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Transportation infrastructure requires governments to invest and support research in this 

area. Discussions relevant to this usually happens after disruptive events when 

transportation attracts the attention of societies. In modern societies, however, governing 

the transportation sector is so fundamental that the discussions around measuring the 

resilience of transportation are on-going among decision-makers for planning and funding 

allocation purposes. Such discussions have resulted in the development of assessment 

tools for evaluating the resilience of transportation infrastructure. 

Consequently, much research has been carried out to provide users with flexible and 

optimised tools for measuring and evaluating resilience. Despite all these efforts, there is 

still a need to develop efficient approaches to select and implement these resilience 

assessments. To contribute to this demand, this thesis investigated the process of applying 

an appropriate resilience assessment tool in the transportation sector in New Zealand. 

Accordingly, this study aimed at 1) studying the criteria and procedure of selecting an 

appropriate resilience assessment tool and selecting a tool accordingly, 2) developing an 

efficient and feasible implementation approach for resilience assessment using the 

selected tool, and finally, 3) proposing modifications and improvement opportunities to 

increase the maturity and efficacy of the selected tool for practical implementation in the 

future. To achieve these set objectives, action research was designed after an initial 

extensive critical literature review. For the purpose of investigating the maturity and 

efficacy of the existing transportation resilience assessment tools, an expert consultation 

was conducted, followed by a need analysis of stakeholder participants to select and 

evaluate an appropriate tool. The selected tool then thoroughly analysed and accordingly 

implemented in three case studies for further investigation. The findings of the study 

could provide guidelines for effective implementation of resilience assessment by 

considering decision-makers and transport stakeholders’ expectations. The results also 

suggest improvement opportunities for the investigated resilience assessment tool. This 

thesis looked at resilience assessment in a practical way to highlight important 

considerations when selecting transportation resilience assessment tools. It also guides 

readers step by step in the implementation process designed based on the needs of road 

controlling authority and transport key stakeholders.
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1.1. Background 

Societies are highly reliant on the functioning of their linear infrastructure systems, such 

as telecommunications, electricity, water and transportation networks, which have 

significant interconnected network properties.  

This dependence is highlighted when these infrastructure systems fail in a time of crisis, 

as infrastructural damage in one place may interrupt services over a large geographic area 

(Chang, 2009).  The severity of social disruption caused by loss of infrastructure makes 

governments and agencies take action to reduce the physical damage associated with loss 

of these systems as much as possible (Godschalk, 2003). In 2005, for instance, the United 

Nations (UN) embraced the Hyogo Framework for Action (ISDR, 2005), which propels 

the involvement of governments in activities to enhance the resilience of infrastructure 

networks. Resilience, as per ISDR (2005) records, is: 

"the limit of a framework, network or society conceivably presented to perils to 

adjust, by opposing or changing to reach and keep up a worthy level of working 

and structure. This is controlled by how much the social framework is fit for 

arranging itself to expand this limit with regards to gaining from past 

catastrophes for better future security and to enhance chance decrease 

measures." 

Regarding critical infrastructure and public facilities, Hyogo Framework Clause (ii) 

states:  

“Protect and strengthen critical public facilities and physical 

infrastructure, particularly schools, clinics, hospitals, water and power 

plants, communications and transport lifelines, disaster warning and 

management centres, and culturally important lands and structures through 

proper design, retrofitting and re-building, in order to render them 

adequately resilient to hazards.” 
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The efforts of the UN (ISDR, 2005), as well as reports from recent disasters – including 

the US 9/11, US Hurricane Katrina, Sichuan earthquake, Haiti earthquake, Christchurch 

and Canterbury earthquake, Hurricane Irene, Japanese Tsunami and its subsequent 

nuclear issues, Hurricane Sandy, and the Kaikōura earthquake, stress the need for resilient 

infrastructure in order to limit the effects of catastrophes. This also became an urgent 

matter of interest for many researchers (McDaniels et al., 2008).  

The need to move toward resilience thinking has made some countries, such as Australia, 

New Zealand, the UK, and the US, initiate critical infrastructure protection programmes 

(Australia, 2013; Treasury, 2011; Government of New Zealand, 2011; NIAC, 2009). The 

focus of these programmes is mainly on developing a resilient infrastructure sector which 

can bounce back/forward after disruptive events. New Zealand is one of the pioneering 

countries in this regard, having launched critical infrastructure protection programmes to 

help achieve resilient infrastructure sectors (sometimes referred to as Lifelines), including 

electricity, gas, fuel, telecommunications, water, and transport. 

The importance of transportation infrastructure and facilities lies in the fact that 1) 

everyday local, regional, national, and international activities are dependent on them 

(Melo et al., 2013; Calderón & Servén, 2010; Boopen, 2006) and 2) they connect 

communities and businesses, and 3) the disruption in transportation systems, especially 

in times of crisis, potentially causes considerable loss to societies (Berg et al., 2017; 

Farhadi, 2015; Ding, 2013; Melo et al., 2013; Calderón & Servén, 2010; Khadaroo & 

Seetanah, 2008; Khadaroo & Seetanah, 2007; Boopen, 2006; Short & Kopp, 2005). The 

latter is worthy of particular attention to the governments of countries as, during and after 

disruptive events, resilient transport networks play an essential role in maintaining a 

reasonable level of service for rescue operations, community access to food and shelter 

as well as built environment recovery and reconstruction processes (Yoon et al., 2008; 

Litman, 2006; Batta & Mannur, 1990). Therefore, it is crucial to make transportation 

infrastructure more resilient and less susceptible to disruption.  

Considering the reasons that have been discussed in the previous paragraphs, resilience 

assessment of transport networks and minimising vulnerability appears crucial. A robust 

resilience assessment strategy would help transport stakeholders to identify weaknesses 

within their network so that investments are prioritised with as little delay as possible 

(Freckleton et al., 2012). Having a resilience assessment strategy would also help 
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policymakers to prioritise transportation improvement objectives, create performance 

baselines, monitor the process, recognise the need for necessary improvement 

expenditures, and assess the impacts on other policies when dealing with a crisis 

(Mattsson & Jenelius, 2015; Reggiani, 2013; Christopherson et al., 2010). 

1.2. Problem Statement 

As a result of resilience assessment strategies for the transport sector, governments and 

legislatures that own or operate transport systems revise their policies intending to 

increase resilience (Tjandradewi & Berse, 2011; Bongar et al., 2006). To provide a solid 

base for decision-making and formulating policies, much research in recent years has 

focused on promoting resilience in the transport infrastructure sector (Wang et al., 2017; 

Asadabadi & Miller-Hooks, 2017; Hughes & Healy, 2014; Lee et al., 2013; Petit et al., 

2013; Freckleton et al., 2012; Vugrin et al., 2011; Nguyen et al., 2011; Serulle et al., 2011; 

Fisher et al., 2010; Zhang et al., 2009). These efforts primarily focused on proposing a 

comprehensive resilience definition and new or optimised tools or framework for 

resilience assessment (Hughes & Healy, 2014; Lee et al., 2013; Petit et al., 2013; 

Freckleton et al., 2012; Adams et al., 2012; Omer et al., 2012, 2013; Fisher et al., 2010; 

Zhang et al., 2009; Murray-Tuite, 2006, 2008; Nguyen et al., 2006). Moreover, different 

types of resilience assessment approach such as scorecards, indices, and toolkits are 

proposed, evaluated, analysed (Cutter, 2016) and characterised by a series of dimensions, 

principal features and variables relevant to the associated resilience definition, type of 

assessment, and the intent of analysis. 

Although a multitude of performance measures, frameworks and tools for transport 

resilience assessment have been introduced in recent years, it is often unclear to transport 

stakeholders which tools are best suited to their purpose. Consequently, a lack of maturity 

and, therefore, confidence in the practical application of such assessment tools continue 

to be risks that practitioners face. It is also unfortunate that, despite the widespread 

interest in developing resilience assessment tools, there have been relatively few studies 

that rigorously investigated the selection process, application and effective 

implementation of resilience assessment tools (Brooks et al., 2014; Winderl, 2014). In 

other words, this area lacks precise methods of tool selection and systematic requirement 

analysis of the underlying resilience. The absence of such measures explains why there 

is no agreed method to study implementation requirements and consideration of resilience 
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measurement processes for Road Controlling Authorities (RCAs). The current focus of 

the research in this area is quantifying the amount of resilience inherent in different areas 

of the transportation system. 

Based on what is discussed in the previous paragraphs, the need for a rigorous study of 

selection and implementation of transportation resilience assessment practices is 

compelling. Such studies need to consider a range of factors like the nature of measures 

in tools, contextual factors that may affect implementation, stakeholder’s requirements 

and expectations, the purposes of assessment, features involved in the resilience 

assessment process, and depth and breadth of information available for evaluation.  

1.3. Research Rationale and Contribution 

In addition to the problem statement, there is a notable desire in the New Zealand policy 

and practice communities to move beyond academic debates surrounding resilience 

toward making resilience recommendations useful and usable for policy-making and 

management purposes. Such goals require a research methodology that makes the data 

collection from both industry and transport stakeholders possible. This collaboration 

allows researchers and transport stakeholders to work closely in arriving at themes that 

cover the determining factors in resilience assessment implementation.  

This research is in line with the New Zealand Resilience to Nature's Challenges - National 

Science Challenges (RNC-NSC) research programme. It specifically contributes to the 

third aspiration of the New Zealand RNC-NSC research programme, which is: 

“the research interventions and outcomes will contribute to New Zealand 

achieving a transformational change in its resilience to nature’s challenges 

that will be evident in economic, social, infrastructure and cultural 

outcomes” 

The study primarily provides feedback and improvement opportunities for devising a 

sophisticated assessment tool for New Zealand transport stakeholders. This study also 

contributes to the body of knowledge in this area by supporting the transition between 

theory, measurement, and practice and by providing common decision-aids to prioritise 

and adapt what should be measured. It is also expected to provide users of resilience 

assessment tools with information on how to practically achieve the desired outcomes.  
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1.4. Research Objectives 

In response to the problem statement, research rationale, and to bridge the identified gap 

and possible contribution to the Resilience to Nature's Challenges - National Science 

Challenges research programme1, this thesis aimed at fulfilling the following three 

objectives:  

• To select a resilience assessment tool for implementation in the New Zealand 

transport sector. 

