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Abstract Making cities more disaster resilient is an im-

portant goal for civil society. We develop and apply a

method to elicit ranked preferences to set priorities among

alternatives for a small set of selected contexts for im-

proving regional infrastructure resilience. Our approach is

based on preference judgments from representatives of

infrastructure systems and civil society, in which we

characterize the key steps in framing how to select, char-

acterize, and evaluate alternatives in a given decision

context. We then provide an approach to ranking alterna-

tives for a given potential infrastructure failure interaction

risk, relying on an expert panel approach. We discuss the

evaluation of this approach by the participants and views of

its advantages and disadvantages. We also offer some

caveats and suggestions for future applications. Key find-

ings include understanding of what is needed to set re-

sponsible priorities for regional infrastructure resilience,

and the specific findings, for the region of interest, include

priorities for enhancing fuel supply, water supply, and road

mobility.

Keywords Infrastructure systems � Resilience �
Infrastructure failure interdependencies � Mitigation

priority setting � Risk ranking � Expert elicitation �
Preference ranking

1 Introduction

Making cities more disaster resilient is a fundamental goal

for civil society. It has led urban planners and risk man-

agers to consider various ways in which the likelihood and

consequences of urban disasters can be reduced (Mileti

1999; Burby et al. 1999; Godschalk 2003; UN ISDR 2005;

Berke and Campanella 2006). While definitions of re-

silience differ, they concur in the idea that resilient com-

munities are those that can absorb shocks with minimal

losses while still maintaining function. For example, the

US National Academy of Science defines resilience as ‘‘the

ability to prepare and plan for, absorb, recover from, and

more successfully adapt to adverse events’’ (National Re-

search Council 2012). Hence, a more disaster-resilient re-

gion is a set of complex systems, or system of systems,

which would be expected to suffer a reduced disruption

after an extreme event, such as an earthquake or a flood.1

A primary focus of the previous urban planning lit-

erature on disaster resilience has been on land use and

hazard mitigation2 (e.g. Burby 1998; Burby et al. 1998,

1999; Nelson and French 2002; Brody et al. 2007). Another

focus is planning for post-disaster reconstruction and re-

covery, emphasizing the rebuilding of social as well as
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1 See resiliencealliance.org for many papers and perspectives on

resilience, although that site is largely concerned with resilience in

linked human/environmental systems. Holling (1996) discusses the

relationships between ecological and engineering concepts of re-

silience. McDaniels et al. (2006) discuss ways of enhancing resilience

within specific infrastructure facilities. Recently, authors have linked

resilience planning and risk analysis (Park et al. 2013; Linkov et al.

2014) and developed various means of practical measurement of

resilience (Linkov et al. 2013).
2 Note that we use the term mitigation to refer to ex ante efforts to

lessen the likelihood and consequences of disasters, in keeping with

the disaster management literature.
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physical aspects of communities (Schwab et al. 1998;

Berke and Campanella 2006; Olshansky 2006). Yet, a third

perspective has arisen in recent years in writing on fos-

tering engineering resilience of interdependent infrastruc-

ture systems as a fundamental means to making cities and

urbanized regions more resilient to extreme events (Bosher

et al. 2007; Ouyang et al. 2012; Chang 2014).

A research project introduced in a companion paper

(Chang et al. 2014) views resilient infrastructure systems as

a key to urban and regional disaster resilience. It provides a

non-probabilistic version of expert elicitation for charac-

terizing resilience of infrastructure systems over time, with

particular attention to the implications of infrastructure

failure interdependencies (IFIs), which greatly exacerbate

and extend the consequences of disasters in cities. In the

present paper, which builds on and extends Chang et al.

(2014), the objective is to develop and apply a method to

elicit ranked preferences to set priorities among alterna-

tives for a small set of selected contexts for improving

regional infrastructure resilience. The analysis involves

eliciting ranked preferences for priorities to enhance re-

gional infrastructure resilience from the same group of

technical specialists as the previous paper.

Infrastructure systems provide important services to all

sectors of society and are also highly interdependent. In

perhaps the first published study of IFIs, Nojima and

Kameda (1996) documented the range of infrastructure

disruptions caused by electric power outage in the 1995

Kobe (Japan) earthquake. Similar interdependencies and

associated societal disruptions have been observed in hur-

ricanes, ice storms, blackouts, terrorism events, and other

types of disasters (Mendonça and Wallace 2006; Chang

et al. 2007; McDaniels et al. 2007). We believe that re-

silient infrastructure systems that minimize the incidence

of IFIs after disasters could provide perhaps the most

fundamental element of urban disaster resilience and de-

serve considerably more attention from researchers and

practitioners. A number of research projects are underway

at research centres in Europe and the USA to pursue more

resilient urban infrastructure systems. To date, much of that

research is either theoretical or modelling based, with the

exception of the CARRI project, which originated at Oak

Ridge National Laboratory.3 In Chang et al. (2014) and in

this paper, we seek approaches that can be understood and

applied by practitioners and that also build on research-

based concepts and methods regarding elicitation of judg-

ments from experts.

In broad terms, the tasks arising in efforts to foster re-

gional resilience for infrastructure systems have at least

two components: (1) characterizing vulnerability and

resilience of systems to disasters and (2) setting priorities

for mitigation efforts to improve resilience.4 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 infrastructure 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. These planning tasks may not

be familiar or easy ones for risk managers and planners, but

in our view hold the potential to overcome structural ob-

stacles in order to help make infrastructure systems, and

thus cities, more resilient to disasters.

