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M easuring vulnerability of road network considering the extent of serviceability of
critical road linksin urban areas

Chandra Balijepalliand Olivia Oppong
Institute for Transport Studies, Univaysof Leeds, Leeds LS2 9JT England
Abstract

Road networks are vulnerable to natural disagech as floods, earthquakes and forest fires
which can adversely affect the travel on themwoek that remains intact after an event.
However, not all road links equally affect tlnavel conditions in a gen network; typically
some links are more critical to the netwouktioning than the othert.is noted that the
majority of the existing indices designed to measure vulnerabffiy a good measure of
network-wide accessibility in sparse regional retsg, but they rarely consider the extent of
serviceability of critical links in dense urbaratbnetworks. This papéescribes a number of
vulnerability indices from the krature, applies them to thase of urban network of York
and discusses the results. It proposes a nemerability index considarg the serviceability
of road links and illustrates itomputation. Finally, this papeses the results of the new
vulnerability index and outlines a traffic diversiplan in the event of flooding in York using
traffic network modelling techniques combineith Geographic Information Systems (GIS)
application.

Key words: Vulnerability, degraded networkngeeability, emergency response plan, traffic
diversion plan, traffic network modelling, GIS

1. Introduction

Road networks are vulnerable to natural disagech as floods, earthquakes and forest fires
which can cause immense damage to the infraaneicesulting in adversely affected travel

on the degraded network. Typically after thewtcence of an event some places become less
accessible e.g. following a bridge collapse duan@arthquake in Kobe (Chang and Nojima,
2001), structural damage after an earthquakgaiti in 2010 (Bono and Gutierrez 2011) or
after a heavy snow fall or eveluring/after a forest fire. Stiying and analysing vulnerability

of road networks will help in prioritisinthe planning, budgeting and maintenance of roads
and also will be useful in preparing emergency response plans.

It is noted, however, that not all road linksaohetwork are equally itical to its functioning,
that is, to say, some links have a greater impactetwork flows than the rest. Therefore it is
very important to analyse the vulnerabilityaohetwork considerintne importance of the
roads within. The importance ahalysing vulnerability caught the attention of researchers
especially in the past 6-10 years due t@adent increase in the frequency of natural
disasters over the past decade or so (Tatlat 2006). There is a good volume of literature
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available on the vulnerabilityf road networks with some valuable research methods
described. Some of the methods developed based on accessibility measures (Taylor et al
2006) which analysed the vulnerability in sparse regional nksv&ome others have been
based on network topological measures e.tpraaand MarchioriZ001). Then there are
methods which consider the importance of the links and analyse the impact of complete
disconnection (Jenelius et al 20@&d the consequences of gexqurical disparities (Jenelius
2009). Whatever the approach, all methods facuaccessibility in sparse networks and rely
on considering complete link failures to arratean indication of th vulnerability of the
network. In contrast, we anmeterested in studying the vulraility of dense urban road
networks which pose new challenges as adoi#isgialone may not be the central issue
anymore (due to a large number of alternativge® being available), but it is the importance
of the road link to the functioning of the netsk that will need greater attention. Moreover,

in real life situations, after an event, roaasy not always become completely unusable, but
they may still be partially available for use. This then raises several questions — (i) whether
the indices developed in the past are indeedlsleito the context of denser urban networks;
(i) if so do they consider the importancetloé road links within; and, finally (iii) do they
allow for analysing partially available romds against completely damaged ones?

In this paper, firstly, we set out to investigdhe indices known fronhe literature and aim to
answer the questions raised. Secondlyintreduce a new meaee to analyse the
vulnerability of a road network considerittge importance of the roads. Road networks
usually follow a scheme of hierarchy e.g. Motorways, A-roadsddls and C-roads in
England (DfT 2012a) based on the significanctheir functioning and in this paper we aim
to capture the importance ofkthoads based on their hierarctie also aim to make the new
measure flexible enough to consider both pliytand fully damaged roads. This allows the
new vulnerability measure applicable in practical real lifeasidims and it also allows for
many possible ‘what-if’ scenasdo be built and tested.

Studying and analysing vulnerability will halp developing the mitigating measures. The
analysis of vulnerability has favider applications such as jalanning and maintaining road
networks, prioritising and budgeg, preparing for emergencgsponse (Walker et al 2004).
In this paper, as an example, we develop alneyplan to divert triic in case of an urban
network under flooding. The diversion plarepared uses traffic assignment modelling
technique together with Geogitaic Information System (GIS) and is aimed at maintaining
connectivity as well as minimising thewel time on the degraded network.

