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Toward Disaster-Resilient Cities: Characterizing Resilience
of Infrastructure Systems with Expert Judgments

Stephanie E. Chang, Timothy McDaniels, Jana Fox, Rajan Dhariwal, and Holly Longstaff

Resilient infrastructure systems are essential for cities to withstand and rapidly recover from
natural and human-induced disasters, yet electric power, transportation, and other infras-
tructures are highly vulnerable and interdependent. New approaches for characterizing the
resilience of sets of infrastructure systems are urgently needed, at community and regional
scales. This article develops a practical approach for analysts to characterize a community’s
infrastructure vulnerability and resilience in disasters. It addresses key challenges of incom-
plete incentives, partial information, and few opportunities for learning. The approach is
demonstrated for Metro Vancouver, Canada, in the context of earthquake and flood risk.
The methodological approach is practical and focuses on potential disruptions to infrastruc-
ture services. In spirit, it resembles probability elicitation with multiple experts; however, it
elicits disruption and recovery over time, rather than uncertainties regarding system func-
tion at a given point in time. It develops information on regional infrastructure risk and en-
gages infrastructure organizations in the process. Information sharing, iteration, and learning
among the participants provide the basis for more informed estimates of infrastructure sys-
tem robustness and recovery that incorporate the potential for interdependent failures after
an extreme event. Results demonstrate the vital importance of cross-sectoral communica-
tion to develop shared understanding of regional infrastructure disruption in disasters. For
Vancouver, specific results indicate that in a hypothetical M7.3 earthquake, virtually all in-
frastructures would suffer severe disruption of service in the immediate aftermath, with many
experiencing moderate disruption two weeks afterward. Electric power, land transportation,
and telecommunications are identified as core infrastructure sectors.
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1. INTRODUCTION

Researchers and policymakers have called for
concerted efforts to make cities and intercon-
nected urban regions more “disaster-resilient.”(1–5)

Although definitions of resilience differ, they im-
ply that resilient cities can absorb shocks (from ex-
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treme events, such as natural disasters) while still
maintaining function (in terms of providing the ba-
sis for well-being of residents). Much of the current
literature on urban disasters has emphasized land-
use planning specifically, and hazard mitigation more
broadly, for reducing disaster risk.(2,6–9) An emerg-
ing body of research addresses planning for postdis-
aster reconstruction and recovery, emphasizing the
rebuilding of communities’ social as well as phys-
ical fabrics,(5,10,11) yet the resilience of cities after
a disaster is largely determined by the functioning
of complex, interdependent infrastructure systems.
Godschalk(3) suggests that for cities to be resilient,
their roads, utilities, and other infrastructure systems
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must be designed to continue functioning under ex-
treme hazard conditions; further, public and private
sector organizations must be prepared, have up-to-
date information, be connected by effective commu-
nication networks, and have experience in working
together.

Infrastructure systems are highly vulnerable in
disasters and their failures lead to widely felt losses.
In the 1994 Northridge (Los Angeles) earthquake,
for example, Gordon et al.(12) estimate that nearly
one-quarter of business interruption losses could be
attributed to failure of highway bridges. Infrastruc-
ture systems are also highly interdependent. Nojima
and Kameda(13) document the range of infrastructure
disruptions caused by electric power outages after
the 1995 Kobe (Japan) earthquake. Similar interde-
pendencies and associated societal disruptions have
been observed in hurricanes, ice storms, blackouts,
terrorism events, and other types of disasters.(14–16)

In broad terms, the tasks facing risk managers
in efforts to foster urban resilience regarding infras-
tructure systems have at least two components: (i)
characterizing vulnerabilities and resilience1 within
existing systems to disasters, and (ii) setting prior-
ities for mitigation efforts to improve resilience.2

Practical methods that can be applied in cities to
address these issues are urgently needed. Yet these
two tasks entail some unusual complexities: they
must address multiple sources of disasters, multiple
pathways for system failure, multiple and cascading
interdependencies among a wide array of infras-
tructure systems, and many potential alternative
measures to reduce failure risk within and across
systems, in the context of ill-defined and multilay-
ered governance structures. All these complexities
must be addressed within existing governance and
planning processes, in which many of the infrastruc-
ture systems are privately owned or operated, and
security concerns make information sharing difficult.
These tasks may not be familiar or easy ones for
risk managers, but in our view hold the potential to
overcome structural obstacles and help make infras-

1While vulnerability refers to the propensity for loss in the event
of a hazard, resilience refers to the capability of withstanding and
recovering quickly from such an event. These concepts could be
considered at levels ranging from individuals to nations. Here
we address urban resilience with a focus on sets of infrastructure
systems.

2Other challenging tasks include (i) obtaining funding for long-
term risk reduction, which competes with near-term operating
and service priorities, and (ii) implementation in upgrading or
siting new facilities. We do not address these topics here.

tructure systems, and thus cities, more resilient to
disasters.

The objective of this article is to develop and
demonstrate a practical approach for risk managers
working with infrastructure systems and communi-
ties to characterize vulnerability and resilience of in-
frastructure systems in disasters. We stress that this is
an exploratory effort, based on two cases conducted
sequentially. Our intent is not to provide general-
ized advice on what particular steps will make re-
gions more resilient to infrastructure failures, since
these prescriptions will be particular to and het-
erogeneous across regions. Rather, the intent is to
explore and apply nonprobabilistic, judgment-based
approaches for characterizing resilience of systems.
This approach is informed by the writing on prob-
ability elicitation(17–19) but applied to dynamic pro-
cesses. We also rely on elements of collaborative de-
cision processes that provide a context for informa-
tion sharing and learning(20,21) to help overcome in-
trinsic barriers that inhibit collective action to man-
age the interdependencies of infrastructure failures
in disasters.

The approach is nonprobabilistic. Risk is some-
times defined as a triplet of conditions: what could
go wrong, how likely it is to go wrong, and the con-
sequences if it does go wrong;(22) here, we address
two of these three questions. We rely on disaster
scenarios to address what could go wrong in terms
of an extreme event. We develop approaches that
make use of historical experience with similar haz-
ards in other contents, and the judgments of technical
specialists to characterize what critical infrastructure
services could be lost in a major disaster, to what ex-
tent, and for how long. We also investigate through
interviews and workshop processes how disruptions
in one infrastructure sector could cause ripple ef-
fects on other downstream sectors. We use these
findings to characterize consensus views on effects
on regional services and their broad consequences
for regional residents. We neither attempt to char-
acterize the likelihood of the initiating event (e.g., an
earthquake of a given magnitude and location) nor
are regional data available to characterize the prob-
abilities of system failures, and then interdependent
failures in other systems, conditional on that event.
Rather, we rely on a nonprobabilistic judgmental
characterization, informed by feedback and making
use of the views of several specialists, to provide
point estimates of resilience of systems, as a basis
for subsequent planning and decision processes for
mitigation.
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This article makes three contributions. First, we
outline a set of challenges that lead to an ongoing
“market failure” in terms of information availability
and thus investment to address resilience of infras-
tructure systems at the community or regional level.
These challenges motivate the need for communica-
tion among infrastructure system owners about the
resilience of their individual systems in a given event,
which will necessarily be based on judgments, given
the lack of shared knowledge about the resilience of
other systems. Second, we develop and apply an ap-
proach to expert elicitation of resilience in terms of
two variables, service disruption and recovery over
time. Although elicitation of probabilities from ex-
perts has been practiced for decades,(19,23) our iter-
ative nonprobabilistic approach, focusing on disrup-
tion and recovery over time, is a new opportunity
and approach for expert elicitation. Third, the work
sets out a series of steps for iteratively characterizing,
communicating, and updating the overall resilience
of the set of infrastructure systems in a region in re-
sponse to a scenario of an extreme event.

