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ABSTRACT: Landslides represent a major threat to human gifeperty and constructed facilities, infrastruetand the environment in

most mountainous and hilly regions of the worldatStics from the Centre for Research on the Epidegyoof Disasters (CRED) show

that landslides are responsible for at least 17%lId&atalities from natural hazards worldwide. Té@cio-economic impact of landslides is
underestimated because landslides are usuallyepatated from other natural hazard triggers, ssatxtteme precipitation, earthquakes or
floods. Many lives could have been saved if mom ieen known about the risks and risk mitigatiormsoees had been implemented. The
paper summarizes key aspects in the assessmeeovlofgal hazard and risk and exemplifies thesh thie risk associated with landslides
and use appropriate risk mitigation strategies. Rieduthe impact of landslide with mitigation measaiis both an economical and social

necessity.

1 INTRODUCTION

"Geo-hazards", or natural hazards that are driwegdwlogical fea-
tures and processes, pose severe threats to hupnapsrty and the
natural and built environment. Between 1975 and 2008 EM-
DAT database of natural disasters (EM-DAT, 201@prded 8,866
disasters causing 2.3 million fatalities. In thensgperiod, the inter-
nationally recorded economic losses were US$ 1t5i#0n. Since
2008, the loss of approximately 140,000 people yraMnar during
the tropical cyclone Nargis, the collapse of mdrant five million
buildings and damage to 21 million more in the Waran earth-
quake in China (UNISDR, 2009a), and the loss of ®@&p,000
people and the virtual collapse of a nation ater Haiti earthquake
have been stark reminders that the risk associaitibdtropical cy-
clones, floods, earthquakes, droughts and othewralahazards
needs to be mitigated. Over the last 100 yearsjnitrease in the
known number of deaths appears to be due to threase in the
exposed population in this time scale and the aswd dissemina-
tion of the information, and not to an increasethe frequency
and/or severity of natural hazards.

The economic consequences of geo-hazards showeanneare
dramatic increasing trend (Munich Re, 2007). Soméhefreasons
for this increase are obvious, others less so.pbsé-disaster effects
can be especially severe in a vast, densely-paglilatea where
sewer systems fail and disease spreads. Slumgagim disaster-
prone areas such as steep slopes, which are ppdaedslides or
particularly severe damage in an earthquake. Mdrthe world's
fastest growing cities are located on coastal landivers where
climate variability and extreme weather eventsmfroyclones to
heat waves to droughts, pose increasing riskssafstir.

Well-documented studies show that developing céesitare
more severely affected by natural disasters thareldped coun-
tries, especially in terms of lives lost (UNDP 20NISDR 2009a
and IFRC 2004). Table 1 presents the IFRC (2001) adata¥91-
2000.

Table 1 Natural disaster between 1991-2000 (IFRC 2001

Country classification No. of disasters No. of lives
lost

Low and medium developed coun- 1838 649,400

tries

Highly developed countries 719 16,200

Of the total number of persons killed by naturadagdters in this
period, the highly developed countries accounteafidy 5 % of the
casualties. In absolute numbers, the material daraag economic
loss due to natural hazards in highly developednt@s by far
exceed those in developing nations. However, teitects the

grossly disproportionate values of fixed asset$erathan real eco-
nomic vulnerability.

Mitigation and prevention of the risk posed by matihazards
have not attracted widespread and effective puhligport in the
past. However, the situation has changed dramigtioaér the past
decade. It is now generally accepted that a preacpproach to
risk management is required to significantly redloss of lives and
material damage associated with natural hazards.witle media
attention on major natural disasters during the Becade has
clearly changed people’s mind in terms of acknogieg risk man-
agement as an alternative to emergency managefetitestone in
recognition of the need for natural disaster risdluction was the
approval of the "Hyogo Framework for Action 200580 Building
the Resilience of Nations and Communities to Disa$téiSDR
2005). This document, approved by 164 UN countdesng the
World Conference on Disaster Reduction in Kobe, Jan2a05,
clarifies international working modes, responsil@$ and priority
actions for the coming 10 years.

2. TERMINOLOGY

The terminology used in this paper is generallyststent with the
recommendations of ISSMGE Glossary of Risk Assessifierms
(listed on TC32 web page: http://www.engmath.daic82/). The
important terms used in the context of this paper a

Danger (Threat): Natural phenomenon that could lead to dam-
age, described by geometry, mechanical and otharacteristics.
Description of a threat involves no forecasting.

Hazard: Probability that a particular danger (threat) ascu
within a given period of time.

Risk: Measure of the probability and severity of an asee=f-
fect to life, health, property, or the environmeltathematically,
risk is defined as Risk = Hazard x Potential wortloss.

Vulnerability: The degree of loss to a given element or set of
elements within the area affected by a hazards &xpressed on a
scale of 0 (no loss) to 1 (total loss).

In UNISDR terminology on Disaster Risk Reduction (20
"disaster” is defined as "a serious disruptionhaf functioning of a
community or a society causing widespread humarenad eco-
nomic or environmental losses which exceed thetwahif the af-
fected community or society to cope using its owsources. The
term "natural disaster" is slowly disappearing frima disaster risk
management terminology because without the presehbemans,
one is only dealing with natural processes. Thegg loecome dis-
asters when they impact a community or a society.

Quantitatively risk can be evaluated from the failog expres-
sion:
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R=H-V-E 1)
where R = risk associated with a particular danger
H = hazard Risk Oss€SSMen;
V = wvulnerability of elements at risk S vulnercxby,-ﬂ/
E = expected cost of total loss of elements at risk o Ny

oec‘ waozord cna;y%
3. RISK FRAMEWORK

Inventory

Risk management broadly refers to coordinated #ietivio assess,
(historical data)

direct and control the risk posed by geohazardthéosociety. It
integrates the recognition and assessment of rigk thve develop-
ment of appropriate strategies for its mitigatidine risk manage-
ment process is a systematic application of managemolicies,
procedures and practices to the tasks of commumigatonsulting,
establishing the context, identifying, analyzingaleating, monitor-
ing and implementing risk mitigation measures (Di&O / IEC
31010 Ed. 1.0: Risk Management - Risk Assessmentriigaés).
Risk management frameworks have the common objective

answering the following questions (modified fromeL& Jones, Figure 1 Integrated risk management process iimgutsk assess-

