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ABSTRACT: The assessment of landslide hazards and risks forms an essential prieclaadslide risk
reduction. This is particularly the case when an authority is responsible for an infrastructure or building
portfolio that may be affected by multiple hazards. In this paper-gearititative and quantitative assessments

of landslide haards and risks to road networks are considered in terms of the risks that affect road users
(fatality), road infrastructure and the so@oconomic activities that the network facilitates. A framework for

risk acceptance is used to set the contexd the use of a semuantitative assessment to determine the sites of
highest risk is described. These highest risk sites are subject to the first known quantitative risk assessments f
road user fatalities as a result of debris flows. A novel apprisaelken to assess the seeionomic risks and

the use of fragility curves to articulate the vulnerability of road infrastructure, including the-dewdioped
approach involving systems of assets, is also described. The effects of climate changensidered
alongside likely social and/or demographic change and a strategic approach to landslide risk reduction is
presented.

RESUME: L6®val uation des dangers et des risques de g
de la réduction derisques de glissements de terrain. C'est particulierement le cas lorsqu'une autorité est
responsable d'une infrastructure ou d'un portefeuille de batiments pouvant étre affectés par de multiples aléa:
Dans ce document, les évaluations sqmantitativeset quantitatives des risques de glissements de terrain et
des risques pour les réseaux routiers sont considérées en termes de risques pour les usagers de la route (déc
les infrastructures routiéres et les activités s@cionomiques que le réseau faei Un cadre d'acceptation des
risques est utilisé pour définir le contexte et l'utilisation d'une évaluationcgeamtitative pour déterminer les
sites les plus 7 ri sque &est d®crite. Ces sgiereses p
®valuations quantitatives connues des risques de
nouvelle approche est adoptée pour évaluer les risquesémmiomiques et l'utilisation de courbes de fragilité

pour articuler la vulérabilité des infrastructures routieres, y compris l'approche récemment développée
impliquant des systémes d'actifs, est également décrite. Les effets du changement climatique sont pris e
compte parallélement aux évolutions sociales et / ou démograpipicpiEbles et une approche stratégique de

la réduction des risques de glissements de terrain est présentée
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1 INTRODUCTION road users, the physical infrastructure, anth&
sociceconomic activities supported by the road
Yetwork. Issues surrounding the impact of
élimate and global change are addressed before

strategic approach to landslide risk reduction is
etailed.

Landslides have formed a major focus of stud
in the UK for geotechnical engineers,
engineering geologists, geomorphologists an
other relevant professions. A remarkably Wided
range of event type including large individual
slides (e.g. Man Tor), large landside complexes
(e.g. Undercliff, Isle of Wight), rocKalls and
debris flows (both of which have significant
impact on transport infrastructure) are
encountered (e.g. Jones & Lee 1994; Coopsd
2007; Bromhead & Winter 2019).

Fatalities due to landslidesare, however,
relatively rare.The spateof fatalitiesin south
west England during the period July 2012 to
March 2013(four deaths as a result of three B 5
separate landslidesyas unusual andsuch Figure 1.Debris flowat the A83 Rest and be Tiia
losses while undoubtedly tragicre unusual in  ful, Scotland, 28 October 2007.
the contextof the UK.

While the morphology of debris flow in
Scotand and the Republic of Korea is markedly?2 RISK ACCEPTANCE
similar, the annual landslide fatality count is
startlingly disparate with the Republic suffering
an average of 36 fatalities per annum during th .
period 1970 to 2017 (Lee & Winter 2019). In &itect many different cultures. .
this context it seemreasonable to suggest that. The elements at risk may include

the UK is generally a low risk environment with gﬁrﬁtructure (eh.g. r_?a}ds, ra'l)’l public servn;el
respect to landslides (Gibson et al. 2013) uildings (e.g. hospitals, schools), commercia

Notwithstanding this significant challenges property (e.0. shops, factories, offices) and

remain in terms of ensuring the protection anieydentlg: prlop;:]rty (e.lg. bIoH(;ks_ I?f flllat? and
optimal use of assets, minimising risk to doa . ouses)Clearly these elemendt risk will also

users and ensuring that soeiconomic risks are include, to a variable degree, the risk to life and
adequately addressed limb of the users and occupants of such

Rainfalkinduced debris flow events often fa(:T|It|1t|es:[ f element at risk and th
affect the Scottish strategic road network ¢ type of element at fsk a €
(Winter et al. 2006; Milne et al. 2009). The risI(Svulnerablllty of those elements determines what
associated with such events range from dama ight be described as a reasonable and

to the physical infrastructure, through potentia|_|r('.’p('-’rt'om‘.t,[e respgnsde_ﬁt_o ?[ gt:]|ven risk proflleH
injury and fatality to road usersto socie OWEVET, 1t can be difficult to compare suc

economic losses associated with the incident{ESPONSes to different risk profiles in different

associated delay and diversion and, potentiallsg""rttS of thg world as the_ Var'eq[ social (cultural)
to the loss of business (e.g. Figure 1). actors and economic circumstances can mean