This paper is set out in ssections including this one. Sext 2 reviews the literature
identifying the relevant approaches to analgs/ulnerability of rad networks. Section 3
introduces the new measure of vulnerabilitycti®as 4 describes the case of York introducing
the geography and flood prone roads in Yorkti®act also describebe steps involved in
computing the vulnerability indices. Sectibrllustrates the indices and analyses the
consequences of road failures. Section 5 algbnes a traffic diviesion plan aimed at
maintaining connectivity during floods as wellragimising the travel time on the degraded
network. Section 6 concludes the resbarvork reported in this paper.



2. Literaturereview

This section defines the term vulnerabilitydethen presents an overview of the network
vulnerability indices before specifying thenitkvmathematical notation in the later part of
the section.

2.1 Déefinition of vulnerability, serviceability and criticality

Many authors suggest that there is no single disimsuitable for vulnerabty but it must be
defined in the context of an event (Jameet al., 2006; Einas®n and Rausand, 1998;
Holmgren, 2004; Berdica, 2002). Laurent{a994) described vulnerability asu'sceptibility
for rare, big risks while Holmgren (2004) defined it asénsitivity to threats and hazards

The termrisk can be considered as containing two components — the probability of an event
occurring and the consequeneesing due to the ent (Berdica 2002). It is well known that

the probabilities are difficult to estimatethgy are based on historic information which

assumes the circumstances around an event remain the same at all times. On the other hand it
is very important to be able &ssess the consequences ofant as they affect daily life,

business and economy. In this paper we aifodas on the consequences rather than the
probabilities.

Taylor et al (2006) consided the vulnerability from thpoint of view of reduced
accessibility, which is very similar to the defion followed by Jenelius et al., (2006). In this
paper we follow the definition of Berdica (2002yutnerability as thesusceptibility to
incidents that can resuiih considerable reductions mad network serviceabilitywhich has
been widely used since then. Berdica (2002) also defines similardbustnesss the
“ability to cope with disturbing inciderita/hich relates to the term vulnerability by
definition, i.e. a network which iess robust is consideredrasre vulnerable. Furthermore,
serviceabilityof a link is defined as thgossibility to use thdink during a given period
which then relates to the possibility ofrpal degradation of roads. Finally, if the
consequences of a link being affected great then the link is considedical to the
network.

Based on the definitions, a number of vulnerability measures have been developed which are
outlined in the next few paragraphs.

2.2 Specification of vulnerability indices

This section specifies a series of indicatorsygasure the vulnerabiliyf road network, to
facilitate investigatingheir suitability in case of an urbaetwork set out im later section.

The literature on vulnerability indices can bedmtly grouped into the stiance-based and the
cost-based approaches. Indices based on tigstahce are relevatd sparse regional
networks where if a link is blocked drivers yna@eed to take longer detours to reach their
destinations. On the contrary, in dense urbawarks usually several alternative routes are
available, and moreover, it is Wknown that drivers often pref quicker routes which need
not necessarily be shorter in distance terms. Hence the indices such as Hansen'’s Index
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(Taylor et al 1996) and the Efficiency Meas\{Latora & MarchiorR001) which are based
purely on distance are considered unsuitableneasuring vulnerability of dense urban road
networks and for this reason we omit theonirfurther discussion in this paper.

Now, consider a network of links servingi@n-Destination (ODdemand represented by
Q= {qk} whereq, is the demand for a particular OD phil_et A be the set of links

indexeda = 1,2,...A The link travel time$ are assumed to be function of link flows. Thus if
X denotes the flow on lin& (a = 1,2,...A with x the A-vector of flows across all links, then
the travel timed on linka is denoted,(x). Let N be the number of nodes on the network.
With this basic notation we now specify theasures of vulnerability as defined by various
authors.

2.2.1 Trave cost-based vulnerability measures
M1: Changein generalised cost measure (Taylor et al., 2006)

The generalised cost, a measoirdisutility of travel usully measured in terms of a
combination of distance travelled and time spsniised as a measure of accessibility. The
index T, measures the change in generalisedmeisteen when a link is intact and when the
link is removed and is defined as follows;

To = Xk Qilcra Y
where,

Acyq = ¢ — Crq Change in generalised cost for OD pawhen linka fails

= least path cost for OD pdir

Crq= least path cost for OD pdiwhen linka has failed

M2: Network efficiency measure (Nagurney and Qiang, 2007)

The Nagurney and Qiang transpodatnetwork efficiency measure (G, Q) for a given
network of topologyG and origin destination demalis defined as

£(G,Q) = Zkz_:/nk @
where,

n;, = number of OD pairs

Eq (2) represents the average number of tripsipieicost and represents the efficiency of the
network in terms of traffic to cost ratio. Thegher the traffic handled per unit cost, the more
efficient the network is.