Chang et al. (2014) discuss some of the institutional and

informational obstacles to making interdependent infras-

tructure systems more resilient from a regional perspective,

including: partial incentives that limit the ability of any

system operator to address broader societal consequences

of failures, limited information about infrastructure inter-

dependencies, and limited experience with disasters. Other

obstacles may arise from issues such as the complexity of

ownership structures, and the potential gap between po-

tential beneficiaries and those who bear costs of mitigation

efforts and issues such as the integrity of and trust of in-

formation sources for potential public or private invest-

ments.5 Finally, obstacles will arise from a remarkable gap

in governance, insofar as no planning or regulatory agen-

cies address the collective resilience of independent in-

frastructure systems, to our knowledge. Such obstacles are

made even worse by situations involving cross-border in-

frastructure systems, such as power grids.

While we do not minimize or overlook these obstacles,

we believe that practical steps can be made to advance

practice and foster research on implementable methods.

Chang et al. (2014) develop and demonstrate an approach

for characterizing the resilience of specific infrastructure

systems, recognizing the potential for IFIs, conditional on a

hypothetical scenario for a major earthquake in Vancouver,

BC, Canada.6 It develops and demonstrates a process of

iterative expert elicitation, in which infrastructure system

owners, emergency planners, and city planners reviewed

and revised estimates of the resilience of existing infras-

tructure systems, in terms of system function after the

disaster scenario (Chang et al. 2014). The present paper

discusses the second component of that research process,

which developed a method based on applied decision

3 Some of these research programs can be viewed at www.resilientus.

org, www.itrc.org.uk, or www.rusi.org/ukresilience/, among others.

4 Other challenging tasks include (1) obtaining funding for long-term

risk reduction, which competes with near-term operating and service

priorities, and (2) implementation in upgrading or siting new

facilities. We do not address these topics here.
5 We thank an anonymous referee for raising these points.
6 See Chang et al. (2014) for the earthquake scenario, interview

materials and associated map in Appendix A.
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analytic approaches, in order to set priorities for selected

mitigation contexts that could enhance resilience of par-

ticular components of regional infrastructure systems. The

contribution of this paper is to characterize the key steps in

framing how to select decision contexts and then rank al-

ternatives for a given potential IFI risk, relying on an ex-

pert panel approach. We also discuss the evaluation of this

approach by the participants and our views of its advan-

tages and potential disadvantages.

The paper is structured in the following manner. Sec-

tion 2 provides a discussion of priority-setting approaches

relevant to infrastructure risk management. Section 3 dis-

cusses the methods, including the approaches we used to

screen and select among mitigation decision contexts,

structure alternatives, and characterize their relative pros

and cons. Section 4 presents the results in two ways: the

outcomes of the priority-setting efforts for three contexts

(fuel supply, water supply, and road mobility), and the

responses to and our assessment of the advantages and

disadvantages of the approach. Section 5 provides the

conclusion.

2 Priority setting in disaster mitigation

Setting priorities among diverse alternatives is a funda-

mental concern for planners, analysts, and risk managers

(Clemen and Reilly 2013; Morgan et al. 2000). A wide array

of methods and approaches has been employed for setting

priorities in public policy decision contexts, ranging from

highly structured and quantitative (such as economists’

benefit/cost analysis) to open ended and qualitative (such as

consensus processes). When considering approaches for

setting priorities for disaster mitigation, it is crucial to con-

sider the multiple strategic levels at which decisions are re-

quired, how these levels interact, and the information

requirements and degree of specificity at each level. Dif-

ferent methods are needed at different levels of abstraction.

Infrastructure systems in Canada have a mixed ownership

structure, some private and some public. There is typically

no entity or planning process responsible for setting pri-

orities and achieving implementation for mitigation mea-

sures to reduce the consequences of IFIs in disasters, since

they involve linkages between different kinds of infrastruc-

ture systems.

Table 1 sketches these decision contexts, from the broad

strategic level at the top to the tactical level at the bottom.

At broader, more strategic levels of decisions, no entity has

direct responsibility for setting priorities and fostering

implementation. Even within specific systems, the incen-

tives to consider effects on other systems within mitigation

priorities are limited in many cases (Brown et al. 2006).

Table 1 shows the relationships between the range of

planning decisions and levels of analysis required when

considering priorities for disaster mitigation with particular

references to IFIs. More strategic decisions necessarily

involve less detailed information, fewer constraints from

existing policy, longer time frames, broader frames of

reference, and are more distant from actual implementa-

tion. More tactical decisions typically require more de-

tailed information, involve more constraints from existing

policy, more focused frames of reference, and are more tied

to implementation. Strategic decisions for mitigation pri-

orities should set direction for more tactical decisions, and

the practicality of implementation at the tactical level gives

feedback to broader levels. In this manner, multiple levels

of decisions regarding disaster mitigation are similar to

other decision contexts across scales of governance and

impact (McDaniels et al. 2006).

Yet, another perspective providing important leverage

on these issues can be drawn from the writing on risk

ranking, which refers efforts to set priorities either among

diverse sources of risk to a given population or among

diverse risk management alternatives to address various

risks (e.g. Finkel and Golding 1994). Practices for risk

ranking typically proceed from a set of underlying precepts

that are helpful in setting priorities for enhancing disaster

resilience in cities: comparisons are needed across many

diverse sources of risk, or many diverse alternatives, so a

few common metrics are needed. Comparisons are needed

at a broad level even though information is scarce and

partial (often no detailed studies have been published), and

the analysis is oriented to screening opportunities rather

than final plans for implementation. Finally, judgments of

technical specialists, informed by experience from other

contexts, are often the best sources of information for

comparisons (Morgan et al. 2000, 2001; Willis et al. 2004).