This article is structured in the following man-
ner. Section 2 discusses four concepts that are crucial
to this effort: a brief review of existing treatment
of resilience and interdependency in sets of urban
infrastructure systems; the obstacles to effective
management of infrastructure interdependencies in
extreme events; the importance of collaborative in-
formation sharing to help overcome these obstacles;
and the role of expert judgments in such assessments.
Section 3 discusses the methodological approach
we developed to characterize infrastructure vulner-
ability and resilience, emphasizing infrastructure
interdependencies. This approach has similarities
to methods for eliciting probabilities (a well-known
technique in decision analysis and risk analysis), but
with some important differences. We apply this ap-
proach in two different cases in Vancouver, British
Columbia. Section 4 summarizes the results and
synthesizes over the two cases. Section 5 provides
discussion and conclusions.

2. CONTEXT AND LITERATURE

2.1. Resilience Within Infrastructure Systems

Resilience of complex systems (the ability to ab-
sorb shocks while maintaining function) has emerged
as a fundamental concern for systems managers and
researchers(24) and for those affected by system fail-

Fig. 1. Resilience concept.

ure, such as elected officials, agencies, private or-
ganizations, and civil society. Much of the inter-
est in resilience has arisen in work regarding com-
plex social-environmental systems, although con-
cepts of resilience are also directly relevant for en-
gineered systems,(25) including infrastructure systems
within communities.(16,26,27)Because of the potential
for large-scale infrastructure failure interactions and
the spatial implications of infrastructure system fail-
ures, a community or regional perspective on in-
frastructure resilience would be highly useful. Yet
much of the work on resilience in regional contexts
either is theoretical, with a focus on the role of
institutions,(28,29) modeling-oriented, often with a fo-
cus on specific subsystems,(30,31) or aimed at under-
standing resilience of economic entities and systems
to infrastructure disruption, rather than the resilience
of the infrastructure systems themselves.(31,32) There
is a need for methods to characterize infrastructure
resilience in applied, real-world contexts, based on
the limited information at hand regarding perfor-
mance in extreme events.

Fig. 1, adapted from Bruneau et al.(26) and
McDaniels et al.,(16) provides a schematic represen-
tation of the resilience concept in a particular in-
frastructure system in terms of system function (e.g.,
the number of customers served by a municipal wa-
ter system) before and after an extreme event. At
time t0 shown on the graph, an extreme event such
as an earthquake occurs. The degree to which sys-
tem function is not forced to zero at that point rep-
resents the system robustness, or ability to withstand
an extreme event of a given level and still maintain
some degree of system function. Over time, system
function recovers until at tR it is fully restored. (Note
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that in some cases, the new system configuration may
differ from the preevent configuration, as discussed
in Holling.(25)) Increasing resilience, which is equiva-
lent in the diagram to reducing the loss triangle, can
be accomplished through ex ante measures such as
installing backup generators for a hospital or ex post
actions such as rerouting traffic.

Addressing infrastructure interdependencies is
central to fostering infrastructure resilience. Yet the
emerging literature on infrastructure interdependen-
cies has been dominated by systems engineering ap-
proaches in which the goal is optimization, rather
than resilience. These engineering studies have fo-
cused on the technical complexities of interdepen-
dent systems. Some have developed computer-based
simulation models of infrastructure systems and their
linkages.(33,34) Others have proposed model repre-
sentations and analytical approaches to character-
ize interdependencies and identify key vulnerabili-
ties, particularly from terrorism threats.(35,36) Link-
ages between infrastructure and social systems are
rarely considered; where they are, these are limited
to modeling how physical infrastructure loss would
affect economic sectors.(34,37) Decision making is gen-
erally addressed indirectly, if at all, through mathe-
matical optimization; for example, by identifying sys-
tem links that would have the greatest consequences
if damaged in an extreme event.

To foster infrastructure resilience, research is
needed that links urban physical systems with hu-
man communities, that supports the information
and communication needs of infrastructure organiza-
tions, and that directly addresses infrastructure deci-
sion making at the urban and regional scales.3 A first
step in such research is to develop methods to charac-
terize how a given region may be vulnerable to the di-
rect loss of infrastructure system services in a specific
extreme event, and also vulnerable to infrastructure
failure interdependencies (IFIs) that prolong and ex-
tend the loss of services. (IFIs occur when failure in
one system leads to failures in other, dependent sys-
tems; e.g., when power outages lead to malfunction
of pumps in water systems.(16) These methods should
also characterize how much infrastructure systems
can recover function to the extent possible within a
given period of time (as in Fig. 1). In addition to this

3Such studies on infrastructure interdependencies are rare. One
example is work by McNally et al.(38) that develops a GIS-based
information system to help infrastructure professionals learn
about the behaviors of interdependent infrastructures. The ap-
proach incorporates visual representations, disruption scenarios,
and expert knowledge.

resilience information, a second need is to foster the
capacity of infrastructure organizations to address
risk. Berke and Campanella(5) suggest that foster-
ing community resilience in general requires building
networks among community groups, in part to relay
information related to risk and risk reduction. They
observe that where groups have no history in work-
ing together, intermediary groups may be useful to
foster attention and agreement.

2.2. Obstacles to Fostering Resilience

The obstacles to fostering infrastructure re-
silience are not trivial, particularly when interde-
pendencies are acknowledged. Three challenges
are particularly noteworthy. First, organizational
interests are often at odds with regional interests.
The objectives of infrastructure managers, insofar as
disaster risk is concerned, include reducing physical
damage to their own infrastructure system, minimiz-
ing investment and repair costs, minimizing revenue
losses, and maintaining the organization’s reputa-
tion. Private infrastructure providers are further
accountable to their shareholders. Infrastructure
providers have few incentives to be concerned with
the effects of own-system disruptions on other,
dependent infrastructures (referred to here as
downstream effects). In the case of electric power
blackouts, for example, the current legal standards
and precedent are such that it is not the electric
power utilities but rather the dependent service
providers (e.g., building maintenance, in the case of
lighting for emergency stairwells) that are liable for
consequent losses (e.g., injury from stairwell falls
in power outages).(39) Thus infrastructure providers
have little incentive to understand the downstream
effects of their system’s outages and to consider
them in decision making. Actions such as retrofitting
infrastructure that may have large societal benefits,
especially through reducing infrastructure failure
interactions, may not be undertaken because they
are not sufficiently cost effective or beneficial to the
infrastructure organization itself.(40)

A second challenge pertains to security concerns
and barriers to information sharing. Infrastructure
organizations are well aware that their systems rep-
resent prime targets for acts of terrorism, and so
may be reluctant to share information about system
vulnerabilities. After the attack of September
11, 2001, public availability of information about
critical infrastructure has become much more
restricted.(41,42) This means that infrastructures that



420 Chang et al.

are vulnerable to disruptions in other systems (here
referred to as upstream disruptions)—hospitals de-
pendent upon electric power, for example—have dif-
ficulty gathering information about what to expect in
future disasters as a basis for their preparedness plan-
ning. (This is an even greater problem for community
groups than for downstream infrastructures.)