M3: The importance measure (Jenelius et al., 2006)

The importance measure assumes that all drivers are forced on a more expensive route when
an event causes the disruption or closure lafk or a group of links. Their behaviour is

described by the user equilibrium principleex the route choice is meant to minimise

personal travel cost. Following from (1) the bdsisthe measure is the change in the cost of
travel and this is defined as below.

The importance of anon — cutlink a, which is where a linklosure will only cause finite
increase in travel cost with regaadthe whole networland is defined as

Xk Wk&'ka

Importance (a) = S
k Wk

)

where
w;, = weight assigned to OD pair k that reflects its significance
Zz'ka = —Ackq

In this paper the authors assume that thgmteissigned to OD pas equal to the demand
for travel which provides the ‘social aedonomic’ context to the vulnerability index
(Jenelius et al 2006) and it is thiglex that we repows indicator M3.

M4 Network Robustness I ndex (Scott et al., 2006)

The network robustness index (NRI) is definedths change in travel time cost associated
with rerouting all traffic in the system shouttht segment become unstable”. This index is
based on capacities of individual links amahsiders the rerouting options for the origin
destination pair using tHak. It then uses the travel time moeasure the cost of rerouting the
traffic should a link be compely removed. It assumes thae disruption will cause a
complete closure of the linknd that drivers follow usermgilibrium in route choice. The
system cost of travel for when all the links aract is also calculated and the difference is
the NRI.

The system travel cost for the base asken all the links are intact denoted@&n
aggregate of flow-based link trahvtimes) which is defined as

C=Y,tsxg é)
Then the Network Robustness Index for las defined as,

NRI, = C,-C 6)
where,

C, = total cost of travebn the network when lin& is removed



2.2.2 Critical review of cost-based vulnerability indices

The set of indices M1 to Meeflect the overall accessibilif a network as measured by
either the change in generalised cost om#tevork, or in efficiency terms e.g. the demand
(trips) per unit cost. They are all useful meastwa®flect on the network-wide impact of a
link closure. However, the measures M1- M3 seéeonrestrictive in implicitly assuming that
all trips are routed through tieast cost patlior each OD pair which is appropriate for a
sparse regional network whereiltiernative routes usually at@o long or may not even exist
in some cases. On the other hand, in densenurétavorks travel patterns are much more
complex as each OD pair is usually served by more than one route. Usually drivers will be
able to find an alternative rouifea road link on their regular roaiis affected. That is to say
that the extent to which the affected road can influence the travel on the rest of the road
network due to possible traffic diversigplays a significant role in measuring the
vulnerability in an urban network. Thttse modelling method needs to be basedati-
pathrouting rather than theast cost-baserbuting. Furthermore, a given road may be
partially available to service the traffic demanekn after an event as opposed to a complete
link failure as assumed by the measures in teealiure. The least cosased structure of the
measures M1-M3 means it is very difficult to atthgem to model the edtt of partial loss of
road capacity. Finally, it is noted that M4 cmless the effect of rewting of traffic on the
network, therefore it is free from the leasstpath effect. We inoduce a new measure of
vulnerability based on a multi-path routing apgeh which considers the link flow, travel
time akin to M4, but also taking into accotimé serviceability, hierarchy of each link as
described further in Section 3.

2.3  Review of traffic diversion plans

Modelling the performance of a network undegi@deled conditions is essential in transport
planning for developing mitigating measurielps the planners understand how the
network can absorb disturbances, and alsotoaseal with and adajgo that the road

network retains essentially the same functiamcstire and identity (Walker et al., 2004). In
the face of network link failures, road users atieee to make detours, change their mode and
destination or reduce trigctivities (Erath et al., 2009). Inishpaper we focus on rerouting of
traffic rather than modal shift and destina choice. Many studies e.g. Zhou (2008) and Wei
& Perugu (2009) use computer simulation techniguevaluate the traffic diversion plans
which include traffic signal timing optimisatia on diverted routes bekclude route choice

of network traffic. Our approach differs from these studies and focuses on rerouting of traffic
involving route choice of drivers.

It is known that the route cha® behaviour of drivers in such situations follows various
equilibriums. These include stochastic usgribrium; used to represent uncertainties
(Asakura, 1999), user equilibrium (Scotiét 2006) and Probit-based stochastic user
equilibrium (Sumalee and Kurauchi, 2006) efénis another behaviour known as the
Probabilistic User Equilibrium (Lo and Tung, 20@@)ich is similar to the user equilibrium
but is based on past experience with a vaitghii travel time and aims at minimising user
travel cost. In this research we aim to mirse the overall travel time on the network by



following the system optimal principle (Wardr@p52). We believe that this is a reasonable
assumption because in a degraded networledriare unlikely to haveerfect knowledge of
network travel times and hence tend to lookgwidance on the routes tioeir destinations.

