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Abstract

Development of hazard maps is one of the measuogsqted by the international community to redusi.rHazard maps
provide information about the probability of givareas to be affected by one or several hazardsuésthey are useful tools
to evaluate risk and support the development @& paficies. So far studies combining hazard mappiitly accessibility to
services are few. In hazardous environments, abdégsof the population to strategic infrastructuis important because
emergency services and goods will principally Herefd at or provided from these locations. If adreagment is blocked by
a hazard, accessibility to services may be affecedorse, people may be completely disconnectan Epecific services.
The importance of each road segment in the trahsptwork as a connecting element enabling accesddvant services is
therefore critical information for the authoritiés.this study, we propose a new application ohdanapping which aims to
define the importance of each road segment in¢bessibility to services, taking in account thebataility of being affected
by a hazard. By iteratively removing one segmetdrahe other from the road network, changes iresgibility to critical
infrastructure are evaluated. Two metrics of roagnsent importance considering the population afitcnd the hazard
probability are calculated for each segment: a exagssibility risk metric and a users’ path vudtdity metric. Visualization
of these road metrics is a useful way of valuingand maps and may help to support discussions d@beutevelopment of

new infrastructure, road capacity increase and t@aance of existing infrastructures, and evacugirecedures.
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1. Introduction

A well-developed transport network is essentigheosmooth running of a country since it playsmapadrtant role in supporting
social and economic activities (Hong et al., 203énelius et al., 2006; Mattsson and Jenelius, 2Bafurney and Qiang,
2012). Areliable road network is even more impuairta a hazardous environment where the conneofiwitlages to strategic
infrastructures such as hospitals, fire stationd, @mmercial and employment centres must be gtesanparticularly when
a hazard occurs. Even if roads are consideredsastie infrastructure, the road network is ofteisigned to function close
to maximum capacity to minimize the costs, with Bmaargins of reserve capacity and little redundafMattsson and
Jenelius, 2015; Taylor et al., 2006). It is therefeensitive to potential disruptions and its idégrendencies with other systems
can lead to serious consequences for the functiooirsociety and economic activities (Hong et 2015; Mattsson and
Jenelius, 2015).

Given the functional value of the road networkd#ts have been conducted to assess road netwat&delulnerability to a
disruption from different points of view. Some niesrhave been proposed to characterize vulnenabilithe population to
road disruptions at different administrative lev@gy. municipalities, states) (Jenelius et alQ&and accessibility to main
road axes before and after the occurrence of aaldtazard (Sohn, 2006; Taylor and Susilawati, 2002her studies assess
the robustness of the road network as a wholeneléfas the degree to which the system can functaectly according to
its design specifications in the presence of serdisruptions (Bil et al., 2014; Chang and Noji2@01; Immers et al., 2004;
Institute of Electrical and Electronics Engineer890; Nagurney and Qiang, 2012; Sullivan et alL(0At a more local
scale, previous research has characterized vuliitigrati the level of individual road segments. these studies potential
degradation of the road transport system caus@udayuption of a specific road segment and itsdoip on society is analyzed
(Jenelius and Mattsson, 2015). Through severalicsestudies have evaluated the direct physicalh@wic and functional
impacts of a road segment disruption (Blake e8all7; Pregnolato et al., 2017; Winter et al., J@Edwell as indirect impacts,
by analyzing how users adapt their way of travgllim case of a disruption (Bil et al., 2014; Jameland Mattsson, 2015;
Postance et al., 2017; Taylor et al., 2006).

Several types of disruption can lead to a roadifaile.g. accidents, technical failures, hazardstagonistic actions). Natural
hazards, events such as floods (e.g. Hong et@5;2Sohn, 2006), landslides (e.g. Postance e2@l7), earthquakes (e.g.
Chang and Nojima, 2001; Peeta et al., 2010), dsfefg. Blake et al., 2017) or lava flows, can s&serious perturbation as
roads may be interrupted or road conditions magraeate (Mattsson and Jenelius, 2015). Road dismgp are often
integrated in hazard studies through scenariostwibicus on specific locations of the network. Iolsapproach, hazards may
be modelled within administrative entities basedtm selection of one possible scenario (Hong.eRall5; Mattsson and
Jenelius, 2015). Other studies define the road eatgrthat are most susceptible to be affected diépgon their location
relative to historical hazard zones (Sohn, 2008)eir closeness to areas having a high susceptiisilhost a hazard (Postance
et al., 2017). Probabilistic hazard maps providevient information about the probability of givereas to be affected by a

hazard and methods to produce such maps have gedesignificantly over the last years (e.g. forai@h(Bartolini et al.,
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2014; Sandri et al., 2014), landslides (Alexakislet 2014), earthquakes (Yazdani and Kowsari, 20gyroclastic flows
(Bartolini et al., 2014; Sandri et al., 2014, Tietal., 2016), lava flows (Becerril et al., 20E4yalli et al., 2009, 2012), tephra
(Becerril et al., 2014; Bonadonna et al., 2005;dBiagt al., 2014)...). Such maps are produced by @oimip data on historical
events with physical or statistical modelling (Galcet al., 2015). Surprisingly, no study is knownus that integrates
information provided by probabilistic hazard mapshie assessment of impacts over an entire transetwork.