N
Q’b
o
£
38

2004): ment, starting with inventory of landslides at eation
— What are the dangers and their magnitude? [Dardgsttifica- ) ) ) ]
tion] In the following sections, methodologies for ansmgone or more
— How often can the dangers of a given magnituder@citazard  Of the above questions are discussed. The discussiexemplified
Analysis] for landslide risk, but similar methodologies afgoain use for
— What are the elements at risk? [Elements at Risktifitstion] ~ €arthquakes and tsunamis. _ _
— What is the potential damage to the elements kP fgulner- The first step in any decision-making process fisaster risk
ability Assessment] reductions is a quantitative risk assessment.Opeally assesses
— What is the probability of damage? [Risk Estimation] risk based on a number of plausible scenarios.ekample, in the
— What is the significance of the estimated risk? kfisaluation] ~ case of a landslide, the following steps would bedu (1) define
— What should be done? [Risk Management] scenarios for triggering the landslide and evaliist@robability of

occurrence; (2) compute the run-out distance, velamd extent of

Figure 1 illustrates such an integrated procesthfoassessment and the landslide for each scenario; (3) estimate éssds for all ele-
management of the risk associated with a landslitle. process is Ments at risk for each scenario; and (4) estintagerisk. Risk as-
iterative. It is often required to go back to anlieastep to reassess Sessment is part of an integrated risk managenmenegs.
in light of new information. Figure 2 provides oegample of a
framework for risk management. 4. RISK MANAGEMENT

Fell et al. (2005) made a comprehensive overview of the -statg 4
of-the-art in landslide risk management. Seversit formulations
have been proposed, and Diizgiin and Lacasse (280%) large One of the most difficult tasks in risk assessmemhagement is
number of these. A large body of literature alsistsxon earthquake the selection of risk acceptance criteria. As gug@ato what risk
risk management. level a society is apparently willing to accepteoran use ‘F-N

Acceptablerisk

Risk analysis planning

Risk reduction

measures
P
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Hazard identification
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Figure 2 Risk estimation, analysis and evaluagiepart of risk management and control (NORSOK Stahd-013, 2001)
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curves’. The F-N curves relate the annual probghdf causing N
or more fatalities (F) to the number of fatalitid, The term "N"

while property loss has the unit of loss of propgear (e.g.
USD/yr). Risk acceptance and tolerability have défe perspec-

can be replaced by other quantitative measurerdemuences, such tives: the individual's point of view and the sdgie point of view

as costs. The curves can be used to express $aisktand to de-

scribe the safety levels of particular facilitiddgure 3 presents a
family of F-N-curves. Man-made risks tend to haveteeper curve
than natural hazards in the F-N diagram (Proske4p0
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Figure 3 F-N curves (Proske, 2004).

F-N curves give statistical observations and net dlaceptable or
tolerable thresholds.

Who should define acceptable and tolerable riskliethe po-
tentially affected population, government, or thesign engineer?
Societal risk to life criteria reflect the realitiyat society is less tol-
erant of events in which a large number of livess last in a single
event, than if the same number of lives is losa ilarge number of
separate events. Examples are public concern abosseof large
numbers of lives in airline crashes, compared ® rihuch larger
number of lives lost in road traffic. Figure 4 prats an interim risk
criterion recommendation for natural hillsides iortg Kong (GEO,
1998). Acceptable risk refers to the level of niskuiring no further
reduction. It is the level of risk society desitesachieve. Tolerable
risk presents the risk level reached by compronmisarder to gain
certain benefits. A construction with a tolerakikdevel requires
no action/expenditure for reduction, but it regsic®ntrol and risk
reduction if possible.

Risk acceptability depends on several factors sgctoluntary
vs. involuntary exposure, controllability vs. untamtiability, fa-
miliarity vs. unfamiliarity, short/long-term effext existence of al-
ternatives, type and nature of consequences, gaiaeefits, media
coverage, availability of information, personal ahxement, mem-
ory, and level of trust in regulatory bodies. Vdhny risk levels
tend to be higher than involuntary risk levels. ®iiee risk is under
personal control (e.g. driving a car), it is moceeptable than the
risk controlled by other parties. For landslideatunal and engi-
neered slopes can be considered as voluntary atuimtary risk.
Societies experiencing geo-hazards frequently naawe fa different
risk acceptance level than those experiencing ttaeaty. Informed
societies can have better preparedness for ndtazakds.

Although the total risk is defined by the sum oégific risk, it
is difficult to evaluate its sum, since the units &xpressing each
specific risk differ. Individual risk has the urif loss of life/year,

or societal risk.
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Figure 4 Hong Kong criteria (GEO, 1998).

4.2 Risk mitigation

The identification of the optimal risk mitigatiortrategy involves:
(1) hazard assessment (how often risk managemerthe&aeo-
hazards happen?), (2) analysis of possible consegaefor the
different scenarios, (3) assessment of possiblesunes to reduce
and/or eliminate the potential consequences, @menendation of
specific remedial measures and if relevant, recoaon and reha-
bilitation plans, and (5) transfer of knowledge aminmunication
with authorities and stakeholders.

5. RISK IN DEVELOPING COUNTRIES

One can observe a positive trend internationallenehpreventive
measures are increasingly recognized, both ondkiergment level
and among international donors. There is, howevgreat need for
intensified efforts, because the risk associateti natural disasters
clearly increases far more rapidly than the effon@de to reduce
this risk.

Three pillars are essential for the reduction Bk rassociated
with natural hazards in developing countries arggested (modi-
fied from Kjekstad, 2007):

Pillar 1: Identification of high-risk areas, and quantification of haz
ard and risk

Hazard and risk assessment are the central pilldrel management
of the risk associated with natural hazards. WitHmowledge and
characteristics of hazard and risk, it would notieaningful to plan
and implement mitigation measures.

Pillar 2: Implementation of risk mitigation measures, including
early warning systems

Mitigation means implementing activities that redutbe adverse
effects of extreme natural events. In a broad petsge, mitigation
includes structural and geo-technical measuresctife early warn-
ing systems, and political, legal and administeateasures. Miti-
gation also includes efforts to influence the lifgs and behaviour
of endangered populations in order to reduce the fihe Indian
Ocean tsunami of 2004, which killed at least 230,080ple, would
have been a tragedy whatever the level of prepassdrHowever,
even when disaster strikes on an unprecedentee@, sitedre are
many factors within human control, such as a kndgéable popu-
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lation, an effective early warning system and camstons built
with disasters in mind. Such measures can help timsi number of
casualties.

