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magnitude of 7.9 hit China’s Sichuan province. This quake § »
was the country’s largest seismic event in more than 60 % Ny

CHINA

years, caused 87,000 fatalities. .

80 * 85° 90° 95° 100° 105° 110°




Yingxiu-Beichuan
Fault

Sources: (Surface
rupture: Xu et al.,
2009; Epicenter and
aftershocks: USGS
2008; Historic
earthquakes: Kirby et
al., 2000; Li et al.,
2008; Xu et al., 2009).
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Belch;uan county: 80% of the bu1[d|ngs collapsed
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Affected area: 324,000 km?;
Severely affected area: 10,000 km?;
87,000 people killed and lost;

1,100 billion RMB total economic loss.
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The earthquake triggered about 60,000 co-seismi¢ lands

cading geohazards, which contributeo’l / | ,;‘r'
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6,219 papers referring to the Wenchuan Earthquake either in title, keywords
or abstract, were written by scholars from 67 countries in all continents;
among them over 1000 papers focusing on geo-hazards induced by the EQ.

Canada
54

United States
396

The WCEQ really
attracted the
attention of the
scientific
community
worldwide.

China
(mainland)
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62 -2
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Taiwan, Hong
Kong, Macau 111

Others 1426

Russia
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Mongolia
1
China
Iran 4329
14 20
-] India
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3
Australia 64
Canada 54
European
Union 457 Australia
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Rest of
the World
USA 396 282

Japan 173




52 out of the TOP 65 most cited papers on geo-hazards are from Chinese institutions,
among them 20 are from SKLGP. It is by far the largest contributing institution.
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The Wenchuan earthquake
Is still very hot topics!

5 papers referring to it are

published each day, and the

trend is increasing again.
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A review paper on:
What we have learned from the 2008 Wenchuan earthquake and
its aftermath: A decade of research and challenges
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aftermath: A decade of research and challenges s
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ARTICLEINFO ABSTRACT

Keywords: The 2008 M,, 7.9 Wenchuan Earthquake (Sichuan, China) was possibly the largest and most destructive recent
Wenchuan Earthquake earthquake as far as the geo-hazards are concerned. Of the nearly 200,000 landslides triggered originally, many
Geo-hazards

remobilized within a few years after the initial event by rainfall, which often caused catastrophic debris flows.
The cascades of geo-hazards related to the Wenchuan Earthquake motivated research worldwide to investigate
the triggering and mechanisms of co-seismic landslides, their rainfall-induced remobilization, the generation of
debris flows, the evolution of their controlling factors, and the long-term role of earthquakes in shaping the
topography. On the eve of the 10th anniversary of the 2008 Wenchuan Earthquake, we present a short review of
the recent advances in these topics, discuss the challenges faced in the earthquake-related geo-hazards miti-
gation practice, and suggest priorities and guidelines for future research.

Co-seismic landslides
Post-seismic debris flows
Landslide remobilization
Landscape evolution




Summary of the main research aspects on geo-hazards and

their evolution at different temporal scales
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Mapping and spatial distribution patterns

Total number of

Total landslide

landslides Data type area (km?) Reference

43,842 points - Huang and Li (2009)
13,114 points - Qi et al. (2010)
59,108 polygons 812.2 Dai et al. (2011)
60,109 points - Gorum et al. (2011)
197,481 polygons 1159.9 Xu et al. (2014)
57,150 polygons 396 Li et al. (2014)

2009)
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Mapping and spatial distribution patterns
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Controlling factors for
coseismic landslides (dams)

Seismic
factors

Terrain
factors

Fan et al. (2012); Gorum et al. (2011)
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Geological
factors

Hydrologi
cal factors

=Distance to fault

=Fault type
»Hanging/foot wall effect
=[_ocking section effect

=Slope; Aspect
=Internal relief
=Micro-topography

=Lithology
»Geological structure

=Distance to river
=Stream power index
=Drainage density




Initiation and faillure mechanism analyses

The Largest: Daguangbao landslide (1.35 km?3)




Initiation and faillure mechanism analyses

The Largest: Daguangbao landslide (1.35 km?3)
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Initiation and faillure mechanism analyses

The Largest: Daguangbao landslide (1.35 km?3)
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The failure mechanism of large-scale landslides triggered by the
Wenchuan earthgquake is dominated by tensile failure, forming steep
scarp and deep-seated failure.