To address this gap, this study proposes two nsdtsicharacterize the importance of each segmentaad network in terms
of accessibility to services in case a natural lthpacurs, using spatially explicit information bazard probability. The first
metric, the “road accessibility risk”, combines tload segment’s potential impact on the accedsilzhid travelling time of
the population to the closest infrastructure (“raadess vulnerability”) with the probability of ascence of the hazard (“road
hazard exposure”). The second metric, the “usea§i pulnerability”, considers, instead of the titing time, the reliability
of the alternative path the user needs to followare a road segment becomes disrupted or, in wiirels, the confidence
that a user is not being impacted by the hazarchvelteempting to access the closest facility. Westhate the use of the
proposed metrics on Ngazidja Island (Union of tleenGros), a volcanic island where the road netwspotentially exposed
to lava flows. Access of the population to the ekishospital is used as an example of a key imfretsire that should be

within reach, both in normal conditions as welbashe time of a hazardous event.

2. Study area

Located northwest of Madagascar, in the MozambiGbhennel, Ngazidja is the most western island of @wmoros
archipelago (Figure 1). It is exposed to a ranggabfanic hazards, including lava flows. The cenpart of the island is
formed by the active Karthala volcano (2361 m a.alhich erupted every six to eight years on averager the last 200 years
(Bachélery et al., 2016). The roads on Ngazidjanidlare classified into three categories (Figurenadional, regional and
local roads (PADDST, 2014). Historical lava flov&agthélery and Coudray, 1993) suggest that futuleawic impacts on
the road network might be severe as the majoritgwa flows in the past reached the coast line. I8&8 flow, for example,
was issued at an altitude of 2100 m a.s.|. ancklied over a distance of 13 km to reach the ocEayu(e 1 ; Bacheélery and
Coudray, 1993). During the 1977 eruption, ara f&va flow issued from a fissure at 360 m a.s.ltloe southwest flank,
crossed the villages of Singani and Hesta, andale=st 566 meters of the road network (Krafft, 1982)

3. Material and methods

To assess the importance of road segments in peopddility to strategic infrastructure (i.e. hosé) taking in account the
probability of a road segment being affected byaaand (i.e. lava flow), this research encompadseddiiowing steps: (1)

collecting data on population, strategic infrastuoe and hazard probability, (2) building a digitapresentation of the road
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network and assessing each road segment’s atsil@jeevaluating the population’s accessibilityhHe closest infrastructure

under normal and disrupted conditions and (4) daling road accessibility risk and users’ path euébility.

3.1. Data collection
3.1.1.Population data

It is estimated that close to 302 000 people liweNgazidja Island (estimate for 2013; Mossoux £t24118). The population
estimated for each village is here used. While rabttie population is concentrated in villages gltime coastal area, 40% of

the population lives in the capital Moroni andstsroundings (Figure 2).

3.1.2.Strategic infrastructure

As key infrastructure, we consider six hospitalghef island providing specialized medical servifeg. surgery, urgency,
radiology...) (Centre d’Analyse et de Traitement ‘tiefdrmation, 2016). Three of the six hospitals &eated in the capital
and its direct surroundings whereas the other threelocated in secondary cities of the island:skttouili, Mbéni and
Foumbouni (Figure 2). Due to a lack of data, thpacity and offered services of the hospitals areconsidered in the

analysis.

3.1.3.Lava flow hazard map

A lava flow invasion hazard map identifies the lidmas that may be affected by a lava flow withigiaen time period (De
La Cruz-Reyna et al., 2000; Sigurdsson et al., 20bBmpson et al., 2017). The one used in thisysfudvides for each
location (corresponding with a cell of 90 m resia} a probability of being inundated by lava flolwring the next eruption
(Figure 3). Probabilities have been computed uglp@dVAST, a plugin to produce a vent opening spibdity map using
information on the presence of volcanological dtites (e.g. vents, fissures...) located on the val¢&artolini et al., 2013)
and (2) Q-LavHA, an open-source plugin that simadadava flow inundation probability from eruptivenes (e.g. vents,
fissures and surfaces) on a Digital Elevation Mq@¥tM). Q-LavHA combines different models that detae the spatial
propagation of a channelizéda lava and its terminal length using an iterativerapch (Mossoux et al., 2016). It provides
for each pixel a value between 0 and 1 which regmtsghe pixel probability to be inundated duringeat eruption. To produce
lava flow hazard maps, Q-LavHA enables the usecaiosider vent opening susceptibility as calculdigdQVAST and
simulates lava flows from regularly distributed teehased on user defined input parameters thaactesize the flow (Table
1).