Improved early warning systems have been instruaheint
achieving disaster risk reduction for floods anapical cyclones.
Cuba has demonstrated that such reduction is nessagly a ques-
tion of expensive means. However, the recent tedpayclone
Nargis is a sad reminder that much remains to Ine dodecreasing
the risk to tropical cyclones.

Meteorological forecast in region where cyclonesegally oc-
cur is quite effective, but early warning and resgmremains insuf-
ficient in unexpected regions. As a consequencdates on Early
Warning System (EWS) development should take ictpant cli-
matic changes and/or exceptional situations.

Pillar 3: Srengthening national and local coping capacity

Most of the developing countries lack sufficienpi capacity to
address a wide range of hazards, especially rasteVike tsuna-
mis. International cooperation and support arectioee highly de-
sirable. A number of countries have over the lastade been sup-
portive with technical resources and financial nsemassist devel-
oping countries where the risk associated with nahthazards is
high. A key challenge is to ensure that the joiffiores are need-
based, sustainable and well anchored in the ceshtown devel-
opment plans. Another challenge is coordinationcihiften has
proven to be difficult because the agencies gelyehnalve different
policies and the implementation periods of varipusjects do not
overlap. A subject which is gaining more and madterdion is the
need to secure 100 % ownership of the projectarcthuntry receiv-
ing assistance.

The capacity building initiatives should focus owff fields:

Risk assessment and risk communication, i.e. thatifamtion,
evaluation and possibly quantification of the hdsaaffecting
the country and their potential consequences, antamge of
information with and awareness-raising among stakigns and
the general public;

Risk mitigation, i.e. laws, rules, guidelines anteimentions to
reduce exposure and vulnerability to hazards;

Disaster preparedness, warning and response roeequres to
help exposed persons, communities and organizatienpre-
pared to the occurrence of a hazard; when hazardracalert
and rescue activities aimed at mitigating its immatdimpact;
Recovery enhancement, i.e. support to disastekstripopula-
tions and areas in order to mitigate the long-tampact of dis-
asters.

6. RISK MANAGEMENT FOR LANDSLIDES
6.1

Landslides represent a major threat to humangifeperty and con-
structed facilities, infrastructure and natural iemvments in most
mountainous and hilly regions of the world. Stastfrom The
Centre for Research on the Epidemiology of Disas(@RED)
show that landslides are responsible for at lea$tlof all fatalities
from natural hazards worldwide. The socio-econoimipact of
landslides is underestimated because landslidassaly not sepa-
rated from other natural hazard triggers, suchxa®me precipita-
tion, earthquakes or floods. This underestimatiamtributes to
reduced awareness and concern of both authoritgégeneral pub-
lic about landslide risk.

As a consequence of climate change and increaseisure in
many parts of the world, the risk associated vatidklides is grow-
ing. In areas with high demographic density, prisd@cworks often
cannot be built because of economic or environnhexmastraints,
and is it not always possible to evacuate peopbause of societal
reasons. One needs to forecast the occurrencenaélide and the
hazard and risk associated with them. Climate chaimgeeased
susceptibility of surface soil to instability, antbogenic activities,
growing urbanization, uncontrolled land-use andeased vulner-

Landdidethreat

ability of population and infrastructure as a rgsabntribute to the
growing landslide risk. According to the Europeanidh Strategy
for Soil Protection (COM232/2006), landslides are af the eight
main threats to European soils.

Water plays a major role in triggering of landstidé&igure 5
shows the relative contribution of various landslidggering events
in Italy. Heavy rainfall is the main trigger for miilows, the deadli-
est and most destructive of all landslides.

Landslide Triggering Events
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Figure 5 Landslide triggers in Italy (CNR-GNDCI ADlatabase of
areas affected by landslides and floods in Italy).

infiltration
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Many coastal regions have cliffs that are susctptib failure from
sea erosion (by undercutting at the toe) and theametry (slope
angle), resulting in loss of agricultural land gmdperty. This can
have a devastating effect on small communities.ifstance, parts
of the north-east coastal cliffs of England aredarg at rates of 1
m/yr.

Due to climatic changes and potential global wagnian in-
crease of landslide activity is expected in thereit due to increased
rainfalls, changes to hydrological cycles, morerexe weather,
concentrated rain within shorter periods of timegtenrological
events followed by sea storms causing coastal @rcand melting
of snow and of frozen soils in high mountain regidike the Alps
and the Himalayas. The growing landslide hazardrashd the need
to protect people and property, the expected cémbaange and the
need to manage the risk have contributed to seageada for the
profession to assess and mitigate the landslitte ris

6.2
6.2.1 Specific slopes

Hazard assessment for a specific slope usuallyniesa probabilis-
tic analysis of the slope, while hazard assessifoert region gener-
ally requires the computation of frequency of thadslides in the
region. For regional analyses, data to be colleatedn the form of
maps related to geomorphology, geology, land-usefcand trig-
gers. For specific slopes, the required data faatthanalysis in-
cludes slope geometry such as height, width, iatithm of slope and
potential failure plane, shape and length of failylane etc.
Strength parameters for possible triggers suchaagatl intensity,
water level, severity of dynamic loads e.g. earéthgumagnitude,
acceleration and/or other characteristics. The giviistic models
used for a specific slope vary depending on thieraimechanism
(e.g. flows, falls or slides) and the slope-formimgterial (e.g. soil
or rock).

Analyses of specific slopes use deterministic (factf safety,
numerical analyses) and/or probabilistic methodg, frst order,
second-moment (FOSM), first order reliability medth@FORM),
point estimate methods, and Monte Carlo Simulatd€$) (Ang &
Tang 1984). Recent trends combine different appesmadbr an
improved model of the hazard(s). An uncertaintylysia is essen-
tial prior to the calculation of slope failure padfility as it allows a
rational calculation of total uncertainties asstadawith different
sources of uncertainty (e.g. in parameters and hepdehe quantifi-
cation and analysis of uncertainties play a ciiitiode in the risk
assessment.

