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Abstract

We present an approach to systematically analyth@gulnerability of road networks under
disruptions covering extended areas. Since vakogs of events including floods, heavy
snowfall, storms and wildfires can cause such ajaspread degradations, the analysis
method is an important complement to the existingiss of single link failures. The
methodology involves covering the study area wiidggof uniformly shaped and sized cells,
where each cell represents the extent of an eventpding any intersecting links. We apply
the approach to the Swedish road network usingt@@mand and network data from the
Swedish national transport modelling system Samérs study shows that the impacts of
area-covering disruptions are largely determinethbylevel of internal, outbound and
inbound travel demand of the affected area it3élis is unlike single link failures, where the
link flow and the redundancy in the surroundingntek determine the impacts. As a result,
the vulnerability to spatially spread events shawsarkedly different geographical
distribution. These findings, which should be ungat for most road networks of similar
scale, are important in the planning process afue allocation for mitigation and recovery.
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1. Introduction
1.1 Background

The road transport system is one of the fundan@ntedern society. Its ability to connect
spatially separated locations is vital for the asdality and welfare of people and the
economic efficiency of businesses. As a result)Jamped degradations in the system, when
they occur, often have severe consequences (esgeMann et al., 1996; Zhu et al. 2010). In
the worst cases, such disruptions can threatepab&bility for some people to receive
medical care and other critical services. More galhg they can lead to increases in travel
time that impair the ability of individuals to takeart in their daily activities, including
commuting, dropping off and picking up childrenrfralay-care and school, doing the
shopping, etc. For businesses, the impacts candedelayed deliveries and supplies, loss of
customers and manpower, increased freight costs, et

Events of widely varying nature can cause degradatof the road network. Some events
originate within the transport system, including caashes and technical failures such as
bridge collapses and incidents induced by road svdEkents of this kind are typically
concentrated to a single link in the network. Otnnts are external strains imposed on the
system. These may be caused by man, as with imglustkages and sabotage, or by nature,
as with floods, landslides, heavy snowfall, stormiglfires, earthquakes and other kinds of
natural hazards. Since they originate outside @tilinsport system, events caused by nature
may extend across larger areas, potentially disrgseveral links.

Given the value of a functional road transportaystit is important to be able to predict the
impacts of disruptions in the system, where theytlhe most likely to occur, and where the
impacts would be the most severe. This can betedam the basic goal of road network
vulnerability analysis. Such an assessment magpll@wved by identifying feasible actions to
prevent, mitigate or recover from future disturbesand the costs associated with these.
This, in turn, would make it possible to manageléwvel of vulnerability in the system
considering the costs and benefits of differenibbastand resource allocations.

Traditionally, transport policy and planning hagbdocused on the performance of the
transport system under normal or average demandwpply conditions. In recent years it
has been increasingly recognized that variatiom® fthe normal state can cause considerable
reductions in efficiency. For example, the costra¥el time uncertainty (e.g., Bates et al.,
2001) and the reliability of the transport systemder fluctuations in capacity or demand
(e.g., Clark and Watling, 2005) have been studiée. field of network vulnerability, mainly
focusing on the impacts of significant network agetstions with less emphasis on
probabilities, has received growing attention al.wecording to Berdica (2002),
vulnerability is “a susceptibility to incidents thean result in considerable reductions in road
network serviceability”. The serviceability of aki/route/road network, in turn, is defined as
“the possibility to use that link/route/road netwaluring a given time period”. This general
notion of vulnerability will be adopted in the pess paper.

Inspired by the typology of Murray et al. (2008)etroad network vulnerability literature can
be broadly classified with respect to the kind eantje of scenarios that are studied. A first
category of studies focuses on one or a few spexiinarios. Notably, several authors have
assessed the economic impacts of earthquakes gy tipe road network using integrated
transport network and multiregional trade modelsq €t al., 2001; Kim et al., 2002; Ham et



al., 2005; Tatano and Tsuchiya, 2009). Methodsdasdransport modelling systems are
used by Suarez et al. (2005), Berdica and Mattéx@0i7) and Taylor (2008) to study the
impacts of network degradations in urban areas.

A second category of studies considers a full rasfgeenarios. So far, this category contains
a number of complete studies of single link faitu(€aylor et al., 2006; Jenelius et al., 2006;
Sohn, 2006; Knoop et al., 2008; Erath et al., 20TA¢ different studies differ mainly in the
metrics and models that are used to evaluate thadts. In all studies, however, the increase
in travel time or travel distance for the drivessaivital component of the evaluation.

A third category of studies uses optimization aachg-theoretical techniques to identify
worst-case scenarios, or best responses to sucargxz(e.g. Bell et al., 2008; Matisziw and
Murray, 2009). In addition to these applied studeesumber of authors have proposed
methods, models and metrics to evaluate road nktwdnerability and quantify component
importance (Murray-Tuite and Mahmassani, 2004; G#eal., 2007; Nagurney and Qiang,
2008; Sullivan et al., 2010). These models coulamially be used in any of the three
approaches listed above.