Risk ranking studies typically proceed from a simple

multiple objective analytical approach, portraying impacts

on natural units or constructed scales (Keeney and Gregory

2005) rather than attempting to create one common metric

of impact such as money or utility. Probability has been

used in some but not all such efforts. Finally, the purpose is

to inform broad comparisons by governments and civil

society, so simplicity and transparency, avoiding overly

technical approaches, are all crucial.

In a formal analytical ideal, setting priorities for fos-

tering resilience in infrastructure systems for a city would

require: (1) an index of the multidimensional costs (private

and social) of every mitigation alternative for every sys-

tem, where costs are broadly defined to include financial

and other costs, scaled so that comparisons between al-

ternatives of different size and orientation are possible; (2)

an index of the multidimensional benefits (private and so-

cial) of every alternative for every system, where the

benefits are defined in terms of reduction in the risk of
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system function loss and interdependent function loss,

given an extreme event of a given size and type, scaled so

that comparisons between alternatives of different size and

orientation are possible; (3) the probabilities of different

kinds and scales of extreme events; and (4) the prob-

abilities of IFIs and their consequences, for a given mag-

nitude of extreme event, with and without additional

mitigation measures. Both ex ante measures to enhance the

robustness of interdependent infrastructures, as well as ex

post-methods to enhance the speed of recovery and

adaptability of system performance, would be compared.

With this information in hand, then, decision analytic ap-

proaches (Clemen and Reilly 2013) could be used to cal-

culate the expected utility of different portfolios of

mitigation measures to reduce IFIs.

Clearly, this formal analytical ideal is not practical,

given information gaps, and may not even be useful, given

the lack of clear governance contexts. The task facing

planners and risk managers is to develop ways of providing

insight for these issues in spite of these complexities.

Hence, we draw on the concepts of risk ranking to develop

more practical approaches. In practice, comparisons are

required at least two levels in Table 1. These include first

selecting the broad infrastructure contexts that provide the

best opportunities to mitigate IFI risks, given the nature of

the region, the governance contexts for the systems, and the

level of mitigation now in place in each system. Then, once

a system is selected, the second level of comparison is to

consider the alternatives that could provide the best op-

portunities (from the perspectives of knowledgeable tech-

nical specialists) to mitigate IFIs arising from within that

system.7 These two levels of decisions are reflected in the

bottom two rows of Table 1; they are considered in the

subsequent sections.

3 Methods

3.1 Overview

Chang et al. (2014) provide an extensive discussion of the

context and approach for the overall research. We adopted

a scenario-based, single-event approach (a hypothetical

earthquake scenario) to spur thinking and facilitate detailed

analysis. However, we believe the kinds of methods and

priorities to reduce the risk of IFIs are relevant to an array

of extreme events.8 Our research focuses on the perfor-

mance of systems within an entire infrastructure network

serving a region, so that risks are correlated across geo-

graphic space, network linkages, and disaster events. Fi-

nally, we assume that two sources of information are

crucial to setting priorities for mitigation efforts: (1) the

experiences in other disasters (particularly earthquakes in

urban areas) which can help predict IFI patterns and (2) the

informed and structured judgments of knowledgeable

technical and emergency planning experts.

The overall approach consisted of a series of linked,

sequential phases: (1) a hypothetical hazard scenario and a

compilation of background information regarding experi-

ences regarding IFIs in five other earthquakes; (2) expert

interviews regarding the expected resilience of specific

infrastructure systems, given the hazard scenario of a major

earthquake in Vancouver, BC, Canada; (3) data synthesis

and interpretation of the information regarding individual

systems and the implications for other interdependent

systems; (4) a workshop event for information sharing
7 Ideally, priorities should also be drawn from the perspectives of

civil society, including those who may be affected by IFIs in disasters.

This is another context calling for innovative multiagency and

multistakeholder governance, which we do not pursue here. To some

extent, the interests of affected parties are reflected in the judgments

of the participants who were planners or emergency managers for the

region, as discussed subsequently.

8 Specifically, the kinds of mitigation measure discussed in subse-

quent sections should be relevant and beneficial in a wide array of

extreme events. As observed in McDaniels et al. (2007), the kinds of

actions one can take to improve resilience in systems are limited to

specific kinds of alternatives, over a wide range of extreme events.

Table 1 Relationships between the range of planning decisions and levels of analysis required when considering priorities for disaster mitigation

Perspective Key questions Methods

Strategic (longer term,

broader perspective)

Are IFIs an important concern for regional resilience?

How much priority should be allocated to IFIs rather

than mitigation within sectors?

How should attention and resources for addressing IFIs

be allocated to specific intersectoral linkages?

Broad strategic planning, little to no relevant data, analysis

of experience elsewhere for analogies

More specific planning, comparing broad within-sector

mitigation to cross-sectoral IFIs and the consequences

Screening of specific intersectoral linkage opportunities

based on interviews, criteria, and judgments

Tactical (shorter term,

narrower perspective)

Within a selected intersectoral linkage, what are the

best ways to reduce IFI risk?