A third challenge derives from the observation
that few infrastructure managers have direct expe-
rience with major disasters. For example, even in
Los Angeles—a city with high seismic hazard—the
last two major earthquakes took place in 1994 and
1971. Our case study region, Metro Vancouver, is
in a moderate-to-high seismicity zone, but no ma-
jor earthquakes have occurred in the region in liv-
ing memory. The concept of adaptation and learning
from experience is central to concepts of resilience.(3)

The paucity of direct experience suggests the impor-
tance of learning from other regions’ experiences of
disaster.

To summarize, these three challenges (partial
incentives, limited and asymmetric information, and
lack of experience) create a form of market failure,
in which it is difficult or impossible for individual
infrastructure operators to understand their poten-
tial robustness to an extreme event and resilience
within a set of regional infrastructure systems. As a
result, there will be underinvestment in efforts to im-
prove the resilience of individual systems, and thus
the set of regional systems, compared to the level that
would be socially optimal. An individual firm’s busi-
ness continuity planning cannot be expected to over-
come these challenges because of the lack of knowl-
edge about the performance of other systems, and
the differences between private and social incentives
regarding mitigation investments.

The approach we develop in this article ad-
dresses these three challenges through structured
data gathering, elicitation of judgments, information
sharing, and integrated analysis in a collaborative ap-
proach, as discussed later.

2.3. Planning for Infrastructure Resilience

The planning and risk management litera-
tures have long emphasized the conceptual merits
of collaborative approaches to decision making,
often involving civil society groups, as well as
technical specialists and agency staff.(20) Although
many important benefits of collaborative planning
involving citizens and technical specialists have
been articulated,(43) the experience in practice has

been mixed, although still encouraging, based on
evaluations of citizen involvement in complex envi-
ronmental and technology issues. One notable aspect
of collaborative planning is the appropriate role of
technical specialists who provide and share technical
information regarding potential alternatives and
their consequences to address a policy question.(44)

The role of technical specialists with understanding
of specific infrastructure systems is crucial when
considering vulnerability and resilience of systems to
natural disasters. In sum, we believe that collabora-
tive approaches are crucial for overcoming the three
challenges discussed to building resilience.

2.4. Reliance on Judgments

All risk analysis and risk management re-
lies on judgments regarding both technical issues
and preference issues, made either implicitly or
explicitly.(45,46) One approach with wide recognition
and application in decision and risk analysis is elici-
tation of probabilistic expert judgments, typically ex-
pressed as a cumulative density function over a well-
defined quantity that is specified in time and space,
made in response to a set of conditioning assump-
tions, within a predefined structure.(19,23,47)Many
examples of probability elicitations have been pub-
lished. The judgment tasks explored in this study
employ the basic concepts and structure of proba-
bility elicitation, but with an important difference,
which can be understood with reference to Fig. 1.
In contrast to Fig. 1, probability elicitation employs
a cumulative probability density function (cdf) to
record and communicate expert judgments regarding
uncertainty for a precisely defined variable, typically
at one point in time (unless duration is the variable).
If our focus were probability elicitation, then the
structure of Fig. 1 would be quite different and
would require multiple representations. A proba-
bilistic version of Fig. 1 would show either the cdf
for the system function at a point in time, or the
cdf of duration to achieve a given level of recovery
of system function, which could be measured in
terms of percentage of service area or customer
accounts served. In our approach, Fig. 1 is dynamic
over time, but shows no uncertainty regarding the
level of service at each point in time. Of course, the
psychological nature of the judgment tasks is also
different. In our view, the judgment tasks required
to construct Fig. 1 are highly relevant for the issues
of regional infrastructure resilience, and for under-
standing potential IFIs, because resilience (in terms
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of robustness and recovery time) is elicited directly.
The kinds of information in Fig. 1 are particularly
relevant given the purpose of the assessments is to
broadly inform understanding of regional infrastruc-
ture resilience through considering the resilience of
the individual infrastructure sectors.

3. METHODS

3.1. Overview

The sequential protocols for probability elicita-
tion typically involve some version of the following
steps:(19,47) structuring, conditioning, motivating, elic-
iting, revising, and verifying.4 These steps all involve
judgments by the elicitor regarding appropriate
processes to follow, in order to achieve more man-
ageable and consistent judgment tasks for the expert,
in hopes of improving the quality of elicitation
results. Because judgments about risk issues are
subject to considerable influence from heuristics and
biases,(48) the processes often make use of question
structures to help overcome well-known biases.(19)

The psychology of behavioral judgments regarding
issues of resilience within complex systems is far less
well defined or explored in research than for the
uncertainties typically addressed with expert elicita-
tion. However, one could expect that overconfidence
by experts and a lack of alertness to a wide range of
failure modes would be key concerns. The judgment
tasks for resilience of a region are made even more
complex because of heterogeneity in both the initial
effects of an extreme event over space, and the rapid-
ity with which recovery occurs over space and time.

Although these complexities are daunting, the
purposes and uses of the analysis should help keep
the complexities in perspective. We are not attempt-
ing to model the spatial patterns of specific system
interdependencies and failure patterns in order to,
say, estimate economic losses from a given extreme
event. Rather, we seek to explore broad patterns of

4The approach of Cooke(23) has an additional step at the be-
ginning of the process, which focuses on calibration (gauging
judgment quality) as a basis for selecting experts to serve as
the source of judgments. The approach is clearly relevant for
repeated judgment contexts with rapid feedback (e.g., weather
forecasting). In considering judgments for rare events, the ap-
proach relies on answers to almanac-like questions, to infer some
general level of calibration. For this study, we worked with the
best available experts, for each type of infrastructure system, se-
lected by the infrastructure system operators. Hence, we had no
direct basis for or need for addressing generalized calibration.

resilience over whole regions, with a particular em-
phasis on IFIs, in order to help inform ex ante under-
standing of regional resilience and ultimately point
toward opportunities for low-cost, high-consequence
mitigation opportunities.

Our approach for eliciting resilience judgments
adopts a similar structure to probability elicitation
protocols, with some important differences. We have
four linked sequential phases: (1) structuring and
conditioning, in which we develop and test ways
to structure the expert judgments, develop specific
detailed hazard scenarios, and conduct background
research about similar hazard events; (2) expert
interviews, in which we motivate the process with
discussion of why this issue is important, and elicit
their preliminary judgments on resilience of one
specific infrastructure, operated by their organi-
zation; we also interview experts about potential
interactions with other infrastructure systems; (3)
data synthesis, in which we assemble the results
of several interviews into a set of diagrams; and
(4) information sharing, feedback, and revisions, in
which the infrastructure system operators and the
analysts meet together, to allow information sharing,
and updating of the original estimates, based on
learning about the vulnerability and resilience of
other systems. These steps are summarized in Fig. 2
and discussed in more detail later.

We have conducted this whole process twice,
once in 2008 addressing an earthquake scenario, and
once in 2009 addressing a flood scenario, both in
reference to the Metro Vancouver region of British
Columbia. We refined the methods over the course
of the two processes. In what follows, we present a
synthesis of the methods as they have evolved.