As Murray et al. (2008) note, the different apptwecall have their merits and shortcomings.
With a full range approach, one gets a comprehergnture of the vulnerability of the
network, including worst-case scenarios as wetlisgibutions across users and regions. It is
also possible to draw general conclusions aboutaitters underlying vulnerability (Jenelius,
2009). This comes at the price of extensive calmria, which may require simplified models
and vulnerability metrics to be feasible. Such difigations, in turn, may mean that
important features of the system and individuahacies are overlooked. With a scenario-
specific assessment, on the other hand, it is Iplessi use sophisticated analytical models
that can represent the features and complexitigeopairticular scenario and system. In
combination, a full range study may bring attentiorertain scenarios and parts of the
network, for which more in-depth studies then maypbrformed.

1.2 Aim of the paper

While several of the scenario-specific studies mo@ndbove have considered multiple link
failures, full range vulnerability studies havepinnciple been limited to single link failures.
Since many kinds of events can cover and disalitendrd areas of the road network, it is
important to investigate to what extent the impaiiffer compared to single link failures. It
can be expected, for example, that the benefitd#rse network with many alternative routes
is smaller, since there is a risk that many onalirby links are simultaneously disrupted
during the event. If the characteristics of theaetg are indeed different, it is necessary to
consider both kinds of events with suitable mettagies in vulnerability analyses.

In this paper we present a full range methodolagystudying road network vulnerability
under area-covering disruptions. Our focus is @ne&/where a substantial portion of the road
network within the affected area is severely degdadlVith our approach, the study area
including the transport network model is coveredyhgs of uniformly shaped and sized

cells, where each cell represents the spatial egeeof a disrupting event. For each cell, any
links intersecting it are identified and the consaces of disabling these links
simultaneously are calculated. Multiple grids af #ame cell size, evenly displaced from
each other, are used to increase the accuracy @filysis. The approach allows us to
systematically study the impacts of disrupting éselepending on their spatial location and



extent. We can also identify users and geographegabns that are particularly exposed to
events of this kind. The approach handles the piatesombinatorial problems associated
with multiple link failures and is not biased redjag what parts of the transport system are
covered by the disruptions.

It should be noted that a similar method is use@dtyerson and Apostolakis (2007) to
identify critical locations where a single terrorgtack may damage multiple infrastructure
systems. Also related, Kurauchi et al. (2009) adersihne vulnerability of an origin-
destination (OD) pair as the extent to which a fakure can reduce the number of non-
overlapping routes between the OD pair. This apgr@eknowledges the risk of being
dependent on a few critical links, but does notwagpthe fact that spatial proximity
introduces dependencies between links that arappdrent from network topology alone.

The methodology is applied in a case study of thedssh road transport system. We
calculate the impacts, in terms of unsatisfiedela@emand and delays for the users, of area-
covering disruptions across the country using ciffé cell sizes and closure durations. The
impacts are compared with the impacts of single flailures in the corresponding areas in
order to assess the differences and similaritiegd®n the two types of events. We also study
worst-case scenarios at a regional leVhk results are analysed considering the
characteristics of the road network, travel patemnd location patterns in different parts of
the study area, and general conclusions regardegiechanisms behind the geographical
variations in vulnerability are drawn.

The rest of the paper is structured as follows. Me¢hodology is described in the Section 2,
followed by a presentation of the case study irni8e® and results given in Section 4. The
paper ends with discussion and conclusions in @eéii

2. Methodology
2.1 Grid-based vulnerability analysis

When extending full range road network vulnerapitibalysis from single link failures to
area-covering disruptions, there are two issudstiogt be taken into account. The first is
that there are in reality infinitely many possildeations and extents for a disruptive event, in
contrast to the finite set of road links. In orteperform an analysis, we need to discretise
and limit the number of possible events to considsrwe are interested in systematically
studying how the impacts of disruptions differ beén geographical regions, this should be
done in a way that is not biased towards certajiors. This is particularly valuable if we
want to assign probabilities or frequencies todifierent events. For example, it might at
first seem appropriate to approximate the extetl@fisrupting event with a circular area, so
that it does not matter how the area is rotateélation to the study area. However, no matter
how closely we position and overlap these cirdespe parts of the study area will be
covered by more circles, i.e. events, than othéhis creates a bias in the results towards
areas that happen to be more covered.

The second issue is the combinatorial problemscasead with analyzing multiple link

failures. In reality, an event affecting an extashdeea may cause some links to be completely
blocked, others to have their capacities reduaed séll others to be virtually unaffected. The
number of possible combinations of link states kjyimmakes it unfeasible to consider all



these combinations for realistic road network sittnce, there is a need for a systematic
method to define and limit the set of scenarioartalyze.

Our approach to handle these issues is to makeplete coverage of the study area using
evenly displacedrids of uniformly shaped and sized cells. Each celtesents the precise
spatial location and extent of a disrupting evé&ntsimulate the event, any road links
intersecting the cell (fully or partially) are colagely closed for the duration of the
disruption, while all links outside the cell aramaletely unaffected. The impact of the
disruption is then calculated using the analydt@ice of models and metrics.

The grid-based approach guarantees that eachipdhe study area is covered by the same
number of events. By superimposing multiple gritithe same cell size and shape, we can
control the detail and accuracy of the analysi®lation to the computational burden. Using
G grids, each containing rows andC columns of cells, the maximum number of events tha
we need to consider G x R x C; the actual number may be lower since we showdedard
any cells that do not intersect the study areasugperimposing grids of different cell sizes,
we can evaluate the vulnerability of the transggstem under a range of spatial extents for
the disruptions. The cells may be assigned weightapture that the likelihood of different
sizes of disruptions may vary across the study. area

The three kinds of grids that may be used are lmagsquare and triangular grids. The
hexagonal grids may be theoretically preferableesthe cells are the most circular, so that
the results depend less on how the grids are thtatative to the study area. The square
grids, on the other hand, may be more conveniewbts with in practice. Figure 1 illustrates
four square grids symmetrically displaced so that tells cover every point in the study
area.