• To apply the selected tool in case studies and develop a resilience assessment 

strategy using the tool. 

• To propose modifications and improvements to the selected tool to advance 

implementation practices for any future use. 

As indicated above, the first research objective is to select an appropriate assessment tool 

from a number of resilience assessment and monitoring tools evaluated, analysed, or 

suggested in the literature using a critical synthesis and analysis literature review 

approach.  

Following achievement of the first objective, the second objective then concentrates on 

implementing the selected tool. Objective two, specifically, helps stakeholders to identify 

the type of data which is required to operationalise the constructs of the selected tool. It 

also looks at the availability of identified data and possible approachs to gather such data.  

The last objective provides opportunities for improvement of implementation practice of 

the tool for New Zealand transport stakeholders. It specifically looks at the neglected 

aspects of the tool in operationalised variable items which need improvement to better 

capture the resilience score.  

1.5. Overview of the Research Methodology 

To achieve the objectives of this research, a methodology based on action research was 

designed to facilitate a collaborative platform for transport stakeholders to discuss and 

select an efficient resilience assessment tool. Then two trials of the selected tool were 

implemented on the New Zealand roading network.  

                                                 

1 https://resiliencechallenge.nz/ 

https://resiliencechallenge.nz/
https://resiliencechallenge.nz/
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Taking an interpretivist position, the action research methodology contributed to this 

study by engaging with small samples of participants for an in-depth qualitative 

investigation to answer “why” and “how” types of questions. The methods used to collect 

data for this study included in-depth document analysis, participant observation, and 

unstructured interviews. The details of the research design are presented and discussed in 

Chapter 3. 

1.6. Research Scope 

This research focuses on the selection and implementation process of resilience 

assessment tools for the transport sector in New Zealand. The technical dimension of 

transportation resilience is used to determine the scope of this study. This particular aspect 

was chosen for investigation firstly because there are a significant amount of studies on 

the organisational resilience of infrastructure, specifically in New Zealand. Moreover, the 

financial and social dimensions of resilience may require detailed investigations in more 

relevant fields.  

1.7. Thesis Structure 

Following this introductory chapter, the thesis is laid out as follows: 

Chapter 2 reviews the literature on the concept of resilience. It also reviews various 

approaches to resilience in infrastructure systems as well as transport infrastructure. For 

further clarification of the concept, the components of resilience for infrastructure based 

on some disruptive event profile are reviewed. The review then explores and presents the 

dimensions of resilience upon which one can measure the resilience of a focused system. 

Then, it introduces resilience tools which could be applied to the transport sector. The 

review is intended to demonstrate the likely resilience tool selection criteria and 

limitations. The chapter concludes with a summary of transport resilience measurement 

tools in relation to applied resilience metrics and types of considered assessments. 

Chapter 3 describes and justifies the research methodology. Specifically, it formulates the 

multi-stages of achieving the research objectives. It also discusses the process of data 

collection and describes different levels of data analysis procedure through an action 

research. It then provides explanations and context for the case studies. 
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Chapter 4 presents the process of selecting a resilience assessment tool in the transport 

context. It analyses two significant factors in selection decision-making: (1) the maturity 

of the discussed tools for implementation, and (2) users/stakeholders’ objectives and 

implementation visions. This chapter also introduces the selected tool and elements of 

assessment boundaries for implementation.  

Chapter 5 explores two network-based case studies for resilience assessment. A 

systematic discussion of these findings is presented by combining the learning from the 

literature review, collected interview data and, ultimately observations from the case 

studies. This chapter also illustrates the different steps undertaken when conducting the 

case studies, including a route selection method, risk assessment, and identifying the 

desired level of resilience. It then provides a network-based resilience score for each 

feature of resilience and discusses each individual measure for that resilience feature. The 

method of resilience improvement is also discussed. The chapter also compares the two 

case studies to provide cross-case comparison results.  

Chapter 6 explores five asset-based case studies for resilience assessment and the method 

of asset selection in relation to study hazards. It also discusses the process of obtaining 

expected levels of resilience for asset-based assessment considering the risk of the studied 

asset based on exposed hazards and desired consequence category. It then provides an 

asset-based resilience score and discusses improvement opportunities for the resilience 

of each asset.  

Chapter 7 presents a synthesis of the research findings generated from the implementation 

process analysis of the adopted resilience assessment tool. This chapter discusses lessons 

learned from the study both in terms of tool selection and its application. It provides 

insights for understanding the process of resilience assessment tool selection and 

implementation within the transportation context, and necessary interventions to increase 

the likelihood of a successful resilience assessment in this sector. 

Chapter 8 concludes the thesis by summarising the major research findings and discussing 

its contributions and limitations. This chapter also provides directions for future research 

in this area and suggests ways to further develop some of the topics discussed in this 

thesis.  
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2.1. Overview 

This chapter describes the background and general definitions of resilience concepts. It 

also reviews the various approaches to definitions of resilience for infrastructure systems 

and transport infrastructure. The components of the concept of resilience for the 

infrastructure sector are reviewed based on the disruptive event profile. 

Additionally, the dimensions of resilience upon which one can measure system resilience 

are presented. Later on, this chapter introduces the main resilience frameworks which 

could be applied to the transport sector. The working resilience definitions and considered 

metrics and dimensions of each tool are discussed. The likely resilience tool selection 

criteria and their boundaries are also deliberated.  

The possible boundaries of the resilience assessment process are discussed to clarify and 

limit what is being measured by the resilience assessment tool. The chapter then 

benchmarks the discussed transportation resilience assessment tool to evaluate their 

maturity based on the New Zealand Resilience to Nature's Challenges - National Science 

Challenges (RNC-NSC) maturity assessment tool. 

The chapter concludes with a summary of existing transport resilience measurement tools 

in relation to applied resilience metrics and the types of assessment their authors have 

considered in their research.  

2.2. Background of Resilience Concept  

When entering the research field of resilience, it is essential, to begin with, a robust 

understanding of a resilience definition (Cimellaro et al., 2010; Cutter et al., 2008; 

Manyena, 2006; Chang and Shinozuka, 2004). Merriam Webster dictionary (2002) 

describes resilience as “the ability to become strong, healthy, or successful again after 

something bad happens”. Different studies are trying to define this concept, and some of 

the standard definitions are discussed in the following paragraphs. 

Resilience originates from the word “Resilíre” which is Latin and means to bounce back. 

The generally accepted view is that the resilience viewpoint first originates from the 
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interaction of predators and prey populations in ecology in Holling’s (1973) study. 

Holling (1973) introduced resilience to modern scientific prominence as the “persistence 

of relationships within an ecological system. Resilience is mainly the occurrence of 

variability and dynamism to create stability and system continuity when something 

changes the existence of equilibrium (Stevenson, 2014). 

Resilience, as a notion, has been used in different disciplines from environment and 

ecology (Okvat and Zautra, 2011; Norris and Stevens, 2007; Janssen et al., 2006) to 

psychology (Yates and Masten, 2004; Zimmerman et al., 1999), engineering (Hollnagel 

et al., 2007; Woods, 2006; Woods and Hollnagel, 2006), economics (MacKinnon and 

Derickson, 2013; Kılınç et al., 2012; Perrings, 1998; Mubarak, 1997), sociology 

(Marshall et al., 2007) and organisational research (Stevenson, 2014; Kachali et al., 2012; 

Burnard and Bhamra, 2011; Parsons, 2010). It is a dynamic concept and changes over 

time (O’Rourke, 2007). Therefore, the first step for any resilience study is to provide a 

resilience definition (Gibbs, 2009). Since this research is dealing with a group of scholars 

that have introduced different resilience definitions for their studies, people define a 

variety of definition for resilience in relation to different systems, therefore, the approach 

to the definition of resilience will be discussed, instead of one single definition of it. Then, 

for the implication of a selected group of scholars on transportation resilience assessment, 

their proposed definitions of resilience will be presented in the relevant section. 

Authors in literature had various methods to the definition and concept of resilience. One 

of the key difference is the timing considerations of taking action against disruptive 

events. Allenby and Fink (2005) proposed two main general approaches to define 

resilience for any system. The first approach relies on the quick recovery of a system after 

disruption (e.g. Vogus and Sutcliffe, 2007; Longstaff, 2005; McEntire, 2005), while the 

second approach is believed that a resilient system should have another ability which 

helps it to continue operating during disordered conditions (e.g. Moteff, 2012; Kahan et 

al., 2009; Hollnagel et al., 2007; O’Rourke, 2007; Woods and Hollnagel, 2006; Adger et 

al., 2005; Bruneau et al., 2003). The first approach has separated resilience from 

resistance and anticipation concepts. They believe that resilience is just about fast 

recovery after disruptive events.  In contrast, in the second approach, resistance and 

anticipation are sub-components of resilience. In other words, the second group believe 

that resilience is about activities both before and after disruption (i.e. proactive and 

reactive actions).  
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Norris et al. (2008) and Carlson et al. (2012) produced comprehensive literature on the 

definition of resilience. Overall, they studied 25 representative definitions of resilience 

and found that only 15 definitions considered the recovery time or bouncing back period 

(i.e. after event components) and ten definitions considered resistance and anticipation 

(both before the event and after event component) as part of resilience (see Table 2-1 

below). 

Table 2-1: Selected approaches to the general definition of resilience, adopted from Norris et al. 

