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• Earthquakes
• Landslides
• Floods
• Storm and Hurricane
• Extreme Weather
• Tsunami
• Wild Fire
• Volcanic Eruption

Major Types of Natural Disasters
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USA Japan

India China

Frequency Death Economic Loss Frequency Deat
h

Economic Loss

Source: UN International Strategy for Disaster Reduction
Period: 1990-2014
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Average Loss Per Year

Source: UN International Strategy for Disaster Reduction

Country Death Property Loss (B$)
USA 477 104
Canada 4 7
Japan 2,133 132
UK 84 4
China 10,469 64
India 2,377 20
Mexico 82 6
Brazil 205 9
Nepal 211 0.3
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Losses Due to Landslides
Source: various publications and blogs

n Worldwide loss  600 people/yr
n Japan $4 billion
n USA $ 1 - 3 billion 25 – 50 people
n Nepal 364 people
n Italy $ 1 - 2 billion
n India $ 1 – 2 billion
n China as high as India

n Actual landslide loss has not been well covered as 
they are considered as part of other disaster

n Landslides loss effects: transportation facilities, 
buildings, and many other infrastructures
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Fatal Landslides: 2004-2010

Source: https://www.nature.com/news/death-toll-from-landslides-vastly-underestimated-1.11140

nOne statistics say - 2,620 fatal landslides occurred between 2004 
and 2010, killing 32,322 people.
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Source: Roth and Keaton



Source: National Geographic

Over 100,000 landslides occur in USA per year
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Major Types of Landslides
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Tiwari and Ajmera (2011)
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Major Triggers of landslides
n Intense Rainfall

n Rapid Snow Melts

n Water Level Changes and coastal evolution

n Volcanic Eruption

n Earthquakes

n Anthropogenic Causes

n Wildfire

n Faulty construction of infrastructures

n Deforestation

n Inappropriate quarrying at hill slope and mining

n Paddy cultivation in steep slopes

n Poor water management

n Improper farming practices Over grazing
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n Intense Rainfall
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Jibson RW (1989) Debris flow in 
southern Porto Rico. Geological 
Society of America, Special Paper 
236, 29–55

Cannon SH, Gartner JE (2005) 
Wildfire-related debris flow from a 
hazards perspective. In: Debris flow 
Hazards and Related Phenomena 
(Jakob M, Hungr O, eds). Springer 
Berlin Heidelberg, 363-385

Wieczorek GF (1987) Effect of 
rainfall intensity and duration on 
debris flows in central Santa Cruz 
Mountains. In: Debris 
flow/avalanches: process, 
recognition, and mitigation (Costa 
JE, Wieczorek GF, eds). Geological 
Society of America, Reviews in 
Engineering Geology, 7: 93–104



n Intense Rainfall
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Richter et al. (2010) Tiwari et al. (2014)



n Intense Rainfall
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Wartman et al. (2015)



Worst Consequence – Landslide Dam
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Worst Consequence – Landslide Dam
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n Coastal Evolution
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Caltrans, District 5



n Coastal Evolution
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Tiwari and Ajmera (2014)



n Volcanic Eruption
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n Earthquakes
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Tiwari, B., and Ajmera, B. 2017 Landslides Triggered by Earthquakes 
from 1920 to 2015, Fourth World Landslide Forum, Ljubljana, 
Slovenia, May 2017 (Key note Lecture), 2 (1), 5-15.