156 3.2. Building the road network and attributes

157 Because of the absence of detailed digital roader&tdata, very high spatial resolution satelliteges (Pléiades, 2013; 0.5
158 m spatial resolution) and GPS tracks (Garmin eB@®% acquired during three field missions (sumn@3, 2014 and 2016)
159 have been used to delineate the road network (EigurPathways are not included in the network.

160 The digitized road segments were converted to warktformed by nodes and links. In this network esdepresent road
161 intersections or the location of villages and iefracture from which accessibility will be assessedch village is
162 characterized by its number of inhabitants. Linkshie network correspond to road segments andesmerided by (1) travel
163 time to cross the segment and (2) cumulative stibdgy of the segment of being affected by lavauw.

164 To calculate travel time information on travel sppéerequired. Because no data on effective drigimged is available for the
165 considered road network, the GPS tracks acquiremhglthe three field missions were used to estintladeaverage speed
166 reached on each road segment (km/h). A total ofGB$ tracks were collected covering 93% of theonatiroads, 62% of
167 the regional roads and 7% of the local roads. Swae segments are covered by several GPS traclksacdksindividual road
168 segment is assigned the average speed recordbd bydrlaying tracks, a spatial variation withimdosegments of the same
169 type can be observed. For segments not coveredR% t@acks, travel speed was estimated based oavtrage speed
170 measured on road segments of the same type.

171 While the average speed reached on national raades#s (speegional roads= 27 £ 10 km/h) is higher compared to other road
172 types, it is not much higher than on regional ro@eeegional roads= 22 = 11 km/h). Low speeds observed on nationdl a
173 regional roads are mostly related to the limitedtiviand/or poor condition of the roads. The aveisgeed on local road
174 segments is limited to 13 £ 11 km/h due to the a#ity and the location of these segments withiregiand villages.
175 Measurements are of course dependent on driveactesistics, mode of transport (e.g. personaltear,or public bus), time
176 of the day and moment of the year, as well as tde ©f the road at the time of the acquisition.d\féerentiation between
177 different modes of transport was possible. Degpitse biases, the GPS measurements give a reafiptiession of the local
178 transport characteristics and are representatitheospatial variability of effective transport eeity on the road network.

179 These data (in km/h) were used to estimate thelttawe (in seconds) over each road segmégtuation 1):

Length; (1)

1000
Speedi*(—3600)

180 Travel time; =

181 Each road segment was finally characterized bgusseptibility of being inundated, and thereforeckéd, by a lava flow.
182 To calculate this susceptibility, the probabilitiéfsthe lava flow hazard map cells (Figure 3) uhdeg all road segments
183 were normalized to sum to one. Then for each regdthent these normalized values were summed up to proaluekative
184 measure of the susceptibility of the segment taffexted by a lava flowh(). A sum of the normalised probabilities is here
185 favored, instead of calculating an average of ttgiral probability values for each segment becah&eway the length of
186 the segment is accounted for. Indeed, all otheigibeing equal, the longer the road segment,itineeihthe chance will be

187 that it could be blocked due to a lava flow.



188 3.3. Accessibility before and after disruption

189 Considering an undisturbed road network, eachgellareighted by its number of inhabitants (Mossoual.e 2018) was, in

190 first instance, assigned to the closest infrastinecbased on Dijkstra’s shortest path algorithnjkddia, 1959) (Figure 4 -
191 normal situation). The shortest path was calculatzrding to travel time (s).

192 In a second stage, each road segment was itegaterpbved from the network to simulate the effda coad segment being
193 obstructed (Appert and Chapelon, 2007). Based @mditwork with one segment removed, Dijkstra’s &wtmpath algorithm

194 was applied again to define the new shortest gttt closest infrastructure from each village (Fé4 - disrupted situation).
195 Comparison with the undisturbed road network allaledining the overall impact of the road segmemtsate on the

196 accessibility of the population to the closestasfructure. Three scenarios are possible:

197 - Inhabitants of a village are unaffected by the r@adoval. The closest infrastructure and the tréwed are still the
198 same as in the undisturbed situation.