Ranking of alternatives for a given linkage, based on

criteria and judgments
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between infrastructure system owners and operators; and

(5) eliciting judgments in the workshop regarding IFI

mitigation priorities for the region. Chang et al. (2014)

provide more details on these steps and their results. The

current paper discusses the final step of that process.

We addressed three principal tasks to elicit judgements

regarding mitigation priorities. The first was to select the

specific IFI contexts that should be the focus of attention in

this process. The second was to develop a set of alternatives

to be considered for the selected IFI contexts, summarize

their benefits and costs in broad terms suitable for a risk

ranking exercise, and the third was to elicit judgments about

priorities among these alternatives from the workshop par-

ticipants [whose demographic characteristics are discussed

in Chang et al. (2014)]. These methods are detailed below.

3.2 Selecting IFI contexts for more detailed

examination

As an initial step, the sectors to be considered as priorities

had to be selected, akin to selecting potential hazard con-

texts in risk ranking efforts (Morgan et al. 2000). We

employed four kinds of information for this task. First, we

made use of results from a set of interviews with the critical

infrastructure (CI) sector key informants, which identified

contexts that they saw as possible priorities for greater

mitigation efforts (Chang et al. 2014). Second, we made

use of a review we had completed of the experience with

IFI occurrences and system failures in five in previous

earthquakes of comparable magnitude and context to that

described in the earthquake scenario for this project (pre-

sented in the appendix of Chang et al. 2014). Third, we

searched a database of archetypal IFIs recorded in previous

extreme events (Chang et al. 2007). Five sectors were se-

lected that were most frequently associated with IFIs in

earthquakes, including electric power, telecommunications,

fuel supply, road mobility, and water supply. These sectors

were those shown to be most susceptible to significant

disruption in past events and were those that participating

experts had indicated to be their areas of most significant

concern in possible future events. Recognizing that many

CI sectors have already established varying degrees of

power and telecommunications mitigations, and in the in-

terests of adopting a broad public sector focus, fuel supply,

road mobility, and water supply were selected as those

sectors most potentially in need of mitigation to avoid

adverse impacts on multiple infrastructure sectors.

3.3 Creating sets of alternatives and structuring

interactions

Mitigation strategies were developed for these three

sectors on the basis of two principles: redundancy and

hardening.9 According to the principle of redundancy,

risk managers would seek to diversify either the vul-

nerable component in their system or the means of re-

covering that component. This principle assumes that the

vulnerable component will fail, but that its function will

be duplicated. Relatively common instances of redun-

dancy-based practice would be the installation of onsite

fuel generators to mitigate the loss of electrical power,

or the provision of radios to mitigate the loss of com-

mercial telecommunications. To follow the principle of

hardening, practitioners would seek to make the com-

ponent and its functional dependencies less vulnerable.

This principle assumes that the component is much more

resistant to failure and that it will be sufficiently inde-

pendent to withstand any upstream failures. Relatively

common instances of hardening-based practice would be

the seismic retrofitting or reinforcement of significant

components of a sector’s system, for example, a par-

ticular bridge or an operation’s headquarters.

These two principles were used to generate and structure

mitigation alternatives for the three selected CI sectors, and

eventually, to present these alternatives to workshop par-

ticipants in summary form. This first required identifying

particular means to achieve these objectives within each

sector. In the example of fuel supply (see Table 2), the steps

were achieved by sequentially disaggregating the different

actions that would be necessary for any CI sector to access

fuel in an earthquake scenario. Supply and re-supply refer to

the process of bringing fuel into the affected region (in the

study area, this would likely be done through one of the

Lower Mainland’s ports). Access involves distributing that

fuel to stations within the region and ensuring user access to

these same stations. Facility functionality refers to main-

taining the functional integrity of the stations, in terms of its

key infrastructure (e.g. the building, the pumps, and the

payment or fuel release mechanism). User entitlement in-

volves determining who in an earthquake situation should be

entitled access to a potentially scarce resource.

Potential mitigation alternatives or means to achieve the

stated ends were identified for each step in the fuel supply

access chain. Relevant agencies or jurisdictions whose par-

ticipation would be required for the implementation of each

alternative were also indicated. As shown in Table 3, a coded

analysis of the suggested means was used to highlight the key

elements of the research team’s findings. For example, issues

relating to the incoming supply or re-supply of fuel and its end-

9 As suggested by an anonymous reviewer, future work should also

consider that there are other resilience strategies beyond hardening

and redundancy, which could include resistance (directing the threat

away from areas where it will cause disruption to critical function

such as a firewall around a critical asset) and cushionability (the

capacity to support graceful degradation of non-essential function

during periods of stress).
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user entitlement could potentially be best addressed through the

use of regulatory agreements and are italicized. Issues relating

to accessing and functioning of the facilities could potentially

be best addressed through either the building of new stations to

seismic standards shown in all capitals or the seismic retro-

fitting of existing stations, which are bolded.