3. The new vulnerability index

This section introduces a neweasure of vulnerability whicbonsiders the serviceability,
hierarchy of road links. It also considers fuessibility of detouring when a road link is
partially or fully blocked due to an event.

M5: Network Vulnerability I ndex

The Network Vulnerability Index (NVI) takestmaccount the serviceability and importance
of each road link on the network and is defined as below:

|A| xlpefore before |A| xffter after
NVI = Zi:l 7,..before ti - Zi=1 after ti (6)

l rl

where,

ri = serviceability of link, that is the total available capacity of linkstandard hourly link
capacity per lane for the given type of road

|A| = number of elements in s&ti.e. the number of links on the network

In equation (6); theserviceabilityof link i is calculated by diding the total available
capacity of the link with the standard hiyumaximum flow rate (i.e. capacitper lanefor a
given type of road. The total available capaof a link is obtaind by summing the capacity
of all operationallanes available. The standard hourbwflrate per lane is adopted from the
DfT’s Transport Analysis Guidance (DfT, 2012b) which depends ohiérarchyof a road
and is taken as a surrogate to repreg@nimportance of a link. The valuerofeduces when
a road link is affected by an event such aedlas the effective capacity available after the
event is reduced. The above index means a higher lossaafityagn a major dual
carriageway road carrying large volume of taffi likely to have greater significance to
the value of M5. Equally a high#ss of capacity on a tworla undivided road will also
affect the value of M5 significantly. The indalso allows for partial degradation of a link
i.e. some proportion of the initial capacity midpet lost after an incide thus allowing the
modellers a scope to build seakpossible ‘what-if’ scenarios. When a link fails completely,
the affected link is removed from the netwarkd the calculation of M5 is completed as
before.

4, Urban area of York: geography, road network, data needed and the
methodology

This section introduces the geography of Rfadentifies the important road links of the
network, and then describes the steps invlmecomputing the vulnerability indices M1-
M5.



4.1  Geography of York

The city of York, with an estimated poputat of about 198,081 (2011 census) lies on the
confluence of the Rivers Ouse and Foss irMAle of York in North Yorkshire in England
(See Figure 1). The city am$ surrounding areas are bounded by the Pennines and North
York moors on the west and east respectively.cityeand the Vale of York is known for its
valuable agricultural land, rich history and buildings and attracts tearsually with traffic
volumes increasing significantly as compareth®mnational average. However, most of the
city is located in floodplains. This combinedth heavy rainfall events and snow melting
from the Pennines makes York prone to paral flooding from the Rivers Ouse and Foss
even though the city has exteresflood defences. The city exjenced its recent worst flood
since 1625 in the year 2000, when River Oesehed 5.5m above mermal level of 5m
Above Ordinance Datum (AOD) and burst its banks ( (Dennis et al., 2003)). This came with
disruptions to transport network, destroatof property and a huge blow to the local
economy as the city came to a halt for alntbste days. It is estiated that about 540
properties were flooded, 320 seriously at askl 18,700 hectares of agricultural land was
affected.
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Figure 1: Location of York showing density of wards and output areas

Source: UK data service, 2001 census
4.2 Road networ k

The city centre is surrounded by an innagrioad (A1036), and seven major radial roads
(e.g.Al19 and A59, A1079 etc.) caeut the city centravith the outer ring road (A64/A1237)
and beyond thus providing access within, to fiach the city to neighbouring towns and
cities (See Figure 2). In ord&r identify critical road linkspne can rigorously put every link
of the network to a test e.g. imsEl-Rashidy & Grant-MullerZ014), Scott et al (2006) which
is computationally intensive especially imda-scale congested netiks as described in
Chen et al (2012). In contrast one can #&son from the history and use the information
available to make informed decisions after pgttihem to further téimg. The city of York
got flooded several times in the past affegtilifferent parts the transport network. The
Environment Agency (2009) has compiled adistoads (See Table identifying them as
prone to frequent flooding which we use asdtating point in our gaer to illustrate the



consequences and thus identify the most critizadi links in the netark. Figure 2 identifies
the flood prone road links.

Table 1: Roads proneto flooding

Road Coded ag Description

Fulford Road R1 Fulford Road is a major A road in York and forms part of the A19 which
runs from Seaton Burns in the north to Doncaster in the south. It i$ also
one of the main radial routes in thiyand had an estimated annual traffic
volume of about 7,352,000 vehicle kilometers (DfT, 2012c). It also has an
estimated average daily flow of about 17061 vehicles per hour (DfT,
2012c).

Tower Street R2 Tower Street is located at ¢ind of the Bishopgate street bridge and|has
both A and B classification. The A section forms part of the A1036 road
and the B section, the B1227 road.