199 - Inhabitants of a village are affectebg,sr....q). The road removal increases the journey in timessigas the road
200 users to a new infrastructure which is locatedhierraway.

201 - Inhabitants of a village become isolated from ald#é services and remain unserveap(,s..»s)- They no longer
202 have access to any of the present service infiaanes (Jenelius et al., 2006).

203 At the end of the process, each road segment iacteaized by the total number of people it woufde or isolate if the road
204 segment would become obstructed (Figure 4). Addlitly, the travel time (s) and the hazard exposuerienced by the
205 affected population before and after the road segwiestruction is recorded and used to define enpyand reliability ratio
206 specific for each affected user. The first ratidirtes the travel time change experienced by thesu$égure 4). The higher
207 the journey ratio, the higher the users’ relativeréase in travelling time after the disruptioneTecond ratio assesses the
208 difference of the users’ path exposure to the libgar

209 Figure4 - Accessibility assessment before and after aigism using Dijkstra’s shortest path algorithmople affected and
210 unserved are weighted by the Journey Ratio whisbssgs the travel time increase caused by thetmmnand re-routing.
211 Figure5). When users access an infrastructure using tbeest path, they use road segments having a dilstgpto be
212 affected by the hazard,). The sum of the road segments’ susceptibilityaibsegments taken by users to access the closest
213 facility (H;) is considered in this study as being represemtadf the users’ path reliability. It therefore repents the

214 confidence that a user is not being impacted byhttward when following the shortest path to actlessclosest facility
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(Immers et al., 2004; Jenelius et al., 2006). Cotapa of the users’ path exposure before and #itedisruption enables to

define a reliability ratio. The lower the ratiogthafer the path taken by the users relative tottigenal path.

3.4. The metrics
3.4.1.Road accessibility risk

The road accessibility rislR{sk;) combines road access vulnerability) (with the road segment’s susceptibility to be ctiée
by the hazardh|):

RiSki = Vi * hi (2)

The road access vulnerability inde¥;] summarizes the impact of a road segment’'s oligiruon the population’s

accessibility to the closest infrastructure (EquatB). Population that will be affected by a rehuglt(popaffected) and

population completely disconnected from accesgtaices pop ) are both integrated into the index. Tgwp .

unserved j.affected

is weighted based on thieurney Ratio; (Equation 4, see also Figure 4), which represfamteach village f) the journey
difference in time (s) before;(,ormq) and after ; ;s1urpeq) the road segment obstruction. The journey radices between

0 and 1 representing none to large changes irotiragy, respectively. Theop is weighted by one as this is the worse

unserved

case scenario. The vulnerability indé%)(varies from 0, for road segments with no impacttpeople’s accessibility, to a
maximum of 1. In this last situation, the entirgplation of the island would have no access toisessthrough the obstruction
of the segment, which in practice can only occseifvice supply would be restricted to one locatiat is completely cut off
from the road network.

_ ZF:l(POPj,affected* Journey Ratio]’)"’ PODPj,unserved

POPtotal

Vi

®3)

. t',d' turb d_t', 1
Journey Ratio; = -Ldisturbed jnormal (4)
tj, disturbed

wheren represents the total number of villages in thesarea.
Knowing the road access vulnerabilit)(for each segment, it is then combined with thredreegment’s susceptibility to be
affected by the hazardi() (see section 3.2) to obtain the road accessibiy (Risk;) caused by the obstruction of road

segment according to Eq. 2.

3.4.2.Users’ path vulnerability

Similarly to the road access vulnerability indéie tisers’ path vulnerability metrig,(;) integrates the population affected by

a rerouting popaffected) and the population completely disconnecteap(, . ..)- But instead of weighting thmpaffected

based on the journey travelling time difference, dffected population is weighted by ®Reliability Ratio; (Equation 5).



242 Considering the user’s path exposure as beinguimed$ susceptibility values for all segments crdsisg a user during his
243 journey to the closest servicH;], this ratio records changes in the users’ patlogxe to the hazard before and after road
244 segment obstruction (Equation 6). TReiability Ratio; varies between -1 and 1 as the alternative patichausers are
245 forced to take, may consist of road segments witbwerall lower or higher eXposurl; (;;s.rpeq) 10 the hazard compared to
246 the original pathK; ,,-mq)- If the alternative road improves the path’sateility, i.e. the user is forced to take a pathhvet
247 lower chance of being impacted by the hazard, dtie will be negative. The ratio will be equal tera if the users’ path
248 reliability remains unchanged before and aftersggment interruption. In case the hazard suscéftiti the alternative path

249 is higher than in the normal situation, the rasipositive. Again, theop is weighted by one as this corresponds to the

unserved

250 worst-case scenario. The users’ path vulneralgifify) similarly varies between -1 and 1.