3.2. Structuring and Conditioning

3.2.1. Scenario

One initial step is to develop a hypothetical but
realistic hazard scenario that characterizes a signif-
icant threat to the region. In our two studies of
2008 and 2009, we employed one scenario in each
year (one earthquake, one flood). Here we provide
a brief overview of the earthquake scenario used in
the 2008 work.5 This earthquake scenario was used

5In the ideal situation, it would be preferable to condition the
judgment tasks on a range of different earthquake scenarios, to
explore thresholds in consequences. The obvious tradeoff that
arises in exploring more scenarios is the time and effort re-
quired from the experts to complete the elicitation tasks. The
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Fig. 2. Methodological approach.

in both the expert interviews and the workshop pro-
cess to provide a realistic conditioning event for the
judgment tasks and frame a consistent discussion
for each of the infrastructure representative inter-
views. The specific scenario selected—an M7.3 shal-
low, crustal earthquake with epicenter near Vancou-
ver in the Strait of Georgia—was one that the British
Columbia provincial government had been develop-
ing for regional emergency planning purposes. An
earthquake of this location and magnitude is realistic
for the study area, although it does not represent a
worst-case event. Working with the Provincial Emer-
gency Program’s seismologist, we developed a map
of ground shaking intensity for the event and an as-
sociated one-page description of the event including
limited damage predictions. Modified Mercalli Inten-
sity (MMI) levels for the scenario earthquake range
from VI to VIII in the majority of the study area (a
region of 2.2 million people), indicating strong to se-
vere shaking levels in specific locations depending on
soil types.

3.2.2. Previous Experience

We conducted research regarding the infrastruc-
ture failures and interdependencies that have oc-

individuals we interviewed are employees of infrastructure
providers with no obligation or incentive to participate in this
work, other than the opportunity to learn from the process.

curred in previous earthquake disasters. This review
covered 10 critical infrastructure sectors as defined
by Infrastructure Canada,6 an agency of the federal
government. The summaries focused on urban earth-
quakes that had occurred in industrialized countries
with similar development patterns and infrastructure
systems to those in Canada.7 In addition to infor-
mation on past earthquakes, we explored a database
regarding infrastructure interdependencies in non-
earthquake disasters that we developed for related
research.(16,49) The hazard scenario and summaries
of other disasters were provided to the experts be-
fore the interviews discussed later. These were in-
tended to help expand their thinking about the range
of infrastructure interactions, as well as inform them
about the extent of loss of system function, and time
to recovery, which have actually occurred in previ-
ous events comparable to the scenario. These efforts
were intended to help overcome the lack of expe-
rience with earthquakes or other extreme events in
the Vancouver region, and bring available informa-
tion from elsewhere to the local experts.

6These included: energy and utilities, communications and infor-
mation, finance, healthcare, food, water and wastewater, trans-
portation, safety, government, and manufacturing.

7They included the M6.9 1995 Kobe, Japan, earthquake; the M6.7
1994 Northridge (Los Angeles) earthquake; the M6.9 1989 Loma
Prieta (San Francisco Bay Area) earthquake; the M6.6 2004
Niigata Ken Chuetsu, Japan, earthquake; and the M6.8 2001
Nisqually (Seattle) earthquake.
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3.3. Expert Interviews

Expert interviews are the primary means of data
collection in this approach. Recruitment of experts
was conducted on the basis of two principles: first,
that the interviewees be the most knowledgeable per-
sons in their organizations to provide the information
requested; and second, that the experts collectively
represent the entire cross-section of interdependent
critical infrastructure sectors. Sectors represented in
this study included: utilities (electric power, water,
wastewater, natural gas); transportation (bridges and
highways, public transit, airports, seaports); telecom-
munications; healthcare (regional health authori-
ties, hospitals); and provincial, regional, and local
governments.

Appropriate experts within each infrastructure
organization were identified on the basis of their
professional roles, as well as through recommenda-
tions from other infrastructure experts. Individuals
selected for the interviews were organizational
specialists on emergency response or infrastructure
engineering and system performance, or both. Often,
they were the only individuals within the organiza-
tions with the knowledge and experience to provide
the expert judgments sought. Note that an expert
interview approach is not based on ideas of a repre-
sentative sample within a sampling frame. Rather,
each expert provided the best available information
about his/her own infrastructure system, often based
on input from others in the organization. A total
of 13 interviews involving 18 professionals were
conducted in person, always with two individuals
from our research team. With a single exception (a
municipality), all organizations contacted for this
study agreed to participate. Interviews typically
lasted one to two hours and interview notes were
sent back to all participants for verification.

The main objective of the interviews was to
gather information on the resilience of the infras-
tructure systems in terms of their ability to with-
stand and rapidly recover from extreme events, and
to characterize steps that can be taken to increase this
ability. Our questions were intended to elicit judg-
ments about how the particular system would func-
tion, in terms of service provision, at three time pe-
riods: just after an extreme event, three days later,
and two weeks later (see also the interview script in
the Appendix).8 We also inquired into interdepen-

8We did not ask for information on the location of specific in-
frastructure facilities. This helped to overcome the infrastructure

dencies among systems, in terms of other systems on
which the given system depends for inputs and the
extent to which other systems depend on the given
system for outputs in order to function. We asked
questions about that system’s planning for extreme
events, about the interviewees’ sources of informa-
tion and the degree to which they participate in mul-
tisectoral discussions about performance of interde-
pendent systems in extreme events. We were particu-
larly interested in ways to reduce regional vulnerabil-
ity to interdependencies among infrastructures. All
interviews began with a discussion of the hypotheti-
cal scenario and its associated map. In the 2009 inter-
view process, we developed a table to more directly
capture and summarize the resilience judgments. We
also developed tables to elicit how one sector (e.g.,
electric power) is expected to perform by other sec-
tors dependent on it (see interview script in the Ap-
pendix).

We are aware of the potential for overconfidence
in such judgment tasks. We cautioned the experts
about this potential problem in keeping with other
such protocols,(19) and also informed them of the ex-
perience of infrastructure interdependencies in other
similar events, noted earlier. We believe our iterative
process, with subsequent meetings and feedback re-
garding the judgments of other experts, helped lessen
the potential for overconfidence, compared to a one-
time interview. The interview format was pretested
with an informed colleague who is also an expert on
one of the region’s major infrastructure systems, and
revised somewhat before implementation.

3.4. Data Synthesis

Information from the interviews was synthesized
into two types of diagrams that initially documented
the interview results and later served as the ba-
sis for cross-sectoral discussion and revision. The
first, service disruption diagrams, provide a regional
overview of expected system function loss and recov-
ery over time for all the infrastructure sectors inter-
viewed. These diagrams summarize information on
robustness and recovery time that helps characterize
system resilience as depicted conceptually in Fig. 1.
In the initial version of these diagrams, information
for each sector was provided by the informant for
that sector; the final version incorporated revisions at
the workshop. The second, interdependency diagrams

representatives’ potential concerns regarding security and confi-
dentiality of information.
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Fig. 3. Classification of service disruption levels.

(in the spirit of Rinaldi et al.(50)), captured the func-
tional interdependencies among sectors and helped
in visualizing how disruptions in one sector might af-
fect other dependent infrastructures. These two types
of diagrams are shown and discussed in Section 4
(Results).