Figure 1 about here.
2.2 Cell importance and regional exposure

In parallel with the concept of link importancer{@dus et al., 2006; Nagurney and Qiang,
2008; Sullivan et al., 2010), we define thgoortance of a particular grid cell to be the total
impact for the network users if all links intersegtthe cell are closed for a certain duration.
Since the focus is on the overall reduction incgfficy of the transport system, the
importance measure represents an infrastructurieeceroperator’s perspective on road
network vulnerability. Analyzing importance provglmformation on where to allocate
resources for reducing the impacts of disruptingnés the most effectively.

Formally, letAC{ (7) be the total impact for all users travelling fromgin i to destinatior,

wherej may equal if they represent aggregated zones, during a dasfuall links
intersecting celt with durationz. We then define the importance of aglgiven closure
durationz, as the total impact over all OD relations in tie¢work,

IGEEDIPWHGE (1)

! Since the cells are components of the analysibadaiather than the transport system, it would gestbe
more appropriate to talk of the collective impodarf the links intersecting the cell rather tham importance
of the cell itself. However, we will use the tergllamportance for simplicity.



The concept of regionakposure was introduced in Jenelius et al. (2006). Givelisauption
scenario, the exposure of a region is the impadhi® users travelling from the region to
anywhere in the network if the scenario would ocdenelius (2009) further divides exposure
into total exposure, measured as the total impacisa the users, and user exposure,
measured as the average impact per user. In thes pae will focus on the latter measure.
The user exposure measure represents a user'pvepn road network vulnerability,
since it captures how individuals are affected isyuptive events depending on their
location. It should also be of interest to the @peg authorities who may have to take equity
and regional development issues into account iin pi@nning.

In this paper we consider a worst-case scenarierevitine cell having the most severe impact
for each region is closed. Formally, tedenote a region in the study area and [ét mean
that origini is located within region. Letx; denote the average travel demand (in trips or
vehicles per unit time) betweemndj during the closure. Given closure duratmand a
collection of gridsg, the worst-case user exposure of regiegithen

D> > ACH(T)
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Note that the denominator, i.e., the total trawhdnd originating in the region during the
closure duration, does not affect which cell hasrttost severe impact, but it may affect the
relative exposure of different regions.

2.3 Assessing disruption impacts

The size of the grid cells and the model used &buate disruption impacts should be chosen
jointly to capture the characteristics of the kafcevents that is relevant for the analysis.
Some hazards, such as accidental releases ofdioamicals, may be quite limited in space
and time, whereas others, such as earthquakesaffieay significant areas over a long period
of time with severe and complex humanitarian armhemic consequences. Just as in single
link vulnerability analysis, any model and metraggoropriate for the purpose of the particular
study and possible to apply with available datalwamnsed for impact assessment in the grid-
based approach. As noted in Section 1, full rangeerability analyses require extensive
calculations, something that limits the level ofalleand complexity that can be considered in
practical studies. In scenario-specific studies thay follow, more elaborate evaluation
methods can be employed.

In the case study in this paper, our focus is tatively short disruptions, lasting between a
few hours and a few days at the most. We use delefgsring to both waiting times and
increases in actual travel time, in relation toitteal situation as an indicator for the impacts
of disruptions. In the delay calculations we ontyisider changes in route choices and not
changes in destination choices, mode choicesmfrequencies, which may or may not be
feasible responses in a real situation but arderigihg to model. Empirical evidence from
unplanned network disruptions tells us that thetrmommon responses by individuals are
changes in departure time and route choice. Teseteextent people cancel or consolidate
(mainly non-work) trips, whereas people are retdtiveluctant to change travel mode



(Wesemann et al., 1996; Cairns et al., 2002; Zkal.e2010). Thus, in particular given the
moderate duration of the disruptions, this assumnpthould be relatively realistic.

To calculate the delays, we use the model fromlilen@009, 2010a). The model
incorporates disruptions whether or not users hlee @ unable to reach their destinations
during the closure. For area-covering disruptidns is important, since some OD relations
may have available routes while others may not.mbdel is applicable to very large, mainly
uncongested road networks, where computation tmdar@emory consumption are important
issues. In particular, it is assumed that the cwsfia link does not affect the travel time on
any other link. This approximation is reasonableniost of the Swedish road network used
in the case study. Even in densely populated atieagongestion effects of area-covering
disruptions may be smaller than one would initi@kpect, since users who are unable to
travel during the closure will not contribute tongestion. This issue is discussed further in
Section 5.