_ Z]n=1(p°P]’,affected* Reliability Ratioj)"’ POPj,unserved

251 Vg, 5
wi POPtotal ( )
. s . _ Hj,disturbed_Hj,normal
252  Reliability Ratio; = (6)
Hj,disturbed"’ Hj,normal
253 3.5. Modelling assumptions

254 Accessibility assessment is a process that is ctatipnally demanding (Postance et al., 2017). Timaber of alternative
255 paths increases with the size of the road netwbeknumber of villages and the number of infradties to process. While
256 integrating travellers’ demand (in this case actedhe closest hospital) into the road segmenlyaisaalready leads to a
257 more realistic representation of accessibility €liess and Mattsson, 2015; Taylor and Susilawatil 20 the following

258 assumptions have been made in this study to makeatmputation feasible:

259 - The disruption affects only one segment at a time ia considered to last long enough. People Wwédtefore not
260 postpone their departure and will adapt to theasiibm by using alternative roads to access theestdafrastructure
261 (Jenelius and Mattsson, 2015).

262 - Time is the only element influencing their decistoraccess an infrastructure.

263 - Users have a perfect knowledge of the network ammvkwhich is the shortest alternative if an altéiuaexists
264 (Jenelius and Mattsson, 2015).

265 - All roads can be used in either direction.

266 - The travel demand is constant at any time of tlyeatha at any moment of the year, even during aigigrn (Jenelius
267 and Mattsson, 2015). At the time of the disruptiihinhabitants are residing in their home villalbe hazard does
268 not cause fatalities that will affect the travehdnd.

269 - The disruption induces no congestion (JeneliusMatisson, 2015) which is a reasonable assumptioNdazidja
270 Island where the vehicle fleet is limited outsitle tapital.

271 - The road network capacity is adapted to the trdeetand.
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4. Results
4.1. Road accessibility risk
4.1.1.Road access vulnerability

In the context of Ngazidja Island, the road acaageerability (/;) analysis highlights that the most vulnerable mace
located in the close surrounding of the hospitailifées (

Figure4 - Accessibility assessment before and after aigigm using Dijkstra’s shortest path algorithmople affected and
unserved are weighted by the Journey Ratio whisbszes the travel time increase caused by thepticenand re-routing.
Figure 5 - Accessibility assessment before ana aftisruption using Dijkstra’s shortest path aijon. People affected and
unserved are weighted by the Reliability Ratio whissesses how users’ path exposure changes viirgg ttee alternative

shortest path in time to access the infrastructure.

Figure6). Since close to facilities the number of travedlasing these segments is important (

Figure4 - Accessibility assessment before and after aigigm using Dijkstra’s shortest path algorithmople affected and
unserved are weighted by the Journey Ratio whisbsges the travel time increase caused by thepticemand re-routing.
Figure 5 - Accessibility assessment before ana aftisruption using Dijkstra’s shortest path aijon. People affected and
unserved are weighted by the Reliability Ratio whissesses how users’ path exposure changes viirgg ttee alternative

shortest path in time to access the infrastructure.

Figure6a), closure of a road segment close to the hospitahave a large impact on accessibility for agka part of the
population. Road segments with limited road altévea (

Figured - Accessibility assessment before and after aigigm using Dijkstra’s shortest path algorithmople affected and
unserved are weighted by the Journey Ratio whisbsa®s the travel time increase caused by theptimand re-routing.
Figure 5 - Accessibility assessment before anda aftisruption using Dijkstra’s shortest path aijon. People affected and
unserved are weighted by the Reliability Ratio whissesses how users’ path exposure changes ke ttze alternative

shortest path in time to access the infrastructure.

Figure6b) and the first segment of dead-end roads (

Figured - Accessibility assessment before and after aigigm using Dijkstra’s shortest path algorithmople affected and
unserved are weighted by the Journey Ratio whisbsa®s the travel time increase caused by theptimand re-routing.
Figure 5 - Accessibility assessment before ana aftisruption using Dijkstra’s shortest path aijon. People affected and
unserved are weighted by the Reliability Ratio whissesses how users’ path exposure changes viireg ttze alternative

shortest path in time to access the infrastructure.