This synthesis required a succinct scale to
broadly characterize the societal impacts from the
system function loss, which would be applicable for
all sectors. We adapted a scale employed in Chang
et al.,(51) as well as input from the infrastructure
professionals, to develop the scale shown in Fig. 3.
Overall service disruption is rated according to four
levels: “no loss,” “low disruption,” “moderate dis-
ruption,” and “severe disruption.” Disruptions are
rated by characterizing two dimensions—spatial ex-
tent and severity of impact—along a scale that ranges
from “low” to “high.” Impact considers the severity
of consequences and the duration of the disruption.
For example, complete loss of water supply indicates
a high impact (independent of how many people
are affected), whereas a boil-water advisory lasting
a couple of days represents an inconvenience, or
low impact. Extent considers the spatial reach of the
disruption as well as the proportion of people within
the area that are affected. A disruption that caused
a single death, for example, would be considered to
have high Impact but low Extent. Fig. 3 translates the
measures of extent and impact into an overall rating
of service disruption: infrastructure outages that

have both high extent and high impact, for example,
are considered “severe” disruptions.9

When providing their judgments about levels of
their system’s function over the whole region, at the
time of the event and up to two weeks after that,
the participants were told to condition their assess-
ments on the state of their systems as they exist at
present, the stated disaster scenario, and assumptions
regarding the “rest of the world” outside of the af-
fected areas as it exists at present. The experts were
told to average the performance of their system over
the whole region, recognizing some areas (e.g., those
with more intense shaking) would be more severely
affected, and some areas less affected. This condi-
tioning of judgments on assumptions is crucial in ex-
pert elicitation.

3.5. Information Sharing, Feedback, and Revision

The final component of the approach involved
a one-day invitational workshop, held in Vancouver,
British Columbia. The 2008 event regarding the
earthquake scenario involved 13 infrastructure rep-
resentatives, including most of those who had been
interviewed, as well as others who had been unable
to participate in the interviews. The participants
collectively represented a substantial proportion
of major infrastructure organizations in the region.
The purpose was to (1) provide all participants with
an overview of the interview findings, (2) provide
opportunities for feedback and revision, and (3) de-
velop a consensus perspective on potential IFIs and
system resilience based on the earthquake scenario.

The research team began with a review of the dis-
aster scenario, and then summarized key interview

9Cox(52) has critiqued the use of categorical, qualitative risk ma-
trices, with probability and consequence as two dimensions of
the matrix, which at first glance might resemble Fig. 3. In fact,
our approach differs from that of concern to Cox in several ways.
It is conditioned on an earthquake or flood scenario. Given this
event, we seek to characterize the consequences on society in
two dimensions—the areal extent and severity of impact—with
no consideration of probability. Although some of the criticisms
raised by Cox may also be applicable to our approach (such as
limited resolution), we do not believe the risk of technical errors
is any greater than with any other possible approach, given the
complete lack of other sources of information about resilience
of systems after an extreme event. We recognize these broad
categories do not provide details of impacts, but rather are in-
tended for overall comparisons, in broad classifications, across
many kinds of systems. Hence the potential uses of the infor-
mation from this work offset to some degree the low precision
of the results. The method also recognizes tradeoffs between in-
sight, precision, and effort, given the information at hand.
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findings using the service disruption and interdepen-
dency diagrams. Through discussion and workbook
exercises, participants were asked to consider, revise,
and augment the information captured by these di-
agrams. Section 4 provides a discussion of the revi-
sions to the diagrams.

4. RESULTS

In what follows, we emphasize the results of
our 2008 project regarding earthquake, with some
observations from our 2009 work on floods added
where noted. Overall, the 2008 interviews indicated
that IFIs receive widely varying levels of attention
in current preparedness and mitigation efforts.
When asked about the organizations’ sources of
information about potential disruptions to upstream
infrastructure sectors, 62% (8 of 13 interviews)
mentioned industry associations, consulting studies,
publications, and similar sources that may provide
experience-based information from other disasters.
Some 54% indicated cross-sector discussions with
specific infrastructures in the region. Only 31% in-
dicated drawing information from both experience-
based sources and regional cross-sectoral discussion.
When asked about specific cross-sectoral discussions
in their planning processes, interviewees mentioned
on average just two other sectors, most commonly
federal, provincial, and/or local governments (54%)
and electric power (50%). These discussions are
largely bilateral. Only 46% mentioned regional
emergency preparedness and/or regional infrastruc-
ture coordinating bodies. Moreover, interviewees
were able to identify “upstream” infrastructure sec-
tors (those on which they depend) with much greater
confidence and specificity than “downstream” sec-
tors (those that depend on them). Infrastructure
organizations thus appear to be lacking a compre-
hensive view of how a disaster is likely to affect all
the various interdependent infrastructure sectors.

4.1. Assessment of Service Disruption Levels

To help address this gap, we synthesized infor-
mation from the interviews into an initial diagram of
sectoral disruption levels and presented it to infras-
tructure providers at the workshop for review, revi-
sion, and feedback. We also discussed the experience
in other similar events as a means of avoiding over-
confidence in assessments. We sought information
on the perspectives of other sectors regarding their
views on a given sector’s expected function. Partici-

pants had the opportunity to revise their own sector’s
service disruption rating after taking into account
other sectors upon which they rely. A number of sec-
tors chose to change their ratings and in many cases
raised their expected disruption level, thus provid-
ing a more informed assessment of expected service-
level disruptions. Fig. 4 represents the final diagram
of service disruption levels after revisions were made
by workshop participants in the 2008 workshop.10

Participants commented that although the diagram
was helpful in understanding what to expect from
other infrastructure providers, there were concerns
with the specific accuracy of aggregating across dif-
ferent agencies within sectors. Another concern was
the aggregation across the spatial dimension, in that
some areas of the Lower Mainland would face much
more serious infrastructure disruptions while oth-
ers may remain relatively undamaged. (In the inter-
views, however, they had been unable or unwilling to
provide information on how service disruption might
vary across the study region.)

Fig. 4 can be interpreted as a regional, multisec-
toral version of the conceptual resilience diagram
(Fig. 1) for a potential earthquake event in the Metro
Vancouver region. It shows that all sectors except
government and natural gas are expected to experi-
ence severe service disruptions in the immediate af-
termath of the specified earthquake scenario. Causes
range from physical damage of hard infrastructure
(such as roads, bridges, and power distribution sys-
tems) to overwhelmed telecommunication systems.
After 72 hours, all infrastructure sectors expect to be
experiencing moderate disruption. After two weeks,
electric power, government, and the natural gas
sectors expect to have recovered to low service dis-
ruptions. No infrastructure sector is expected to have
completely returned to no loss service disruption
levels at this stage. Interestingly, some infrastructure
providers commented that after the initial time

10Note that after our 2009 workshop, discussion and revisions to
the diagrams continued for over two months, based on evolv-
ing understanding of potential interactions. In the workshop,
two significant failure modes for one major infrastructure sec-
tor were identified that had not been originally reflected in the
first round of interviews. These failure modes had to do with the
impacts of a dyke breach and the depth of flooding in our flood
scenario. These two potential failure modes could adversely af-
fect two of the most significant infrastructure sectors in the re-
gion, in ways that had not been considered previously. We then
consulted existing engineering studies to clarify that these failure
modes were indeed possible, and highly likely with floods over a
given level, based on the dyke breach scenario used in our 2009
work.
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Fig. 4. Estimated service disruption levels, M7.3 earthquake scenario.

period, service levels might actually deteriorate due
to the effects of service losses in upstream infras-
tructure systems and depletion of backup resources;
however, they did not go so far as to revise the
diagram to reflect this possibility.