In this paper a frameworfor risk acceptance that the tolerance of the sxiated risk is very

is used to set the context fothe work different indeed.
undertaken to assess and articukhie risks to

Landslide hazardare commonplace anaffect
fary parts of the world anthe associated risks
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Figure2.The O6Wi l |l ingness Diagramd showing the differe
parts of he World. Inset: The extreme bottdeft and bottorright corners of the ternary diagram tend to con-
verge and the diagram might more strictly be rendered as if wrapped around a cylinder about a vertical axis
(from Winter & Bromhea@012)

It seems cleafWinter et al. 2008; Winter & remediation(Section 8).This wasnot intended
Bromhead 2012)hat such varied approaches toto highlight correct,or incorrect, approaches
landslide risk are driven not only by thelnstead it reflectdifferent approachethat are
willingness to accepbr tolerate)risk, but also the result of a wide range afhputs to the
by the willingnesqor ability) to pay b mitigate decisioamaking process including engineering,
risk and the willingness to alter the environmengeological, geomorphological, economic, data
in the process. These factors are interlinkeénd information (particuléy the availability of
using the ternary 0Wi tataiinnagusablefermdd ie.g. ISy sodiolofidali g |
2). political, policy-led and cultural factors.

In addition to this geographical variance in
culture, thewillingness diagram was applied to
genericand conceptual approaches to landslide
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3 SEMI-QUANTITATIVE RISK
ASSESSMENT

prioritized for potential actionwithin available
budgets (see also Sectign(Winter et al. 2005).
The hazard and risassessmendinter et al.

Hazard and risk assessments can be carried 0(%09)comprised three phases:

at a variety of scales and using qualitative, sem
guantitative and quantitative approaches.
Typically, although not exclusively,as
assessments move from srredhle (e.gglobal
or continental) to mediuracale (e.g. national or
regional) to largescale (e.g. site or area) then
the availability of quantitative information

possible. Thus, while smalto mediumscale
assessments matypically be conducted in a
semkiquantitative framework, largecale
assessments are more typically conducted
guantitatively. In addition, it should be noted
that even when regional quantitative risk
assessments are undertaken (e.g. Redshaw et a
2017) be nature and resolution of the data is
such that the conclusions that can be drawn from
the results will still be reflective of the regional
nature of the assessment rather than of a
guantitative assessment carried out at a larger
scale with higher resdlion data.

This should not negate the fact that, as
Suzanne Lacasse so clearly articulated in her
2015 Rankine Lecture, that [even quantitative
ri sk assessment ] Ai s t
of engineering judgeme

In this section, and in Section 4 seami-

guantitative regional andsite-scale fully-
guantitative risk assessment (QRA),
respectivelyaredescribed.

The  semiquantitative  regional

assessmén was undertaken as

Landslide Study (Winter etl. 2005; 2009;

Y a panScotland, Gl&ased, assessment of

debris flow susceptibility;

1 a desk/computerbased interpretation of the
susceptibility and grounttuthing (to gather
field data to either complement or plige the

deskbased data) to determine hazard; and
increases and more detailed assessments drea deskbased exposure analysis, primarily

focusing upon life and limb risks, but also
accounting for soci@conomic impacts
(traffic levels, and the existence and
complexity of thediversionary routevere
used).
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2013)) that wa instigated in direct response to €mMment00046668, 201}

the debris flow events that adversely affected the
trunk (strategic) road network in Scotland in
August 20@ (Winter et al. 2006; Winter 2019).

These successivestages were used
determine the locations of sites of highest hazard

The study had the overall purpose of ensuring@nking (risk) (Winter et al. 2009; 204 The

risk Figure 3.Results of the GHBased susceptibility as-
the majorsessment for Glen Oglgrom Winter et al. 2009;

component of the Scottish Road Network2013). (Base mappin@rdnance Survey 1:50,00®
Crown Copyright. All rights reserved Scottish Gov-

to

cat

that the hazards posed by debris flows werdesults of the first stage susceptibility analysis
systematically assessed and ranked and this wi the A85 at Glen Ogle, one of the sites

intended to abw all sites to be effectively adversely affected in August 2QO4are

ECSMGE2019i Proceedings 4
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Landslide hazards and risks to road use@ infrastructure and soe&conomic activity

illustrated in Figure3. This provides a clear and an evaluation of the potential consequences
basis for the evaluatioof hazard at road level of a closure and the resulting difficulty and, in
and thus to the determination of ridkgure 4 some cases, absence of diveraign routes.
illustratesan example of théazards identified Clearly this structure, as described by Winter et
at road level with a ranked priority (red beingal. (2013) contains elements of life and limb
highest, followed § orange brown and yellow risk and also socieconomic risk.