Tiwari, B., Ajmera, B., and Dhital, S. 2017. “Characteristics of 
Moderate to Large Scale Landslides Triggered by the Mw8 Gorkha 
Earthquake and Its Aftershocks,” Landslides, Springer Nature, 14 (4), 
1297-1318
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• 35 earthquake events occurring between 1920 and 2015

• Magnitudes ranging from 5.1 to 9.0

• Peak ground accelerations (PGA) ranging from 0.18 g to 2.4 g

• Maximum Modified Mercalli Intensity (MMI) ranging from VI to XII
• Focal depths ranging from 1 km to 45 km

Tiwari, B., and 
Ajmera, B. 2017 
Landslides Triggered 
by Earthquakes 
from 1920 to 2015, 
Fourth World 
Landslide Forum, 
Ljubljana, Slovenia, 
May 2017 (Key note 
Lecture), 2 (1), 5-15.
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Tiwari, B., and Ajmera, B. 2017 Landslides Triggered by Earthquakes from 1920 to 2015, Fourth World Landslide Forum, 
Ljubljana, Slovenia, May 2017 (Key note Lecture), 2 (1), 5-15.
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Category Magnitude Max. 
PGA (g) 

All Landslides 5.1 0.18 
Rock falls 5.1 0.24 
Rock slides 5.3 0.18 
Rock avalanches 5.1 0.18 
Rock slumps 5.3 0.18 
Rock block slides 5.3 0.18 
Soil falls 5.1 0.36 
Disrupted soil slides 5.1 0.24 
Soil avalanches 5.3 0.18 
Soil slumps 5.3 0.18 
Soil block slides 5.1 0.18 
Slow earth flows 5.1 0.18 
Soil lateral spreads 6.5 0.38 
Rapid soil flows 5.3 0.18 

 

• A minimum magnitude of 5 
was needed to trigger 
landslides

• Larger peak ground 
accelerations required to 
trigger rock slides, soil falls, 
and disrupted soil slides

• Soil lateral spreads tended 
to have higher lower bound 
values for both magnitude 
and maximum peak ground 
acceleration

• Does not suggest that 
specific types of landslides 
will not occur at lower 
seismic parameters

Tiwari, B., and Ajmera, B. 2017 Landslides Triggered by Earthquakes from 1920 to 2015, Fourth World Landslide Forum, 
Ljubljana, Slovenia, May 2017 (Key note Lecture), 2 (1), 5-15.
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Tiwari, B., and Ajmera, B. 2017 Landslides Triggered by Earthquakes from 1920 to 2015, Fourth World Landslide Forum, 
Ljubljana, Slovenia, May 2017 (Key note Lecture), 2 (1), 5-15.
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• Area affected by the landslides may be limited by the extents of the study area
• Scatter may be attributed to the seismological, geological and geographic factors

• Not considered when preparing the upper bound for the area affected by landslides

Tiwari, B., and Ajmera, B. 2017 Landslides Triggered by Earthquakes from 1920 to 2015, Fourth World 
Landslide Forum, Ljubljana, Slovenia, May 2017 (Key note Lecture), 2 (1), 5-15.
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Tiwari, B., and Ajmera, B. 2017 Landslides Triggered by Earthquakes from 1920 to 2015, 
Fourth World Landslide Forum, Ljubljana, Slovenia, May 2017 (Key note Lecture), 2 (1), 5-15.
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( ) 41.126967 PGAN =

( ) 13.22.2223 PGAN =

Tiwari, B., and Ajmera, B. 
2017 Landslides Triggered 
by Earthquakes from 1920 
to 2015, Fourth World 
Landslide Forum, Ljubljana, 
Slovenia, May 2017 (Key 
note Lecture), 2 (1), 5-15.



Pre and Post-earthquake Rainfall Induced Landslides

Settlement, no sliding

Sliding, no
settlement
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n Anthropogenic Causes
n Wildfire
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Keaton, J. R., Ajmera, B., Upadhyaya, S., Tiwari, B., Turner, B. Kwak, D. Y., and Brandenberg, S. J. 2015. 
DECEMBER 2014 STORM DAMAGEBELOW RECENTLY BURNED SLOPES, LOS ANGELES, ORANGE, AND 
VENTURA COUNTIES, CALIFORNIA, Geotechnical Extreme Event Reconnaissance GEER Association Report 
No. GEER- 042. Version 1 July 31, 2015. DOI: 10.18118/g66k56.