Given the spatially organized nature of CI (e.g. the lo-

cation of roads, pipelines, wires, facilities) and the likely

Table 2 Creating mitigation strategies for fuel supply

Objective Means

Supply/re-supply Redundancy

Mandate a designated emergency fuel supplier

Hardening

Regulate existing commercial suppliers

Access Redundancy

Build new fuelling stations on DRRs or according to other locational factors (e.g. residential access, proximity

to CI) and identify access routes

Interregional distribution

Intraregional user

Hardening

Designate existing fuelling stations on DRRs as priority

Facility functionality

Infrastructure

Pumps

Payment

Redundancy

Build new seismically reinforced stations on DRRs or according to other locational factors (e.g. residential

access, proximity to CI) equipped with alternative or multiple power sources and alternative or override

payment mechanisms

Hardening

Seismically retrofit existing stations on DRRs or according to other locational factors (e.g. residential access,

proximity to CI) equipped with reinforced backup generators and payment mechanisms

User entitlement Redundancy

Establish fuel sharing agreements

Hardening

Establish fuel priority agreements or regulations

DRR disaster response routes

Table 3 Consequence table for characterizing fuel supply mitigation alternatives

Implementation Time

(months)

Agencies

involved

Difficulty Cost Resiliency gains

Regulation

(1a) Regulate fuel supply and distribution by establishing prioritization agreements

Provincial government, fuel

providers, CI sectors

24 [10 High Low Helps maintain baseline fuel supply for CI sectors, and

establishes expectations about fuel availability and needs

Disaster response routes

(2a) Designate and seismically upgrade existing fuelling stations

Governments and commercial

operators

12 [3 Med Med Helps maintain fuel supply and transportation, specifically on

the emergency roadway system, and for entitled DRR users

(2b) Build new seismically reinforced fuelling stations

Governments and commercial

operators

36 [3 High High

Other locational factors

(3a) Designate and seismically upgrade existing fuelling stations

Governments, commercial

operators, CI sectors

24 [10 Med Med Helps maintain fuel supply and transportation, specifically for

those selected according to locational factors

(3b) Build new seismically reinforced fuelling stations

Governments, commercial

operators, CI sectors

36 [10 High High
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spatial distribution of earthquake impacts (e.g. in terms of

soil type, the geography of rivers), two placement consid-

erations were also identified. Strategies regarding the

building or retrofitting of stations could be oriented to-

wards stations situated on the region’s designated disaster

response routes (DRRs) and are bolded in the table. Al-

ternatively, the strategies could be oriented towards sta-

tions selected according to other locational factors and are

underlined (e.g. in areas of high residential density or on

sites in proximity to significant CI facilities).

On the basis of these findings, three broad strategies

were distilled from the original table. The first was oriented

towards regulation. The second focussed on DRRs, and the

third was on any additional locational factors. These

strategies were re-structured and presented to the workshop

participants to elicit expert judgements.

3.4 Judgements for priority setting

Workshop participants for the priority-setting process

comprised 12 individuals representing: a regional port, a

telecommunications company, the electrical sector, com-

ponents of the healthcare sector, regional water supply and

sewage, natural gas, municipal, provincial, and government

emergency bodies. The objective of the elicitation process

was to provide a framework for workshop participants to

evaluate and refine the three identified mitigation strate-

gies, evaluate new strategies, and ultimately provide all

strategies with a priority ranking. To capitalize on the ex-

pertise among the expert participants and encourage a

cross-sectoral regional perspective, a great deal of time was

allocated to a facilitated discussion of the alternatives and

their relative strengths and weaknesses.

The judgement tasks required of participants were

structured through the use of consequence tables (Ham-

mond et al. 1999) (also referred to as an ‘‘objectives by

alternatives’’ matrix). To develop a consequence table,

answers are required for a set of key questions that com-

prise the elements of good decision process.10 For this

process, we assumed that three fundamental objectives

should matter in setting priorities for mitigation alterna-

tives: overall cost, benefits in terms of effects on infras-

tructure resilience for a given decision, and ease of

implementation. These objectives were selected on the

basis of the results of the CI key informant sectoral inter-

views and our understanding of the extensive writing on

disaster mitigation. Ease of implementation had three

subobjectives, expressed as performance measures, which

included a measure of administrative or governance diffi-

culty, the number of agencies involved in implementation,

and time needed to completion.

Each participant received a workbook that contained a

consent form, background information about the judgment

tasks, and three sets of consequence tables (for fuel supply,

water supply, and road mobility). The workbooks were

provided to record the participant judgments for each de-

cision context. The participants were also asked to evaluate

various aspects of the workshop process.

Using fuel supply as the example (see Table 4), each

strategy was characterized in terms of the time required,

the number of agencies involved, the level of difficulty, and

the cost of its implementation. The following categories

were used to classify cost and difficulty on broad scales of

low, medium, or high. The categories in these scales were

drawn from guidelines from Canadian federal government

agencies used for ranking the importance of specific in-

frastructure targets (Emergency Management BC 200811).

The final consequence of interest was the benefits of the

proposed measure, here expressed in terms of resiliency

improvements for infrastructure systems, given the specific

decision context. We relied on a summary statement rather

than quantitative measures of resilience gain, as well as

facilitated discussion aimed at eliciting the participants’

views on the effectiveness of each strategy in avoiding IFIs

and improving resilience of their infrastructure sectors.

After presenting summary tables such as in Table 3 to

the participants, they were given the opportunity to com-

ment on or modify any of the information. They were also

asked to modify or qualify any of the existing strategies or

suggest new ones. Finally, participants were asked to in-

dividually assign a low, medium, or high priority to each

strategy and provide any additional qualitative comments

in written form in an individual workbook. This stated

priority was to reflect their own personal views, based on

their professional experience with disaster management

within their sector. This process was repeated for the re-

maining two sectors of water supply and road mobility.

We informed participants that results would be aggre-

gated by summing the results of the categorical judgments

for each decision context, across all participants. No

weighting was considered, given the broad and categorical

nature of the judgment tasks. The results were reported

back to the participants in the workshop, for further re-

flection and discussion.10 These include: what is the specific decision being addressed? What

are the relevant objectives for this decision? How is performance of

the alternatives to be measured? What are creative, new alternatives?