(2008) and Carlson et al. (2012) 

Author Resilience Definition 

Definition Approach 

“After-

Event” 

Components 

“Before” And 

“After Event” 

Components 

Longstaff 
(2010) 

“The capacity of a system to absorb disturbance, undergo 
change, and retain essentially the same function, structure, 

identity, and feedbacks” 

  

Norris and 

Stevens (2007) 

“A process linking a set of adaptive capacities to a positive 

trajectory of functioning and adaptation after [emphasis 

added] a disturbance…. resilience emerges from a set of 

adaptive capacities” 

  

Fiksel (2006) 

 

“The capacity of a system to survive, adapt and grow in the 

face of change and uncertainty” 
  

Allenby and 

Fink  (2005) 
 

“Resiliency is defined as the capability of a system to 

maintain its functions and structure in the face of internal and 
external change and to degrade gracefully when it must” 

  

Holling (1973) 
 

“[T]he ability of systems to absorb changes... and still 
persist” 

  

The White 
House (2011, 

p. 6) 

 

“The term ‘resilience’ refers to the ability to adapt to 

changing conditions and withstand and rapidly recover from 

disruption due to emergencies” 

  

Napolitano 

(2010) 
 

“Ability of systems, infrastructures, government, business, 

communities, and individuals to resist, tolerate, absorb, 

recover from, prepare for, or adapt to an adverse occurrence 

that causes harm, destruction, or loss” 

  

Gilbert (2010) 

 

“Resilience is defined as the ability to minimize the costs of 
a disaster, to return to a state as good as or better than the 

status quo ante, and to do so in the shortest feasible time… 

Resistance is used to mean the ability to withstand a hazard 

without suffering much harm. Resilience in this paper will 
include resistance but will also include the ability to recover 

after suffering harm from a hazard” 

  

Kahan et al. 

(2009) 
 

“the aggregate result of achieving specific objectives 

regarding critical systems and their key functions, following 

a set of principles that can guide the application of practical 

ways and means across the full spectrum of homeland 
security missions… The objectives (or end states) of 

resilience that underpin our approach are resistance, 

absorption, and restoration” 

  

Marburger 

(2005) 

 

“[t]he capacity of a system, community, or society 

potentially exposed to hazards to adapt, by resisting or 
changing, in order to reach and maintain an acceptable level 

of functioning and structure. This is determined by the degree 

to which the social system is capable of organizing itself to 

increase its capacity for learning from past disasters for better 
future protection and to improve risk reduction measures” 

  

Tierney (2003) 
 

“The term ‘resilience,” … implies both the ability to adjust 
to ‘normal’ or anticipated stresses and strains and to adapt to 

sudden shocks and extraordinary demands. In the context of 
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Author Resilience Definition 

Definition Approach 

“After-

Event” 

Components 

“Before” And 

“After Event” 

Components 

hazards, the concept spans both pre-event measures that seek 
to prevent disaster-related damage and post-event strategies 

designed to cope with and minimize disaster impacts” 

Gordon (1978) 
“The ability to store strain energy and deflect elastically 

under a load without breaking or being deformed” 
  

Bodin and 

Wiman (2004) 

“The speed with which a system returns to equilibrium after 

displacement, irrespective of how many oscillations are 

required” 

  

Waller (2001) 

“Positive adaptation in response to adversity; it is not the 

absence of vulnerability, not an inherent 

characteristic, and not static” 

  

Klein et al. 

(2003) 

“The ability of a system that has undergone stress to recover 

and return to its original state; more precisely (i) the amount 
of disturbance a system can absorb and still remain within 

the same state or domain of attraction and (ii) the degree to 

which the system is capable of self-organization (see also 

Carpenter et al. 2001)” 

  

Longstaff, 
(2005) 

“The ability by an individual, group, or organization to 

continue its existence (or remain more or less stable) in the 
face of some sort of surprise. Resilience is found in systems 

that are highly adaptable (not locked into specific strategies) 

and have diverse resources” 

  

Walker et al. 

(2006) 

“The capacity of a system to absorb disturbance and 

reorganize while changing to still retain essentially the same 

function, structure and feedbacks—and therefore the same 
identity” 

  

Adger et al. 
(2005) 

“The ability of communities to withstand external shocks to 
their social infrastructure” 

  

Bruneau et al. 

(2003) 

“The ability of social units to mitigate hazards, contain the 
effects of disasters when they occur, and carry out recovery 

activities in ways that minimize social disruption and 

mitigate the effects of future earthquakes” 

  

Godschalk 

(2003) 

“A sustainable network of physical systems and human 

communities, capable of managing extreme 

events; during disaster, both must be able to survive and 
function under extreme stress” 

  

Brown and 

Kulig (1996) 

“The ability to recover from or adjust easily to misfortune or 

sustained life stress” 
  

Sonn and 

Fisher (1998) 

“The process through which mediating structures (schools, 
peer groups, family) and activity settings moderate the 

impact of oppressive systems” 

  

Paton (2000) 

“The capability to bounce back and to use physical and 

economic resources effectively to aid recovery following 

exposure to hazards” 

  

Ganor and 

Ben-Lavy 
(2003) 

“The ability of individuals and communities to deal with a 

state of continuous, long term stress; the ability to find 

unknown inner strengths and resources in order to cope 
effectively; the measure of adaptation and flexibility” 

  

Ahmed et al. 

(2004) 

“The development of material, physical, socio-political, 
socio-cultural, and psychological resources that promote 

safety of residents and buffer adversity” 

  

Kimhi and 

Shamai (2004) 

“Individuals’ sense of the ability of their own community to 

deal successfully with the ongoing political violence” 
  

Coles and 

Buckle (2004) 

“A community’s capacities, skills, and knowledge that allow 

it to participate fully in recovery from 

Disasters” 

  

Pfefferbaum et 
al. (2008) 

“The ability of community members to take meaningful, 

deliberate, collective action to remedy the impact of a 
problem, including the ability to interpret the environment, 

intervene, and move on…” 

  

Masten et al. 

(1990) 

“The process of, capacity for, or outcome of successful 

adaptation despite challenging or threatening circumstances” 
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Author Resilience Definition 

Definition Approach 

“After-

Event” 

Components 

“Before” And 

“After Event” 

Components 

Egeland et al. 
(1993) 

“The capacity for successful adaptation, positive 
functioning, or competence…despite high-risk status, 

chronic stress, or following prolonged or severe trauma” 

  

Bongar and 

Beutler (2007) 

“Good adaptation under extenuating circumstances; a 

recovery trajectory that returns to baseline 

functioning following a challenge” 

  

In another study, Mayada (2013) categorised a summary of resilience definitions for 

different disciplines (see Figure 2-1 below). As shown in Figure 2-1, the existing resilience 

definitions have proliferated in three main disciplines (i.e. systems, material science and 

psychology).  

 

Figure 2-1: Resilience definitions approach for different disciplines (Adapted from Mayada, 2013) 

Since it is widely assumed that critical infrastructure can be viewed as a system (Rinaldi, 

2004), a “systems approach” to the assessment of infrastructure resilience is accepted in 

the majority of literature. Higher-level systems (e.g., community) are composed of 

several different systems such as transport, water, electricity, fuel, telecommunication, 

public health and healthcare facilities.   

2.3. Resilience Definitions for Infrastructure  

Leveson (2002) argued that infrastructure resilience is a practical attitude that looks at 

ways to strengthen the capacity of a critical infrastructure system to control risks and to 
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obtain the required balance between communities’ security levels, production and 

economic pressures.  

Bruneau et al. (2003) investigated community seismic resilience in infrastructure systems. 

He defined resilience as the ability “to perform during and after an earthquake, as well 

as through emergency response and strategies that effectively cope with and contain 

losses and recovery strategies that enable communities to return to levels of pre-disaster 

functioning (or other acceptable levels) as rapidly as possible”. He highlighted that the 

resilience of infrastructure is frequently used to represent both flexibility and strength 

concepts.  

According to De Bruijne and Van Eeten (2007), the resilience of infrastructure is broader 

than security and protection and focuses primarily on survival. In this matter, resilience 

comprises strategies for the rescue and functioning of infrastructure in the event of a crisis 

or disaster, although some elements of the infrastructure may not survive. Resilience takes 

some of the pressure off protection. It also considers how a component of the critical 

infrastructure is prepared and protected. As a result, responders, or the civic community 

can benefit where there are alternative plans for continued operation in a time of crisis. 

Stewart et al. (2009) stated that resilience in critical infrastructure could be achieved by 

the capability of infrastructure owners and operators to create a positive route of adaption 

and normal functioning after a disruption or crisis.  

NIAC (2009) documents resilience as “the ability to reduce the magnitude and/or duration 

of disruptive events”. They stated that “the effectiveness of a resilient infrastructure or 

enterprise depends upon its ability to anticipate, absorb, adapt to, and/or rapidly recover 

from a potentially disruptive event”. 

McCarthy (2007) defines infrastructure resilience as the “ability of a system to recover 

from adversity, either back to its original state or an adjusted state based on new 

requirements. He highlighted that building resilience requires a long-term effort 

involving reengineering fundamental processes, both technical and social”. 

New Zealand Treasury (2011) provides an infrastructure resilience definition which 

covers wider than a disruptive event. It believes that, in order to have a resilience 

infrastructure, policymakers should consider the capacity of public and private sectors to 
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resist, absorb and react to the disruptive event, and sometimes “bounce forward” and raise 

over the time.  

All these interpretations around infrastructure resilience may combine in the holistic 

description proposed by Carlson et al. (2012) which define resilience as “the ability of an 

entity—asset, organisation, community, region — to anticipate, resist, absorb, respond 

to, adapt to, and recover from a disturbance.” 

It is generally observed that the majority of other studies about infrastructure resilience 

follow Bruneau et al.’s (2003) resilience definition (Chang et al., 2014; Petit et al., 2013; 

Brown et al., 2013; Longstaff et al., 2013; Mayada, 2013; Jackson and Ferris, 2013; 

Hemond and Robert, 2012; Carlson et al., 2012; Freckleton et al., 2012; Moteff, 2012; 

Petit et al., 2012; Serulle, Heaslip, Brady, Louisell et al., 2011a; Treasury, 2011; Vugrin 

et al., 2010, 2011; Page, 2010; NIAC, 2009; Madni and Jackson, 2009; Chang, 2009; 

McDaniels et al., 2008; Hollnagel et al., 2007; Norris and Stevens, 2007; Garbin and 

Shortle, 2007; O’Rourke, 2007; Woods and Hollnagel, 2006; Lewis, 2006).  