During the disruption, there may or may not be lesatutes from toj. If there are available
routes, a user can choose to travel along the hewtest route or to wait until the links @n
are reopened if this means reaching the destin&dgiar. We thus assume that the users know

the difference in travel time between the new dredariginal shortest route, denotatf

and the closure duration, denotedf there are no alternative routes, which camexgressed
as Atj = o, the best a user can do is to wait until the clesulifted. Assuming that the
travel demand is evenly or randomly distributedrdirae, a user wishing to depart during the
closure will on average be delayefl2 time units. It can then be shown (see Jen2Ml9)

that the total delayAT,” during the closure is

. A
X, At; r—7 if Aty <,
AT (1) = 3)
X7
2

otherwise

The impact model makes some strong simplifying mggions, e.g. that the users are
informed of the duration of the closure and behaptmally according to that information.
Jenelius (2007) develops a model that takes thve stoeading of information about a closure
into account, and shows that the resulting delagdaager in absolute numbers than with
immediate information, but that the relative diéfieces between closures of different links are
virtually the same with both models, given the satosure duration in both cases. Thus, the
assumption of a known closure duration should gieenservative estimate of the delays, but
should not create any considerable bias betweén cel

2.4 Decomposition of impacts

The importance and exposure measures can be desethpased on whether the trip origins
and destinations are located within or outsidedibrupted cell, and it is interesting to
consider the contributions of the different impegiponents in the analysis. Here we focus
on the importance measure, but the decompositidineoéxposure measure is analogous. Let
i Oc mean that origin/destinatians located within celt. Then



I(c]7) =) Y AC(T)+D D AC (1) + D Y ACHT) + DD ACS(T) . (4)

ilc jOc ilc jlc ic jOc ilc jOc
EIimer(clr) = out(clr) = in(clr) =l Ihrougl{clr)

Here, |, (c|7) I,.(c|7) andl, (c|7r) are the components of the total impact due to

internal, outbound andinbound travel demand of the cell, respectively. Followirenelius et
al. (2006), we refer to the users who are unabteateel during the closure (excluding any
who voluntarily postpone their trips) assatisfied demand. Since all links intersecting the
cell are closed, none of these users will be abteatvel during the disruption. Hence, these
components are formed entirely of unsatisfied deingp,,,,(c|7), finally, is the component
due tothrough-going travel demand, normally passing through the tfatibongestion effects

would be considered, this term would also includg @ther trips indirectly impacted through
increased or, actually, decreased congestion.

Some of the through-going demand may have alteatiutes during the disruption while
others may not. Hence,,,,.(C|7 can be further decomposed as

Ithrough(cl T) = Z z AQT(T) + z z ACE(T) ’ (5)
il jOc|At] =e il jOciat] <eo
=lynsind ) =l gers(d7)
wherel . (c| 7 )is the component of the impact duautsatisfied through-going travel

demand and  .(c|7 )s the component due tietours and other adjustments.

detrs

With the impact model in (3) we get
I(Cl T) = Iinter(cl T) + Iout(cl T) + I in(Cl T) + l unsth(cl T) + l detrgcl T)
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In total, the component of the impact due to usfiati demand is

Iunsat(clr)EIinteﬂclr)-l_l ou(clr)+| ir(C|T)+I unstf('clr):%z z )ﬁj ’ (7)

i jlag) =

Hence, with the impact model (3), all component®iving only unsatisfied demand increase
proportionally to the square of the closure duratio

3. Case study
3.1 Specifications and data

We have performed a grid-based vulnerability analgtthe Swedish road transport system,
where the national borders define the study arethi$ study we have used square cells to
represent the disrupting events. There were two megisons for using square, rather than



hexagonal, cells. First, square grids are condidigemasier to create and work with using GIS
raster techniques. Second, we hope in the futuestimate relative probabilities of

disruptive events in different cells. It is likelyat such data would be available in (square
shaped) raster form.

In general, the duration of the closure is assutodx 12 hours. To test the influence of the
closure duration on the results, we have also studi48-hour disruption. To represent events
of varying spatial extent, we have used grids detdifferent cell sizes: 12.5 x 12.5 a5

x 25 knf and 50 x 50 ki respectively. These cell sizes, where even thaelest can be
considered relatively large considering the closlinations, were chosen more in order to
study the impact of the size of the disrupted #naa to represent any specific type of hazard.
Still, such disruptions may be caused by for exanmglavy snowfall or storm felled trees,
where the links can be cleared and reopened faidigly.

For the two smaller cell sizes we have used foigisggach, symmetrically displaced in two
longitudinal and two latitudinal steps as illusti@in Figure 1. For the 50 km cell size we
have used 16 grids, evenly displaced in four lardyital and four latitudinal steps. While
each grid was originally created with a fixed numésecolumns and rows and slightly larger
than the study area, we only consider cells thatsect the study area in the analysis. The
mean number of cells per grid intersecting theystrea is 3170 for the 12.5 km cells, 853
for the 25 km cells and 241 for the 50 km cells.ilistrate the size of the events that we
consider in relation to the study area, Figure@gha portion of one of the 25 km cell grids.

Figure 2 about here.

The network and travel demand data have been @otfiom the Swedish national travel
demand model system SAMPERS (Beser and Algers,)208& SAMPERS system divides
Sweden into zones in which all trips begin and eagh zone comprising about 1,000
inhabitants. Travel demand between different zamealculated using nested logit choice
models which have been estimated on travel surMeyss are loaded onto the network
through centroid nodes that serve as origins/dassins, attached to the network with
connector links. The travel time of each link ie thriginal undisrupted network is calculated
with user equilibrium traffic assignments in EMMEI(Zsing a 0.001 relative gap stop
criterion), which means that initial congestiort@sidered in this study. The OD travel
demand matrix used in our study represents theadmlaily average travel demand and
includes both car and truck trips. The demand & kred in the present analysis. In other
words, the users are assumed not to cancel thpsras a reaction to disrupted links.