Leeman Road R3 Leeman Roadlocated near Railway station. It links the Station Rpad
with Water End and provides the accesghowest from the train station.

Huntington Road R4 Huntington Road is one of the minor roads that connects the rirlg road
A1237 with the city centre.

Naburn Road R5 Naburn Lane is a B road which forms part of the B1227 taking traffi¢ from
the city onto the A1 motorway.

Monk Cross Link R6 This road is also a minor road, linking the A1237 and the radial| route

Malton road/A1036. It serves as lay-pass for traffic avoiding the
interchange at intersection of the A1237/164 roads.

Bishopthorpe Road R7 This road is an A-road that forms part of the A59 that runs from Wallasey
in Merseyside to York.

Skeldergate Road R8 This acéd street that connects thei.dOusegate and Bishopgate 5t.
bridges at the west side of River Ouse.

Salisbury Terrace R9 This road connects te YWater End bridge and proves the east side
connection to the railway station.

Knavesmire R10 Knavesmire Road is a min@drthat links the A1036 Tadcaster road @and

the Bishopthorpe road.
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Figure 2: Road network and flood proneroad links
4.3  Dataneeded for computing vulnerability indices

This section describes the model set up angties involved in computing the vulnerability
indices. As noted earlier in section 2.2.ham networks are much more complex as the
drivers have many alternative rouessilable to travel from aorigin to a destination. More
so as the route choice of drivers depends oexpected generalised cost of travel based on
the travel time as well as the distance tortbestination. Wardrop’s @62) principle of user
equilibrium, which states th#te cost of travel on all used routes for each OD pair will be
equal in a congested netwoifers a useful benchmat® compare the costs between
network intact and network deggted conditions. In order tolge for user equilibrium route
choice of drivers, we have set up a netwoddel using SATURN software (Van Vliet &
Hall 2004) which requires two main input datamte— (i) coded road network of York and
(i) a trip matrix of York representing tleleemand for travel between OD pairs. Entire road
network of York has been coded as road liakd junctions (Figur8). Travel time on road
links is assumed to vary with the flow leyellowing the standard Bureau of Public Roads
style speed — flow relationshiphe city of York has beenwdded into 219 zones based on
census wards and each zone is connectec toghrest road by a dummy link to allow the
incoming /outgoing trips to/from the zone. T@® matrix thus has 219 zones to it, with a
possible maximum of 219x%219 Qiair combinations.
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Figure 3: Modelled road network

Method for computing vulner ability indices

Computing the vulnerability indes M1, M2, M3 requires the knowledge of travel cost by the
least cost path which can be obtained byn'sking’ (or simply addig) the link costs along

the shortest path for each OD pair. Butresmeasures M4, M5 are based on multi-path
approach, they requitbe knowledge of link flow and link travel times for all network links.
Besides, M5 also requires the informationtlo® number of lanes available for operations
both when the network is intact and when diegraded. The stepsvolved in computing
M1-M3 and M4-M5 are listed separately as below:

Procedure for computing the measures M1,M2,M3:

1.
2.
3.

Set up a network based model and assigrO demand to shortest cost path.
Produce the skim cost matrix.

Repeat the steps 1,2 above with the neétviok degraded i.e. after removing the
affected critical link.

Apply the equations (1), (2§3) to compute measures M1, M2, M3 respectively for
the particular crital link removed.

Repeat the steps 3, 4 from the abovesrhof the critical links.

12



Procedure for computing the measures M4,M5:

1. Set up a network based model and assigrOb demand to multiple routes based on
user equilibrium principle.

2. Extract the link flows and link traf times from the assignment.

3. Repeat the steps 1,2 above with the netviok degraded i.e. after removing the
affected critical link.

4. Apply the equations (4)-(5), (6) to compu¥i4,M5 respectively for the particular
critical link removed.

5. Repeat the steps 3, 4 abovedachof the critical links.

45 Method for preparing atraffic diversion plan
Steps involved in preparing a traffic diversion plan are outlined as below:

1. Assign the traffic to the network when itirgact to establish the normal routing
pattern.

2. ldentify the origin destination (OD) paiwhich normally would use a critical link.
This step is carried out by using t8elect Link Analysitechnique which enumerates
all OD pairs that use a given link.

3. Then remove the affected link and reassigntraffic to the remaining network. This
step establishes the routes for all OD pairs if the affected link is not available.