The stability situation for natural and man-madspsk is often
expressed by a factor of safety. The factor oftgafedefined as the

L andslide hazard assessment
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ratio of the characteristic resistance (resistorgd) to the character-
istic load (driving force). The approach does niddrass the uncer-
tainty in load and resistance in a consistent manftee choice of
"characteristic" values allows the engineer to igify account for
uncertainties by using conservative values of Ifragh value) and
resistance parameters (low value). The choiceriegdat arbitrary.
Duncan (1992 and 1996) provided an overview of rdatéstic
slope stability analysis method. The overview ideld the factor of
safety approach, equilibrium methods of slope Btabanalysis
(Janbu’s generalized method of slices, Bishop’s owtispencer’s
method, Morgenstern and Price’s method among gthtechniques
for searching for the critical slip surface, botincglar and non-
circular, three-dimensional analyses of slope btpbanalyses of
the stability of reinforced slopes, drained andraimked conditions,
and total stress and effective stress analysepeSiwith nominally
the same factor of safety could have significamtifferent safety
margins because of the uncertainties involved. Baon¢2000)
pointed out that "Through regulation or traditithe same value of
safety factor is often applied to conditions thatolve widely vary-
ing degrees of uncertainty. This is not logical."

To evaluate the hazard associated with the faibdire specific
slope, the stability assessment must be put irgeobabilistic for-
mat using one of the techniques mentioned eafié&SM, FORM,
MCS, etc.). An overview of the available methods doing prob-
abilistic slope stability assessment for individshlpes is provided
in Nadimet al. (2005).

6.2.2 Regional assessment

Landslide hazard and risk assessment is oftennezmtjon a regional
or national scale and it would not be feasible doadstability as-

sessment for all potentially unstable slopes instiuely area. There-
fore other techniques based on Geographical Infeema echnol-

ogy (GIT) are employed in these situations. An eplenof this type

of hazard assessment is the study done by Netdam (2006) in the

Global Hotspots study for the ProVention Consortiliimat model,

which is currently being updated for the Global Rifkdate project

of UNISDR (2009a), assesses the landslide hazaabhsidering a
combination of the triggering factors and suscédlityibindicators.

The principles of the model are demonstrated imff€id.

Elements at risk
and vulnerability

Trigger Susceptibility

Rainfall-induced
landslides

|—q
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rainfall intensity) : I.Otﬁg%:}?hy
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Earthquake-induced o Soil moisture Exposed population
landslides and related
(characteristics of S I bilit
expected motion) e Topography vuinerabpility
e Wind conditions
e Temperature _]
Snow avalanche fluctuations
(temperature and
precipitation in winter)
Hazard Maps Risk Maps

Figure 6 Schematic approach for landslide hazadd a
risk evaluation (Nadinet al., 2006).

In the latest version of the model, a landslideahdindex was de-
fined using six parameters: slope factor withinekested grid cell,
lithology (or geological conditions), soil moistucendition, vegeta-
tion cover index, precipitation factor, and seisroanditions. For
each factor, an index of influence was determined the relative
landslide hazard level Hgsige Was obtained by multiplying and
summing the indices. The landslide hazard indicesevthen cali-
brated against the databases of landslide eversslétted (mostly
European) countries to obtain the frequency ofldneslide events,
i.e. the landslide hazard. Figures 7a and 7b slespectively the
landslide hazard map for parts of Latin America dod Europe
obtained by using the updated version of the mbgeéladimet al.
(2006).
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Figure 7a Landslide hazard map for parts of LAtimerica developed by NGI for the GAR 2009 report (B8R 2009a)
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Figure 7b Landslide hazard map for Europe develdqyeNGl for the GAR 2009 report (UNISDR 2009a).

6.3 Landdiderisk assessment

The most complete description of the possible Bgge risk) is
quantitatively in terms of a "probability distritbom”, which pre-
sents the relative likelihood of any particulardaslue or the prob-
ability of losses being less than any particuldueaAlternatively,
the "expected value" (i.e., the probability weighteverage value) of
loss can be determined as a single measure ofAigleneral sce-
nario-based risk formulation is given by Nadim &@é (2006):

Eflosy=Y > CLP[C|S]| P[S] @)

where C is a particular set of losses (of a colletyi exhaustive and
mutually exclusive set of possible losses), S paudicular scenario
(of a comprehensive and mutually exclusive discseteof possible
scenarios), P[S] is the probability of occurren€saenario S, P[C |
S] is the conditional probability of loss set C givihat scenario S
has occurred, and E[Loss] is the "expected valddoss. "Loss"

may refer to any undesirable consequence, suchsasoff human
life, economic loss, loss of reputation, etc.,amis of its direct and
indirect effects (e.g. local damage of railway ksand related in-
terruption of industrial traffic), its effects oriffdrent social groups
(e.g. individuals, community, insurance, governrhast well as its
short- and long-term influences on a society (éatplities could

include all children of a community, the touristlirstry might col-

lapse).

Most often the focus is on the loss of human Iifiee expected
number of fatalities depends on many factors, fangle on which
week-day and what time of the day the landslidauagowvhether a
warning system is in place and working, etc. Théepually af-
fected population could be divided into groups dase for example
the temporal exposure to the landslide: peopladivh houses that
are in the path of the potential landslide, lodalthe area who hap-
pen to be passer-bys and tourists and/or workecsas coinciden-
tally at the location during certain periods of ttay of the year.

Figure 8 summarizes a general procedure for risksasnent for
landslides. The key issue is the identificationpotential triggers
and their probability of occurrence, the associdéidre modes and
their consequences. The triggering mechanisms cbeldhatural,
such as earthquake, tectonic faulting, rainfalipgerature increase
(e.g. caused by climate change), excess pore pesssuman-made.
Generally, one should consider several scenarigdafsible trig-
gers, estimate the run-out distance and extengeregl by these
events, and estimate the upper and lower boundsh@rannual
probability of occurrence of the scenarios (RobeB05). This
scenario-based approach involves the followingsstep
— Define scenarios for landslide triggering
— Compute the run-out distance, volume and extentuoddlide

for each scenario
— Estimate the loss for the different landslide scesa
— Estimate the risk and compare it with tolerableaoceptable

risk levels.