The road network representation consists of 32tes (including 8764 OD nodes) and
86940 directed links, and represents a very fimellef detail® A few links in Norway and
Finland have been added to provide alternativeesoahd reduce border effects, but are not
closed in the vulnerability analysis; neither dre terry links to the island of Gotland in the
southeast. Since we do not have data on the cuevatuhe links, they are represented as
straight lines. This can have some impact on thelt®in that long links in particular may
intersect the wrong cells, but the significancéhas effect is small overall.

2 The network originally consists of 77769 nodes 4id044 directed links. We have been able to rethee
size of the network without affecting the resultshe analysis by removing dead-end nodes (not Gdks) and
replacing links connected in series with a singlk.IThe original network is used to calculate tbad density at
the municipal level presented below.



The projection of the three-dimensional surfacéhefEarth onto a two-dimensional map and
vice versa necessarily creates some distortiohagies and areas. The maps of the study area
and the road network use the RT90 coordinate systénmeh is based on a Gauss-Kruger
transverse Mercator projection (see e.g. Snyd@71 T his projection creates little distortion,
particularly in the latitudinal direction, and waue verified that the differences in shape and
size between cells in the true three-dimensionats@re negligible.

The road network representation is shown to thanefigure 2. To the right, each of the

8764 origin/destination nodes is shown with the s&flecting the total travel demand
originating from the node to all destinations. Thap also shows the population density at the
county level. As can be seen, the road networkuladipn and travel demand are
considerably denser in the southern parts of th@tcg. In the north, travel is mainly
concentrated to the eastern parts near the coastflithe Baltic Sea.

3.2 Computations

The analysis procedure relies heavily on GIS tegpes. GIS software (ArcGIS 9.2) was used
to create the grids, to identify all cells intertseg the study area, to identify all links and
origins/destinations intersecting each cell, andatoulate the length proportions of each link
intersecting each cell. These data were importexdspecially developed software written in
C++/C#, where the impact calculations were perfalnide results were then returned to the
GIS for visualization. For the analysis method ¢o fractically applicable in the future, we
believe that all steps of the process should egmated into the same work environment, for
example by calling the impact calculations fromhwitthe GIS.

In the delay calculations, the original travel tsrffeom each origin to all destinations were
calculated using Dijkstra’s algorithm implementedhvwapproximate buckets (Cherkassky et
al., 1993), which was determined to be particulfabt for road networks. This algorithm
generates a shortest-path tree with the origimais To calculate the delays of a cell
disruption, the straightforward method is thendelbse all intersecting links and recalculate
the travel times from scratch. We found, howeusat tt was typically considerably faster to
close the intersecting links progressively and tgpdae shortest-path tree after each
additional link had been closed. This procedure based on a reoptimization algorithm
adapted from Buriol et al. (2004). Link closuresevenplemented by setting link travel times
to a sufficiently large constant, which allowedtasdentify unsatisfied demand as destination
nodes with travel times from the origin larger thhe constant. Using a 2.0 GHz Pentium Il
1 GB laptop, calculating the the importance of gw&il and the exposure of every county for
a specific grid took about 2.5 hours for the 50det grids up to about 10 hours for the 12.5
km cell grids.

4. Results
4.1 Cell importance

Some main results from the cell importance analg@ssummarized in Table 1. Not
surprisingly, the mean and median cell importamcesiase with the cell siZe=or each cell

% If we include the theoretical data point (0, Oaming that mean cell importance tends to zer@ksize tends
to zero, the mean cell importance follows very elgs second-order polynomial in cell side lengithwhe
non-zero root being negative. The explanationt is that the quadratic term represents interaskl
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size, a few cells are of extremely high importaimceelation to the vast majority, which
means that the distributions of importance amorig bave very long tails. An effect of this
is that the median cell importance is very muchdpthan the mean. The coefficient of
variation (i.e. the standard deviation divided bg thean) between cells decreases with the
cell size. This is reasonable since more of théapariability in the transport system should
be contained within cells rather than appear betveeds.

Table1 about here.

Table 1 also shows the different components ofdted impact (see Section 2.4). The mean
share due to internal travel demand (i.e. withendisrupted cell) increases, while the mean
shares due to outbound, inbound and unsatisfiedighrgoing travel demand appear to stay
relatively stable. The mean share due to detout®anoluntary postponements decreases
from about 40% for the 12.5 km cells to about 1@¥dlie 50 km cells; in other words, the
mean share due to unsatisfied demand (i.e. invatimpostponed trips) increases from 60%
to 90%

For the 25 km cell grids, Figure 3 shows how thare$ of the different impact components
vary when the cells are sorted by increasing ingmme from left to right. The values on the
x-axis represent the relative importance rankinthefcells, that is, the percentage of all cells
that are of less or equal importance. To make thgram clearer, the shares are aggregated to
mean values over each 5% interval; hence, the xsdarts at 5%, representing the 5% least
important cells.

Figure 3 about here.