What are their consequences in terms of the selected objectives and

measures? What are the uncertainties? What are linked decisions?

What is preferred? Hammond et al. (1999) discuss how to frame and

address these questions in informative, analytic ways.

11 ftp://ftpsry.env.gov.bc.ca/pub/outgoing/fpp/consequence_of_loss_

rating_documents/FPPworkbook080704.pdf.
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4 Results

The results are presented in two ways. First, we discuss the

relative rankings of the strategies discussed in the process.

We present these only to illustrate the kinds of results that

can be obtained with the approach outlined here, not to

suggest they represent priorities that should be relevant to

regions generally. Second, we discuss participant responses

to this approach for devising and presenting regional

mitigation strategies.

4.1 Substantive results on priorities

4.1.1 Fuel supply

The participants’ rankings of the proposed alternatives for

regional fuel supply mitigations, as well as their scoring of

a new additional alternative proposed in the workshop, are

found in Table 5. Based on the initial research and inter-

views, fuel supply and re-supply were seen to be critical

common elements of all sectors, yet it was not one that had

been addressed in other studies. This topic generated a

significant level of interest and participation.

Interestingly, this sector generated a strong consensus in

terms of preferred strategies, with options 1 and 4—

regulation, and demand management and education—

achieving unanimous support. The results suggest a strong

desire on behalf of CI providers for a more formalized

approach to ensuring that fuel supply and distribution are

structured to meet their needs and responsibilities. They

also indicate a desire for well-informed citizens, well

versed in ‘‘personal preparedness’’, to reduce the demand

for this critical resource. The security of a restricted fuel

supply was also raised as an issue that regulation or

education would need to address.

A weak consensus also emerged from the rankings of

strategies involving more specific choices (e.g. ensuring

facility functionality through either retrofitting existing

fuelling stations or building new ones to seismic standards,

and choosing to locate these facilities on the basis of DRRs

or according to other locational factors). Although there

was a recognition that the marginal costs of building new

stations to higher standards were likely lower than retro-

fitting existing stations, there was a general preference for

orienting seismic preparations towards existing fuelling

facilities (e.g. comparing strategies 2a–2b and 3a–3b).

However, participants indicated they thought the time

frame projected to complete such retrofits was unrealistic

and would likely need to be increased from 12/24 months.

Turning to where such facilities should be situated, there

was a widely shared preference for attention to DRRs

rather than other locations (i.e. comparing strategies 2–3).

Indeed, there was a strong sense that such a strategy would

be an effective way of enhancing the resilience of the ex-

isting DRR framework, by better ensuring vehicle func-

tionality on the network. Locating fuelling stations on

DRRs would be a means to benefit fully from the physical

seismic preparations and reinforcements already in place,

while the fact that DRRs are access restricted to key per-

sonnel and CI sectors would correspondingly help ensure

Table 4 Scales to represent summary categories for judging consequences of alternatives

Ranking Low Medium High

Cost $1M–$5M $5M–$10M [$10M

Difficulty 1 agency, 12 months 2–5 agencies, 24 months [5 agencies, 36 months

Table 5 Participant rankings of proposed mitigation alternatives for

the regional fuel supply sector

Fuel supply (n = 12)

Strategy Ranking

1. Regulation

Regulate fuel supply and distribution by

establishing prioritization agreements

H = 11

M = 1

L = 0

2. Disaster response routes (DRRs)

Designate and seismically upgrade existing

fuelling stations

H = 3

M = 6

L = 3

Build new seismically reinforced fuelling stations H = 0

M = 5

L = 7

3. Other locational factors

Designate and seismically upgrade existing

fuelling stations

H = 1

M = 3

L = 8

Build new seismically reinforced fuelling stations H = 0

M = 3

L = 9

4. Other strategies proposed by participants

Demand management and education H = 12

(one H/M)

M = 0

L = 0
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the prioritized distribution of fuel. A further suggestion was

to focus refuelling on transit depots and municipal works

yards, which as government facilities would be easier to

control than commercial gas stations. A final recommen-

dation was the need to integrate such a strategy into the

multimodal perspective of DRRs in the study region, which

could include utilizing fuelling stations located at muster

zones, or other places easily accessible by barge.

4.1.2 Water supply

Participants completed a similar set of judgment tasks for

the water supply strategies (see Table 6). In order to pro-

mote regionally relevant discussion, mitigation strategies

were considered at the supply distribution level, as opposed

to the water plant treatment facilities. It should also be

noted that Metro Vancouver (the regional governing body)

is responsible for water treatment and distribution pipeline

infrastructure, while distribution systems are the responsi-

bilities of the respective municipalities.

The Metro Vancouver water supply system has a con-

tinual programme of seismic upgrading for its existing

water pipelines, and this process was reflected in response

to 1a. However, during the pre-workshop interview pro-

cess, questions were raised about the seismic readiness of

the pipelines within older municipalities, reflecting the

presence of older cast iron pipes still in use in some

locations.

During the earlier interview process, comments were

made about potential installation of local water processing

and treatment systems at CI facilities. Certain sectors, no-

tably the food and beverage industry, have onsite water

treatment systems to ensure quality control over their

products. However, few of the CIs within the region have

this capability, although several facilities have indicated

plans to tap the region’s high water table for emergency

well water.