being the lowest but nallustrated here) The results of the semjuantitative regional
Taking the Cruden & Varnes (1996) risk assessment are shown in Figure 5 with the
definition of risk as follows: 66 sites with the ighest semfguantitative
R=H3E3V (1) scores overlainon a map of ScotlandThe
where Ris the risk, results were also tabulated but the intention was
H is the hazard, to isolate the highest risk sites rather than to
E denotes the elements at riskd provide a league table.

V is the vulnerability of the elements at
risk to the hazard.

e L e

Flgure 4. Hazard sectlons #82 Loch Ness Show-
ing lengths categorisedrom top to bottomas Prior- £
ity 3 (A8203, orange, Priority 1 (A8204, red) and ( S
Priority 2 (A8205, brown) (from Winter et & 2009; e
2013). (Base mappingrdnance Survey 1:50,0@

Crown Copyright. All rights reserved Scottish Gov-Figure 5. The 66 sites with a hazard ranklmgsk)
ernmentl00046668, 201) score of 10 or greater(from Winter et al. 2009

2013). (Base mapping © Crown Copyright. All

It is possible to simplify theeq. (1)as the rights reserved Scottish Governmeh00046668,
-3011)

presence of the elements at risk (a road) i
binary (it is eithempresent onot) and treat ExV

as a weighted function that considers exposure
both in terms of the number of vehicles per da)?

This relativédy rapid form of assessment was
n effective means of determining the highest

IGS 5 ECSMGE2019- Proceedings
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risk sites in Scotland(approximately 78,000 temporal probabilities of affecting the
km?), an areacomparablewith other extensive elements at risk,

assessmest(e.g. Castellanos Abella & Van P(Damage|Hit)is the annual probability of
Westen 2007; Dio et al. 2010Assessments damage given thatsa 06h
have also been undertaken at the continental measure of chance between 0 and 1, and

scale (e.g.Jaedickeet al. 2014 to inform C is the consequences as a result of the
planning polig at the highest national/trans landslide event.
national level. For the purposes of th

This knowledge can be used to determingaken to represent the fatality of one or more
those sites that should be targeted for furthemoad users and effectively encompasses the
study and more refined risk assessment oncepts ode & odrhd 6dD@anas €
(Sections 4, 5 and 6) as well as for landslide riski.e. P(Fatality|Hit)xC).
reduction measures (Section 8 Two scenarios were considered, that of a

vehicle being hit by a debris flow that reaches
the road (A) and that of a vehicle hitting a debris

4 QUANTITATIVE RISK flow that has already reached the road (B).
ASSESSMENT The results for the 83 (Figure 6)
demonstrate thdbr numbers ofatalities N = 1

One important berjeflt of a robust re_glonala1 nd 2 lie in the o6Unacc
assessment is that it allows a more detailed anf

targeted assessment of sites that pose the highg%sg]a;nlsn% xa;u%sl b;mg g]rtgecAt:dne I;llomvlv e A

risks. Typically this involves the use of -
L : . contrast those for the A8%Figure?7) generally
guantitative risk assessment (QRA) teicjues lie in the ©BzomeatiNElACC

(Corominas et al. 2014)Yhe methodology for Lo

: . . and 2 lying in the ALARRone.
dQRA.Lord %ebns flgww_rlstk t(;orl%a_d uie{s_s No account of landslide risk reduction
escribed bywong inter ( Jn what is measures is made in Figurésor 7. This is

lraieLlevedeto rgggﬂ?hﬂrsrtnf%ub;%n?al (;uairr:tilttigﬂve particularly important at the A83 site, at which a
SK assess € me givas y strategic approach has been d@akto the

appliedto the A83Rest and be Thankful site andreoluction of landslide risk (Winter 2044

a subsequent assessment of the AB5 Glen O%lea: see also Sectiod) including educational

site was conducted (Winter 2018). : : . :
The resultdrom the two sites represeathigh Izegi‘lgot.s, \)/vvilg;/(ve?g g\LN arSnr:r;grzlrgnst(l\;v)mt:Ldet t?\lé

frequencylow magnitude sit€ A83) and a low provision of debris flow nets

frequencyhigh magnitude sitgA85). The QRA was conducted prior to October

The Io[jmbofelt_quatlgn Jused cozrcr)espop?ls to j[hat2014 and at that time additional debris flow nets
presented by Lee ones (20149 follows: and catch pits were planned along with

YQi @00 Q¢ @ 'OROV QE O significant planting of the hillside to improve
0 O®a OSQWo 6 (2)  stability (Winter & Corby 2012Winter 2016p.