Geology, Failure ,
engineering \ scenarios % T[Igggrs
parameters |, and models 4 -0aas
Geo-model;f: SFE P - Human
Stability and i activities?
consequence | S\ @ e Extent7
analysis affected?
gﬂ ’ Risk assessment ‘
Calibrate E—— Recom-
models ‘ Acceptance criteria ‘ mendations

Figure 8 Procedure for risk assessment of slopes.
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6.4 Landdiderisk mitigation

Landslide risk mitigation measures can be clasbifis structural
and non-structural. Structural measures for laddsliinclude, but
are not limited to: slope stabilisation, drainageysion protection,
channelling, vegetation and ground improvementriéa@ such as
earth ramparts, walls, artificial elevated land;laring systems and
retaining structures; buildings designed (and plixade locations to
withstand the impact forces of landslides and tuwigle safe dwell-
ings for people, and escape routes. Non-structnealsures include
land-use planning and other consequence-reducirmgunes. Con-
sequence-reducing measures include, but are niedirto: retreat
from hazard, land-use planning, early warning, {gupteparedness,
(escape routes, etc.) and emergency managementriskse may
also be pooled through insurance mechanisms.

It is important, when evaluating mitigation measyr® weigh
benefits of the measures to be implemented angbdbsible nega-
tive effects these measures may have. Decisionfgakill rest in
finding an optimal solution.

6.5 Early warning systems

Faced with natural hazards, especially landslicdesiety's only
recourse is to learn to live with them. It is tHere important to
understand and predict landslide behaviour. One lig@nwith a
threat, provided the risk associated with it iseqtable or provi-
sions are made to reduce the risk to an acceptasé The role of
landslide monitoring and warning is to gather infation useable
for avoiding or reducing the impact of landslidaiaty. After the
recent natural catastrophes around the world, laledsonitoring
and especially early warning, have gained enorniotesest. The
ever increasing need to locate new land areasrfmnuexpansion
also requires development in areas with unstalidpesl On the
other hand, technological advances in measureneehnology as
well as data acquisition, transmission and analysisedures have
made monitoring and early warning systems easignpéement.

Monitoring is the key to slope instability assesatmenanage-
ment and mitigation. The objective of a landslidenitoring pro-
gramme is to collect, record and analyse in a syatie and pur-
poseful manner qualitative and quantitative infaiorarequired to
evaluate specific problems associated with theeslop landslide
being studied. The information may comprise map®tggraphs,
boring logs, topographical data, weather data amdal observa-
tions. In most cases, monitoring will also inclubstallation of
instruments and taking physical measurements. Lidedsonitor-
ing programmes are implemented for a number obregsncluding
providing input for early warning systems.

Monitoring programmes vary considerably dependimg tioe
risk a potential unstable slope poses. Programraesrange from
only visual inspections to extensive programmespriging obser-
vations from orbiting satellites and arrays of defitated instru-
ments installed at the site.

Early warning systems (EWS) mitigate risk by redgdhe con-
sequences. The system issues alerts or warningis exasugh to
give sufficient lead time to implement actions tmtpct persons
and/or property. Early warning systems for landsdicire monitor-
ing systems specifically designed to detect evéims precede a
landslide in time to issue an imminent hazard wagrand initiate
mitigation measures. The key to a successful eaayning system
is to be able to identify and measure small butifigant indicators
that precede a landslide.

The relevant precursor depends on the type of laledSypical
examples of precursors are intense rainfall, groubdations and
earthquakes, blasting, acceleration or high ratm@fement in the
slope, rapid increases in pore water pressurerearst flow at the
toe of a slope. Typical instruments in an earlyniray system are
rain gauges, geophones, seismographs, piezomatelispmeters,
extensometers and devices for measuring the movesfisiopes.

The reliability of measurements is paramount in amonitoring
system, but particularly so in an early warningasys A false alarm

generated by an automatic early warning systempoag more of a
hazard than the landslide itself. Thus, redundaacg alternate
measurement methods should be considered to aatsied &larms.
The consequences of false alarms in a warningreyate so serious
that every possible action must be taken to eliteithem. One
important step in this process is to include datality control
measures in data acquisition and processing tadrtbat erroneous
data is not used in analysis and forecasting ofidkale activity.
Another step is to make maximum use of human igtsice and
"engineering judgment” in decision-making - a psxéhat, unfor-
tunately, does have practical limitations in ayfllutomatic warning
system.

The components of an early warning system areghswss and
measuring devices, a real-time data acquisitioh with communi-
cation link and software to process and analysemtbhasurements.
The system issues warnings via the communicatiok dutomati-
cally when predefined alarm threshold values areeeded. An
early warning system comprises four main activitieenitoring,
analysis of data and forecasting, warning and mesg.o

The major problem in designing an early warningtesysis to
be able to specify reliable and effective threshatlies. This gen-
erally involves some form of forecasting based astrends in the
measurements. Lacasse and Nadim (2008) presenteddeiails on
mitigation measures and several examples of mitigaand early
warning systems.

6.6 Recent research on landsliderisk management: The
Safel_and Project

SafeLand ww.safeland-fp7.€uis a large-scale collaborative pro-
ject under the European Commission®s frame Programme. The
3-year project started in May 2009, has a totalgetidf approxi-
mately 8.75 million Euros, involves 27 partnersnird2 European
countries and is coordinated by the Internationahtt@efor Geo-
hazards (ICG), in Norway. SafelLand, titled “Livingthvlandslide
risk in Europe: Assessment, effects of global clearmgd risk man-
agement strategies”, aims at improving the methfodsassessing
and managing the landslide risk in Europe, bothtéolay's situa-
tion, and including the effects of climate and dgnaphic changes.
SafeLand is to (1) provide policy-makers, publicmémistrators,
researchers, scientists, educators and other stalezl with an
improved and harmonized framework and methodolag\ttie as-
sessment and quantification of landslide risk imope; (2) evaluate
the changes in risk pattern caused by climate adydamgman activity
and policy changes; and (3) provide guidelines dooosing the
most appropriate risk management strategies, imgudsk mitiga-
tion and prevention measures.