Petit et al. (2012) present a comprehensive definition of infrastructure resilience which 

advocates the latest group of scholars as to the ability to:  

“Absorb acceptable shock or deformation in a time of crisis; Recover the 

functionality of the system after a disaster or a sudden shock; and Operate 

appropriately even if some parts of the system fail.” 

The above, latest definition follows the second approach to resilience definition – as 

categorised in Section 2.2 – which believes that a resilience definition should consider 

both before and after event activities. This study agrees with this latest approach to the 

definition of infrastructure resilience. 

2.4. Resilience Definitions in the Transport Context 

There are also several specific studies in the area of transportation which define resilience 

in this sector.  Cao (2015) provides a good summary of applied definitions for resilience 

within the transportation area (see Table 2-2 below).   
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Table 2-2: Summary of transportation resilience definition; Source: Cao (2015) 

Definition of Resilience Source 
Research 

Objective 

“The ability of the system to absorb shock as well as to recover from a 

disruption so that it can return back to its original service delivery 

levels or close to it. “ 

(Omer et al. 

2012)  

Maritime 

transportation 

system 

“A function of system’s vulnerability against potential disruption, 

and its adaptive capacity in recovering to an acceptable level of 

service within a reasonable time frame after being affected by 

disruption. “ 
 

(Mansouri et al., 

2009) 
Maritime  

“Capability of a system to provide and maintain an acceptable level of 

service in the face of major changes or disruptions to the environment. 

“ 

(Mansouri et al., 

2010) 

Port infrastructure 

systems  

“The ability for the system to maintain its demonstrated level of 

service or to restore itself to that level of service in a specified time 

frame.” 

(Serulle et al., 

2011a) 

Transportation 

network  

“The ability for a transportation network to absorb disruptive events 

gracefully and return itself to a level of service equal to or greater than 

the pre-disruption level of service within a reasonable time frame.” 

(Freckleton et al., 

2012) 

Transportation 

networks  

“Both the network’s inherent ability to cope with disruption via its 

topological and operational attributes and potential actions that can be 
taken in the immediate aftermath of a disruption or disaster event. “ 

(Miller-Hooks et 
al., 2012) 

Freight 

transportation 
networks  

“A network’s capability to resist and recover from a disruption or 

disaster.” 

(L. Chen and 

Miller-Hooks, 
2012) 

Intermodal freight 

transport  

“The ability of a system to return to a stable state following a strong 

perturbation caused by failure, disaster or attack.” 

(Ip and Wang, 

2011) 

Transportation 

networks  

“A characteristic that indicates system performance under unusual 

conditions, recovery speed, and the amount of outside assistance 

required for restoration to its original functional state.” 

(Murray-Tuite, 

2006) 

Transportation 

network  

“The capacity to absorb the effects of a disruption and to quickly 

return to normal operating levels.” 

(Adams et al., 

2012)  

Transportation 

network  

“The ability of a system to maintain function and to ‘‘bounce back’’ 

quickly from a disturbance. “ 
(Cox et al., 2011) Passenger transport  

Comparing definitions in Table 2-2 with general approaches to infrastructure resilience 

definitions, it is generally accepted that existing resilience definitions for the transport 

sector in literature are highly identical to infrastructure resilience definitions. 

2.5. Resilience Components for Infrastructure  

Carlson et al. (2012) produced literature on applied components for infrastructure 

resilience definitions, then adapted Bruneau et al.’s (2003) notion of seismic resilience 

quantification (i.e. the “resilience triangle”) and explained how both before and after 

event resilience components participate in infrastructure system performance (i.e. quality 

of infrastructure) recovery during different phases of crisis timing.  

As shown in Figure 2-2, when an adverse event such as disaster strikes, four main 

components (i.e. preparedness, mitigation, response, and recovery) and six types of 

actions (i.e. anticipate, resist, absorb, respond, adapt, recovery) are participating in the 

profile of disruption to return the infrastructure to previous/new equilibrium (Carlson et 
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al., 2012). The measurement practice of infrastructure resilience should first define the 

types of actions/factors which should be included as components of resilience for that 

specific infrastructure. Second, it should determine each factor’s contribution to the 

quality loss rate of infrastructure and the amount of recovery time to the pre-event/new 

equilibrium.   

 

Figure 2-2: Resilience sub-components based on crisis timing adapted from J. Carlson et al. (2012) 

and Bruneau et al. (2003) 

The first phase, “Preparedness”, indicates how well an infrastructure could be prepared 

against the possible threats that may cause disruption to the whole or part of a system and 

consequently reduce the quality of service. Preparedness phase covers proactive measures 

of resilience, which minimise the harm as the result of a disruptive event. The unexpected 

disruptions will lead to a sophisticated degree of harm. Anticipation-related actions are 

the main players of this phase and anticipating a series of actions which attempt to prevent 

the occurrence of a disruptive event. 

The second phase, “Mitigation”, indicates how well an infrastructure could reduce the 

severity of consequences if a disruptive event took place. Actions which relates to 

resistance and absorption phase of resilience are the main players of this phase. The main 

difference with anticipation-related actions is that these latest series of actions assume 

that an adverse event is going to occur.  
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The third and fourth phases are “Response” and “Recovery” respectively. These phases 

will happen after the event, and they are included in both the first and second approaches 

to resilience definitions as described in Section 2.2. Response and adaptation-related 

series of resilience actions would have been carried out in the response phase, which 

occurs at an early stage of the post-event. The recovery phase includes a recovery set of 

actions which will take place in longer terms after the event.  

Table 2-3 introduces a summary of the component of resilience diagram with actions which 

enhance resilience.  

Table 2-3: Different components of resilience in relation to resilience improvement activities 

Adapted from J. Carlson et al. (2012) 

Anticipate Resist Absorb Respond Adapt Recover 

Preparedness Mitigation Response Recovery 

Actions which define 

infrastructure 

exposure to different 
hazards/treats 

Actions carried out before 

events to reduce the 

severity of consequences 
for infrastructure 

Immediate activities plan of 

actions and tasks that have been 

carried out to manage the 
consequences of a disruptive 

event 

Series of activities and 

plans of action to return the 

quality of infrastructure to 
an acceptable level to serve 

the community 

2.6. Dimensions of Resilience 

A complex system like infrastructure may be considered resilient in different aspects. It 

is imperative to comprehend the dimensions of a resilient system the end goal to build up 

a proper way to measure and improve it (Bruneau et al., 2003). 

VTPI (2008) classifies dimensions of resilient systems into five levels of individual, 

community, design, economic and strategic planning. NIAC (2009) categorises resilience 

system to two broad dimensions of ‘soft resilience’ and ‘hard resilience. Soft resilience 

dimensions relate to behaviours and requirements of human, which help to achieve a 

better resilience after a disruptive event. While hard resilience dimensions relate to the 

technical resilience abilities of infrastructure. Bruneau et al. (2003) introduced two 

general types of resilient systems: physical and social. Physical systems rely on a group 

of physical parts to perform a function. While a social system is a group of organisms 

working together to perform a task. In this case, a group of organisms are interpreted as 

human beings. In the same study, Technical, Organisational, Social and Economic 

(TOSE) extents were introduced by Bruneau et al. (2003) as four critical dimensions of 

resilience. They highlighted that different types of measures are required for each TOSE 
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dimensions in order to capture the resilience of a system. Berkeley et al. (2010) proposed 

a simple classification for resilience dimension 

Although the TOSE dimensions by Bruneau et al. (2003) were originally developed for 

seismic-related studies, it seems that they are a very useful classification for high-level 

resilience dimension of critical infrastructure.  

Expanding Bruneau et al.’s (2003) TOSE dimensions to infrastructure systems, the 

technical dimension of resilience deals with the ability of infrastructure systems 

(including all subsystems including components) to achieve an adequate level of service 

when they are liable to an adverse occasion. The organisational dimensions relate to the 

organisation’s capability of managing critical infrastructure facilities to survive a 

disruptive event. Organisational resilience mainly relates to management and operational 

arrangement, which is in place to deal with a crisis (Seville et al., 2006). The social 

dimension of infrastructure resilience tries to minimise the extent to which exposed 

communities are negatively affected by disruptive events. Finally, the economic 

dimension tries to reduce the direct and indirect losses from a disruptive event. 

2.7. Features of a Resilient Infrastructure  

A review of the current literature identified the following principal features that a complex 

system like infrastructure should possess in order to be considered resilient. A summary 

of the extant literature on resilient infrastructure features and properties is shown in Table 

2-4. Each of these features is discussed in turn in the following sections. 

2.7.1. Robustness 

Many authors view robustness as one of the main features of resilience and resilient 

infrastructure (Petit et al., 2012; NIAC, 2009; McDaniels et al., 2008; Tierney and 

Bruneau, 2007; Bruneau et al., 2003). Robustness refers to ‘‘the ability…. to withstand a 

given level of stress…without suffering degradation or loss of function’’ (McDaniels et 

al., 2008). 

Carlson and Doyle (2002) stated that in engineering science robustness refers to 

maintaining a system or network performance when it faces external, unforeseeable 

disturbances. They also indicated that robustness is the ability to retain the desirable 

features of a system despite changes in the function of its components and situation. A 



 

19 

 

rapid decrease in performance is one of the critical issues after a disaster. The degree to 

which system behaviour is sustained after a disaster indicates the robustness of that 

system (McDaniels et al., 2008). 

Anderies et al. (2004) believe that when examining the robustness of infrastructure as a 

system, the following questions should be answered as a starting point: (1) What is the 

system applicable for? (2) What are the desired system features? And (3) When does the 

failure of one component in the system result in losing its robustness? For example, when 

a particular part of infrastructure fails, but the whole infrastructure continues to work 

because of its capability to use other resources and being compatible with maintained 

abilities, does that system remain robust? Alternatively, does the whole infrastructure lose 

its robustness because of losing a particular part?  