Conceptual model of earthquake-triggered

landslides
) L max :':Iensile
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Py -/ topography \¢ Shear
(EAY N i SRR
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\
\ .
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\ ] ) R .
Hmax | " TensM vitational landslide
\ Earthquake triggered
\ “~.._ lapdslide deposit
N N
Sliding surface of
v__ |coseismic landslide




Seismic slope response based on monitoring data

15 accelerometer
monitoring
stations were
installed in Qing
Chuan, since
2008, capturing
about 10 years’
data to analyze the
site amplification
phenomena
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Seismic slope response based on

monitoring data
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Apart from local
topography, the
geological structure also
has strong influence on
the site amplification.

Pure topographic _ Topography & lithology

amplification effect amplification effect

Amplification factor | st o) N R D]
of pure topography TRy R P —
is < 3.0 at 3~7Hz §|—— B’
much lower than the 1 ; :
site monitoring data. 2 : | B
01 2 3”4 ?,‘6 7 8910 20 &> 2 3 4 5 6 78910 20
o - pucetis )
Adding lithology to skt Q10 o ia 010
the model has a iy [T — S
significantly D I '
amplification of >9.0  ~* | :
at 3~7Hz, which has ; i
a good coupling with TI..5 o N Nt
the recordings. ; i 5 a | .
1 V4 3 4 5 6 7 8910 20 1 2 3 4 5§ 6 7 8910 20
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Evaluation of runout characteristics and mechanism

Thermo-decomposition mechanism at the bottom of large rock avalanche
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Formation and failure of coseismic landslide dams
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The Wenchuan earthquake
also induced the largest
number of landslide dams:
828, posing serious threats
to people downstream due
to possible dam-break
floods.

NI

]

Landslide dams

]

Long-term effect
on sediment




Formation and failure of coseismic landslide dams
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Lake capacity: 3X10°m3
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More than 2 million people
downstream were
threatened by the potential
dam-break flood, including
the second largest city,
Mianyang in Sichuan
province.
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Elevation {m) Spillway cross-section,

June 10, 2008
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Summary of the main research aspects on geo-hazards and

their evolution at different temporal scales

Co-seismic Phase

Post-seismic short-medium term
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Initiation and runout: mechanisms and modelling

Simulation of Hongchun debris flow occurred in August 2010 using PCRaster
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Initiation and runout: mechanisms and modelling

Calibration of the 14 August debris
flow event
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Observation of changing rainfall threshold

Decrease of critical rainfall

Before the Earthquake After the earthquake
" Accumulated Critical Accumulated Critical
Critical ) _ ) :
Accumulated cainfall rainfall (mm) rainfall rainfall (mm) rainfall
rainfall (mm) (mm/hr) (mm/hr) (mm/hr)
15.0%~ 25.0% ~
320-350 55-60 272.7 41 22 0% 32 0%

This trend is similar to that of 1999 Taiwan Chi-Chi earthquake area,
where the accumulated rainfall and critical per-hour rainfall intensity
were 1/3 lower than before the earthquake. Generally in WCEQ area,
320~350mm means once every 50 years, but 270mm means once
only every 10 years.

However, the rainfall threshold was observed to recover gradually
to the pre-earthquake level with time.