Reconnaissance – 2011 Tohoku Earthquake

Wartman, J., Dunham, L., Tiwari, B. and Pradel, D. 2013. Landslides in Eastern 
Honshu Induced by the 2011 Tōhoku Earthquake, Bulletin of the Seismological 
Society of America, 103 (2B), 1503-1521). doi: 10.1785/0120120128.

Tiwari, B., Wartman, J. and Pradel, D. 2013. Slope Stability Issues After Mw9.0 
Tohoku Earthquake, Geotechnical Special Publication, ASCE, 231 (1), 1594-1601.
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• Mw 9.0 ; March 11, 2011, at 14:46 local time

• Death - >20,000, injured - >5,000, displaced - >130,000 

• Building damage - >332,000, Roads damaged - >2,000 , 
bridges damaged - > 56, and railway tracks - >26, Total 
damage - > $300 B

• The majority of the death toll was due to a devastating 
Tsunami; Death due to landslides - >20.

• Aftershocks - >1000, Larger than Mw 7.0 - 4. 

• Mw 6.6 strong aftershock of April 11, 2011 hit Fukushima. 
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Rupture Surface
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Wall Collapse
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Dam Failure
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Wartman, J., Dunham, L., Tiwari, B.
and Pradel, D. 2013. Landslides in
Eastern Honshu Induced by the 2011
Tōhoku Earthquake, Bulletin of the
Seismological Society of America, 103 (2B),
1503-1521).



Earthquak
e Day Month Year

Depth
(Km)

Magnitud
e

Max. 
PGA
(x g)

Number of 
landslides

Number of 
Landslide 

Dams
Hyogoken 
Nanbu 17 January 1995 17 6.8 0.8 few 0
Niigata 23 Oct. 2004 16 6.8 1.02 >1000 >50
Iwate-
Miyagi 14 June 2008 10 6.9 1.02 >4100 >3
Tohoku 11 March 2011 30 9.0 2.93 > 3400 1
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2015 Gorkha Nepal Earthquake

Ground
Recon

Aerial
Recon

Nepal
Partners
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Hashash, Y. M.A., Tiwari, B., Moss, R. E. S., Asimaki, D., Clahan, K. B., Kieffer, D. S., 
Dreger, D. S., Macdonald, A., Madugo, C. M., Mason, H. B., Pehlivan, M., 
Rayamajhi, D., Acharya, I., and Adhikari, B. 2015. Geotechnical Field 
Reconnaissance: Gorkha (Nepal) Earthquake of April 25 2015 and Related 
Shaking Sequence, Geotechnical Extreme Event Reconnaissance GEER Association 
Report No. GEER-040. Version 1.1 August 7, 2015.
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Features
• 25 April 2015, 11:56:26
• 7.8 Mw, 8.1 Ms, MMI IX
• 8.2 km
• 7.3 MwMay 12th , 6.7 Mw April 26th , over 410 aftershocks
• $5 billion (about 25% of GDP)
• Over 9,000 dead and 22,000 injured
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Landslides - 2015 Gorkha Nepal Earthquake
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Tiwari, B., Pradel, D., Ajmera, B., Yamashiro, B., and Diwakar, K. (2018) “Landslide
Movement at Lokanthali during the 2015 Earthquake in Gorkha, Nepal,” Journal of
Geotechnical and Geoenvironmental Engineering, 144(3), 05018001 1-12.

Tiwari, B., Ajmera, B., and Dhital, S., CHARACTERISTICS OF 
MODERATE TO LARGE SCALE LANDSLIDES TRIGGERED BY THE Mw 7.8 
2015 GORKHA EARTHQUAKE AND ITS AFTERSHOCKS, Landslides, 14 
(4), 1297-1318).

Hashash, Y. M.A., Tiwari, B., Moss, R. E. S., Asimaki, D., Clahan, K. B., Kieffer, D. S., 
Dreger, D. S., Macdonald, A., Madugo, C. M., Mason, H. B., Pehlivan, M., Rayamajhi, 
D., Acharya, I., and Adhikari, B. 2015. Geotechnical Field Reconnaissance: Gorkha
(Nepal) Earthquake of April 25 2015 and Related Shaking Sequence, Geotechnical 
Extreme Event Reconnaissance GEER Association Report No. GEER-040. Version 1.1 
August 7, 2015.