_ Additional nets and catch pits have since been
where P(Event)is a measure of the expectedinsialled and the plam programme is

likelihood of a landslide event pannum progressing through the planning stages.
P(Hit|Event) is the annual probability of a * This work articulated theeffect on societal

vehicle ohito given (s @Rdlanddide fisR Bdiidnmdaurestinae n
occurs  which involves both spatial and,yere in place as of October 2024d not those
measures installed subsequently
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Annual frequency of N or more fatalities (F)

Landslide hazards and risks to road use@ infrastructure and soe&conomic activity
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Figure 6. F-N curves based on the Wong et al. (2004) approach for the A83, before mitigation measures (com
pare to Figures).
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Figure 7. F-N curves based on the Wong et al. (2004) approach for the A85.
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Figure 8. F-N curve showing the risk reduction for the A83 due to the mitigation measures extant as of Octo-
ber 2014 based on the Wong et al. (2004) approach. The dashed lines represent the risk after the mitigatior
measures are taken into account. Note that the lin&éenarios A and B combined is partly obscured by that

for Scenario A.

This was achieved by the use of an event tree Wong & Winter (2018 and Winter (2018)
diagram and carefully considering (and testingplso presemtd results for personal individual
the contribution to hazard reduction and thatisk (PIR), the annual probability of an
eachelement of the strategic programme madéndividual becoming a fatality during a single
and then calculating the revised risk levels irtrip through a site (Lee & Jones 2014). The
terms of FN (Figure 8). calculation of such data is an essential prexurs

This process was made possibby the and input to the more detailed calculatidos
detailed evaluation of the wigag signs (Winter the FN diagrams presented in Figures 6 to 8 and
et al. 2018) and events that had occurred andhese in turn rely on the calculation of the
tested tle efficacy of the debris flow nets. As potential loss of life (PLL). PLL essentially
can be seen in Figure 8, taking account of thextrapolates PIR based on the amount and type
landslide risk reduction measures brings the riskf traffic that use the site. Thus, rathéhan
back to the ALARP zone for all values of N. being the riskof an individual becoming a

For the FN (societal/fatality) calculations a fatality at a given site, it is the risk of any
notional vehicle speed of 58ile/h was assigned individual, taken from those using the route,
for the analysis of societal risk. This wasbecoming a fatality; the PLL, and-NF, thus
considered to be typical of passenger vehicleepresents a risk to society rather thanhe t
speeds experienced at the sites (regardless of timelividual.
speed limit) and is conservative for goods In the case of PIR the lower of national or
vehicles subject to a lower speed limit. posted speed limits were used which are 60

ECSMGE2019i Proceedings 8 IGS
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mile/h (97 km/h) at the A83 and 50 mile/h (80possible, or appropriate, to apply QRA to a large
km/h) for passenger vehicles. The resultswumber of sites and targeting of the highest risk
correspond to annual probabilities of fatality ofsites necessary. This means that thstence of
1.583E09 at theA83 and 1.147H0 at the A85, a semiquantitative, regional assessment is an
respectively. essential precursor to QRA. In addition, a sound
The PIR can also be extrapolated to give aknowledge of the infrastructure and its users is
annual risk level for both commuters andrequired, more so even than for the semi
logistics truck drivers. The national or postedquantitative regional assessment, in addition to
speed limit was used for commuters while thenigh levelknowledge of the physical processes
national speed limit for goods kieles over 7.5 (in this case debris flow).
tonnes (maximum laden weight) in Scotland of
40 mile/h (except for the A9 Perth to Inverness)
was used for logistics truck drivers. 5 SOCIOECONOMIC RISK
The annual probability of fatality for
commuters at the A83 site was 7.440E and
1.922E06 for logisticstruck drivers; at the A85
site it was 5.391ED8 for commuters and
1.248E07 for logistics truck drivers. These
:gtﬂ:istmoirfh?gjgﬁ :réifeognnmf?\}:rgar;lsalgggVgsgiéainfgll-induced landslide events is thankfully_
for 47 weeks a years, and for logistics truck are in S_cotland, the real impacts are economic
drivers, making two dai’Iy return trips through aand soc!e}I.Severange of the access of these
site on’five days per week for 47 weeks a year. communities to services and markets.as a result
ORA is an undoubtedly powerful todo of, for example,a landslide or flooding, has

analvse understandand present theffects of significant economic and social consequences.
yse, . prese . At an individual level opportunities related to
landslides on society. Additionally it can be

used to articulate the effects landslide risk CrPioYment education health, welfare and

reduction measures as is the case at the A83. socialactivities may be lost or restricted.