4.2. Interdependency Diagrams

Diagrams were also developed to overlay the ex-
pected disruption levels in each sector with infor-
mation on interdependencies between sectors. Fig. 5
provides a comprehensive overview of the upstream
and downstream effects in the immediate aftermath
of the earthquake. The dependencies are indicated
by links or arrows that point in the direction of the
downstream sector. Line widths of the links indicate
the degree of functional dependency. Colors of the
links and ovals refer to service disruption levels (e.g.,
red denotes “severe” service disruption and yellow
signifies “moderate” disruption) consistent with the
classification scheme in Figs. 3 and 4. Service disrup-
tion information, obtained from the interviews, ac-
counts for upstream dependencies and backup sys-
tems that may already be in place. Fig. 5 reveals the
status of upstream sectors, allowing each sector to
revise its expectations of the likelihood of receiv-
ing materials or service from other sectors, and to
plan and implement measures accordingly (e.g., ac-
quire backups, stockpile resources, design redundan-
cies). For example, one of the links indicates that

the health-care sector is highly dependent on wa-
ter, which in turn is expected to experience severe
service disruption. This knowledge helps the health-
care sector make decisions regarding alternative op-
tions, such as constructing wells onsite, to supple-
ment potable water sources.

Fig. 5 indicates that some sectors are much more
extensively linked than others. Core and peripheral
sectors can be distinguished by the number of down-
stream dependencies, weighted by the strength of the
dependencies. In this sense, the data indicate that
electric power is the most connected infrastructure,
followed by land transportation and telecommunica-
tions, in that order. These sectors can be considered
the region’s core infrastructures.

It is interesting to compare Fig. 5 for Metro
Vancouver with the generalized interdependencies
diagram from Rinaldi et al.,(50) which provided its
conceptual framework. From a conceptual stand-
point, Rinaldi et al.(50) suggest that electric power
and telecommunications are interdependent with all
other infrastructures, that transportation is interde-
pendent with most others, and that natural gas is
more peripheral. This study provides empirical con-
firmation for these suggestions in the case of Metro
Vancouver. A key difference relates to water: both
Rinaldi et al.(50) and experience in major disasters(13)

indicate that most other infrastructures are
dependent on water, yet this was not found in
the Vancouver study. Further study is required to
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Fig. 5. Infrastructure interdependencies and service disruptions.
Note: Sea and air transportation have not been represented on this diagram due to less perceived interactions with the other sectors. The
main downstream dependency for the Vancouver Port is to ensure online communication, while the airports have a significant dependency
on ground transportation, and moderate dependencies on electric power, telecommunications, and water.

investigate whether this reflects an actual or simply a
perceived lack of reliance on water.

4.3. Workshop Discussion

The study approach culminated in a workshop
that provided a number of benefits for character-
izing and addressing the region’s infrastructure
vulnerability and resilience. Participants gained a
more comprehensive and complex understanding of
infrastructure interdependencies and their potential
outcomes in disasters. In several cases, participants
revised judgments they had provided in the inter-
views after considering and discussing the expec-
tations of service disruption in other infrastructure
sectors. Typically, participants increased the degree
of dependency on other upstream sectors once they
realized the potential levels of service disruption.
Discussion also revealed that upstream service losses

would likely be exacerbated in the days and weeks
following the disaster as a result of backup resources
becoming depleted. Participants also became more
aware of how sectors directly upstream were in turn
dependent upon other sectors in a complex chain of
interdependencies. The diagrams also precipitated
discussion of facets they could not capture, including
variation in impacts across urban space and specific
facilities. Participants recognized additional inter-
dependencies that they had not considered at the
individual interviews; for example, the dependence
of other infrastructures on the health-care sector
for medical treatment for staff and their families.
Finally, discussions allowed resolution of some
discrepancies in expectations that had been revealed
in the interviews. Telecommunications, for example,
had assumed that electric power distribution would
be devastated in a major earthquake, whereas
the electric power sector in fact did not expect
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substantial system damage. The health-care sector
expected that local roads would be damaged but
largely usable in a seismic event. The land transporta-
tion sector, however, expected traffic to be unable
to move in many areas. By opening the discussion
on these types of discrepancies in expectations, the
process allowed infrastructure providers to develop
common understandings across sectors, as well as a
sounder basis for making planning decisions.

4.4. Validation

In the realm of quantitative modeling, verifica-
tion of data and validation of results are important
norms. When attempting to model a complex phe-
nomenon based on expert judgments, there are also
norms for verification and validation, but they are
naturally somewhat different. Earlier, we stressed
that both quantitative and qualitative modeling rely
heavily on judgments. The approach outlined here
seeks to make those judgments more explicit and
open to discussion and revision. Expert elicitation
assumes only that (i) it is possible to characterize
uncertainty as degrees of belief in specific judgments,
which is a fundamental precept of Bayesian statistics,
and (ii) the views of the best-informed experts
available are a reasonable source of information,
when structured and elicited appropriately.(19) These
assumptions are minimal compared to those needed
to make use of, say, quantitative input-output
approaches to characterizing impacts of extreme
events.(53,54) Hence, the requirements for validation
are markedly different.

For obvious reasons, expert judgments regarding
patterns of consequences from extreme events can-
not be validated through experience until an event
has occurred. Yet that does not mean these judg-
ments are without content or value. The value of such
judgments is in part a function of the decision con-
text, or how the information is intended for use. For
decades, decision analysts have made use of elicited
judgments as a basis for comparing the performance
of alternatives, using specific sets of beliefs (proba-
bilities) and values (tradeoffs).(46) In other contexts,
probability elicitation has been used almost as a form
of traditional science consolidation and augmenta-
tion, to characterize outcomes (say, given future cli-
mate change scenarios) even if no direct mitigation
or adaptation options exist.(55,56)

Given that one cannot validate these findings
in terms of outcomes, it is nevertheless important
to consider validation in terms of the process em-

ployed to obtain the judgments.11 The process em-
ployed to elicit the judgments in this work, summa-
rized in Fig. 2, has been informed by three sources.
One is the writing on the design and practice of
probability elicitation, noted earlier.(19,47) A second
source is the writing on steps to improving judg-
mental forecasting.(58,59) A third is writing on the
Delphi (i.e., consensus-based) approach to eliciting
expert judgments.(60) From these sources, the ap-
proach in Fig. 2 was developed as our overall strat-
egy. The method is iterative, as is the Delphi ap-
proach, but does not attempt to force any consensus.

One approach used in probability elicitation for
validation of judgments is convergence, achieved by
asking the same basic question in several different
ways. Here we instead asked the questions multiple
times, first in the interview process, and then subse-
quently in the workshop process after learning about
the initial results and the views of others. A second
approach in probability elicitation is to ensure that
all terms are clearly defined and all participants have
the same scenarios in mind when providing the judg-
ments. We addressed these points through direct in-
terview processes in which we could explain all terms
and questions, and with a clearly defined earthquake
scenario. A third precept of probability elicitation is
to ensure all participants are familiar with key lit-
erature, and that they use all available information
to inform the judgments. We distributed information
before the interviews and workshop on the effects
of five previous earthquakes in various urban areas
around the world. Later, when we reconsidered the
initial judgments in the workshop process, we made
reference to these previous events once again to en-
sure the information was salient for the participants.