Tiwari, B., Pradel, D., Ajmera, B., Yamashiro, B., and Diwakar, K.
(2018) “Landslide Movement at Lokanthali during the 2015
Earthquake in Gorkha, Nepal,” Journal of Geotechnical and
Geoenvironmental Engineering, 144(3), 05018001 1-12.
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Seismic Staions
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NS ground motions at THM station including propagated 
motions after deconvolution
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EW ground motions at THM station including propagated motions 
after deconvolution
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2003 October
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2010 January
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2012 April
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2015 March (Before)
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2015 May (after)

A
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A
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2015 May (after)

A

B
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2015 May (after)

C

A

B
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2015 May (after)

C

A

B

D
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Postulated causes of 
movement

• Faulting
• Seismic compression
• Liquefaction induced lateral spreading
• Cyclic slope instability/ landsliding
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USR = 0.25 – 0.40 f’fs = 24o (average)

Monotonic Simple Shear

0.25
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Cyclic Simple Shear
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Critical pseudostatic failure mode obtained by the strength 
reduction method for 0.2g (top) and 0.3g (bottom)

FOS=1.10

FOS=0.83

Note: mesh is 1 x 1 m
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Dynamic Analysis (FLAC)
• Conducted non-linear dynamic geo-mechanical analysis 

using the deconvoluted ground motions from the 
recordings at the three nearby stations

• A quiet absorbing (viscous) boundary was used along the 
base of the model and free-field boundaries were placed 
along the edges to minimize wave reflections at model 
boundaries.

• SHAKE2000 was used to deconvolute the recorded ground 
motion and obtain input base velocities

• Laboratory based hysteresis loops were used for input 
damping characteristics.
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Simulation Result
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A total of 15,000 (3,500 larger than 100 m2) post-earthquake 
landslides were detected by aerial photo interpolation

Slope Stability and Landslides

Tiwari, B., Ajmera, B., and Dhital, S.,
CHARACTERISTICS OF MODERATE TO 
LARGE SCALE LANDSLIDES TRIGGERED 
BY THE Mw 7.8 2015 GORKHA 
EARTHQUAKE AND ITS AFTERSHOCKS, 
Landslides, 14 (4), 1297-1318).
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Characteristics of Co-seismic Landslides
• Total landslides identified: 14,670
• Total number with areas larger than 100 m2: 3403
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Hydropower Project
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Martin, R. and Tiwari, B. “NEPAL HYDRO PROJECT POST-EARTHQUAKE 
EVALUATION”, Proc. Dam Safety 2016, Philadelphia, PA, 1-10.
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Ancient Landslide Dam
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Settlement
Flow
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Intake tunnel
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Parapet
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Montecito Debris Flow
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Montecito Debris Flow
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Source: LA Times

Estimated intensity – 12.5 mm/hr; Total 24 hour rain fall – 125 mm
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Photo Courtesy: Chris Doolittle



Similarities between Earthquake and Rainfall Induced Landslides

Similarities
• Cause – magnitude vs intensity; Geology; Gradient; Landuse
• Size – aerial extent
• Depth – sliding surface depth
• Damages – nature and extent of damage
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Differences
• Cause – magnitude vs intensity; Geology; Gradient; Landuse
• Size – aerial extent
• Depth – sliding surface depth
• Damages – nature and extent of damage



SUMMARY AND CONCLUSION

• Natural disasters are affecting our infrastructure and community almost
every year; just location and type differs.

• Each country has potential of specific types of natural disasters depending on
their geographic, climatic, topographic and geologic conditions and
associated risks.

• Earthquakes and rainfall have much more influence in triggering landslides.

• There are many similarities as well as differences between the landslides
triggered by earthquakes and rainfall.
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