2.7.2. Redundancy 

Bruneau et al. (2003) and De Bruijne and Van Eeten (2007) agreed that redundancy is 

another principal feature of the resilient infrastructure. However, some considered 

redundancy as a subcomponent of robustness (Petit et al., 2012; NIAC, 2009). 

Redundancy is a property that allows for choices, decisions and substitutions in systems 

or organisations in the case of a disaster or under pressure (O’Rourke, 2007). Levy et al. 

(2002) stressed the critical importance of the concept of redundancy: “In practice, all 

structural failures can be considered due to a lack of redundancy”.  Specifically, they 

highlighted that the advantage of structural redundancy is that “It allows loads to be 

transported in more than one way, i.e., through more than one path through the structure”. 

From the viewpoint of infrastructure planning, redundancies between the different types 

of infrastructure offer functional flexibility and compromise within and between 

infrastructure systems (Zimmerman, 2001). Take the lines of communication between the 

redundant rail, highways and roads as an example. All of these infrastructures have the 

extra capability to serve if others fail, for example, if railways fail in a time of crisis, the 

highway network can be a good alternative for substitution (Easterling, 2001). 
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Table 2-4: Principal features of resilient infrastructure 

No. Reference/ Literature Robustness Redundancy Resourcefulness Rapidity Capacity Flexibility Tolerance Cohesiveness 
Safe-to-

fail 

1 Hanseth et al. (1996)      •    

2 Zimmerman (2001)  •        

3 Easterling (2001)  •        

4 Levy et al. (2002)  •        

5 Gunderson et al. (2002)         • 

6 Carlson and Doyle (2002)          

7 Bruneau et al. (2003) • • • •      

8 Anderies et al. (2004) •         

9 Woods (2006)     • • •   

10 Mendonca & Wallace (2006)     •   •  

11 Snowden (2006)         • 

12 O'Rourke (2007) • • • •      
13 Tierney & Bruneau (2007) •         

14 Bruneau et al. 2007   •       

15 
De Bruijne and Van Eeten 

(2007) 
 •        

16 Hollnagel et al. (2007)        •  

17 McDaniels et al. (2008) •   •  •    

18 Möller and Hansson (2008)         • 

19 NIAC (2009) •  • •      

20 Jackson (2009)     • • • •  

21 Jackson (2010)     • • • •  

22 Petit et al. (2012) •  • •      
23 Park et al. (2013)         • 

Source: Sajoudi et al.  (2013) 
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2.7.3. Resourcefulness 

Critical infrastructure is significantly interconnected and mutually dependent in complex 

ways. This interrelationship can be physical or through a host of information and 

communication technologies or both. Considering this characteristic, infrastructure can 

be defined as a system (Rinaldi et al., 2001). 

Resourcefulness is one of the prominent principal features of resilient infrastructure 

systems (NIAC, 2009; Bruneau et al., 2007, 2003). Resourcefulness is the ability to 

“expertly get ready for, react to, and manage a disaster or disturbance as it occurs” (NIAC, 

2009) that is the capacity to organise needed resources and services in a predicament 

(O’Rourke, 2007). 

Resourcefulness starts before the event and continues until the reaction phase. It includes 

measures taken before an event to prepare the population, employees and management of 

potential threats, including the implementation of training and planning for the time that 

a mishap occurs. Resourcefulness can be seen as a counterpart of robustness. It helps the 

system or infrastructure to easily move from the response phase to the recovery phase 

(Petit et al., 2012). 

2.7.4. Rapidity (Rapid Recovery) 

Rapidity or rapid recovery was first proposed by Bruneau et al. (2003) and later verified 

by O’Rourke (2007), McDaniels et al. (2008) and NIAC (2009) and, finally, Petit et al. 

(2012) as a necessary feature of resilient infrastructure. Rapidity indicates “the capacity 

to meet priorities and achieve goals promptly to contain losses and avoid future 

disruption” (Bruneau et al., 2007). It is also the speed with which disruption can be 

overcome and safety, services and financial stability restored (O’Rourke, 2007). 

After a disaster, and given time, the system reaches a certain level of stability or 

equilibrium. The speed with which this recovery function is performed reflects the speed 

of the system recovery or its rapidity (McDaniels et al., 2008). 

2.7.5. Capacity 

This property was first introduced by Woods (2006) as one of the essential features of 

resilient infrastructure and was later included in Jackson’s (2010) four main principles of 

resilient infrastructure. 
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Capacity is the ability to withstand the “known” disturbances, and a resilient 

infrastructure should have this capability (Mendonca and Wallace, 2006). Capacity not 

only includes the ability to absorb such disturbances, but it should also be able to deal 

with higher than expected disturbances. Capacity also includes a physical and functional 

redundancy so that the infrastructure will be able to absorb additional demand in a time 

of crisis. Functional redundancy could mean, for example, a coastal city would have 

several possible ways for local people to evacuate the area in case of disaster and find 

shelter elsewhere. These could and would likely include the use of cars, trains, boats, 

aeroplanes, and other modes of transport. Clearly, in this example, as the options for 

evacuating increase, the infrastructure would be considered more resilient (Jackson, 

2009). 

2.7.6. Flexibility 

Flexibility is seen as another principal feature of resilient infrastructure according to some 

of the literature (Jackson, 2010, 2009; McDaniels et al., 2008; Woods, 2006). Flexibility 

is the system’s ability to restructure itself in response to external changes or pressures 

(Woods, 2006). 

Jackson (2010) also stated that resilient infrastructure must be flexible, which means, 

more specifically, that the infrastructure system should be able to reorder itself in a time 

of crisis. This reorganisation also includes the ability of the infrastructure to raise the 

levels of power in the event of a disruption. Such elevation of authority is particularly 

prevalent in the field of fire prevention. 

The flexibility of a system can be described as a situation in which the functionality of 

other parts will be saved in terms of changes in one part of a system. The shapes of 

flexibility may be different in various systems. As an example, “standardisation in one 

part of the productive chain that facilitates flexibility at the next” (Mulgan, 1991), or for 

a modular infrastructure system, flexibility can result from creating different subgroups 

by picking and collaborating standardised modules (Hanseth et al., 1996). 

2.7.7. Tolerance 

Another factor of infrastructure that contributes to resilience is tolerance (Jackson, 2010, 

2009; Woods, 2006). Woods (2006) believed that tolerance is related to how a system 
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behaves near its boundary – whether the system gracefully degrades as stress/pressure 

increases or collapses quickly when stress/pressure exceeds adaptive capacity. 

According to Jackson (2010), resilient infrastructure should be “tolerant” of disturbances 

where tolerant refers to the infrastructure that does not immediately lose all of its abilities 

after a breakdown but will instead gradually degrade. An excellent example of this is 

hospitals; hospitals have their power supply in case the public supply network is disabled 

due to an earthquake or other significant disruption. This capability makes hospitals 

tolerant to a disaster. 

2.7.8. Cohesiveness (Inter-element Collaboration) 

Jackson (2010, 2009) believed that one of the main properties of resilience for systems is 

how well each sub-part of the system relates to the others. This property is later referred 

to as cohesiveness of systems. In some studies, the concept of “cross-scale interactions” 

as used by Mendonca and Wallace (2006) and Hollnagel et al. (2007) refer to the 

cohesiveness of infrastructure. Hollnagel et al. (2007) also indicated that this term in 

resilient infrastructure could occur on three levels: 

The first level is communication, which asks, specifically, if each subpart of the 

infrastructure can “talk to one another”;  

The second level is cooperation. Even with no formal ties, the sub-part of infrastructure 

should have the ability needed to collaborate with one another; and  

The third and highest level of cohesiveness includes inter-element collaboration, which 

contains formal agreements between the sub-parts of infrastructure to both help and 

provides resources to one another. 

2.7.9. “Safe-to-fail”  

“Safe-to-fail” is one more introduced specification for a resilient system which replaces 

the old mentality of fail-safe systems. A “fail-safe” system is designed based on the 

promises of previous experiments and science and try to undo previous mistakes for future 

solutions. However, “safe-to-fail” systems anticipate failures so that failure is contained 

and minimised in a system’s strategical design stages (Steiner et al., 2006). The “safe-to-

fail” systems have been designed in a way that if one internal component of the system 
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fails for a specific reason, the whole system could withstand and carry out the service 

without causing harm to society (Möller and Hansson, 2008).  

One good example of a safe-to-fail system is automatic shutdown of reactors in the 

nuclear industry after disruptive events or severe seismic activities. So, the system will 

intentionally fail in a time of crisis to avoid major catastrophes. In the same nuclear 

system, the fail-safe mindset tries to increase the safety factor of failure as much as 

possible, so the reactors are designed in a way to tolerate the worst archival seismic 

activities that may happen. Henceforth, a safe-to-fail mentality does not reject fail-safe 

but is considered an alternative and non-equilibrium paradigm of science (Ahern, 2011).  

Gunderson et al. (2002) stated that “efficiency”, “constancy” and “predictability” are 

three qualities of a fail-safe design, which should be considered in risk analysis. Park 

et al. (2013) later indicated that safe-to-fail, which is one feature of resilient systems 

should consider “change” and “unpredictability” in the design stage, besides Gunderson 

et al.’s (2002) three fail-safe design’s qualities. 

As can be seen, “safe-to-fail” systems should pose five main qualities, wherein each one 

can be discussed separately as a resilient system feature. Since these features mostly 

overlap with others, discussing them in separate patterns had led to misunderstanding. 

Moreover, these are not considered as main features of resilient infrastructure. So “safe-

to-fail” as one concept can be chosen as another main characteristic of resilient systems.  

2.8. Approaches to Resilience Assessment  

Approaches to resilience assessment are very diverse in the literature, and their diversity 

complicates their interpretation and application. The adopted assessment approach 

depends on the many factors, and the different approaches to resilience assessment 

provide different outcomes. Therefore, it is essential to classify different approaches to 

resilience assessment.  