Modelling of changing rainfall threshold

Changes of amount of source material, properties of coseismic deposits

Reduction of source Grain coarsening Revegetation
material with time T




Modelling of changing rainfall threshold

Duration (h)

Duration (h)

1. Calibration of the 14 August 2010 debris flow event in Hongchun gully
2. Integration of the material depletion, grain coarsening and revegetation of the co-
seismic deposits into the model (van Asch et al., 2014).
3. Definition of thresholds for a run-out distance until the outlet of the catchment
4. Assessment of the evolution of the rainfall thresholds according to three process
Material depletion Grain coarsening Revegetation
110 a —Simulation 1 110 b —22% 110 1 C —Bare ground (2010)
100 —Simulation 2 100 —16% 100 . )
—Simulation 3 —149% —Mid-level revegetation (2013)

90 1 — Simulation 4 90 + Small particle content 4o, 90 - — High-level revegetation (2015)
£ 5] : %) o
% 60 ;3;: 60 ~ % 60 -
= jz 2 v - 8997650555 | 2 iz

30 20 R*=0.8602 50 | )

y=72.847x087M y = 85.128x0878

20 - R>=0.8548 20 A 20 4 Rz = 0.8476

10 y=65198x0 10 | ¥ =65.198x%% 1o | v =65.198x0%

P e P — ol 708

Duration (h)

... T he grain coarsening is the most significant factor affecting the rainfall
threshold for post-seismic debris flows, while the depletion of the material and
the revegetation cannot produce the large changes that we observed in the field.



Hazard and risk assessment at different scales

Post-seismic debris flow assessm:
earthquake hit region
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Hazard and risk assessment at different scales

Hazard assessment for individual debris

flow catchments at Longchi ALt
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Risk mitigation: structural measures (engineering work)

The Wenjia gully debris flow: one important example of structural
mitigation countermeasures

* Conventional debris flow prevention design failed to mitigate such large
magnitude of debris flows. A great risk imposed to the downstream community.

C'o-Seismic Landslide First Major Debris Flow Conventional Debris Flow Largest Debris Flow
May 12,2008 Sept 24,2008 Mitigation System Failure Aug 13,2010
Vol: 50 million m? Vol: § million m? Vol: 3.1 million m*
(Approx. 30x10°m*in Area 11) (10% of the deposit in the gully) (7 causalities, 39 injuries, 497 buried houses)

| fug 19,2010
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A novel resilient and sustainable debris flow mitigation system is designed
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The system segregates debris and water from upstream and re-direct the water

to the downstream through tunnel

The system shows great performance in the subsequent debris flows




Risk mitigation: non-structural measures (early warning)

Field monitoring of the Wenjia debris flow gully
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%7 CHINA In the same site, non-structural mitigation
measures are also implemented. An early
warning system is in place that uses a rich
~_.-| network of wireless sensors (rain gauges,
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Risk mitigation: non-structural measures (early warning)

3D-WebGIS platform for debris flow and landslide early warning
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The warning is implemented in a 3D-WebGlIS platform and it is calculated in real time on the basis of a local-based
rainfall threshold. The warning is issued to a list of concerned people that receive the alert messages. Using this system,
we successfully forecasted several debris flows before them actually occurred including that huge one in Qingping in
Aug. 2012




Risk mitigation: non-structural measures (early warning)
New generation of 3D-WebGIS platform for Landslide Early

warn
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Recently, we also developed a new generation of
3D-WebGIS platform for Landslide Early warning,

which was also develop to an APP. It allows the
general publics and professionals to check the
monitoring data through smart phone.



Summary of the main research aspects on geo-hazards and

their evolution at different temporal scales

Co-seismic Phase Post-seismic short-medium term Long-term
Post-seismic Long-term
\' et remobilization landscape
sl evolution
Loty

Co- & post- e : _
seismic dams Post-seismic debris Flow Sediment Fluvial erosion,

.-- 0 |..-"-'- \ :
O T transport to river river inci'og
| Il Il
’* i i

Wenchuan earthquake 1-10 years 100-1000 years

—_—_—_—_—_—__N

/Post-seismic Long-term impact of \
landslides and their strong earthquakes
hazard assessment .