As can be seen, for the 75% most important cells &t the 25% point on the x-axis) the
travel demand of the cell itself (i.e. internaltlmaund and inbound travel) is typically
responsible for the major part of the impact. laohdition we consider the through-going
unsatisfied travel demand, it is clear that alntlstentire impact is caused by unsatisfied
demand, in particular for the 50% most importatiscdhe corresponding plots for the 12.5
km cell grids and the 50 km cell grids differ maiimh that the curves are shifted about 10
percent units to the right in the former case amsl&a20 percent units to the left in the latter
case.

Since the impact per unsatisfied trip is the saonealf cells for a given closure duration
(compare (5)), this finding implies that the duvathas relatively little impact on the relative
importance of different cells. The qualitative iéswof studies of this kind should therefore be
insensitive to what closure duration is assumdtpabgh the impacts in absolute numbers of
course are not. We have confirmed this conclusioadmparing the results for the 12-hour
duration with those for a 48-hour duration.

To illustrate the skewness of the importance diatron among cells, Figure 3 also shows the
cumulative importance distribution of the 25 kmigeThus, for a given percentagen the
x-axis, the curve shows the sum of the importancéhfep least important cells. In economic
equality analysis, this is known as the Lorenz euihe curve reveals that, for example, the
5% most important cells are responsible for ab®3 ®f the total impacts across all cells.

demand, which should increase proportionally todiea of the cell on average (and hence quadigtiedh
the side length). In addition, inbound and outbotradel demand should increase proportionally & th
circumference of the cell on average, which gives to a positive linear term and hence the negatot.
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Figure 4 shows the geographical distribution of imeportance for the 12.5 km cell grids to

the left and the 25 km cell grids to the right. Each point in the study area, each map shows
the mean importance of the four cells coveringgbiat. This approach allows us to present
the results across all four grids on the same magh has a resolution of half the cell size,
i.e, 6.25 km squares for the 12.5 km cells and kéhsquares for the 25 km cells (compare
Figure 1).

Figure 4 about here.

By comparing the results with Figure 2, we see thatgeographical distributions of cell
importance show high correlation with the concdrdraof travel demand. The main cities in
northern Sweden are clearly visible, as are tharudseas in the south. In general, cell
importance is concentrated to the southern regiooig also the extreme variation in
importance between cells as indicated in the mggnds. Details of the road network are
more apparent in the results for the smaller 1h5ckll grids (compare Figure 2). For the
larger cells, the properties of the road netwodnséo be of less significance than the
location patterns for the magnitude of the impbdeed, for the larger 50 km cell grids the
features are even more smoothed out and the distnibresembles the general variations in
population density.

The increasing correlation of cell importance wiabation patterns as the cell size increases
(and the decreasing correlation with network dghsian be understood from the observation
above that the impacts become increasingly rekatdie internal, outbound and inbound
travel demand of the cell. Since the travel demarighest at locations with a big and dense
population, it follows that the impacts will be thest severe at these locations. In contrast, a
closure of the links in an area with low populatemncentration will mainly lead to detours

for through-going travel demand, which resultsassl severe impacts. For smaller cell sizes
fewer links will be contained in each cell, and thénerability will increasingly resemble that
for single link failures as the cell size decreases

4.2 Area-covering disruptions vs. single link failures

To better understand the characteristics of arearary disruptions, we have studied these in
relation to the impacts of single link failures.riéach cell, we have compared the impact of
closing all intersecting links (i.e. the importarafehe cell) with the average impact of
closing a road segment of unit length within thik. dénis latter measure corresponds to the
“regional importance” measure introduced by Jesgl2009), where the “region” in this case
is the cell. The measure is equivalent to the ebageimpact of closing a randomly selected
link intersecting the cell, with selection probdisls proportional to the lengths of the parts of
the links that are inside the cell.

The ratio of the two importance measures is shathe left in Figure 5 for all cells in the 25
km cell grids as a local mean of the ratios actieegour grids. As the legend shows, the
impacts may differ by several thousand times. Dl bound of 1 means that closing all
links has the same effect as closing a randomlgemooad segment, which occurs when
there is only one or, sometimes, a few links irgeting the cell. As can be seen, the ratio
between the impacts of area-covering disruptionksamgle link failures is particularly large
in the southernmost region. Many of the “hot spatispopulation centres appearing in Figure
4 are not as visible in Figure 5, particularlyve thorth. This suggests that the high
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importance of these cells is caused by one or &éswinks being disrupted, a fact that we
have confirmed by more detailed study.

Figure 5 about here.

To the right in Figure 5, the density of the roatiwork is shown at the municipal level,
measured as the length of the road network in @a divided by the size of the area.
Comparison of the two maps shows that there isoagtspatial correlation between high
cell/mean link importance ratios and a dense readark. This can be understood from the
fact that road density, in turn, is strongly coatel with population density (see Jenelius,
2009). Jenelius (2009) showed that while the higk flows in regions with dense road
networks typically lead to many users being affédig single link failures, the good
availability of alternative routes means that tlierage delay per user is small.

Area-covering disruptions, on the other hand, halVe severe impacts for at least two
reasons. First, disruptions may affect many lithied tvould act as parts of alternative routes
for each other given only a single link failureadieng to longer detours around the whole area
(compare with Jenelius (2010b), who studies theomamce of links as rerouting alternatives
under single link failures). Second and more imguaity, a high population density typically
means that there is a high demand for travellirt@iwj into, out from or through the affected
area. As we argued above concerning the cell impog, the disruption means that all this
travel demand will be unsatisfied, which leadsatmé overall delays. Hence, the differences
between single link failures and area-coveringugisons will be the most drastic in regions
with both a dense population and a dense network.