; Landslides can occur at almost any time of
The form of equation used for the QRAq.
2) can be directly related to that used for the/Sa althoughsummer (July and August) and

. o i . inter landslideseasons (October/November to
semiquantitative regional risk assessmédad.

. . . January) have been identified (Winter et al.
1) with hazard Ki) in eq. (1) being represented s, 3%09). The Scottish Iandsc(ape has a high
by P(Even} in €q. (2) elements at _r_|sk economic value and the most important peak in
represented byP(Hit|Even) and vulnerability tourist activity coincideswith the summer
being represented byP(DamagéHit)xC (or landslide season
P(Fatilit_y|Hit)><C). While _direct numerical The qualitative economic impacts of such
comparisons are not possible the consistency %ndslide events include:
process does lend confidence to tbeerall f the loss of utility of pérts of the road
approach especially when, given the nature of K
the risks, such work is so often subject to network, _ _
political, media and public scrutiny. 1 the need to make oftgn gxtenswe detours in

Notwithstanding this the QRA process is, of order to reach a destination, and

course, considerably more timmensuming on a  the severance of accassand from relatively
site-by-site basis, than thesemiquantitative remote communities for services and markets
assessment, and demands significant resources. for goods; employment, health and
The associated costs mean that it is not generally

The social and economic impacts of
landdides are both significant and complex.
Roads in Scotland, for example, provide vital
communication links to remote communities
Loss of life and major injuries associated with

IGS 9 ECSMGE2019- Proceedings
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educational opportunities; and social incoming and/or outgoing goods, and for the
activities. transport of staff and visitors as well as any
associated longer term impacts. If a given route
The economic impacts of a landslide evenis closed for a long period then how does that
that closes a road, or other form of linearaffect confidence in, and the ongoing viability
infrastructure wee summarized by Winter & gnd credibility of local  businesss

Bromhead (2012), in three categories, apanufacturing and agriculture (e.g. forestry in

follows: - western Scotland) are a concern as access to
i Direct economic impacts. markets is constrained, the costs of access are
1 Direct consequential economic impacts. increased and business profits are affected and

 Indirect consequential economic impacts.  shortterm to longterm viability may be
adversely affected. Perhaps of even more
Direct economic impactsThe direct costs of concern are the impacts on tourist (and other
clearrup and repair/replacement of lost/damage@ervice econoias) businesses. It is important to
infrastructure in the broadest sense and the cosigderstand how the reluctance of visitors to
of search and rescue. These should be relativelyavel to and within 'landslide areas' is affected
easy to obtain or estimate for any given eyentafter an event that has receiveablicity and/or
provided that this is done soon afteo¢curs caused casualties and how a period of
Direct consequential economic impacts:inaccessibility (reduced or complete) affects the
These generally relate to ‘disruption toshort and londgerm travel patterns to an area for
infrastructure’ and relate to loss of utility. Fortourist services. Such costs form a fundamental
example, the costs of closing a road (oOklement of the overall economic impadtsuch
implementing singléane working with traffic  evens on society. They are thus important to
lights) for a given perioavith a given diversion, governments as they should affect the case for
are relatively simple to estimate using well the assignation of budgets to landslide risk
established models. The costs of fatalHatal  mitigation and remediation activities. However,
casualties and accidents may also be includeflese are also the most difficult costs to
here and may be taken (on a societal basigletermine as they are generalliigely dispersed
directly from published figures. While these arepoth geographically and socially. Additionally,
set out for the costs of road traffic accidents, ofn an environment in which compensation might
indeed rail accidents, there seems to be npe anticipated, albeit often erroneously, those
particular reason why they should be radicallithat have the best data, the businesses affected
different to those related to a landslide as bothy such events, are also those that anticipate
are likely to include the recovery of casualtiessych compensatory events.
from vehicles Indeed, for events in which large  The above primarily relates to the economic
numbers of casualties may be expected to occumpacts that affect linear infrastructure,
data relating to railway accidents may be morgarticularly roads, Alimohammadiou et al.
appropriate. (2013) describe landslide losses in a more
Indirect consequential economic impacts generic sense whilst including many of the
Often landslide events affect access to remotglements descrél in the foregoing.
rural areas with econoes that are based upon A similar scheme was presented by Benson

transporidependent activities, and thus the(2012) in respect of disaster losses and
vulnerability can be extensive and is determine@donsidered the following:

by the transport network rather than the event
itself. These impacts include those due to the
dependence upon the transport network for

ECSMGE2019i Proceedings 10 IGS
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1 Direct losses: Relate to human life and injuryand, perhaps more importantly, qualitative
and physical damage to productive and socidnformation on the indirect consequential
assets. impacts (Winter et al. 2016). \mter et al.