Some steps could be taken in the future to im-
prove the validity of the judgments in subsequent
applications of this work. One obvious step would
be to elicit judgments from more experts.12 One
reason we did not adopt that approach here is

11This reasoning is in keeping with approaches to evaluating the
quality of decisions based not on outcomes, but rather on the
process, structure, and information base.(57)

12If multiple experts were employed in future studies, additional
steps could be taken to evaluate and assess the quality of judg-
ments for such a process. For example, in a previous study(56)

we omitted some expert views because they were highly incom-
plete, and in one case indicated misunderstanding of the ques-
tions. One can create histograms of sets of judgments for a given
variable, to serve as a basis for considering strategies for com-
bining experts. Beyond these steps, one can draw insights by
comparing the views of groups of experts (say with different
backgrounds).(19)
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because this work is deliberately extensive (all the
major infrastructure systems in a region) rather than
intensive (with several experts considering one sys-
tem in a more constrained location). The argument
in favor of interviewing multiple experts is simply
that in contexts with extreme uncertainty, no one
view about the future is likely to be accurate.(58) Yet,
in almost every situation, including this one, obtain-
ing more expert views is far easier said than done.
We sought the views of infrastructure owners about
whom they wanted to provide the judgments regard-
ing the performance of their system in a specific
earthquake scenario. The individuals they selected
are those whom the organizations trust to provide
this information. There are no alternative experts fa-
miliar with these specific systems.

A second way to validate the judgments pro-
vided here would be to compare these judgments to
the actual experience with infrastructure systems in
previous major earthquakes. Although that approach
has appeal, it is of limited value here because we al-
ready provided data on actual impacts for five major
earthquakes to the participants as part of the back-
ground preparation for the survey and workshop.
Moreover, the vulnerability of infrastructure systems
depends on local conditions (e.g., siting with respect
to topographic, soil, and other geographic conditions;
vintage of physical components; design and network
configuration) and earthquake damage depends on
event characteristics (e.g., epicentral location, depth,
magnitude), so that detailed validation using expe-
rience data from other events and cities remains
challenging.

Yet another perspective on validation can be dis-
cerned from the writing on confidence in expert judg-
ment, which indicates that experts (like all people)
tend to be overconfident in judgments, leading to too
little recognition of the nature and likelihood of ex-
treme events, and thus too narrow a representation
of uncertainty.(48,61) In that vein, one should expect
that the estimates in Fig. 4 for duration and disrup-
tion are more likely to be underestimates than over-
estimates. Beyond that, the challenges of judgments
about dynamics of complex systems are formidable
when the potential for threshold effects and emer-
gent surprises are recognized. However, our focus
here on failure interactions among systems is a step
toward understanding and representing these thresh-
olds, surprises, and complexities.

A final issue is that validation should reflect the
purpose of doing the analysis. Here our purpose in
this work is not to evaluate any single alternative

or sets of alternatives to enhance regional resilience.
There are literally tens of millions of alternatives that
could be considered, which need to be analyzed at
markedly different levels than in terms of the per-
formance of all infrastructure systems in the region
after a specific extreme event. Our purpose is not to
provide the “right” estimates of the consequences of
an earthquake like that in our scenario, since these
cannot be verified before the fact. Our purpose is in-
stead to develop and apply an approach that could
tackle the informational market failure we outlined
in the first section of this article. The intent is to help
inform regional managers for individual systems, and
managers for society as a whole, about the infrastruc-
ture interdependencies within the region, how they
could be affected by an extreme event such as a ma-
jor earthquake, and the potential consequences for
society. Regional planners and infrastructure owners
could greatly benefit from the information summa-
rized in Figs. 4 and 5; we know of no other ways to
obtain such information.

5. CONCLUSIONS

Understanding infrastructure vulnerability and
resilience is essential to the planning and decision
making that can enhance the disaster resilience of
cities and their vital infrastructure systems. This re-
search has provided a new, practical method for char-
acterizing infrastructure resilience, emphasizing the
critical but often overlooked factor of IFIs, and ap-
plied it to the Metro Vancouver study region. It has,
moreover, demonstrated a process that we believe
can be applied by other communities to characterize
and address their infrastructure vulnerabilities.

The approach outlined here provides a means
to help overcome the informational market failures
of partial incentives, limited and asymmetric infor-
mation, and lack of experience. To our knowledge,
this is the first method available to characterize the
resilience of a community or region to a given ex-
treme event scenario, in terms of all its component
infrastructure systems, reflecting the potential for in-
terdependent failures in these systems. It builds on
probabilistic elicitation approaches, but with several
key differences, primarily the direct elicitation of
resilience (robustness and recovery) rather than
probability of a given outcome, within a series of
steps that includes interaction among different in-
frastructure systems to provide learning and the po-
tential for revised estimates. This represents an ex-
tension and elaboration of established elicitation
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methods, within a new application context of great
importance for risk management efforts and for
societies.

Findings indicated the need for greater infor-
mation sharing among infrastructure organizations
regarding the likely effects of a major disaster.
Specific results for the case study pertain to the
likely severity of infrastructure disruptions in an
earthquake scenario, with severity defined in terms
of the impact intensity and spatial extent of disrup-
tion. For the hypothetical M7.3 earthquake, severe
infrastructure service disruptions can be expected
in most infrastructure sectors in the immediate
aftermath. Economic, social, and health-related
impacts are likely to be severe immediately after the
event, particularly in locations where ground shaking
is expected to be most pronounced. Emergency
restoration efforts are anticipated to reduce service
disruptions to moderate levels within 72 hours, but
full restoration would require more than two weeks.
Results also indicate that government and natural
gas are expected to be more resilient in such an event
than other infrastructure sectors.

In addition to developing information on re-
silience, the overall approach also fosters the ca-
pacity of the infrastructure organizations to address
risk. The workshop format allowed infrastructure
managers to share information on vulnerability, re-
silience, and interdependencies in a structured and
efficient manner in order to develop a community
or regional perspective of infrastructure resilience
beyond their own systems. As noted, participants
also gained new understanding on IFIs that allowed
them to revise their expectations of their own in-
frastructure system’s resilience. Although this over-
all approach cannot substitute for detailed, long-term
planning within infrastructure organizations, it can
provide new knowledge and networks from a re-
gional perspective that help motivate, inform, and
support such planning.

A number of limitations should be noted regard-
ing the methodology developed here. The approach
developed one specific earthquake scenario (and
in the subsequent year of the study, one flood
scenario) in order to focus participants’ attention
on a common context. Consequently, variations in
effects across other potential earthquakes and other
types of hazards were not discussed. In addition, the
approach emphasized regional-scale characteriza-
tions of infrastructure interdependencies and service
provision. It does not delve into the technical, largely

engineering specifics of these interdependencies.
Further, in most cases, we interviewed only one
representative of each organization; while the most
knowledgeable expert, this person may not always
have a complete understanding of the organization’s
activities.