Triggering and Post-seismic debris flows
development of co- .

seismic geo-hazards

Case studies and
Inventory Weathering related

* Mapping, spatial * Initiation and runout:

distribution patterns

Initiation and failure
mechanism analyses

Evaluation of runout
characteristics

Formation and failure of

co-seismic landslide
dams

mechanisms and
modelling

Observations and
modelling of changing
rainfall threshold

Risk management and
mitigation (including
structural and non-
structural measures)
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I
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« Spatial and temporal

\_____________

evolution

Controls on the post-
earthquake geo-
hazards evolution

Hazard assessment

Risk assessment and
reconstruction
strategies

post-seismic
landsliding

|
I
|
I
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and yield after a I
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3. Post-seismic landslides and
ong- -term impact
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Co-seismic
Landslides

Debris flow

fault scarp

® where in the catchment and
along the slope do they develop
mostly?

® How long do the various
erosional phases last?

® How long will it take before the
erosional activity returns to the
pre-earthquake situation?

® Will there be long-term
modifications of the landscape
due to the earthquake?

channelised soil and rock slides

Chains of geo-hazards
ilslopesiides and ows AN landscape evolution
after a strong earthquake

dammed lake

A From earthquake-triggered
¥ | landslides and river-damming
‘ events...

...to rainfall-triggered remobilizations, new
slides, dam breaks; hillslope erosion and
sediment export; and progressive hillslope
healing and revegetation.

seismic uplift

rainfall-triggered reactivations

enlargements and new slides Post-seismic

hillslope erosion

hillslope healing
revegetation

river incision

T Pt e e fluvial sediment export



Spatio-temporal ev
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Coseismic landslides|
Dormant
ESA1
A2 2l
. A3 Bl Ix
2 New lancslides I Bd -5
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M No data

olution of post-seismic landslides

First of all, we compiled a multi-
temporal inventory of co-s landslides,
post-s remobilizations and new failure
in a large area comprising 42
catchments covering almost 500 km? in
the epicentral area of the WCEQ area.
This is the most representative area as
it features the highest concentration of
the geohazards induced by the
earthquake and is the largest area ever
studied systematically in this region.
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Legend

River
[ Pre-seismic landslides [ &

River ¢
[ Pre-seismic landslides| }

2005 2007

Fan, Domeénech, Scaringi, Huang, Xu, Hales,
Dai, Yang, Francis (Landslides, in review)




Spatio-temporal evolution of post-seismic landslides

Post-seismic decay and normalization of landslide rates
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After the initial increase of
co-seismic landslides , the
volume of material invo-
lved in active landsliding
decays quickly, and so does
the sediment export by
rivers.

Even though initially we
thought that the increased
landslide activity would last
for decades, our data
demonstrate that the
landslide rates returned to
pre-earthquake levels in
less than a decade.



Post-seismic decay and normalization of
landslide rates
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Sediment export after the Wenchuan Earthquake

The very important implication of the quick decay of landslide activity that we
observed and quantified is that as much as 80-90% of the co-seismic debris
stabilized along the hillslopes and in small gullies within the mountains, never
reached the rivers. Landscape erosion by landslides in the WC area doesn’t
seem to contribute to the export of sediments substantially.

15
1500 A
evacuated material
o’g mE 10 -
& - )
g 1000 hillslope deposits =
> N
()
= £
= 3
= > 51
500
channel deposits
| --_,_,_/"' :\:
N evacuated material
O ‘_‘ T i T * T ‘_ O -1 T T T
2008 2010 2012 2014 2016 2008 2010 2012 2014 2016
Year Year




3. Post-seismic landslides and
ong-term impact
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The Earthquake Hazard Chain

Fractured social
networks focused
on survival
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Vulnerability

Debris flows

e Risk = Hazard X
Vulnerability X Exposure

SO\

Social vulnerability Building construction
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Hazard Chaln
Resnlence

® \What controls the temporal evolutlon of post- earthquake hazards’P Rlsk
reduction measures?