4. Identify those routes in Step 3agsby the OD pairs noted in Step 2.

5. Compare the routes in Step 4 with thos&tep 1 to identify where the diversions are
necessary.

5 Numerical results

The main purpose of this section is to illusgtrtne indices M1-M5 described in sections 2,3
with the urban network of Yoriatroduced earlier. Our modelling approach is similar to that
of many others e.g. Jenelius et al (2006) @masiders the demand to be inelastic i.e. the
demand remains constant even if the OD cosaa@. This is a reasonable assumption when
a single link fails at a time especially as ave considering the pedlour travel involving

daily commuting, but when many links fail simultaneously, there may be an uncertainty
associated with the traffic demand which may reedpproach as described in Kurauchi et
al (2009). However, in this paper we follow a deterministic approach and assume that the
demand is fixed, which has the advantage afgarable total traffic flows across various
scenarios involving different linfailures and even across altetiwe vulnerability measures.

5.1  Analysisof vulnerability with fully blocked roads

The procedure described in Section 4.4 for cating the measures M1 to M5 was applied to
the urban network York, which resulted in aisg of values for indices which are spread
widely in terms of their scalé&or example, M1 is in the der of hundreds of thousands, and
M2, M3 are less than ten while the others fall in the middle somewhere (See Table Al in
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Appendix A). In order to bring #m to a similar scale and boiild a sense of comparison, we
have worked out percentage values of eadex relative to its base case i.e. when the
network is intact. The exact specificatiohthe indices expssing each as a proportion
relative to the respective base value is givetine Appendix B. While building the reference
set, it is noted that the bagalue of each indicator needisddentical whichever link it

pertains to (See Table A2 in Appendix C) becahsebase value refers to the entire network
and not to any particular linkithin the network. Finally theroportionate values of indices
M1 to M5 (See Table 2) considering failure @fks R1 to R10 each in turn have been arrived
at by applying the equations Al to A5 shown in Appendix B.

Table 2: Proportionate values of vulnerability indicesfor critical roads (rank in
brackets)

Inde
X R1 R2 R3 R4 R5 R6 R7 R8 R9 R10

-64% | -23% | -32% | -23% | -11% | -18% | -30% | -14% | -16% | -11%
ML | G | =) | =2) | =) | =8) | 5 | 3) | 7 | (=6) | (=8)
84% 88% 86% 87% 91% 88% 89% 89% 90% 91%
M2 | 1) | =4 | (=2) | (=3) | D) | (=4) | (5) | 5) | (=6) | (=7)
64% 23% 32% 23% 11% 18% 30% 14% 16% 11%
M3 | 1) | =4 | (=2) | 4 | 8) | (5 | (3) | 7 | (=6) | (=8)
28% 10% 13% 9% 1% 7% 11% 3% 6% 1%
Ma | G | =) | =2) | (=5 | (9) | 6) | (=3) | 8) | =7 | (=9)
-6% -1% -3% -2% -2% -1% 0% -2% -1% -1%
Ms | =) | = | @2 | 3 | ) [ )| =5 | =3 | = | =

In order to interpret the results in Table 2med to consider the meaning and sense of each
of the measures. While M1,M2,M3 are based on a change @DRhmostsby the least cost
path, M4,M5 compute thietal costof travel on the entire hsork based on the link costs
and link flows. It is also noted that whilecreasing values of M1,M2,M5 make the network
less vulnerable, decreasing values of M3, M4 make the networks robust. In order to help
comparing the results, we have introducetihaple ranking of critiality (shown within the
brackets) identifying theelative position iterms of vulnerabilitf{1= most vulnerable,..,9 =
least vulnerable). Firstly, it imteresting to note that all indices M1 to M5 consistently
identify the link R1 as being the most criticahd link. It is also n&d that the second most
critical link (R3) is also consiently identified across. Furtheare, link R2 is also consistent
at fourth place across the measures, theratankings however vary depending on the
indicator chosen. Secondly, itneted that the values of M8d hence the rankings have
turned out to be identical to M1 (except thgndias the weights used by both the indices are
identical. Thirdly, M5 recognises the servicedpidind hierarchy of each link — thus a link
with low serviceability and high importance ke it a highly critical ink (e.g. R1). Equally,
the measure is also able to identify a min@drée.g. R3) as critical to the network as it
considers the serviceability of each link. Findhg significance of results in Table 2 means
that Fulford Road (R1) in the south and LeeniRoad (R3) in the west are the two most
important roads in York and if affected dueatoevent they need be recovered ahead of
any other road. In Section 5.3dawe discuss the diversiorapk for the two most critical
links identified.
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5.2  Analysisof vulnerability with partial loss of road capacity and implicationsto
network planning/oper ations

The main purpose of this section is to illustrthe use of the new M5 when road links are
partially damaged after an event. For examplroad link could get partially flooded and
probably a lane becomes unusable due to stgndater on the carriageway. Equally, it could
be due to a broken-down vehicle partially occupyarigne or could be ew closing of a lane
due to road works by the local authorities leguime rest of the carriageway for the motorists
to use. In order to illustrate the index with a partial loss of capacity, we have developed two
test scenarios relating a floodtegory to the road capacifyhe first scenario assumes a
minor flood which when occurs, 20% of the raagpacity would be lost thus reducing the
available capacity of the link to 80%. $@d scenario considers a moderate flood which
could cause a 50% reduction te@ ttepacity of the affected maThe loss to road capacity in
each scenario was applied to eatlthe critical road links R1 to R10 in turns and the
measure M5 was recomputed. The resulthege tests for the two test scenarios are
summarised in Table 3.