10
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Figure6c) are also characterized by higher road acceserability. When road redundancy is limited, thergstravelling
time inevitably increases as it forces users te tlonger alternative route. Dead-end roads reptéle only connection of
villages to the network. Their closure directlyirgs that the whole population of a village losgsdad access to the hospital
(ponunsenvey. Idjikoundzi and Maouéni, for example, are twhages located high up on the volcano flank. Bollages depend
on a single road segment to reach key infrastradtur

Figured - Accessibility assessment before and after aigigm using Dijkstra’s shortest path algorithmople affected and
unserved are weighted by the Journey Ratio whisbsa®s the travel time increase caused by theptiamand re-routing.
Figure 5 - Accessibility assessment before and aftisruption using Dijkstra’s shortest path aigjon. People affected and
unserved are weighted by the Reliability Ratio whissesses how users’ path exposure changes ke ttze alternative

shortest path in time to access the infrastructure.

Figure6c). If this segment would become obstructed bya flow, it would prevent evacuation to hospitalslmect provision

of emergency help to these villagers.

4.1.2.Road hazard exposure

Figure 7 shows the susceptibility of each road segrof being affected by lava flowk;) calculated as the sum of normalized
hazard probability values occurring along the segm&he road segments characterized by the highesteptibility are
located on the northern flank of the Karthala masaind in the south. It concerns roads at higlesagion close to the volcanic
rift zones along which most eruptions are initiatRdad segments located in the region of the 18djtien, near Singani and
Hetsa villages, also present high chances of bafifegted by lava flow. Even if the probability fmva to outflow from “la
Porte d’ltsandra” and overflow the downstream arehggh (Figure 3), the probability decreases wittance. The probability
that such flows reach road segments in the capttaMoroni is rather small. Because the hazardeupe for each segment,
referred to as susceptibility here, is defined laping up the normalized probability values ofpikels underlying the road
segment, exposure of a segment to hazard is irdlehoth by probability values at pixel level adhae by the length of the
segment. This reflects the fact that longer segsieanting a chance of being affected by lava flowdiféerent locations along
the segment are also more exposed to lava flowtiazal thus have a higher chance of being blockeahle or more lava
flows. Accordingly, shorter segments as observetercapital and in most villages (e.g. Koimbakgigure 7) will have lower

susceptibility values than some longer segmentx éthe area is highly exposed.

4.1.3.Road accessibility risk

Multiplying road access vulnerability for each seg(/;) with the susceptibility of the road segment ofngeaffected by a
lava flow (h;) enables identifying the accessibility risk assalatith each road segment (Figure 8). Road segmétitsa

high accessibility risk are segments with a limitedmber of alternative roads (road redundancy)hiea immediate

11
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surroundings (Figure 8a), first segments of deatlreads (Figure 8b), and roads associated witbtalhva flow susceptibility

(Figure 8c).

4.2. Users’ path vulnerability

Integrating users’ exposure to hazard while travglto the closest facility enables to identify e the alternative shortest
path in case of a road segment obstruction incseasdecreases hazard exposure. The former ré@saltsincrease in users’
path vulnerability, the latter in a decrease. Maiad segments located close to and within the po¢entially affected by

Karthala lava flows show high users’ path vulneiibindex values¥,, ;) (Figure 9a-b-c) since closure of these road seggne
would induce some users to choose for a less feliadute Moreover, it is also interesting to ndtattthe users’ path
vulnerability of some road segments is negativgyfé 9d). This indicates that the alternative sistrpath taken by most
users that would normally be traversing this raeghsent is associated with a lower probability tortterrupted by lava flow,

and that the reliability of the route for theserggberefore improves.

5. Discussion

The metrics proposed in this study provide a gogehvew of which road segments are the most sti@iag road network
in terms of impact of road closure on access toikEgstructure in case a hazard occurs.

For long term management, the road accessibiblymetric (1) identifies road segments that areoegd to hazard and that
would substantially reduce access to infrastrudfupeing obstructed by a lava flow and (2) enaldteguickly calculate and
visualize the impact of any changes proposed inrteal network (e.g. in the network’s structure be tsegment’s
characteristics) on accessibility and exposurehSumpacts must be carefully interpreted and dissdissnce modifications
of the road network have a cost and even if tHeinsome parts of the region may be reduced,ntbmat the expense of a
higher risk in other locations.

