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Strong earthquakes are the primary triggers of geological hazards

Global Earthquakes and Major Cities Distribution map of earthquakes in China
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A substantial proportion of the world's The main reasons for death toll are:
largest cities lies in regions with (1) Earthquake-caused collapse of buildings

significant seismic risk.

(2) Earthquake-induced landslides



http://www.geo.cornell.edu/geology/faculty/RWA/
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Earthquake-induced hazards have strong cascading effects

The 2008 Wenchuan
earthquake triggered
>200,000 landslides

Control works were
destroyed

Post-earthquake
debris flows

2008 o
Wenchuan EQ ol 2009
9.24
g 13%!0b1'0 debris flows
. ebris— ®
flows ol 2011
7.3 debris
2013 _ o flows
7.10 debris
flows
o 2020
8.20 debris
flows

Caused hundreds of deaths
and over 10 billions RMB of
economic loss



Main Challenges

Type 1 . ‘ Dam-
Earthquake = Coseismic . Landslide . = - o
landslides dams flood

> The failure mechanism of earthquake-triggered
large landslides is poorly understood;

: > There is no models that can accurately predict
Tangjiashan X X X .
landslide dam the coseismic landslides and landslide dams

Type 2 Coseismic 2 Post-eaLt.?quzke N Post-earthquake
landslides remo ].lze Debris flows
landslides

> Post-earthquake landslides and debris flows
have dynamic mechanism, evolving with time

> Early warning of post-earthquake debris flows
is challenging

Hongchun
debris flow




Key Findings
g Finding1 __Finding2 ___Finding3 &

Prediction of coseismic Mechansims and predition Early warning model of

landslides and dam- of post-seismic landslides future chains of
breach flood and debris flows geololgical hazards

Post-seismic debris flows Early warning
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Challenges:

How to predict coseismic
landslides?

How to predict dam-
breach flooding risk?

https://www.hrr.mlit.go.jp/bosai/110920kasenbu/kekkai.html



https://www.hrr.mlit.go.jp/bosai/110920kasenbu/kekkai.html

II. Coseismic landslide prediction

O Global earthquake-triggered landslide inventory

America
19/35%
v

Europe
11/20%

Asia
21/40%

<

> 54 historical
strong
earthquakes

» including more
than 400,000

Oceania Cosels.n’“C
3/5% landslides

Acknowledgment: Hakan Tanyas and many Hakan T et al., JGR: Earth Surface, 2017
others who contributed to the inventory Fan et al., Reviews of Geophysics, 2019
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O Spatial distribution pattern and controls of coseismic landslides

O Controlling factors O Fault type, distance and hanging wall effect

( | »Distance to fault
Seismic y "Fault type

factors »Hanging/foot wall effect
\ | "Locking section effect

=Slope; Aspect
{ | "Internal relief
»Micro-topography

Terrain
factors

factors »Geological structure

Geological { =Lithology

»Distance to river
=Stream power index
»Drainage density

Hydrological
factors

Huang and Fan, Nature Geoscience, 2013 Fan XM et al., Reviews of Geophysics, 2019
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O Al algorithms (CNN, FCN (Fully Convolutional Network), RF

Fan XM * et al., Landslides, 2018a
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II. Coseismic landslide prediction

O Near-real time prediction model of co-seismic landslides
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Fan XM * et al., Landslides, 2018a
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2022 Ms 6.8 Luding earthquake O Prediction results were released 2 hours after the EQ

Wajiao village
Wandong region

Dai LX, Fan XM * et al., Landslides, 2023 Accuracy 83.70%, Kappa coefficient is 0.54



SESSION 6.4: Chengyong Fan, Xuanmei Fan, Xin Wang



II. Coseismic landslide dam and dam-breach flood prediction

O Developed an integrated model for earthquake-induced landslide

dam and dam-breach flood hazard chain evaluation

Dam breach flood
simulation

Landslide and dam Dam breach based on

formation simulation fluid-solid coupling

| Slope seismic response ‘ " Reservoir volume | " Downstream riverbed
‘ ‘ ; ; morphology based on GIS
[EQ-triggered landslides|| Breach time | 1D/2D non-constant |
Landslide dam | i " Dam-breach process | i flow hydraulic model
~ formation simulation | l I ' Flood parameters (Area/ |
EQ-Landslide-Damming | Hydrograph ___depth/velocity...)
Dam breach Flood model

Predicted
Measured

Discharge

Time

Fan XM et al., 2021a,b; 2013; Fan XM et al., Earth Science Reviews, 2020 and 2021
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The Wenjia debris flow after the Wenchuan earthquake

Challenges:

How do post-earthquake
landslides and debris flows

evolve?

What are the mechanisms and

how to simulate?
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O Evolution of post-seismic landslide in time

Evolution of Landslides Over Time After Strong Earthquakes Worldwide

Pre- Post-
earthquake earthquake

O The frequency of landslides
increases significantly after
earthquakes and then decays
within a decade following a

power-law to the pre-

Frequency of landslide

earthquake level
Landslide frequency decay

Time (yr) Fan XM* et al, Landslides, 2018c
Fan XM et al., Reviews of Geophysics, 2019



II. Controls and mechanisms
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O Mechanism of post-earthquake landslides and debris flows

Static liquefaction mechanism

Hydrodynamic force - fine particles
migration = pore pressure increase 2>
static liguefaction - slope instability

Pore water pressure Surge Grain coarsening
slope instability

!

pore water pressure (kPa)

Time (min)

Fan XM et al., Engineering Geology, 2018, 2023
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O Developed a Numerical Model for Landslides-Debris Flows

Multi-hazard chain scenarios through an integrated numerical modelling approach:
Post-seismic landslides > debris flow > dammed river = outburst flood

O O ©Q|3=|20m1ie600.75

infil_ro__ero_df.mod [E3

1 ## Model for landslide spreading scouring and deposition.