In one type of classification, resilience assessment can be categorised by either qualitative 

descriptions given in the tool (i.e. conceptual frameworks only), or by the quantitative 

measures provided (Hughes and Healy, 2014). 

Qualitative descriptions or conceptual frameworks typically set out resilient principles-

based system characteristics and on a broader scale. These qualitative descriptions 
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provide general insights into impact evaluation and management tactics, so other 

researchers/scientists can work in line with this broader direction. A good example is 

Bruneau et al.’s (2003) series of criteria linking to seismic community resilience. Their 

set of established criteria was based on four main features of resilience:  Robustness; 

Redundancy; Resourcefulness; and Rapidity, which provide insights for many recent 

resilience assessment tools. In the transportation sector, Heaslip et al. (2010) combined 

ten variables to improve four transport network performance criteria which include: (1) 

traveller perception; (2) network availability; (3) transport costs; and (4) network 

accessibility for transport resilience conceptualisation. There are other good examples for 

qualitative framework conceptualisation: Reggiani (2013), Croope and McNeil (2011), 

Dorbritz (2011), Ta et al. (2009), Mansouri et al. (2009), Ortizet et al. (2008) and Caplice 

et al. (2008). 

Quantitative resilience assessment predicts disaster impacts by offering tangible 

measurements. Quantitative measures can help in the prioritisation of different resilience 

improvement interventions. These measures also help to characterise the essential 

elements of the targeted system. They can be useful in establishing baselines for 

monitoring progress and recognising success. They also help to make the business case 

for understanding the costs (investments) and benefits (results) of enhancing resilience at 

their intended scales. Quantitative measures are generally linked to one or a few 

justifiable qualitative conceptualisations. Good examples are quantitative tools developed 

by Serulle et al. (2011b) and Freckleton et al. (2012).  Both tools used Heaslip et al.’s 

(2010) conceptual framework as a baseline for their study. As a result, quantitative 

approaches are more sophisticated assessment tools compared to the conceptual 

frameworks.  

Cutter (2016) later proposed another classification for resilience assessment approaches. 

She classified resilience measurement tools into three main categories: indices; 

scorecards; and toolkit/computational models.  

Indices look at the different indicators of resilience using quantitative variables (Cutter, 

2016). These variables typically represent some selected characteristics of resilience. 

Stevenson et al. (2016) state that index assessment ultimately tries to create an index or a 

value to show the multi-dimensional characteristics of the system. These types of 

resilience assessments first evaluate the failure in a level of service based on the impact 
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of the incident. Second, they measure the service recovery period for the impacted system. 

Finally, they compare a system’s performance by considering resilience strategies with 

its performance without the intervention of strategies. 

Scorecards evaluate resilience by using many questions and assessment criteria (Cutter, 

2016). The results of scorecards are typically presented as a number or letter, or 

description. The main difference between scorecards and indices are the types of input 

data for assessment. The indices use quantitative input data, while the scorecards use 

qualitative input data for assessment. Scorecard methods typically set out resilient 

performance criteria (principle) based on the target system characteristics.  

The last category of resilience assessment approaches falls into toolkits or computational 

models. These tools create pictures of resilience processes by application of mathematical 

equations or formula. Mathematical equations and formula are generally applied to 

forecast the integration of a scenario. Toolkits often "provide a ready-made mechanism 

for assessing resilience through the provision of data, models, or specific procedures” 

(Cutter, 2016). They are normally utilised as a part of portraying financial resilience 

assessments (Rose and Liao, 2005), yet have additionally been applied to describe the 

resilience of particular spots (Renschler et al., 2010). It is worth mentioning that 

computational models or toolkits may be developed from a mature version of indices or 

scorecards. 

Comparing Cutter’s (2016) resilience assessment tool classification with Hughes and 

Healy’s (2014) quantitative and qualitative grouping method, it is generally understood 

that all types of resilience assessment tools that Cutter (2016) includes in her research fall 

into the quantitative method and could result in a direct measurement that can be used to 

assess or predict disaster impacts. Stevenson et al. (2015) summarise the description of 

approaches to resilience assessment based on Cutter’s (2016) classification. They also 

elaborate on the definitions and benefits and limitation of each type of assessment 

classification by Cutter’s (2016). This classification is adopted in this present study and 

listed in Table 2-5 below.  
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Table 2-5: Summary of types of assessment review, source Stevenson et al. (2015) 

Tool Type Description Benefits Limitations 

Indices An indicator is a quantifiable variable 

that represents a characteristic of a 

system or phenomena. Indicators are 

combined to construct an index or 
composite indicator in order to 

capture the multidimensional nature 

of a system while distilling it into a 

single metric (Tate, 2011). 

Do not require primary 

data collection. 

Facilitate standardised 

comparisons across 
space and time. 

Helpful for identifying 

priority areas for 

resilience investment. 
Local and expert 

knowledge can be 

included to inform the 

differential weighting 
of indicators (Barnett et 

al., 2008) 

Track spatial/temporal 

dynamics 

Often require large 

inputs of data 

Data often needs to be 

aggregated from several 
sources, with different 

periodicity, spatial 

extent, and quality. 

Compounding 
uncertainties can 

undermine the validity 

of the results 

No built-in forecasting 
ability 

Construction and results 

can be complex and 

difficult to effectively 
communicate. 

Scorecards Consist of several questions or 
assessment criteria, often with a set of 

scaled answers from which to select. 

The result can be a single ‘score’ or a 

collection of scores within several 
target areas. 

Provide ‘current 
‘measures. 

 Relatively simple to 

administer (good for 

‘self-assessment’ and 
engaging stakeholders) 

 Useful in areas that do 

not have regular or 

reliable data collection. 
 Facilitate standardized 

comparisons across 

space and time. 

 Flexible application at 
different scales and 

communities 

Time-consuming and 
costly to deploy widely 

 Subject to multiple 

interpretations/ 

misinterpretation during 
self-assessments 

 Dimensions often 

limited to ease the 

respondent burden. 

Computational 

Models/Toolkits 

Rendering of a system designed to 

help an observer to understand how it 

works and to predict its behaviour. 

Relationships are captured using a set 
of formulas or matrices (Sarokin, 

2015). 

Can simulate the 

potential impacts of 

events and the efficacy 

of different 
interventions. 

 Integrates specific 

hazard data/scenarios 

 Useful for capturing 
system complexities 

and dynamic changes 

 End-users require 

specific knowledge of 

or training in software 

systems 
 Expensive to develop - 

restricted by available 

skills and resourcing 

 Data for robust 
empirical models is 

limited 

Cutter (2016) explains that the tools covered in Table 2-5 focus mostly on tools developed 

by researchers, practitioners, and policymakers and are deployed to assess communities 

with varying degrees of co-creation or collaboration. Although it is out of the scope of 

this report, it would be worth exploring the kinds of tools that may emerge from a 

community-led process, and how community narratives and practices can be captured to 

drive resilience evaluation and monitoring processes. 

Each of these tools has useful applications and significant limitations. A national research 

agenda geared toward initiating transformative change should consider ways to combine 

these tools, qualitative and contextualised research, and community processes to provide 
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an optimal suite for benchmarking and monitoring resilience, and for initiating and 

guiding resilience policies and actions. 

The tools and techniques adopted depend on the assessors’ desired outcomes, 

requirements, capabilities, as well as the characteristics of the system. In addition to the 

tools described in Table 2-5, assessors may choose to combine quantitative measures with 

qualitative data to provide nuance and context. Mixed methods allow assessors to 

triangulate data, providing analytical rigour and more vibrant interpretations (Prior & 

Hagmann, 2013).  

Once appropriate components are identified, it is possible to locate operational indicators 

that can be used to monitor the observable components of resilience and evaluate the 

efficacy of interventions. 

2.9. Resilience Assessment Tools for Transportation Infrastructure 

This section lays out the thematic issue of the dissertation by reviewing research on, and 

practice of existing resilience assessment tools applicable to the transport sector. As 

acknowledged earlier, this research focuses on testing and lessons learned from an 

implementation process of an existing transportation resilience assessment tool. An 

enormous number of works address the performance of infrastructure systems. Many 

works such as: Barbarosoglu and Arda (2004), Chang (2003), Ferris and Ruszczynski 

(2000), Feng and Wang (2003), Karlaftis et al. (2007), Lambert and Patterson (2002), 

Lertworawanich (2012), Liu et al. (2008), Modarres and Zarei (2002), Yan and Shih 

(2009), Yan et al. (2012), Chen and Tzeng (2000), Mehlhorn (2009), Orabi et al. (2009), 

Du and Peeta (2012), Peeta et al. (2010), Abdel-Rahim et al. (2007), Chen et al. (2011), 

Garg and Smith (2008), Smith et al. (2007), Losada et al. (2012), Chen and Miller-Hooks 

(2012), Vugrin et al. (2010), Miller-Hooks et al. (2012), Faturechi et al. (2014), Vugrin 

and Turnquist (2012), Faturechi and Miller-Hooks (2013), Sato and Ichii (1996), consider 

perspectives related with problematic occasions including transport frameworks. This 

subject is relatively broad. The extent of this examination, in this way, was precisely 

given bits of knowledge into that segment of the writing relating to "strength 

estimation/evaluation" wording which might be relevant to transport framework area. 

Where a creator utilises a measure that may be sorted under an elective heading, the 

default is to allocate that work dependent on the wording embraced by the creator. It 
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merits calling attention to that a couple of these methodologies might be connected on 

various kinds of necessary foundations including transportation – e.g. (Petit et al., 2013; 

Lee et al., 2013; Vugrin et al., 2011; Fisher et al., 2010). 

Instead of focusing on conceptual frameworks (i.e. qualitative approaches), this thesis 

mainly investigates the resilience measurement tools which can quantitatively assess 

resilience followed by Hughes and Healy’s (2014) resilience assessment tool 

categorisation discussed in Section 2.8. This sector specifically tries to explain each 

resilience assessment tool introduced within Cutter’s (2016) resilience assessment 

approach classification – i.e. indices, scorecard or toolkits/computational model category. 