The Metro Vancouver region contains many natural

lakes, ponds, and streams, and one suggested strategy was

to encourage local facilities to tap and process water lo-

cally at these sources. However, this suggestion only re-

ceived a medium ranking from participants. Instead, the

preference was to provide for water trucks and water tan-

kers as an alternative water distribution point in the event

of water continuity failure. The last strategy, to provide

emergency water treatment measures at a residential/per-

sonal level, also received a generally medium response.

4.1.3 Road mobility

The need to maintain mobility on the regional road network

emerged as an area that had received a good degree of

previous thought, discussion, and planning by workshop

participants (see Table 7). Therefore, the discussions of

strategies 1 and 4 in particular focussed in part on the need

to conclude work already in progress, or implement such

efforts, with the relative merits of the strategies already

shared in principle by most participants. This shared un-

derstanding is reflected by the effective consensus rating of

strategy 1: the regulation of debris removal to ensure func-

tionality of the road network. Preparedness with respect to

the removal of debris from roads (and elsewhere) had been

recognized as not well addressed in regional mitigation

planning and was described as a ‘‘work in progress’’ being

undertaken by a regional emergency liaison committee12 at

the time of the workshop. The particular challenges asso-

ciated with such a strategy related to defining jurisdictional

responsibility in a multijurisdictional region and allocating

12 JELC was the Joint Emergency Liaison Committee (JELC), a

partnership between local governments in the Lower Mainland and

the Province of British Columbia. Using a cooperative model, it

focused on cross-jurisdictional emergency planning and preparedness

through establishment of task focused on working groups (Metro

Vancouver 2009) (http://www.metrovancouver.org/PLANNING/

EMERGENCY/Pages/default.aspx).

Table 6 Participant rankings of proposed mitigation alternatives for

the regional water supply sector

Water supply (n = 12)

Strategy Ranking

1. Distribution

Supply continuity—assess and harden water

distribution pipeline from Metro Vancouver to

municipalities

H = 8

M = 2

L = 1

Abstain = 1

Locate onsite water sources (wells) and install

treatment facilities at critical infrastructure

H = 6

M = 3

L = 2

Abstain = 1

Locate suitable water sources (lakes) and install

treatment facilities at communities

H = 0

M = 8

L = 3

Abstain = 1

2. Mobile water distribution

Plan for water trucks and tankers H = 5

M = 4

L = 2

Abstain = 1

3. Other measures

Stockpile residential emergency water purification

(tablets, filters)

H = 2

M = 7

L = 2

Abstain = 1
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the financial resources at the municipal level. Notwith-

standing these implementation challenges, this was a strat-

egy the region was already addressing and there was a

suggestion that the proposed time frame of 24 months

should be shortened to 12.

General support was also expressed for strategy 4, ad-

dressing the need to develop access plans to ensure key CI

personnel is mobile after a disaster. Although seen as an

important area that had received prior consideration, there

were suggestions that the consequence table information

underestimated the difficulty (L) and time (12 months) to

implement such a strategy. The means to put such a

strategy into operation that achieved the most support

would be to position it explicitly as a complement to ex-

isting work on DRRs. Here, with DRRs already designated

as access restricted, the focus of discussions and recom-

mendations addressed the question of compliance and en-

forcement, and the difficulty in ensuring the available road

network was not congested due to general public use.

The responses to strategies 2 and 3 are the most diver-

gent findings in this area, with both receiving about as

many low-priority rankings as they did high-priority

rankings (6–4 for strategy 2 and 5–4 for strategy 3). This

divergence in views illustrates some of the challenges of

regional mitigation planning as both these strategies are

predicated on the premise of cross-sector sharing (of hu-

man resources or of materials and equipment). A particular

point raised with these approaches related to the liability

and safety issues that could arise if regional teams were

tasked with repairing infrastructure from different sectors,

jurisdictions, and industries. The significance of these is-

sues could be magnified by the high degree of sensitivity

associated with revealing the specific locations of poten-

tially vulnerable infrastructure. Beyond these issues of

liability and sensitivity, some participants judged strategies

2 and 3 as low priorities because they would be costly and

labour-intensive; strategy 3 was seen as particularly prob-

lematic in the earthquake mitigation context. It was as-

sumed that the strategizing of materials or equipment

placement would be ineffective without a clear knowledge

of exactly where damage would occur. However, other

participants believed that equipment placement could be an

effective if expensive strategy for certain locations and that

the strategy could be adapted to concentrate on traffic

signals, with the need to explore power backups, remote

controls, and LED technologies. Furthermore, one par-

ticipant reported that given the cross-sector reliance on

road mobility, strategies 2 and 3 could be used as building

blocks to drive a larger region-wide agreement on the

sharing of resources (human and material) in a post-dis-

aster scenario. Although the participants did not suggest

any alternative strategies to those proposed, an important

final consideration related to the need to adopt a multi-

modal perspective for all facets of mobility (removing

debris and moving personnel or the public at large), given

the significance of marine transportation in the study

region.

4.2 Responses to workshop and elicitation approach

Overall, participant responses to the method for eliciting

judgments were very positive. The identification of par-

ticular subobjectives within each sector (for example, the

different stages of Access, Facility Functionality, and User

Entitlement in the fuel supply chain) enabled the group to

focus collaboratively and simultaneously on the same tar-

get element, while the division of possible mitigations into

redundancy and hardening provided a consistency of ap-

proach that was easily grasped. The ensuing characteriza-

tion of these mitigation strategies according to time

required, agencies involved, cost, difficulty, and resiliency

gains was relatively simplistic and could as such be readily

absorbed within the 1-day time frame of the workshop.