{1 Indirect losses: Refer wisruptions to the (2018) describe the development and application

flow of goods and services stemming from .Of the me_thoqlology,_ and the results and their
) interpretation in detail.
the direct losses.

_ The results indicate a range of total direct
I Secondary effects: Concern the impacts on  oconomic impact  costs of between
socioeconomic imbalances and the approximately £400k and £1,700k (2012 prices)
functioning and performance of an economy.for four Scottish landslide events from 2064
2014. The corresponding direct consequential
costs were between around £180k and £1,400k
Bromhead (2012scheme, hesehavea broader Daily costs are presented by Winter et al
disaster impact focus than the landslide impact&ms) however, thevariationin the type of ful '
onaroad n_etwork. . and partial closure falifferent eventsand thé
There is a variety of approaches to

determining the economic (and social) riskschangeover time for specific eventas repair

posed by landslides. Typically these quantify th and remediation works undertakendefies a

. ) . esimple presentation.
direct economic losses (e dighland 2006) a_nd Unsurprisingly the daily direct consequential
occasionally some aspects of direct

consequential and/or indirect consequenti conomic impacts are largely dependent upon

losses (e.g. Schuster & Highland 2007: raffic levels while thetotal costs depend upon

. : the traffic and the duration of the disruption. The
Highland 2012). Bespoke methods designed tfznethods for direct and direct consequential

address a patrticular set of circumstances are al%%onomic impacts have also been applied to

giggort]oic ?rﬁtli:(;attseofﬂl];r?g;?dcés ?&r;ii%%%ngﬁlalﬂood events that affect the road network; the
P events generally affect more developed peri

2005; Anon. 2013). :
’ . urban parts of Scotland and their rather short
Klose et al. (2015) in contrast collected IOC".’llduration, transient nature meant that the direct

e o oot conseauente] cost o & sefigbsi were small but he drect consequenta
P sts (c. £3,200k) much greater than for any of

on the basis of a usceptibility survey a_nd the landslide sites considered (Winter et al.
infrastructure exposure model, while Eidsvig et2016)

al. (2014) used an indicatbased methodology Surveys of bginesses in the areas of events

inerabiy of commurities to randaides. atPOVided cost information that could be
Y interpreted in a number of ways and therefore

Ioc_ﬁl]éo r:glorr(;glcicalo(leé cloved bWinter & daveavery wide range of potential results. They
Bromheadpp(2012) hasv beFe)Jn use%wto articulatdid' however, provide useful qualitative
socioeconomic costs of both landslide and. formation (Winter et al. 2018). For events of

esser impagct descriptors that relate to the
flood events that have affected the road network azard are used: 6l andsl

In Sco_tland. Published and _uan_Jbllshed recor_%ords that describe the event itself are also to
were interrogated to obtain direct economiG . tore (Figure 9)

Impacts, soitware esl to model delays at In contrast responses to events of greater

roacworks _was used o _obtam dIreCéf'mpact and or repetition such as at the A83
consequential economic impacts an

uestionnaire surveys were used to obtain coé igure 10), at which a significant number of
q y ents and consequent closures have occurred

While closely correlated with the Winter &
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over the past 20 years, tend to relate to thwith the hazard are experienced. The magnitude
effects, risks, or impacts, that derive from theof the vulnerabiliy will not be constant in the

event. area affected and may, as a first level
| ca?g%g; e o approximation, be expected to decrease with
V|5|tors Ib‘“@"e"°§’,‘;§‘;;‘Lar?3rma|free - distance from the hazard event.
e ay dmerecmtralnfall eg'e" The vulnerability shadow cast can be
.mproved..me quest ¢ o put s o'c'?:ﬂifjd Is?:id extensive and its geographical extent can be
- agr%flfot:imqgﬁegt ¥ determined by the transgianetwork, including
e mcludun?oa?es%uatedbu5|nessCharq:delLverrl(eénaﬁa"V closgres and diversionary routes, rathgr than the
“s'r?&k.ﬁ?adqibmed l*!seqnts u%%geatE%LZEOD w3 relatively small footprint of_the event itself. In
next townefiect et back 9L Rome Some the case of the A83 landslide event at the Rest
Figure 9. Word map of responses from survey re-2nd be Thankful in 2007, the event itself was of
spondents: A8&len Ogle, 18 August 2004. the order of around 40Gmwvith a fooprint that
costi,_positive closed a few tens of metres of demgth of the