2.9.1.  Indices 

Indices are used to assess resilience for the transport sector in a few studies such as (Omer 

et al., 2011, 2013; Adams et al., 2012; Murray-Tuite, 2006, 2008). The result would be a 

“Resilience Index (RI)” or a value which can be used to measure the degree of resilience. 

There are different approaches for index development of resilience including GIS 

analysis, network modelling and fuzzy system methods.  

Murray-Tuite (2006) used Godschalk (2003) and Victoria Transport Policy Institute’s 

(2005) resilience frameworks and developed a resilience measurement tool for 

transportation. Her tool mainly captured adaptability, mobility, safety, and recovery by 

operationalising 12 variables related to each transport resilience feature. The 

operationalised variables mainly capture the technical dimension of transport resilience. 

Liu and Murray-Tuite (2008) later expand her tool for traffic congestion caused by 

incidents in the transport sector. Her new tool was based on her own developed 

framework – i.e. Murray-Tuite (2006). She proposed queue length and travel time as two 

operationalised variables to gauge resilience for transportation traffic congestion. The 

main concept measured was mobility. The recent tool also focuses on the technical aspect 

of resilience.  

Adams et al. (2012) proposed a freight resilience investigation tool based on Bruneau 

et al.’s (2003) modified qualitative conceptualisation for technical resilience assessment. 

Their tool mainly focuses on reduction and recovery resilience phases. The 

operationalised variables were truck counts and truck speed. Their study provides the 
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recovery and reduction index on freight resilience, then compares the outputs with a 

proposed criterion to qualify the resilience value. 

Omer et al. (2011) applied Madni and Jackson’s (2009) resilience framework with some 

modifications and proposed a methodology to measure resilience of the Manhattan points 

of entry. Their tool captures technical resilience for the network travel time and the node-

to-node travel time. The tool may be considered as a technical assessment tool followed 

by Bruneau et al. (2003). Omer et al. (2013) later expanded their tool to capture social 

and economic dimensions of resilience by adding the environmental and cost resilience 

metrics to their tool. 

2.9.2.  Score cards 

Application of score cards to measure the resilience of the transportation sector at the 

time of carrying out this research was minimal (Hughes and Healy, 2014; Lee et al., 2013; 

Fisher et al., 2010). Hughes and Healy (2014) introduced their own resilience assessment 

framework based on Bruneau et al. (2003), Snowden (2011), Park et al. (2013) and Seville 

et al. (2006). Their framework has been divided into broad dimensions (Technical and 

Organisational) and, below that, principles (robustness, redundancy and safe-to-fail for 

technical resilience and change readiness, networks, and leadership and culture for 

organisational resilience). Overall, 38 measures capture 11 variables for transport 

resilience in both technical and organisational aspects.  

Another score card was developed by Lee et al. (2013) for organisational resilience, which 

is applicable to the transport sector. Their tool develops a survey tool that all critical 

infrastructure organizations, including the transport sector, can use to measure their 

resilience. This research is linked to the Resilient Organisations Research Programme of 

the University of Canterbury in New Zealand. The tool and measurement items are 

continually reviewed and modified as part of its ongoing research.  

Fisher et al. (2010) applied NIAC’s (2009) framework to develop a score card for 

measuring all critical infrastructure resilience. Their score card addresses technical and 

organisational dimensions by focusing on robustness, resourcefulness and rapid recovery 

features of resilience.  

Overall, score cards provide high level values and indicators from which resilience can 

be assessed. The specified framework for target systems needs to be broad enough to let 
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the score card resilience assessment tool be applicable across a variety of scales. Its 

variables also need to be transparent and measurable, which helps tool users to 

accomplish measuring the target system’s resilience.  

2.9.3.  Toolkits or computational models 

Several studies (Petit et al., 2013; Freckleton et al., 2012; Vugrin et al., 2011; Nguyen et 

al., 2011; Serulle et al., 2011a; Zhang et al., 2009) introduced toolkits to measure the 

resilience of the transport infrastructure sector. These tools normally use mathematical 

formulas to gauge the final resilience score based on specific criteria. 

Serulle et al. (2011b) combined Bruneau et al. (2003), Murray-Tuite (2006), VTPI (2008), 

Litman (2008) and Heaslip et al.’s (2009) resilience frameworks and developed a 

measurement index for nine operationalised variables of transport network resilience. 

They then applied a fuzzy inference to calculate overall resilience for the network. Their 

tool mainly captures technical, social and economic dimensions of resilience. 

Freckleton et al. (2012) applied Heaslip et al.’s (2010) resilience framework with some 

modifications and proposed 11 variables to gauge transport network resilience. Their 

introduced variables address technical, social and economic dimensions of transport 

resilience followed by Bruneau et al.’s (2003) suggested dimensions for resilience. The 

output of their tool calculates resilience by the application of a fuzzy algorithm to identify 

variables. These will then be compared to predefined output satisfaction thresholds to 

propose suitable interventions for resilience improvement. 

Petit et al. (2013) modified Fisher et al.’s (2010) score card and introduced a 

computational resilience assessment tool for infrastructure. Their tool focuses on 

“preparedness”, “mitigation”, “response capabilities” and “recovery” part of resilience 

process. The output is a unique resilience score which will be generated automatically 

after answering all the questions provided. 

Nguyen et al. (2011) applied Cimellaro et al. (2006) and Bruneau and Reihorn’s (2007) 

frameworks and proposed a technical resilience assessment tool for the transport system. 

They then tried to capture infrastructure system resilience by formulating recovery and 

system performance. This was formulated using a level of functionality, recovery time, 

recovery speed and the adaptability of the system. Their tool also formulates each of the 

recent factors and calculates resilience based on that.  
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Vugrin et al. (2011) established a computational tool based on their own framework to 

capture economic dimensions of resilience for infrastructure using four main variables of 

target market value of production, systemic impact, market recovery effort and 

transportation recovery effort. 

Zhang et al. (2009) established a resilience framework based on Murray-Tuite (2006) and 

Ballis’ (2004) recommendations on the significance of levels of service during disruptive 

events. They then developed a resilience assessment tool which is applicable to 

intermodal transportation systems. Their tool mainly addresses the technical resilience 

dimension by mathematical calculation of mobility, accessibility and reliability 

performance of the transport network. This was operationalised by the application of five 

allocated variables in their tool.  

2.9.4.  Summary of reviewed resilience assessment tools for the transport sector 

As discussed earlier, the existing tools for transport resilience can be categorised by the 

dimension of resilience they measure, the features of resilience they apply or the approach 

to resilience assessment. Such categorisation can provide insights into assessment 

impacts and tool selection process. 

Table 2-6 summarises the discussed transportation resilience measurement tool introduced 

in Section 2.9, based on the assessment type and applied dimension. It also links the 

operationalised variables in each tool with the principal resilience features discussed in 

Section 2.7. 
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Table 2-6: Summary of transportation resilience measurement publications based on the assessment type and applied conceptual frameworks 

Tool 

Code 

Author Assessment 

Type 

Method Applied Conceptual 

Framework (s) 

Main Concepts 

Measured 

Focus Applied TOSE 

Dimension 

(Bruneau et al., 

2003) 

Operationalized Variable(s) 

RT1 Serulle et al. 
(2011b) 

Tool/Model Fuzzy Algorithm Bruneau et al. 
(2003), Murray-

Tuite (2006), VTPI 

(2008), Litman 

(2008), Heaslip et 
al. (2009) 

“Network availability, 
Network accessibility, 

Traveller perception, 

Transportation cost” 

Transport 
system in 

normal situation 

Technical, social 
and economical 

Road available capacity 
Road density 

Alternate infrastructure 

proximity 

Level of intramodality 
Average delay 

Average speed reduction 

Personal transport cost 

Commercial–industrial transport 
cost, and 

Network management 
RT2 Freckleton et 

al. (2012) 

Tool/Model Fuzzy Algorithm Heaslip et.al. (2010) “Network availability, 

Network accessibility, 

Traveller perception, 

Transportation cost” 

Transport 

system in 

disaster 

situation 

Technical, social 

and economical 

Mobility Index 

Delay Encountered 

Food Medicine Index 

Personal Transport Cost Index 
Personal Mode Choice 

Network Redundancy 

Infrastructure Alignment 

Goods & Material Access 
Commercial Mode Choice 

Industrial Mode Choice 

Network Management 

Fuel & Energy Access 
Commercial Transport Cost 

Index 

Industrial Transport Cost Index 

Emergency Response 
Resources Available 
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Tool 

Code 

Author Assessment 

Type 

Method Applied Conceptual 

Framework (s) 

Main Concepts 

Measured 

Focus Applied TOSE 

Dimension 

(Bruneau et al., 

2003) 

Operationalized Variable(s) 

RT3 Adams et al. 

(2012) 

Indices Calculation of 

freight Level of 

Service (LoS) 
using resilience 

triangle - sample 

truck counts 

and speeds on a 
corridor before, 

during, and after 

significant 

weather 
events 

Bruneau et al. 
(2003) 

Reduction and 

recovery phases of 

resilience 
 

Freight 

transportation in 

disaster 
situation 

Technical 

 

Truck count 

Truck Speed  

RT4 Murray-Tuite  
(2006) 

Indices Traffic simulation Godschalk (2003), 
VTPI (2005) 

aAdaptability, 
mobility, safety, and 

recovery 

Traffic system 
performance 

during unusual 

conditions 

Technical 
 

 

Adaptability - use of special 
lanes 

Safety – exposure to traffic 

accidents 

Safety – exposure to secondary 
Targets 

Mobility – evacuation time UE 

Mobility – response vehicle 

travel time 
Mobility – link queue length 

Mobility – average vehicle 

queuing time 

Mobility – link speed 
Inconclusive 

Mobility – volume/capacity ratio 

Recovery – queue length 

Recovery – link speed  
Recovery – volume/capacity 

ratio 

RT5 P. Murray-

Tuite (2008) 

Indices Microscopic 

simulation 

Godschalk (2003), 

VTPI (2005), 

Murray-Tuite  

(2006) 

Mobility tTraffic 

congestion 

caused by 

incident 

Technical 

 

Queue length 

Travel time 
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Tool 

Code 

Author Assessment 

Type 

Method Applied Conceptual 

Framework (s) 

Main Concepts 

Measured 

Focus Applied TOSE 

Dimension 

(Bruneau et al., 

2003) 

Operationalized Variable(s) 

RT6 Nguyen et al. 