Table 3: M5 with partial loss of road capacity (rank in brackets)

Test
scenario R1 R2 R3 R4 R5 R6 R7 R8 RY R10

20%
loss of | -0.23% | -0.02% | -0.05% | -0.08% | -0.04% | -0.04% | -0.05% | -0.02% | -0.06% | -0.03%
capacity| (=1) | (=7) | (%4) | (=2) | (=5 | (=5) | (%4) | (1) | (=3) | (=6)

50%
loss of
capacity| -2.25% | -0.03% | -0.08% | -0.32% | -0.29% | -0.06% | -0.06% | -0.04% | -0.11% | -0.05%
(=1) (=8) (=4) (=2) (=3) (=5) (=5) (=7) (=4) (=6)

The results in Table 3 present a consistent patteM5 with respect to the loss of capacity
i.e. the higher the loss of capacity, the gretiterabsolute value of M5. For example, a 20 %
loss of capacity to R1 results in an M5-0f23%, a 50% loss causes an M5 of -2.25% and a
fully blocked R1 gives an M5 of -6% (as shoearlier in Table 2). Tis pattern also holds

for all other roads R2 to R10. However, the maiplication of the results in Table 3 means
that as M5 takes into accouht effect of rerouting of tfic, a road which is relatively
more(less) critical at a given loss of capacityyrnan out to be less(more) critical when it is
completely blocked. To give an example, iR4he second most critical road (M5 = -0.32%)
when half the capacity is lost, but when the risacbmpletely blocked it is less critical than
R3 which has a higher M5 of -3% (See TableWhen a given road is blocked either
partially or fully, drivers’ ability to find an alternative path (in comparable generalised cost
terms) will be affected depending on the serviceability of the link as well as the level of
congestion at which all other network linkie operating. M5 iprecisely designed to
effectively capture these two facs viz., the serviceability artie congestion in a multi-path
environment. The local authtigs could perform a sies of ‘what-if’ tests with varying
capacity levels representing different real lif@iaiions and identify the critical links thus
increasing their preparedness to face the ewers as floods or simply while preparing
alternative diversion plans before closingds for maintenance. The following section
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outlines the traffic diversion plans prepared @ummarises the effect of detours due to
various links failing.

5.3  Trafficdiversion plansand the effect of detours

Steps 1-5 described in Section 4.5 have lagygatied and a diversion plan each has been
developed for all the flood prone roads anatikEach diversion plan will have a large
number of OD pairs to divertherefore identifying the optim&bcations to show diversion
signs is not a trivial problem. In our reseaved have followed a simple heuristic involving
identifying the affected OD pairs with high demand and then identifying the diversion as
necessary. Figure 4 shows the diversion plan for Fulford Road (R1) and Figure 5 for Leeman
Road (R3). For keeping the paper to the jouleragth we do not show the plans for the other
roads. These two roads have been shownegsdie the two top rankg critical roads as
identified by the M5 and thplans shown are based on liiegristic as indicated. Although

the plans show one diversion each, many sughsplor other OD pairs put together will form
a complete set. In order to illustrate the eftdaietours we have worked out the difference in
generalised cost between deged and intact networks for all the OD pairs which is
summarised in Table 4. The firswwf the table shows the aveeagost of detour associated
with each link failure considering all OD paaad the second showing the median cost and
so on. These summaries have been worked out for all roads R1to R10.

Table 4: Descriptive statistics of traffic diversion effects associated with link failures#

Statistic R1 R2 R3 R4 R5 R6 R7 R8 R9 R10
Mean 570.57 268.01 374.28 186.p9 75.06 136.25 213.56 100.21 180.52
Median 82.62 97.37 247.86 90.54 67.35 96.82 86.65 689 83.23 66.58
Standard
Deviation 2012.41 932.38 501.09 587.50 46.98 263.66 1114.12 316.54 672.96
Maximum 27972.43 7352.0[7 5568.21 9388(64  384.79 4105.99 14609.36 5015.79 7109.40
Minimum 24.74 13.14 107.34 58.14 8.63 49)65 25.86 3.06 43.20

# In generalised cost units
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Figure 5: Diversion plan for Leeman Road (R3)
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6. Concluding remarks