To lower the risk associated with each road segnmessisures can be taken to prevent or reduce frectrof specific hazards
(e.g. rock safety net, drainage channel, dykesjirteering works can also make the roads more hgwaaf or reduce the
hazard’s direct physical impact. In the case o&lfows, however, little can be done to preventhbeard or to adapt road
infrastructure to better cope with the hazard. Meas should therefore focus on reducing the impaobad obstruction on
the population’s accessibility. Modifying the poatibn demand on the network can, for example, redwad access
vulnerability associated with particular road segteeFor the current situation, the overall roadeas vulnerability index
associated with the road network within the seraiea of the Foumbouni hospital, for example, isatp 4.99 (Figure 10a).
As it can be observed in Figure 10b, the conswnatf a new road segment has a positive impachemverall road access
vulnerability associated with the road networkhe service area. People which were before isolatdughly impacted due
to a road obstruction now have an alternative pathe hospital. Redundancy positively influenaesor access vulnerability

(Mattsson and Jenelius, 2015; Taylor et al., 208&) lowers the overall road access vulnerabiligeinto 4.45. The
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development of new infrastructure can also poditiirdluence road access vulnerability (Figure 1@chew hospital location

within the service area of Foumbouni hospital reducverall road access vulnerability within theasie4.09.

Improvement of the speed can finally also conteltot changes in road access vulnerability. Supfiegehe average speed
of 27 + 10 km/h reached on national roads is impdoto 70 km/h through increased road width, betad conditions and
maintenance. The proposed methodology then allogick evaluation of the impact on road accessenalpility. While
increasing the speed does not allow reducing tleeatiwroad access vulnerability it tends to conaettraffic flow on the
fastest road segments (Figure 11) (Taylor et &Q62 Alternatively, road segments least exposethapard could be
preferentially improved to increase the effectigeexd on these roads. This would re-direct usdisete more rapid roads and
decrease the risk of users being impacted by asbatiuction due to a hazard.

The second metric presented in this research, $hesupath vulnerability metric, defines the imp#et closure of a road
segment would have on the reliability of the alégive route in terms of exposure to hazard. Thigimean be used for short
term management as it identifies the road segnieeritisasing or lowering the exposure of users tchmard when travelling
to the closest infrastructure. It can be used argmment to:

- Keep some road segments open: close to the bofdee @rea that is potentially affected by Karthiaha flows,
road segments have high users’ path vulnerabilifgx values (Figure 9a-b). Closure of these rogtheats would
induce some users to have to choose for a leablelioute. Indeed, if these road segments becbsteuated, people
will be forced to take an alternative route, prpadly more to the south, which is more exposedta lflow hazard
(Figure 3).

- Prioritize repair of obstructed road segments: reaginents within the area that is potentially affddy Karthala
lava flows and that are associated with a highsigath vulnerability index (Figure 9¢) may be pitized for repair
if obstructed at the same time as other segmédritee imodelling shows that their obstruction wofdcce people to
expose themselves to a higher hazard probabiligrvhking the detour route.

- Preventively close some road sections: road segmétit a negative users’ path vulnerability maychmesed in case
an event is expected in the service area contathimgoad segment, in order to re-orientate the 8busers to less
exposed roads (Figure 9d).

6. Perspectives

Modelling of accessibility in case of a hazardpeasposed in this study, assumes that the disrupfitime road network affects
only one segment at a time. Future improvementeemodel should be able to deal with obstructibmoltiple segments,
as lava flows can affect different road segmentiafbllowing their path or develop branches irfelieént directions. Attention
should also be given to a proper representatidhefoad network and its attributes, as in othdemttal study areas road

networks can be more complex than on Ngazidja ds{arg. one direction roads, turn restrictions rpasses, tunnels...).
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For the sake of illustration, accessibility to owlye type of service (i.e. hospital) was discusgeéthout taking in account
functional characteristics or capacity constraititaould be interesting to generalize the propasethodology to be able to
concurrently cope with different types of servi¢eg. emergency services, economic activity...) andtegrate the capacity
and attractiveness of specific infrastructures gisirgravity modelling approach (Guagliardo, 20049 land Qi, 2009). As
such, other characteristics governing the choidafadstructure can be incorporated in the analysis

One should also keep in mind that in our analysige demand is assumed constant at any time afapeweek, and at any
moment of the year, and during a disruption, amd tlo congestion effects are taken in account.na#tiurnal, weekly and
seasonal differences in travel demand and movepetegrns in account would require detailed inforaraabout human
activity patterns and travel behaviour, which wasavailable for this study. However, with the rifebig data on resident’s
mobility patterns one may expect that more realistienario analysis of impacts of road obstructioraccessibility will
become feasible, also in the case of a hazardehmghtation of these modelling perspectives wouldrdoute to a more
realistic simulation of road segments’ importanod asers’ behaviour on the road network.

Finally, the analysis presented in this researchdes on lava flow hazard only. Yet other hazarag Ine capable of blocking
a road as well (e.g. ash fall, floods, rock fall. Lava flows are natural hazards that have a higtraetive power on
infrastructure. When a lava flow hits a road, itéglistic to assume that the road is completebtroloted. But this is not
always the case with other natural hazards. Iretsggations, when a road is affected, users niiglable to still use the road
segment. Based on the type and intensity of thardathe users’ travel time will be affected to soextent. Speed disruption
functions or functional losses described in othedigs (Jenkins et al., 2015; Pregnolato et all72Wilson et al., 2012) might
be integrated in the shortest path analysis anéfibre enable adapting the proposed methodologytwer range of hazards

(e.g. ash fall, congestion...).