2 ## c2021 SKLGP, CDUT, CHENGDU °

Special thanks and memory of Prof. Theo van Asch

4 ## Distributed for educational scientific purposes only

S ## From rain input, overlandflow, scouring to debris flows
ativ um conserv

§ 5% foss conservative, no complete monentum conservation. Domenech, Fan XM * et al., Engineering Geology, 2019
10 44 Erovion Like tumgr o o T Yang, Fan XM* et al., Engineering Geology, 2023

8 ## Apparent friction angle
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Challenges:

How to prevent and early
warn post-earthquake
debris flows?




II. Debris flows after the 2008 Wenchuan earthquake

O Images after the 20 August 2019 debris flow events

Banzi gully



A database contains >500 post-earthquake debris flows

Fan * et al. £Farth Syst. Sci. Data, 2019



II. Changing rainfall threshold of post-earthquake debris flows

O Evolution of rainfall threshold of debris flows after earthquake

.

The rainfall threshold of debris flows
after earthquakes decreases to 1/3 of
that before earthquake, and then
increases gradually with time

~N

J

Jiang, Fan XM * et al., Engineering Geology, 2021
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II. Early warning system of post-earthquake debris flows

O Real-time Early Warning System for Landslides and Debris Flows

Successfully early warned more than 220 landslides and debris flows



Fan et al., 2019,
Reviews of Geophysics

Chengdu University of Technology ésizl;g::@ State Key Laboratory of Geohazard Prevention and Geoenvironment Protection



Climate change-induced cascading
hazards in the Tibetan Plateau

Source: Climate Change Service

July 2023 Was the Hottest Month on Record

Global July Temperature Anomaly (°C compared to the 1951-1980 average)
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http://www.geo.cornell.edu/geology/faculty/RWA/
http://www.geo.cornell.edu/geology/faculty/RWA/

The Tibetan Plateau is one of the areas with the most complex geological
conditions in the world, also called “the Third Pole” of earth.

Eurasian Plate

Tibetan Plateau
“the Third Pole” of earth



Observed climate and environmental changes in the Tibetan Plateau

TP is the region with the most intense climate change in the world: warming, wetting and greening

Global warming is unprecedented now Changes of precipitation in TP since 1960
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China blue Book on Climate Change, 2019
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TP is warming twice as fast as the global average
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(M. Xia et al. , 2021)



Global climate change enhances various types of geological hazards

With climate change, glaciers retreat, glacier lakes expand, which induced various types

of geohazards in the Tibetan Plateau
Main hazard types

@ Glacier collapses

@ Ice-rock avalanches

& Glacier lake outburst
floods (GLOFs)

(Zhang et al, @ Glacier-debris flows
2020,ESR)



Yigong landslide and dam-breach flood (4 April to 10 June, 2000)

Cascading hazard: Rockslide» Mass flow—-> Damming river > Dam-breach flood

Height relief: 3000 m

1: 50m



Indian Chamoli ice-rock avalanche (7 February, 2021)

On February 7, 2021, a ice-rock avalanche occurred in the Chamoli area of northern India,
which triggered flash floods, destroyed 2 hydropower stations, and killed >200 people

Fan et al. Science of Total Environment, 2022



Indian Chamoli landslide (7 February, 2021)

0 The history of fracture expansion before the Chamoli rock-ice avalanche
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Fan et al. Science of Total Environment, 2022



Indian Chamoli landslide (7 February, 2021)

Potentially
unstable part

Displacement curve



Typical Glacier-Related Hazards in Yarlung Tsangpo Grand Canyon

A Namcha Barwa

(7782m)
Sedongpu
catchment
Zelong-nong
catchment
(o]
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Catastrophic chains of geohazard events in the Sedongpu catchment

Cascading hazard: Ice/Rock avalanches = Debris flow-> Damming > Dam-breach flood

Past damming events

1973.3-1974.11
1975.12-1979.4
2014.6.1~2014.8.23
2017.10.22
2017.12.21
2018.10.16
2018.10.29

2023.09.28
2023.10.03




Highest erosion rate due to debris flow in Sedongpu Gulley

Frequent debris flow eroded about 500 million m? of deposits between 2015-2022

2015-2018: 2018-2022:

163 million m3 346 million m3



DDA-DF model: Scenario-based prediction of future hazard

Scenario 1

Scenario 2

Scenario 3

70 Mm3 source volume

210 Mm?3 source volume

280 Mm?3 source volume




Scenario-based prediction of future hazard

Elevation (m)

3100 Height 124 m, Length 3.6 km 2 times of initial source volume
3000 - ——— Simulated barrier dam
2900 = = = = Initial topography
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® Undertaking a hazard and risk assessment of the chain of geo-hazards
(multiple cascading hazards) caused by large magnitude earthquakes. The
challenge is particularly great given the difficulties in quantifying the
interaction between hazards.

® The mechanism of the initiation and runout dynamics of geohazards in
glacier-covered cold regions is almost unknown, needs more attentions.

® Developing physics-based numerical models for future hazard prediction is
crucial for risk reduction;

® The coupling effect of tectonic and climatic forces on geological hazards is not
well studied, and it requires multi-disciplinary research in the future.

Chengdu University of Technology EXL. state Key Laboratory of Geohazard Prevention and Geoenvironment Protection
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