Participants were initially walked through the different

stages for the first sector, fuel supply, but were soon able to

grasp the key elements and participate actively. The pre-

sentations for the remaining two sectors of water supply

and road mobility were correspondingly quicker given their

reliance on a now familiar methodology. The level of

participation and contribution of ideas and suggestions,

however, remained consistent for all three strategies in

terms of both facilitated discussion and written feedback in

Table 7 Participant rankings of proposed mitigation alternatives for

the road mobility sector

Road mobility (n = 12)

Strategy Ranking

1. Regulate debris removal

Formalize responsibility for debris removal (e.g. on a

route or CI priority basis)

H = 11

M = 1

L = 0

2. Human resource sharing

Establish regional teams (rapid assessment, debris

removal, repair, and inspections, etc.)

H = 4

M = 2

L = 6

3. Materials and equipment

Acquire and locate shared emergency removal and/or

repair materials and equipment at key regional

locations (e.g. routes, CI)

H = 4

M = 3

L = 5

4. Personnel access plans

Develop specialized transportation plans (means, modes,

and/or routes) for key CI personnel

H = 7

M = 5

L = 0
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individual workbooks. An explicit evaluation of the

workshop was conducted at its conclusion. Participants

unanimously indicated they saw the workshop process as

time well spent and indicated that they had learned a lot

from discussion with the other sectoral participants, the

most positive evaluation levels.

Participants noted that while the attributes used for

characterizing these strategies and their description were

intentionally simplistic, at times a higher specification of

detail could have been useful. For example, when dis-

cussing the fuel supply sector, participants indicated they

would require greater information on existing and previous

seismic building codes for gas stations, as well as a com-

parison between the marginal costs of building a new gas

station to higher standards as opposed to those of upgrad-

ing an existing station, to be able to meaningfully delib-

erate on the relative merits of these strategies.

Participants also found it difficult to characterize alter-

natives in the broad terms of difficulty, cost, and number of

agencies. Some were concerned that characteristics fall

short of assigning responsibility for implementation and

fail to completely reflect the challenges of converting good

ideas into regional practices. However, structuring the

workshop at this more generalized level was a necessary

first step when setting priorities for mitigation. A more

refined focus on the precise criteria for deciding regional

mitigation priorities and the means for implementing them

should be issues of great interest in subsequent research

along these lines.

5 Conclusions

While resilience is an increasingly popular concept and

metaphor for many dimensions of complex systems, how to

foster this property for something as fundamental as the

network of infrastructure systems in a region is not well

understood. As can be seen in this work, efforts to enhance

regional infrastructure resilience require understanding of

how the network of systems operates, where the network of

systems is vulnerable, and what kinds of specific efforts (as

mundane as selecting and siting refuelling stations) would

help make them more resilient and functional after a dis-

aster. Yet, as we have indicated, obtaining such informa-

tion is very difficult, and if it is available, considerable

further efforts are required to then create and evaluate al-

ternatives in terms of their important consequences.

Beyond these steps, the tasks of organizing collective in-

vestment and implementation within civil society to make

these systemic improvements are daunting. Yet, these are

the steps required in order to make the infrastructure sys-

tems, the basic services of a region, more resilient to ex-

treme events.

We believe that the approach developed and presented

here is a useful step in the beginning of structure, compare,

discuss, and set priorities for actions to improve the re-

silience of infrastructure systems. It draws on concepts and

applied practice of decision analytic approaches, risk

ranking, and efforts to involve components of civil society

in analysis and discourse regarding ways to improve re-

silience of the fundamental services that are crucial for

societal function after a disaster.

The approach presented here is relatively simplistic and

has not been the focus of experimental designs to assess

whether there are better or worse ways to conduct these

judgment tasks. Conversely, processes for risk ranking

generally have been subject to considerable experimental

comparison and refinement (e.g. Willis et al. 2004). Some

might wonder whether the approach discussed here is up to

the task of addressing the highly complex issues in pre-

dicting IFIs, modelling their consequences, and comparing

the benefits and costs of selected mitigation alternatives.

We would reply that our approach does not rely on pre-

diction, but rather on the judgments of technical specialists

on where IFIs are likely to occur in an extreme event, what

mitigation contexts and alternatives are amenable to public

sector guidance or intervention, and the judgments of

specialists in comparing different intervention alternatives

for a given context. Our approach reflects a key concept in

decision analysis, the value of information, which states

that new information for a specific decision has value only

to the extent that the choice among the alternatives would

be changed (Clemen and Reilly 2013). We argue that the

choices of mitigation alternatives for the contexts discussed

in the previous section would not be sensitive to refined or

additional information about probabilities or more specific

views on IFIs in those contexts. There may well be draw-

backs to our approach, in the sense that deeper exploration

of the alternative contexts for IFI mitigation may provide a

longer list of options among which to set priorities. How-

ever, we do not see the need for probabilities of IFIs nor

detailed engineering and cost information, nor prediction of

the consequences in order to responsibly compare

alternatives.

We would urge future researchers to pursue these issues

further in terms of how best to conduct such collective

processes for investigating and comparing alternatives to

improve regional resilience of infrastructures in disasters.

We urge others to consider more complex approaches as

alternatives to this work, to discern whether this approach

loses resolution through aggregation and judgment. We

argue this topic is highly underresearched, relative to its

importance for societies.
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