® How does social vulnerability, social cohesion, and built environment
resilience change with evolving hazard?

® Integrating the hazard and vulnerability into measures of risk and resilience.

® Engaging with local communities and governmental organisations to improve
resilience




Hazard and risk assessment at different scales

Where? —— Hazard assessment
How? —— Numerical and physical models
When? —— Early warning system

Legend
[ Very low susceptible
I Low susceptible

| [ | Medium susceptible
[ 1igh susceptible
I Very high susceptible

Susceptibility to debris flows at Susceptibility to debris flows at local
regional scale scale



Characterising the temporal evolution
of soual vulnerablllty
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The input from the community
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Engagement with governmental organisations
and communltles
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Reduce the populatlon den5|ty through ratlonal plannlng
< R e

Promote an ecologlcally sustalnable economlc development
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— Enhance the protectlon of reglonal economlc systems
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- ____® emergency relief, disaster and post-disaster management
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Increasing the resilience of communities also by:
@® increasing the risk awareness and promoting a rational risk perception (know what)
® ® providing practical instructions on behaviours and tasks to follow
in case of natural disasters (know what to do)
® |mproving social cohesion and strengthening community bonds
. (know what to do together, during and after the emergency)
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A case of the lasting effect of earthquake:
Xinmo landslide on June 24, 2017

At 5:38 am on June 24, 2017, a high landslide instantaneously destroyed the
whole village of Xinmo in Maoxian County, Sichuan Province, China, buring

64 farmer houses and 1500m long road, blocking the river 1000m, causing 10
deaths and 73 missing.
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Pre- and Post-failu| pjgital Surface Model acquired by UAV
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What makes it special and why it occurred in Songping?

Songping Gully is i s
located on the middle (o e Y i oy O A
part of famous South 7 R v N + .
North Seismic Belt, ety 1976 Songpan EQ (Ms 7.5)
struck by strong AT e ' .
egrthquakes in the N (7 @Xinmo landSlidC
history. 2105 e M .
o 1933 D|eX| { - 1933 Diexi EQ (MS 75) b Tang_iiu?hanl.;ﬂw- |
earthquake (Ms 7.5), 7% vid s ;
local intensity i A FAA kel o E
reached X L o Wy 2 IR L LV )
® 1976 Songpan Aoy, PR RN
earthquake (MS 72 )! Epiccmcr. o‘ \ & i , ; s, ‘ _/
local intensity is VI | Q:‘,’i"h‘.'fffl‘ffo T K W
® 2008 Wenchuan \ 2008 Wenchuan EQ (Ms 7.9)
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Chai et al. (1995) & Ling (2015)



Geological settings
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1933 Diexi earthquake

Photo by zhuang (1934.10)




Deformation history

has lower magnitude.and is far away from the >§ mo
site, therefore, we estimate that these pre-exisifing
cracks were formed by the Diexi-earthquake in 198
not Wenchuan and Songpan earthquake. "







Challenges and Recommendation for future research

® 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.

Quantification of post-earthquake landslide evolution in time,
space and in magnitude. The challenge is to analyze the
controlling factors for the post-seismic landslide evolution of
different earthquakes in different regions.

Developing integrated physically-based debris flow
simulation models. The present generation of debris flow
numerical simulations is poorly suited for post-earthquake
settings.



Challenges and Recommendation for future research

® Improving the understanding of the effect of large

magnitude earthquakes on long-term landscape evolution.
More research should be undertaken to assess

(i) the hazard and risk of landslides in mountainous areas

affected by large magnitude earthquakes and

(ii) the impact of earthquakes on the sediment export and

erosion of the mountainous landscape.



Final remarks

A decade on, we have learned a lot from the

Wenchuan earthquake, albeit at a terribly high
cost in human lives.

We hope that our improved knowledge can lead
to better preparedness for the next big event.
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