May  incressed 3LE travelhnq

traffc_ceswesiMPACt, JUI@ goods Em%"‘{ﬁ['es resing road (Winter 2014).
aars busmess by In Scotland e vulnerability shadow has been
aerson CUSTOMETS'est roa travel...  evaluated using knowledge of the local transport

e lan Slldesrgér?/potential networks and the socieconomic activity

riskg " hrery oty : . .
|0$St|m de) .sy e"dlandsllde o2 associated W|t_h the network tha_t haeleb built
e R e ™ QUEitS. o up over a period 08B0 years. This includes an
extra .effect holistic evaluation of major nodes, origins and

Figure 10. Word map of responses from survey re-destinations and includes both experience and
spondents: A83 Rest and be Thankful, 28 Octobéknowledge gleaned from formal surveys (e.g.
2014 Winter et al. 2018). The vulnerability shadow
was thus estiated (Figurell) to be of the order

In this casethe most frequently used word of 2,800kns (total area approximately 3,500km
was6ér oad o, with words g0%llowed ®raréas bfeet)e d 0 , 6st af
6visitor so,o6tooduureids, moo a cogme sraed , has aa ¢opulation density of
6i slandd al so comi ng appximatbhye 13f peome/kn (Wnmeagg@r | at
responses seemingly describe the consequendsaste.gov.ukand the gent thus had the potential
of the hazard, or the economic risks associatey have had areconomic impact upon up to
with the hazard, rather than the hazard itselfapproximately 36,400 people in Argyll & Bute,
implying a greater economic impact or, addg  plus any trarignt (e.g. tourist) population.

a greater awareness of the economic impact. It is instructive to make some simple
- comparisons with Hong Kong SAR, which has
5.1 Vulnerability Shadow an average population density of around 6,500

people/km (www.gov.hk). This dictates a much
Jreater transport network density. Thus, and

determines their extent and overall magnltudepure'y for the sake of comparison, in order to

The vulnerability shadow is a largely qualitati h?ve anl eiﬁnom'f lmpbalc: onhthde same tnumbder
means of expressing the areal extent of th@' PEOPIE the vuinerabiity shadow cast nee

impact of hazards such as landslides and fIOO(%nIy be aﬁ)proxmately 5.6kir(2km by 2.&m,
(Winter 2014). It is thus a measure of the area'©" €Xample)
over which the effects of the risks associated

The vulnerability shadow (Winter & Bromhead
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Figure11L. A r i vel smal | debris flow event (blue s¢
28 October 2007; the vulnerability shadow that was cast (bounded in red) was exi@niter 2014a;
2014b) . The 2004 events at Cairndow (616) and Gl
1:250,000 mapping. © Crown Copyright. All rights reserved Scottish Government 100020540, 2018.)

(¢}
—

It is not sggested that the economic impactswhile the footprint of the actual event was
would be similar for events with vulnerability relatively small, the vulnerability shadow was
shadows of these diverse sizes in Argyll & Buteprojected over a much greater area creating
and Hong Kong. However, it is clear that thetangible economic and social less
low density/dispersed network in Argyll & Bute  The economic impact and the vulnerability
dictates a large vulnerability shad while the shadow are concepts that apply equally to other
much more dense/less dispersed network idiscrete climatariven events that have the
Hong Kong means that vulnerability shadowspotential to close parts of the road network such
will be small, with the exception of events thatas flood events.Like landslides, such flood
affect critical infrastructure corridors, as moreevents are generallyhdught to be likely to
alternative routes will exist and will be moreincrease in frequency as a result of climate
proximal tothe event (Winter 2014b). change (Galbraith et al. 2005; Ano8011a;

A landslide on the B1 route in the Blue Winter et al. 208; 2010a; 2010b; Winter &
Mountains of Jamaica (Figurg2) effectively Shearer 2013jsee also Section .7iHowever, it
severed the local coffee production industryis clear that for some events it is the hazard itself
from the most direct route to the internationaland not the transport network and, more
market for this high value product. As such gpointedly, its density that determines the
single landslide event placed severe constrainttocation, shape and extent (morphology) of the
on the economy of the Blue Mountains. Again,vulnerability shadow. However, it is important
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to recognise that the morphology of the
vulnerability shadow related to othéypes of
event(e.g. glacial lake outburst floodghay be
determined by the nature of the hazard itself.