4.3 Wor st-case regional user exposure

We have studied the worst-case user exposure bfaamty in Sweden for the 12.5 km cell
grids.The analysis shows that the exposure is deternfipdubw concentrated traffic flows
are towards a central “hub” in the region. If agashare of the trips begin or end within a
limited area, then a disruptive event centred am #inea will have severe consequences for
the regional traffic. If the traffic is more diditited around the region, a single disruption will
affect a smaller share of travellers. This canllbstrated by comparing the location and
travel patterns of one of the least exposed cosiainel one of the most exposed counties, as
shown in Figure 6.

Figure 6 about here.

To the left is shown the least exposed county (Dakalan) with a worst-case average delay
of 1.45 hours per traveller, and to the right iswh the third most exposed county (Jamtlands
lan, located just north of Dalarnas lan) with a starase average delay of 3.50 hours per
traveller. This county is chosen for the comparisimee it is larger than the least exposed
county, which eliminates the effect that smallegjioas tend to be more user exposed (see
further Section 5.2).

It can be seen that the low exposure region tdefiteontains a cluster of population centres
in the southeast corner, which is enough dispdrssgdace so that a single cell can only
disrupt a relatively small portion of the regiotr@vel demand. Thus, in the worst-case
scenario, 24% of the travel demand is unsatisfiethe high exposure region to the right,
meanwhile, there is a much more dominant hub ircémre of the region (the city of
Ostersund). Although it may not be immediately appafrom the figure, the worst-case
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scenario, centred on this hub, causes more thands®4é regional travel demand to be
unsatisfied. In both regions, the impacts are abwanly distributed between internal travel
demand and inbound or outbound travel demand ofvthst-case cell.

5. Discussion and conclusion
5.1 General conclusions

We have presented an approach to systematicallyzamg the vulnerability of road networks
under disruptions covering extended areas. Theadethgy involves covering the study area
with grids of uniformly shaped and sized cells, veheach cell represents the extent of an
event disrupting any intersecting links. Since @asi kinds of events including floods, heavy
snowfall, storms and wildfires can cause such veigiead degradations, the analysis method
is an important complement to the existing studfesingle link failures.

The application to the Swedish network shows thatfactors determining where area-
covering disruptions will have severe consequeacesjuite different from those of single
link failures. As a result, the vulnerability ofetlhoad network against each of the two types of
degradations shows markedly different geographisatibutions. In the latter case, the flow
on the link and the availability of alternative tes, i.e. the local redundancy in the network,
largely determine the magnitude of the impact. disruptions covering extensive areas, the
network redundancy has a much smaller influencegesnearby potential alternative links are
often also disabled. It is almost entirely the tis§ad travel demand within, into and out
from the affected area itself that determines thact. Travel demand, in turn, is closely
correlated with population size, which makes regiatth the population concentrated to a
few central locations particularly exposed to #irgl of event.

These conclusions should be relevant for not justpiarticular study area but for any area
with similar location patterns and road networkisture. Generally, the more dispersed the
population and the sparser the road network irsthey area, the more the impacts will
resemble those of single link failures. The monegasted the road network, on the other
hand, the more the differences between singleféires and area-covering disruptions will
increase also in areas with mainly through-goiaffit. Conclusions may be qualitatively
different if one would consider, for example, moomfined disruptions in a congested city
network, or longer durations of the hazards. Appiythe proposed grid-based analysis
methodology in such settings, combined with appad@impact models, are interesting
directions for future research. The methodologyld¢also be adapted and applied to other
transport systems, including the railway and thataon systems, and for multi-modal
systems.

5.2 Model limitations

A full range vulnerability analysis approach, sashthe present one, is suitable for gaining an
overview of the situation in the study area, maldngiparisons between different regions and
drawing general conclusions about the factors uyidervulnerability. We are therefore
interested in the relative impacts of differenigelvhereas the impacts in absolute numbers
are less critical to assess precisely. We havenatel to make simplifying assumptions in the
model in a way that introduces as little systemlaitas between different parts of the study
area as possible. We use a stylized model of $remtive event, in which there is a precise
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spatial and temporal limit for the disruption. Weoaassume that users have complete
information about the network and the disruptiod Behave optimally under this information
(note that the general grid-based approach is e¢rdent on this assumption). Although any
real event and people’s responses to it would behrmwore complex, we do not believe that
the assumptions distort the general picture infanglamental way, as long as we consider
events that degrade a significant portion of tremetwork within their extent.

The presented approach has some limitations tioaicglbe noted. Even though we can
control the level of detail in the analysis, weyobnsider a finite number of possible
locations for the event. This means that there beagther locations where an event would
have more severe impacts, since a somewhat diffse¢of links would be affected. Also, an
event of the same size but slightly different shiagagy have different impacts. This is
especially important to remember in worst-caseyeasl, in which the identified worst-case
scenario by construction is confined to the predfiset of considered events.