Transport networks are vulneralitenatural disasters suchfasods, earthquakes, forest fires
etc. which may result in reduced accessibilitgeotain parts of the tal or in the extreme

they may remain completely cut off from thetrantil the affected links are revived. Analysis
of vulnerability of road networks has been awjng research field over the past decade and
attracted the attention of reselaers in formulating methods rdng in a series of indices
measuring the vulnerability of road networkddiures of links in sparse regional networks.
This research considered the question of vulnerability of dense urban road networks due to
events resulting in partial or complete ledsapacity of links. Denser urban networks
present new challenges as lack of accessilmigy not be the primary focus any more, but
the importance of the affected road link weidingher. This research applied a series of
indices from the literature tihe urban network of York in England and compared the
outcomes with a new index M5. The main conclusions from this work are as below:

Vulnerability indices based on distance are sigtéatr sparse regional networks and less so
for the urban networks. This is because devarurban networks weigh their travel time
relatively higher than they dorfthe distance. In other wordsrjvers usually follow routes
which are quicker even though they are lorigatistance terms. Sendly, the indices based
on OD costs tend to implicitly assume that alffic is routed through the least cost OD path
and hence are suitable for sparse networksveier, in dense urban networks drivers follow
more than one path and hence all network d¢in&racteristics are of primary importance to
the vulnerability analysis.

The new M5 considers the serviceability in tewh#ss of capacity of road links relative to
their base values adopted from the hierarchyatl system reflecting their importance. The
new M5 means a road with datvely higher loss o€apacity has a greater significance to
the vulnerability measure than a similar roathwelatively lower loss of capacity will have.
Formulation of M5 also means that the lossabacity of a road can be analysed in
continuous terms thus allowing for analysis o& blasis of partial loge the capacity. This
means M5 can be applied in general to atwasion involving loss o€apacity e.g. due to
road works, traffic incidents, which méwave major implicatins to road network
planning/operations. M5 also allows for sevéndiat-if’ scenarios to be built so that road
links can be ranked in terms of their siigance which may be extremely useful in
developing alternative plans aase of major disruptions.

Analysis of vulnerability does not stop@mputing a numerical measure of vulnerability.
This research paper also illustrates the use of M5 by developing an outline of a traffic
diversion plan when the road netian York is affected by floods.

Acknowledgements. We thank the two anonymous refes for their insightful comments on
the manuscript which have immensely helpeniproving the clarity of the exposition in the
paper.
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Appendix A: Vulnerability measures as set out in the literature

Table Al: Valuesof indicesfor critical roads

Index R1 R2 R3 R4 R5 R6 R7 R8 R9 R10
M1 -288996 -101661 -145925 -101798 -51585 -7991 -1360B31 -62574 -72849 -51
M2 3.73 3.91 3.79 3.85 4.02 3.91 3.93 3.96 3.99 4.03
M3 9.18 3.23 4.63 3.23 1.64 2.54 4.32 1.99 2.30 1.64
M4 1705 617 813 570 92 408 700 212 349 87
M5 -14349 -3016 -6671 -6009 -5620 -2477 -1226| -5131 -262P -163
Appendix B: Formulae used for calculating the proportionate values of indices
M1 = Yk QiAcka
Yk qkCk
K1)

A(1) indicates the change in total cost refatio the base costitlv the network intact.
Y%
k Ck k Ck

K2)

A(2) indicates the trips per urdbst in degraded network relative to the base level trips per
unit cost when the network is intact.

w,Ac w,.C
M3 = Yk WiACrq [k Wi Ck
Xk Wi Xk Wk

A3)

A(3) computes importance of lirkrelative the base level ohportance. A(3) is a general
form of A(1) and is identical to A(1) whehe weight adopted is equal to the OD demand.

Ma=C,—-C/C

A4)

A(4) measures the change in total cost of tramethe network relative to the total cost in the
base case when the network is intact.

|A| [Al

before |4l after before
M5 = X tbefore _ X tafter X; tbefore
- before | i after | ~i before | i
i=1 L\"i i=1 L\"i i=1 L\Ti

A(5)

A(5) measures the NVI relative to thase case when the network is intact.
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Appendix C: Reference values of vulnerability measures when the network isintact

Table A2: Basevaluesof indicesfor critical roads

1118

B3

D050

Index R1 R2 R3 R4 R5 R6 R7 R8 R9 R10
M1 451118 451118 451118 451118| 451118 45111 4511[18 451118 451118 45
M2 4.43 4.43 4.43 4.43 4.43 4.43 4.43 4.43 4.43 4.43
M3 14.33 14.33 14.33 14.33 14.33 14.33 14.33 14.38 14.33 14.
M4 6172 6172 6172 6172 6172 6172 6172 6172 6172 617
M5 260050 260050 260050 260050 260050 26004 260050 260050 260050 26
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