Figure 13. Residents of Kharapani located on the
platform in the middle distance on the Seti River, Ne-
pal, were among fatalities from the 5 May 2012 de-
bris flow event. Thabutment of the suspended foot-
bridge is on the platform.

w7

F

s o =7
igure 12. Landslide on the B1 road at Section in  gjmjjarly, it is entirely possible that the event
Portland Parish, Jamaica. This event severed muclﬁself and the transport network may define the
of the local coffee production industry fronetports o . .
used to ship the product to market. (This picture is avulnerablllty shhadohw durlng(]j dt;ff_eref?t phz;_ses of
photocollage and some distortion is inevitable.) an event. The Zhouqu debris flow disaster

(GansuProvince, PR China) occurred at around

An example in which the hazard determinegidnight on 8 August 2010 and claimed the
the vulnerability shadow is the Seti River debrigives of around 1,750 people (Dijkstra et al.
flow in Nepal (Figure 13). On 5 May 2012 the 2014;_ Winter 2019)._ The vulnerability shadow
eventcaused significant erosion and depositiofVas initially constrained by the hazard as the
in the river channel over a distance of aroundebris flow swept through the gorgedathe
40km. The event was initially thought to havetown below (Figure 14). Approximately at the
resulted from a failed landslide dam. HoweverPase of the picture, but just out of shot, is the
subsequent inspection of satellite imagery and'@n road that links Zhouqu to the rest of China.

aerial photography (Petle§ Stark 2012; Petley AS the road was also blocked by the event, the
2014), and more detailed site inspection anyulnerability shadow spread in both directions

investigation (Dahal & Bhandary 2013) led toalong thevalley and was thus considerably more

the conclusion that the event was a debris flo/#Xte€nsive than it might otherwise have been if
initiated by part of a 22Mfrock avalanche the debris flow rurout had been shorter. Thus,

originating on the slopes of Annapurna IV andin this case, the morphology of the vulnerability
enterng the upper stream channel at high speegh@dow was determined by both the hazard, in
An estimated 71 people lost their lives atthe initial phase of transpoand depo_smon, and
Kharapani, some 20km north of Pokhara. Thdhe transport network (the road), in the latter
vulnerability shadow was constrained by thePhase as the reout zone was reached.
dimensions of the hazard flow within the stream '€ vulnerabilityshadowhas proven to be a
channel, extending beyond these idsi only useful and effective means of assessing (semi

where infrastructure was damaged, including thguantitatively), presenting and articulating the
footbridge at Kharapani. areal etent of socieeconomic landslidéWinter

et al. 2016; 2018) and flood hazards (Winter et
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al. 2016;2018;Milne et al. 2016) as exemplified § Blockages and other types of damage to the
in Figure 11. Indeed, this approach has been drainage system.

extended by Winter et al. (2018), using Figurey pamage to vehicle restraint systems.
11, to enable specificreas within the wider {1 Damage to support structures including

vulnerability shadow to be identified and the - )
L slopes and retaining walls downhill from the
economic impact on each area assessed 0ad

individually.
The vulnerability to debris flow for impacted
buildings has been expressed using fragility
curves and/or probabilities of exceedance of
damage states (Haugen & Kaynia 200&kob et
al. 2012 Quan Luna et al. 2011Papathoma
Khdle et al. 2012)while Winter et al. (2014)
developedfragility curves for the effects of
debris flow on roadnhfrastructure While several
possible approaches were available for the
development of fragility curves, including
analytical approaches, it was decided that expert
engineering judgement should be used due to a
Figure 14. The channel in which the 8 August 2010lack of a comprehensive empirical dataset as
Zhouqu debris flow occurred (Gansu Province, PRwell as the complex nature of the problem
China) (from Winter 2019). The roaahd river that All roads were considered to be relatively
pass through the valley are located just below thestiff and brittle (the low strain stiffness of even
bottom of the picture. an unbound pavement, for example, may be
typically up to around one gigapascaif)
comparison to most debris materials. In order to
6 INFRASTRUCTURE RISK further simplify the analysis, roads were divided
In the previous sections the primary focus ha#to low- and highspeed roads, characterized as
been the risk to road usemnd the socio  follows:
economic risk. In this section the focus on 9 High-speed roads: speed limit between 80

the rik to the physical infrastructure elements.
The physical vulnerability of roads to debris
flow may be expressed through fragility
functions that relate flow volume to damage
probabilities. Fragility curves have been
produced that indicate the probabilitiyaodebris
flow of a given volume exceeding each of three
damage states. Typically, damage to roads
resulting from debris flow may include one or
more of the following:
1 Debris covering the carriageway, preventing
vehicle movements.

and 110km/h and one or more running lane

in each diretion, very often in conjunction

with a hard strip or hard shoulder.

Local (or lowspeed) roads: speed limit
typically <50km/h on a singlearriageway

(one lane for each traffic direction) or single
track. This category is intended to encompass
both pavedi§ituminous, unreinforced or
reinforced concrete) and unpaved
constructions.

Clearly there is a gap between the speed

1 Damage to the carriagewy surfacing limits of the two classes of road, reflecting the

materials. transition between local roads and hipeed
roads, which is by no means geographically
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