natural
barrier of 90 m height. Heavy precipitation continued, and 9 days later the landslide dam was
overtopped and failed causing severe flooding. Many other cases of natural dams produced by

earthquake-induced landslides have been reported, some of which are presented in Table 1.3.

Extensive damage to continental slopes along seacoasts due to submarine earthquake-induced
landslides has been well-documented (Seguret et al., 1984; Allen, 1986; Montessus de Ballore,
1884, 1924). However, a detailed inventory and analysis of these cases have been very difficult
especially when they do not present clear surficial evidence of their occurrence. Among the effects
produced by this kind of landslides, it is worth noting the dramatic coastal topographic changes such
as those produced during the 1964 Alaska earthquake (M=8.5). Other effects that have been
associated with these landsiides are submarine cable ruptures and the redeposition of sediments
(megaturbidities), among others by the 1908 Messina Strait earthquake (italy, M=7.5) and the 1929
Grand Bank earthquake in New Zealand (M=7.2). Cases of submarine earthquake-induced

landslides are listed in Table 1.4.

Other geological features such as suckungen and sedimentary structures have been associated
with earthquake origin (Jibson, 1996; Allen, 1986), although, strong evidence for this relation has not

been provided yet.
1.2 Definition, purpose and applicability of landslide hazard assessment

Landslide is a collective term for most slope movements of the mass movement type. Mass
movement is the outward or downward gravitational movement of earth material without the aid of
running water as a transport agent. Skempton and Hutchinson (1969) decided that the generic term,
landslide, embraces those down slope movements of soil and rock masses as a result of shear

failure at the boundaries of the moving mass.
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Table 1.3. Natural dams caused by earthquake-induced landslides
Naturat dam description
Dam Lake
Dimensions dimensions
River Landslide Vol. H L w J L Vol.
Earthquake Date Ms m m_ (m) (m) (m) (m Ref.
China 1788 75 Dadu SW&
H.08
Colombia 1827 70 Suaza 13000 2.03x10" AT
India 1841 indus >200 [ sSwa
H; 98
West Wairarapa 1855 Bruce 10x10° A 8
San Francisco 1908 7.7 Eol
Cache Creek 30 15x10° Y&H, 78
Gualala
Maacama
Purisima Creek 810
San Gregorio Creek 2
Los Gatos Creek
Hinckiey Creek 20
Khait, 1911 72 Murgab Usoy 2.5x10° 301 1000 1000 53 CaSc
Tadjikistan 88
Arthur Pass. N. Z. 1929 78 Burgoo 0.15x10° A 81
Earthquake lakes. 1.0x10°
Ellis 5.0x10°
Elmer 4.0x10°
Falls 15.0x10°
Glasseye 3.5x10°
Lower Lindsay 2.5x10°
Marina 2.0
Moonsions 0.3x10*
Mud 15.0x10°
Perrine 0.5x10"
Sandra 4.0x10°
Sandstone 1.6x10
Six Mile 0.1x10
Stanley 40.0x10"
Thompson 18.0x10*
Upper Matiri o.2x10
Sichuan, 1933 73 Minjian Deixi 150x10" 255 400 1360 17000 400x10* Case,
China 88
Taiwan 1941/42 70 Chin-Shul Tsa-Ling 250x10" 217 1300 2000 157x10" CiSe,
88
mﬂmm. 1950 75 Madison Madison Canyon 2tx10* 80-70 500 1600 10 CaSe,
88
Chite 1960 as San Pedro Lake Rifibua a0t w, 63
Inangahua. N.Z 1988 74 Buller 4.3X10° A 81
Downey 0.8x10°
Ram Creek 1.5X10°
Waitahn 0.8x10°
Peri 1870 7.6 Llanganuco Lake x10* Petal
Nepefia 600 300 480 1.3x10° n
Safuna Alta CaSe
]
Kinnawr, India 1975 6.8 Parachy Parachu 60 150