SafeLand recognizes that risk management notreglyires an
integrated approach involving different specialistsgeo-sciences
(engineers, geologists, geophysicists, meteordi)gie assess and
quantify the risk, but also a close collaboratiomoag geo-
scientists, social scientists and stakeholdersdémtify the most
appropriate risk mitigation measures. The scientfhd technical
objectives of the Risk Management part of SafelLamdtao-fold:
(1) carry out a state-of-the-art review, propose maitigation and
prevention measures, and produce a web-based syst#ox of
technically and economically appropriate (and irattwe) preven-
tion and mitigation measures based on experiendesapert judg-
ment throughout, and outside, Europe; and (2) dgvahd test a
risk communication and stakeholder-led participatprocess for
choosing prevention and mitigation measures thatnaost appro-
priate from the technical, economic, environmeiiadl social per-
spectives. The Risk Management part will be the mation of the
research in SafeLand and provide the tools requiedealing with
landslide risk: a tested and well-documented fraorkwvith meth-
odology and procedures for an effective impleméonadf landslide
risk management, a toolbox for the selection ofrtiwst appropriate
set of mitigation and prevention measures, andgieatory stake-
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holder-led processes for risk communication whésk reduction
targets can be explored.

During the first year of the SafeLand project, Ridanagement
studies have been performed along two axes: (Iapaton of a
web-based toolbox for stakeholders with decisiokintaguidance
based on a state-of-the-art study of existing mlaysmitigation
measures, and (2) performing detailed case studidse influence
of political culture, organizational structures ascbnomic context
on implementation of landslide risk management o@coping
studies documenting the risks and the politicalonjs legal frame-
works, policy issues, institutional geography anews of stake-
holders on current and future risks have been pagd for Norway
and ltaly, and these will be followed by studied-iance, Romania
and India. These scoping studies are a key elefoetite develop-
ment of a risk-communication and participatory etaider-led
process for choosing the prevention and mitigat@asures that are
appropriate from technical, economic, environmergal social
perspectives.

6.7 Example of mitigation measures

The city of Drammen, along the Drammensfjord arel Emammen

River, is built on a deposit of soft clay. Stabilggalyses were done
in an area close to the centre of the city, andcaidd that some
areas did not have satisfactory safety againsbeshilure. Based
on the results of the stability analyses and tloéofa of safety (FS)
obtained, the area under study was divided inteettmones (Gre-
gersen, 2005):

— Zonel FS satisfactory
— Zonell FS shall not be reduced
— Zone lll FS too low, area must be stabilised.

In Zone Ill, a counter fill was immediately placéd the river to
support the river bank, and the factor of safetgcled again. The
counter fill provided adequate stability (Greger2608).

In Zone Il, no immediate geo-action was taken, &lttan was
placed on any new structural and foundation worthet first en-
suring increased stability. Figures 9 and 10 ithist four cases
(Gregersen 2008; Karlsrud 2008): (1) if an excawats planned, it
will have to be stabilised with anchored sheempilior with soil
stabilisation, e.g. with chalk-cement piles; (2wneonstruction or
new foundations cannot be done without first chegkheir effect
on the stability down slope; for example, addinfipar to a dwell-
ing may cause failure because of the added driiarges due to the
additional loading, and new piling up slope willusa a driving
force on the soil down slope.

6.8 Examplesof early warning systems (EWS)

6.8.1 EWSin remote location

Lake Sarez is located in the Pamir Mountain Rangeastern Taji-
kistan. The lake was created in 1911 when an eaattegtriggered a
massive rock slide (volume: ~2 Rnthat blocked the Murgab river
valley. A natural dam, Usoi Dam, was formed by toekslide
which retains the lake. The dam is at an altitu200 meters.
With a height of over 550 meters, it is by far thegest dam, natural
or man-made, in the world.

Lake Sarez, impounded by this natural dam, is nooua60 km
long and has a maximum depth of approximately 55&hoh a vol-

should fail and slide into the lake, it would geatera surface wave
large enough to overtop the dam and cause a séweding down-
stream. Experts who have studied the hazards dlgatehe most
probable scenario at Lake Sarez is failure of ijiet bank slope and
overtopping of the dam (DiBiagio and Kjekstad, 2007)

BE o
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Figure 9 Mitigation in Zone Il in Drammen

Anchored~..
sheetpiling

L

ume of 17 kil The lake has never overtopped the dam but the cur

rent freeboard between the lake surface and thesbpoint of the
dam crest is only about 50 m. The lake level igently increasing
about 30 cm per year. If this natural dam wereafh & worst-case
scenario would be a catastrophic outburst floodaegdring thou-
sands of people in the Bartang, Panj, and Amu Deailays down-
stream.

There is another natural hazard at Lake Sarez, Igamdarge
active landslide on the right bank (Figure 11)thif unstable slope

Figure 10 Hazard, mitigation and preventive measut
Zone Il in Drammen (Gregersen, 2008; Karlsrud, 2008

In 2000, an international "Lake Sarez Risk MitigatiBroject
(LSRMP)" was launched under the auspices of the dVBenk to
deal with the risk elements posed by Usoi dam adelSarez.
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Figure 11 Active landslide on the right bank of eakarez
(Photo SECO, State Secr. for Economic Affairs, Seviend)

The two main objectives of the project were to fiodg-term meas-
ures to minimize the hazard and to install an eadyning system to
alert the most vulnerable communities downstreaine. darly warn-
ing system for Lake Sarez has been in operatiocesk005. The
system has 9 remote monitoring units linked to ratre¢ data acqui-
sition system at a local control centre near tha.daata is transmit-
ted via satellite to the main control centre in Barsbe, Tajikistan's
capital. Alerts and warning messages are sent Bashanbe to 22
communities connected to the system. The localrobientre is
manned 24 hours per day, every day. The measurstimahtded in
the monitoring program are listed in Table 2.

At present, the warning system comprises threemalavels.
Each level is based on monitored data and/or viebakrvations.
Threshold values for triggering alarms include battaximum
measured values and rate of change with time. Thesdisted in
Table 3. Alarm states and emergency warning plems@mmarized
in Table 4.

At the start, some initial operational and maintereawere en-
countered, but these have been resolved underwsy.pfincipal
problem has been insufficient power in some ofrtiraote villages.
The system satisfied the specified one-year ersm-fest program
and has been formally turned over to the MinistiyDefence who
now has responsibility for operation of the systdihe plan is to
keep the early warning system in operation unt2®@@hich is the
target date for completion of the mitigation work&e least expen-
sive mitigation measure to reduce the risk is tona@ently lower
the lake level by about 120 m using a diversiom&lraround the
landslide.