It is also important to recognize how this work
should be interpreted and employed. Like all ap-
plications of expert elicitation, the process outlined
here is not meant to eliminate the need for quanti-
tative analysis of major systemic failures in extreme
events. We do not expect that experts engaged in
such a process will be able to capture all the com-
plexities, interdependencies, and related emergent
behaviors of such critical infrastructures. Rather, the
judgment-based analysis outlined here is a funda-
mental initial step in identifying vulnerabilities and
critical interdependencies. It also provides structured
information and knowledge needed to conduct fur-
ther quantitative analyses. The work of Kroger(62) is
helpful in showing what kinds of quantitative analy-
sis could contribute to identifying robust alternatives.
But as Kroger notes, the state-of-the-art of model-
ing interdependencies is still far from routinely op-
erational. Hence it is important to tackle such as-
sessments in a stepwise and integrated fashion. The
analysis discussed here is an important first step in
more in-depth analysis of critical infrastructure inter-
dependencies in extreme events.

Overall, the study has developed and demon-
strated a practical approach that can be readily ap-
plied by disaster managers to reduce risks associ-
ated with IFIs in their communities.13 The problem
of IFIs is challenging from both a technical stand-
point and a planning perspective: there are disjunc-
tures between infrastructures’ private interests and
the broader societal interests, barriers to information
sharing, and few opportunities for learning from ex-
perience. To address these challenges, the approach
developed here—consisting of a linked sequence
of informational summaries, a regional disaster sce-
nario, expert interviews, synthesis diagrams, and
interactive workshops—emphasizes both develop-
ing information on regional risk and engaging the
spectrum of infrastructure organizations in this
process.

13We have documented outcomes of the research on the project
website (www.chs.ubc.ca/dprc koa/) in formats appropriate to
practitioner audiences, including a searchable database and
practitioner-oriented short reports.
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Further research is needed to validate and refine
the approach developed here. In particular, methods
are needed that can efficiently and effectively elicit
expert judgments regarding a range of potential haz-
ard events that can cause a range of infrastructure
disruptions and interdependencies. Experience from
our 2009 flood application suggests that one promis-
ing approach may be to fully develop a single sce-
nario and from there, to explore variations (e.g., in
flood depth, duration, location, timing) that could
trigger significant threshold effects. For example, a
particular infrastructure may only fail if flood lev-
els exceed a certain depth. Validation of expert elic-
itation for rare events is not possible with standard
methods. On the other hand, validation may be pos-
sible in the future through expanded databases of the
consequences of extreme events such as earthquakes
for comparable regions, and expanded databases of
IFI events, in order to compare elicited judgments to
patterns in actual events. Calibration of the quality
of judgments for a given expert may be possible in
the future, if one adopts the assumption that calibra-
tion in one domain translates into calibration in other
domains.(23)

Further research is also needed on developing,
analyzing, and implementing alternatives to increase
regional resilience to IFIs. The scope and number of
alternatives is enormous, and the tasks of comparing
and setting priorities among these alternatives merits
substantial further research.(63,64)

Our experience in conducting this work also
points to a major gap in governance for disaster
management in terms of infrastructures. Although
emergency response is a standard activity for gov-
ernance contexts, and efforts are underway to help
coordinate security measures for facilities in various
locations, we know of no governance context that
addresses issues of infrastructure interdependencies
and their implications for regional resilience. Hence,
there seems to be a role for new (formal or infor-
mal) governance efforts that involve coordination of
efforts and information sharing as discussed in this
article, and are also provided with mandates to re-
duce such risk. We hope this work spurs interest in
developing such governance mechanisms.
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APPENDIX: INTERVIEW AND WORKSHOP
MATERIALS

This appendix includes selected materials to help
document the methods described in this study, specif-
ically an interview script used in the flood inter-
views (i.e., a refinement of the interview script used
in the earthquake study), including associated judg-
ment elicitation tables.

INTERVIEW SCRIPT

Part 1: Introduction to Research and Scenarios

Please read over the attached scenario regard-
ing a flood in the Chilliwack region and refer to
the accompanying map. Please note that the in-
frastructure that is affected by this flood services
the Greater Vancouver Regional District (GVRD).
As such, we are most interested in the effects on
Greater [Metro] Vancouver. The purpose of this
scenario is to provide a specific focus for your
thinking about your sector given a major system
shock.

(1) Does your organization use a flood scenario
for planning, and if so, how does it differ from
this one?

(2) Do you have any concerns or comments about
the scenario? Is there anything you would
modify or add?
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Part 2: Sector Impact

(3) Please use Table I to indicate how the flood
scenario would affect your ability to provide
services to consumers at various time points.
Please consider only how the flood would af-
fect your system (i.e., assume that other in-
frastructures do not suffer any damage or
disruption). What is your rough estimate of
the total duration of service loss? What do
you expect to be the severity of service
disruption?

Table I14

Service Disruptions to Your
System (Nature and Severity)

Scenario 0 Hours 72 Hours 2 Weeks+

Flood � No loss �No loss �No loss
� Slight

disruption
� Slight

disruption
� Slight

disruption
�Moderate

disruption
�Moderate

disruption
�Moderate

disruption
� Severe

disruption
�Severe

disruption
� Severe

disruption
Description: Description: Description:

Part 3: Upstream IFIs

(4) To what extent are you dependent on other
infrastructures? Please consider your depen-
dency in the postdisaster time frame. When
answering, please consider your degree of re-
liance on these infrastructures, as well as your
implemented flood-related mitigations to re-
duce this reliance. Please use Table II for your
responses.

14The interviewer guidelines included additional prompts and clar-
ifications for use when needed, including for Table I: “Explain
the types of service disruptions to your sector for each of the
three times. Please consider any measure of service loss that is
appropriate to your system.” Further, the service disruption lev-
els were defined as follows: Slight = Disruptions with low spatial
extent and low impact; Moderate = Disruptions with low spa-
tial extent & high impact, OR high spatial extent & low impact;
Severe = Disruptions with high spatial extent & high impact dis-
ruptions.

Table II15

Extent of Dependence on Sector

Sector None Slight Moderate Significant Do not know

Power
Communication
Water
Transportation
Government
Natural gas
Wastewater
Health system
Other

(5) How do you expect other infrastructures to
be affected by the flood scenario? Please use
Table III for your responses.

Table III

Type of Disruption to Sector

Sector None Slight Moderate Severe Do not know

Power
Communication
Water
Transportation
Government
Natural gas
Wastewater
Health system
Other

(6) With regards to potential upstream disrup-
tions, are there any specific concerns you may
have about certain sectors?

(7) Now considering how you expect these other
infrastructures to be disrupted, how would the
flood affect your system?

After participant has completed both tables:

(8) Now consider if the flood were smaller or
larger than in the scenario. How would your
answers change? What variables regarding
your system are most affected by the severity
of the flood?

15The interviewer guidelines defined dependence levels as: Slight
= Minimal reliance on sector; Moderate = Large reliance on sec-
tor with significant backup available, or, moderate reliance on
sector with no backup available; Significant = Large reliance on
sector with limited backup available.
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Wrap Up

(9) What information sources influence your
views on these effects?

(10) Is there any important information that we
failed to cover in our interview? Is there any-
thing else that you would like to add?

(11) Are there any people within or not within
your organization that you recommend that
we talk to?

(12) Is there any information that you shared with
us today that you would like us NOT to share
with others at our upcoming workshop?

(13) Overall, how confident are you in your an-
swers? Please fill out Table IV with a check
mark for your level of confidence.

Table IV

1 2 3 4 5
(Not at All (Highly
Confident) (Confident) Confident)

Your system
Upstream

sectors
Earthquake-

related
questions

Flood-related
questions

Finally, we plan to send all participants a brief
summary of their interview. We would welcome your
comments on this report.

Thank you very much for your participation in
this interview!
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