7. Conclusions

Accessibility analysis in a hazardous situatiommiportant since the population must be able tocéiffely evacuate, access
shelters or medical infrastructure, while emergesevices must be able to assist the populaticitin For hazards with a
spatially heterogeneous probability of occurremoenbining hazard maps with road network accessibilieasures provides
a new way to support functional risk assessment.

The current study presents two metrics to assesarthortance of a road segment on people’s mohglitgctively using
location specific information provided by probasiic hazard maps. Both metrics enable quantitathsessment of impacts
of hazard on accessibility to critical infrastruetuand result in maps that may support and feecusisons about the
development of new infrastructure, road capacityaase, maintenance and emergency procedures.

The road accessibility risk metric proposed in thlisdy assesses the impact of each road segmdrsfeuction on the
population’s accessibility to infrastructure anantznes it with the road segment’s susceptibilitypeing affected by a hazard.

The users’ path vulnerability metric defines theaut the closure of a road segment has on théiléleof the alternative
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route a user of the road network would be forcetake. The metric highlights that not only roads inazardous environment
must be considered in risk assessment, also raadeses located further away from the hazard mairipsrtant as their
obstruction may force people to take an alternatdael which is less reliable. User’'s path vulndigbinay also be used to
prioritize the re-opening of affected segmentsaopteventively close some road segments locatedemroximity of an
expected hazard to re-orientate users to less edpoads. The two metrics presented in this stualy contribute to a rational

analysis of accessibility related risks of natinatards and scenario analysis for reducing theks.ri
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13. Figure Captions

Figure 1 - Road network (own processing) on Ngazigsiand and some historical lava flows. The insbtsv the location of

the island in Africa and within the Comorian arctggo.

Figure 2 - Population repartition estimated for 2Qossoux et al., 2018) and location of the hadpifCentre d’Analyse et

de Traitement de I'iInformation, 2016) consideredhi@ road accessibility risk and users’ path vidbéity assessment.

Figure 3 - Lava flow hazard probability map of Keta volcano (own processing). The inset provideser view on the

caldera and the “Porte d’ltsandra” which is an apgtn the North of the caldera where lava can gsca

Figure 4 - Accessibility assessment before ana aftisruption using Dijkstra’s shortest path aijon. People affected and

unserved are weighted by the Journey Ratio whisbsges the travel time increase caused by thepticemand re-routing.

Figure 5 - Accessibility assessment before anda aftisruption using Dijkstra’s shortest path aijon. People affected and
unserved are weighted by the Reliability Ratio whissesses how users’ path exposure changes vKirgg ttee alternative

shortest path in time to access the infrastructure.

Figure 6 - Road access vulnerability map represgntie impact of each road segment obstructionhenpbpulation’s

accessibility to the closest infrastructure in temhtravel time.

Figure 7 - Road hazard exposure map for the Kathaltano showing susceptibility to lava flow hakfor each road segment
with an inset on Koimbani. The upper inset repres#re lava flow hazard probability map in the sunding of Koimbani.

Roads are overlaid on top of the hazard map. Tiverlinset shows susceptibility values for road segisiin Koimbani.

Figure 8 - Accessibility risk map for road segmesambining road access vulnerability based on triéwve (s) to the closest

infrastructure with road segment susceptibilit)Kerthala lava flows.
Figure 9 - Road users’ path vulnerability.

Figure 10 - Modification of the actual road accesimerability (a) by constructing a new road segnibh or by developing
a new infrastructure (c). The overall road accaseerability is the sum of the road access vulnétalvalues of all road

segments within the Foumbouni hospital service.area

Figure 11 - Impact on road access vulnerabilitpofmprovement of the speed that can be reachedtmnal roads.
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557 14. Table Captions

558 Table 1 — Lava flow hazard map input parameterdempnted in Q-LavHA.

559
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560 15. Tables

561

562
563

Table 2 — Lava flow hazard map input parameters implenented in Q-LavHA.

Paramete! Value
Input file Digital elevation model (n 90
Lava flow propagation Hc (M) 3
H, (m) 9
Lava flow length constrair Mean length (rr 520(C
Standard deviation (r 320c¢
Vent opening susceptibility m Distance between the vents 90
Minimum probability to simulal 0
Simulation paramete Number of iteratior 50C
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