The results of regional exposure analyses aregalge sensitive to how the regions are
defined. First, there is a bias towards small negjioeing more exposed than large regions.
This is because a disruptive event covers a ldrgetion of a small region than a large, and
potentially a larger share of the generated trdeetand. Second, depending on how the
regional borders are drawn, a certain populatiorireanay fall just within or just outside a
particular region, which could have a large infloeon the impact for the region (this is an
instance of the common problem in geographicalistukhown as the “modifiable areal unit
problem”). To reduce these problems we performedettposure study at the county level
rather than e.g. at the finer municipal level, vehitre size bias is evident in the results.
Furthermore, the county borders have a clear ecmnana political role, which makes
comparisons between different these regions retevan

We assumed in the case study that travel timegks butside the disrupted area are not
affected by the change in traffic flows that themvcauses (again, the grid-based approach is
not dependent on this assumption). In generalntimber of users who are able to take
detours during the disruption is much smaller tthennumber of users who are unable to
travel. It seems plausible that the net effecottver users would be a reduction in travel time
rather than an increase, since users who are uttatsvel will not contribute to congestion.
On the other hand, there may be considerable cbogeshen the closure is lifted and all
users are able to travel again. It is difficulsty whether these effects together would have
any considerable influence on the relative impattifferent cells.

5.3 Poalicy implications

An important reason for doing vulnerability analyse the possibility to take preventive
actions to reduce the frequency with which disiupdiin the network occur or to reduce the
negative impacts if disruptions occur. The fact tha regions that are most vulnerable to
area-covering disruptions in general are not tineesas those that are most vulnerable to
single link failures suggests that each type oflhdimust be evaluated separately and then be
synthesised in the later stages of the assessment.

The possibility to affect the frequency of disrgpis depends much on the kind of events that
is considered. For example, events like floodingldan some cases be avoided by building
dams and fortifications. Many other area-coveringngs, e.g. heavy snowfall and storms,
may be difficult or impossible to prevent. The fedn the planning must then primarily be on
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minimizing the negative effects on the operabitifyhe road network and of the
consequences of the reduction in operability thanot be avoided. Given the limited
influence of the network structure on the impaats,believe that reducing vulnerability to
this kind of events is more an issue for mainteeaard operations than for redundancy-
providing infrastructure investments.

Our case study shows that unsatisfied demandrips.that cannot be made, constitutes
nearly all of the impact on travel during a seridisuption. This impact increases rapidly
(quadratically in our model) with the duration bé&tdisruption. Hence, an efficient way to
reduce the vulnerability would be to restore therujited links as quickly as possible. The
study also shows that the impact increases rapidlythe size of the disrupted cell. This
implies that even if a disruption cannot be avoidethpletely, it is valuable to limit its
geographical extent as much as possible.

As for any rare events, estimating the frequenaiés which different kinds of disruptive
events can be expected to occur in different pdrtise study area is a difficult task, and good
estimates may depend on specific environmentalifestof each area. However, the
likelihood of flooding in an area, for examplegcertainly influenced by the precipitation, for
which detailed historical or modelled future databmth average and extreme levels are often
available. Moreover, data for this and other maikgjical statistics are not uncommonly
produced in the form of square grids, which makesintegration with our impact

calculations straightforward. Such developmenhefrhethodology for likelihood
assessments in vulnerability analysis should bengortant area for further work.
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Figure captions

Figure 1: lllustration of four superimposed squee# grids.

Figure 2: Left: The Swedish road network repred@riaand a portion of a 25 km cell grid.
Right: Total outbound travel demand for every avidestination node and the population
density of every county.

Figure 3: Areas: Shares of the total impact dugifferent demand components (%) for every
25 km cell sorted by increasing importance, aggestjas mean values over every 5%
importance interval. Line: Cumulative cell importan(%), i.e. the Lorenz curve. 12 h closure
duration.

Figure 4: Local mean cell importance (veh. h) for 12.5 cell grids (left) and the 25 km cell
grids (right). 12 h closure duration. The perceatafjthe cells within each category is
indicated in parentheses.

Figure 5: Left: Local mean ratio between cell intpace and length-weighted average link
importance for the 25 km cell grids (12 h closuweation). The percentage of the cells within
each category is indicated in parentheses; cellsuvidefined ratios are not shown. Right:
The road density (km/kfjfor each municipality in the study area. The gatées represent
deciles.

Figure 6: lllustration of the travel and locatioatigrns of a low exposure region (left) and a

high exposure region (right). OD relations withvehdemand less than 1 veh/h are not
shown.
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Table captions

Table 1: Results from the cell importance analya®sh closure duration).
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Tablel

Cell size (km) Importance (veh. h) Demand compasnehimpact (%)
Mean Med. Coeff. of var. Internal In+out Througtsah Through detours
12.5 14600 224 4.90 4.20 49.2 7.15 39.4
25 47500 3790 3.57 13.5 60.2 5.73 20.5
50 148000 19700 251 30.6 56.1 3.77 9.56

22



1 1 1 | 1 1
B i e | _—————r

Grid 4

Figurel

Grid 3

23



Figure2

A
)<

hSWAN:

" The Swedish road network

Road link type

European highways

—
=== Major roads
= Medium roa
— Minor roads
[ 25 km cell grid

0 75 150 300

Kilometers

ds

24

Outbound travel demand
(vehicles/hour)
0-30.0

° 30.1-60.0

® 60.1-120

@ 121-240

@ 241-6%
Population density
(people/km?)

k| |259-113

[ 14-209
[ 21.0-389
B 300-507
I 505 - 282



Figure3
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Figure4
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Figure5
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Figure6
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