Table 2 Early warning system measurements at Bakez
(Stucky, 2007)

M easur ement M ethodol ogy

Lake elevation Pressure transducer in the lake
Detection of large surface wave Pressure transdadee lake
Seismic event Strong motion accelerometers
Surface displacements GPS

Flow in Murgab river downstreamRadar type level sens
Turbidity in the outflow water  Turbidity meter

Flood conditions down stream  Level switches
Meteorological data Complete weather station

Table 3 Threshold values for Level 1 and Levela3m states at
Lake Sarez (Stucky 2007)

Threshold value

Seismic acceleration a>0.05¢

Lake level elevation H > 3270 m above sea level
1 Rate of change of lake levelH/dt > 25 cm/day

River flow downstream  Q > 300 ni/s or Q < 10 rils

Manual alarm input Unusual visual observation

Height of wave on lake =~ Wave height > 50 m
Flood sensor Q > 400 ni's

3 River flow down stream  Q > 400 ni/s or Q <5 s
Rate of change of river flovdQ/dt > 15 ni/s/h
Manual alarm Major event observed

Level Source

6.8.2 EWSfor tsunamigenic rock dide

Rock falls and rockslides are among the most dangeratural
hazards in Norway, mainly because of their tsunamigpotential.
The three most dramatic natural disasters in Norwaiie 28" cen-
tury were tsunamis triggered by massive rocksligés fjords or
lakes (Loen in 1905 and 1936 and Tafjord in 1984)sing more
than 170 fatalities (Bjerrum and Jgrstad 1968; Aadd Blikra
1998). As public attention on natural hazards iases, the potential
rockslides in the Storfjord region in western Noywsave earned
renewed focus. A massive rockslide at Aknes coelddtastrophic
as the rock slide-triggered tsunami is a threatlitthe communities
around the fijord. The Aknes/Tafjord project wasiaed in 2005 by
the municipalities, with funding from the Norwegigavernment, to
investigate rockslides, establish monitoring systemd implement
a warning system and evacuation plan to prevealitias, should a
massive rockslide take place.

Table 4 Alarm states and emergency warning plaake Sarez(DiBiagio and Kjekstad, 2007)

Level 0 —Normal state

Level 1 — Abnormal state but not critical

Definition All systems operating properly

No abnormal conditions detected

Definition

Abnormal situation due to a natural phe-
nomenon or technical problem

Origin of warning Early Warning System

Local operating personnel

Origin of warning

Early warning
Local operating personnel

system

Destination of warning Local control centre and Bartbe

Destination of warning

Local control centrtd Bushanbe

Action Daily operation and maintenance

Action

Ingfmn, checking, repair and observa-
tion

Level 3 —Escape Signal

Level 4 —Back to normal signal

Definition Abnormal condition detected based
several sources

Definition

Normal conditions confirmed after a Le
3 alarm

Origin of warning Early Warning System

Local control centre or Dushanbe

Origin of warning

Dushanbe

Destination of warning Local control centre andwvilages down

stream

Pestination of warning

Local control centre andvilhges

Action People in villages evacuate to predef

safe areas

Action

Back to Level 0
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Aknes is a rock slope over a fjord arm on the wesist of Norway.
The area is characterised by frequent rockslidesally with vol-
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Figure 13 Location of extensometers and displac¢sfeom
extensometer 1, 2, 3, 4 and 5 at the top scarfxmef(Kveldsvik
et al. 2006)

events. Figure 12 presents the Aknes slope andslide scenarios.
Figure 13 shows some of the displacements obsevdide upper

umes between 0.5 and 5 millions.rvassive slides have occurred crack. Water seeps ("springs") are seen emergirigeodownstream

in the region, e.g. the Loen and Tafjord disastBethymetric sur-
veys of the fjord bottom deposits show that numsrand gigantic
rockslides have occurred many thousands of years e Aknes/
Tafjord project (www.aknes-tafjord.no) includesesihvestigations,
monitoring, and an early warning system for theeptiailly unstable
rock slopes at Aknes in Stranda County and at Hedgla in
Norddal County. The project also includes a redicuaceptibility
and hazard analysis for the inner Storfjord regiwhich includes
Tafjord, Norddalsfjord, Sunnylvsfiord and Geirarfgd. The po-
tential disaster associated with a rockslide anohami involves
many parties, with differing opinions and percepsio

As part of the on-going hazard and risk assessamatvalida-
tion of the early warning system, event trees vpeepared by pool-
ing the opinion of engineers, scientists and stakkrs. The objec-
tive was to reach consensus on the hazard andssiciated with a
massive rockslide at Aknes (Lacassal. 2008).

Observed displacements

Experience from Norway and abroad shows that raksvents are
often preceded by warning signs such as increasgdadement
rate, micro-tremors and local sliding. Acceleratiate of displace-
ment several weeks and even months before a n@jkslide event
is typical. Slope movements have been detecteckaeddown to
60 m depth (Figure 12). New borehole data suggestements
down to 100 m. Important uncertainties lie in thesirikely failure

depth and location, and whether the slide will sasione large 30-
60 millions nf sliding event or a succession of several 'smidies

slope (Kveldsvik et al. 2008). The displacements-igure 13 ap-
pear to move linearly with time. The total annuiapthcements vary
from less than 2 cm up to about 10 cm.

Instrumentation and monitoring

The large variations in weather and atmospheriditioms in the
fiord and mountain areas pose unusual challengédsetinstrumen-
tation. For example, the hazard due to snow avhirand rock
bursts is high in most of the area to be monito&ular panels do
not provide sufficient electricity, and energy hade obtained from
several sources to ensure a stable and reliablglysupignificant
effort is underway to deploy robust instruments @amgrove data
communication during periods of adverse weather.Efwmergency
Preparedness Centre is located in Stranda. The oniogjitdata will
be integrated into a database that will form theiddor future
analyses. Based on the experience with similar pi®j@nd the spe-
cific needs in Storfjord, the overall monitoringsggm was equipped
with:

Surface monitoring

— GPS-network with 8 antennas

— total station with 30 prisms

— ground-based radar with 10 reflectors

— 5 extensometers measuring crack opening

— 2 lasers measuring opening of the 2 largest cracks
— geophones that measure vibrations
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Monitoring in borehole

— inclinometers measuring displacements
— piezometers measuring pore pressure
— temperature

— electrical resistivity of water

Meteorological station

— temperature

— precipitation and snow depth
— wind speed

— ground temperature

— radiation

Light Detection and Ranging (LIDAR) mapping and radagas-
urements were also done. Several independent syst@re in-
stalled to ensure continuous operation at all tinsexl different
communication systems were implemented to ensurgincmus
contact with the Emergency Preparedness Centregandgt.

Modelling of tsunami following rock slide
The tsunami wave propagation due to an Aknes rlid was mod-
elled numerically for two rock slide scenarios:dslivolume of

presently underway in university laboratories inlddand Trond-
heim (University of Oslo and the Norwegian Univerof Science
and Technology (NTNU) in Trondheim. The model tests run to
improve the understanding of the initial wave pattgenerated by
the sliding rock masses. A rock slide of 30 milliofh will pose a
serious threat to coastal areas of several compesriit the Stor-
fjord region. It may also cause serious damagdéurbut along the
fjord.

Table 5 Estimated run-up heights in the Aknes area

Location Run-up heights  Run-up heights
8 millions m® 35 millions m®

Hellesylt 8-10 m 25-35m

Geiranger 8-15m 20-40 m

Stranda 1-3m 3-6 m

Fjora 1-2m 5-7m

Tafjord 3-5m 12-18 m

Early warning and emergency preparedness

The Aknes/Tafjord early warning and emergency pregizess sys-
tem was implemented early 2008. As part of thisgesys the Emer-
gency Preparedness Centre in Stranda is in operatiotinuously

8 million m® and 35 million M. Run-up values were estimated for(24 hours, 7 days). Alarm levels and responsesiader develop-

15 locations in the Storfjord region (Eidsvig andrbitz 2005;
Glimsdal and Harbitz 2006; Eidsvig et al. 2008)eTesults of the
simulation for three locations are shown in Tabld?Beliminary
results of tsunami modelling suggest an inundatieight of up to
35 m at Hellesylt for rockslide volume of 35 miliar® at Aknes.
The modelling of the tsunami caused by the rocksiitiudes sev-
eral uncertainties. To reduce the uncertaintiegsiphl modelling is

ment. The aim is to establish guidelines for maiip and alert

levels as a function of observed displacement i@tethe extensom-
eters, in the case of impending failure. Figureaid Table 6 present
an example of the alarm and response system. Htensys in con-

stant evolution. The evaluation of the alarm stasugone on the

basis of an integrated interpretation of all meeswents available,
and their evolution over time (Blikra et al. 2007ikB4, 2008).

Table 6 Sketch of alarm levels and response aefksee Figure 14 for colour code)

Alarm level Activities and alarms Response
Minor seasonal variations EPC staff only
No alarm Technical maintenance
Level 2 Important seasonal fluctuations for individual and mul- Increase frequency of data review, compare different sensors
Awareness tiple sensors Call in geotechnical/geological/monitoring expert
Values<excess thresholds for Level 2
Level 3 Increased displacement velocity, seen on from several Do continuous review, do field survey, geo-expert team at EPC

individual sensors
Values<excess thresholds for Level 3

Increase awareness

full time
Inform police and emergency/preparedness teams in municipali-
ties

Accelerating displacement velocity observed on multi-

ple sensors
Values<excess thresholds for Level 4

Increase preparedness, continuous data analysis
Alert municipalities to stand prepared for evacuation

Continuous displacement acceleration

Level 5
Critical situation

Values>excess thresholds for Level 4 Evacuation
EPC = Emergency Preparedness Centre in Stranda
Level
D
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Figure 14 lllustration of the alarm levels as fuimie of displacement velocities (vertical axis:
displacement rate in mm/day; horizontal axis: reéatime before failure)
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The Aknes/Tafijord early warning and emergency pregheess
system was implemented early 2008. As part of #ystem, the
Emergency Preparedness Centre Stranda is in opereiotinu-
ously (24 hours, 7 days). Alarm levels and resperee under de-
velopment. The aim is to establish guidelines fanitoring and
alert levels in the case of impending failure.

7. CONCLUDING REMARKS

Reducing the impact of landslide with mitigation s@as is both
an economical and social necessity. The frequehtgndslide dis-
asters is increasing due to extreme weather, isedce@opulation
and increased vulnerability. The situation callsifdensified focus
action on mitigation measures, both for hazardrésid

The management of the risk associated with lanelslahd other
geo-hazards involves decisions at local, regiamaiional and even
transnational levels. Lack of information about tis& appears to be
a major constraint to providing improved mitigationmany areas.
The selection of appropriate mitigation strategiesuld be based on
a future-oriented quantitative risk assessmentpleguwith useful
knowledge on the technical feasibility, as wellcasts and benefits,
of risk-reduction measures.

Technical experts acting alone cannot choose thpréariate”
set of mitigation and prevention measures in masly contexts.
The complexities and technical details of managjeg-hazards risk
can easily conceal that any strategy is embeddeadsotial/political
system and entails value judgments about who kbarsisks and
benefits, and who decides. Policy-makers and a&tegarties en-
gaged in solving environmental risk problems argstincreasingly
recognizing that traditional expert-based decisimaking processes
are insufficient, especially in controversial ristntexts. Risk com-
munication and stakeholder involvement have beedelwi ac-
knowledged for supporting decisions on uncertaith @ntroversial
environmental risks, with the added bonus thatigpetion enables
the addition of local and anecdotal knowledge & people most
familiar with the problem. Precisely which citizenguthorities,
NGOs, industry groups, etc., should be involvedwihich way,
however, has been the subject of a tremendous anabexperi-
mentation. The decision is ultimately made by peditrepresenta-
tives, but stakeholder involvement, combined withodj risk-
communication strategies, can often bring new agtito light and
delineate the terrain for agreement.

The human impact of geo-hazards is far greatereveldping
countries than in developed countries. Capacitydingl initiatives
focusing on organizations and institutions thatl deigth disaster
risks and disaster situations can greatly redueevtiinerability of
the population exposed to natural disasters. Mdlyase initiatives
can be implemented within a few years and are ddiole even in
countries with limited resources.
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