(2011) 

 

Tool/Model Mathematical 

modelling/ 

dynamic system 
models 

Cimellaro et al. 

(2006) and Bruneau 

and Reihorn (2007) 

Robustness, 

Redundancy, 

Resourcefulness, 
Rapidity (4R) 

Infrastructure 

system 

Technical 

 

The worst/average level of 

functionality degradation, 

denoted as Rop , in the case of 
failures 

The capability and the 

worst/average recovery time of 

the system once experiencing 
shocks (denoted as Rrt) 

The recovery speed (denoted as 

Rrs) 

The adaptability of the system, 
denoted as Rad, is its capability 

to stabilise to a stable state, 

which could be different from 

the current stable state, after 
shock 

RT7 Omer et al. 
(2011) - 

Networked 

Infrastructure 

Resilience 
Assessment 

(NIRA) 

Indices Characterising 
resilience using 

resilience triangle 

and 4R properties 

Madni and Jackson 
(2009) 

 

Network travel time 
before and after 

disaster 

Transport Technical The network travel time 
resiliency (Rt_network) = the 

ratio of the network travel time 

preceding a disruption the 

network travel time following a 
disruption Node to node travel 

time  

The node-to-node travel time 

resiliency (Rt_node) = the ratio 
of the travel time between the 

two nodes i and j preceding a 

disruption to the travel time 

between the two nodes following 
a disruption 
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Tool 

Code 

Author Assessment 

Type 

Method Applied Conceptual 

Framework (s) 

Main Concepts 

Measured 

Focus Applied TOSE 

Dimension 

(Bruneau et al., 

2003) 

Operationalized Variable(s) 

RT8 Omer et al. 

(2013) - 

Networked 
Infrastructure 

Resilience 

Assessment 

(NIRA) 
 

Indices Metric definition 

to reduce 

transport system 
vulnerability and 

increase adaptive 

capacity  

Madni and Jackson 

(2009) 

 

Travel time, 

environmental impact, 

cost 

Transport Technical, social, 

economical 

Travel time resilience Rtt = the 

ratio of the travel time between 

the two nodes 
The environmental resilience 

metric = the ratio of the product 

of CO2 emissions per gallon, 

and the number of gallons 
consumed during the trip before 

and after disaster 

The cost resilience = The 

associated financial cost due to 
delays includes the extra cost 

due to the additional time taken, 

the cost of fuel, and the cost of 

mitigating the environmental 
impact of increased CO2 

emissions before and after 

shock. 

RT9 Vugrin et al. 

(2011) - 

Sandia 
 

Tool/Model sStochastic 

optimisation 

model 

Vugrin et al. (2010) Average speed and 

cost of shipments, 

number of disrupted 
shipments 

iInfrastructure 

distribution 

networks 

Economical Target market value of roduction  

Systemic impact 

Recovery Effort: market  
Recovery Effort: transportation  

RT10 Zhang et al. 
(2009) - 

MOR 

 

Tool/Model Origin-
Destination (O-D) 

Trip Assignment 

Module 

Modelling using 
TransCAD 

Their own 
framework based on 

Murray-Tuite  

(2006) and 

significance of level 
of service during 

disruptive event 

Ballis (2004) 

 

 

 

 

 

Mobility, 
Accessibility, 

Reliability 

Intermodal 
transportation 

systems 

Technical 
 

 

Mobility - average truck trip 
length (mile) 

Mobility - average travel time 

per mile (min) 

Accessibility - percentage of 
open highway (%) 

Accessibility - percentage of 

truck travelled under 85 

percentile of limited speed (%) 

Reliability - average delay per 

truck trip (hour) 
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Tool 

Code 

Author Assessment 

Type 

Method Applied Conceptual 

Framework (s) 

Main Concepts 

Measured 

Focus Applied TOSE 

Dimension 

(Bruneau et al., 

2003) 

Operationalized Variable(s) 

RT11 Hughes and 

Healy (2014) 

Score card Review of 

resilience 

measurement 
framework, 

engagement with 

steering group and 

peer reviewers 

Their own 

framework based on 

Bruneau et al. 
(2003),  Snowden 

(2011), Park et al. 

(2013) and Seville 

et al. (2006) 
 

 

Robustness, 

redundancy, safe-to-

fail, change readiness, 
networks, leadership 

and culture 

Transport 

system 

Technical and 

organisational 

 
 

Robustness - structural (seven 

measures) 

Robustness - procedural (one 
measure) 

Robustness - interdependency 

(two measures) 

Redundancy - structural (four 
measures 

Redundancy - procedural (one 

measure) 

Redundancy - interdependency 
(two measures) 

Safe-to-fail - structural (one 

measure) 

Safe-to-fail - procedural (one 
measure) 

Change readiness (11 measures) 

Networks (three measures) 

Leadership and culture (five 
measures) 

RT12 Lee et al. 
(2013) 

Score card Survey Seville et al. (2006) 
and McManus 

(2008) 

Situation awareness, 
management of 

keystone 

vulnerabilities, 

adaptive capacity 

Organisations Organisational 
Adaptive 

Capacity and 

planning 

Situation awareness - nine 
indicators 

Management of keystone 

vulnerabilities - six indicators 

Adaptive capacity - seven 
indicators 
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Tool 

Code 

Author Assessment 

Type 

Method Applied Conceptual 

Framework (s) 

Main Concepts 

Measured 

Focus Applied TOSE 

Dimension 

(Bruneau et al., 

2003) 

Operationalized Variable(s) 

RT13 Fisher et al. 
(2010) - RI 

Score card Questionnaire 

survey 

NIAC (2009) Robustness, 

resourcefulness and 

rapid recovery 

Critical 

infrastructure 

Technical, 

Organisational 

 
 

Robustness - redundancy (8) 

Robustness - prevention 

/mitigation (7) 
Robustness - maintaining key 

functions (3) 

Recovery - restoration (3) 

Recovery - coordination (2) 
Resourcefulness - 

training/exercises (7) 

Resourcefulness - awareness (3) 

Resourcefulness - protective 
measures (3) 

Resourcefulness - stockpiles (2) 

Resourcefulness - response (3) 

Resourcefulness - new resources 
(2) 

Resourcefulness - alternative 

sites (4) 

RT14 Petit et al. 

(2013) - RMI 

Tool dDecision 

analysis and 

multi-attribute 
utility theory 

(MAUT) 

NIAC (2009) 

 

Revised version of 
Fisher et al. (2010) 

Preparedness 

, Mitigation 

, Response 
capabilities  

Recovery mechanisms 

 

Critical 

infrastructure 

Technical 

, Organisational 

 

Preparedness - awareness (2 

measures) 

Preparedness - planning (4) 
Mitigation measures -resource 

mitigation measures (8) 

Response capabilities - onsite 

capabilities (2) 
Response capabilities - offsite 

capabilities (3) 

Response capabilities - incident 

management & command center 
(IMCC) characteristics (2) 

Recovery mechanisms - 

restoration agreements (2) 

Recovery mechanisms - 
recovery time (2) 
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2.10. Boundaries of Resilience Assessment Tools 

The selected resilience assessment tool may evaluate different aspects of resilience. 

Winderl (2014) suggests four criteria to clarify and limit what is being measured by the 

resilience assessment tool: (1) elements of disaster resilience; (2) level of resilience 

measurement result; (3) dimension of resilience; and (4) unit of analysis. In the following 

sub-sections, each of these factors will be discussed. The following sub-sections also 

expand each criterion for the chosen instrument in this study. 

2.10.1. Elements of disaster resilience 

One critical phase in distinguishing the most proper approach to quantify resilience for a 

context such infrastructure is to restrain which components of flexibility are incorporated 

into the measure. Resilience estimations need to indicate the components of strength 

around the frameworks of intrigue. The first step for distinguishing the suitable method 

to assess disaster resilience is to answer questions such as “resilience of what? “and 

“resilience to what?” (Carpenter et al. 2001). Asking such questions before launching 

any implementation will help to clearly identify the elements of resilience to be 

investigated.  

According to Frankenberger and Nelson (2013), the elements of resilience may include: 

(1) well-being considerations before and after disaster; (2) vulnerability and exposure 

determination; (3) resilience capacity level inclusion (e.g. absorptive, adaptive, and 

transformative capacities); (4) quantifying and measuring the impact of disasters; (5) 

measuring the response and recovery after a disaster; and (6) measuring programme 

results (see Figure 2-3). In line with Winderl’s (2014) study, the six elements of disaster 

resilience are summarised as follows: 

1. “Well-being considerations before and after the disaster”; is explaining the 

degree of resilience of a particular system by explaining the extent of maintaining 

its general well-being in the event of a disaster. This element tracks the well-being 

of a system over time – generally before and after a disruptive event. 

2. “Vulnerability and exposure determination”; is the degree of a system’s 

exposure to a disruptive event and how is the likelihood of it getting disturbed. 

Winderl (2014) suggests that resilience vulnerability and exposure assessment is 
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expected to be more complicated and requires its considerations. 

3. “Resilience capacity level inclusion”; depends primarily on subjective or empiric 

characteristics of a system and a particular set of assumptions about resilience. 

Béné et al. (2013) proposed three types of resilience capacities as absorptive, 

adaptive, and transformative. Winderl (2014) stated that system resilience 

capacities are part of a system’s characteristics, which means they can be 

measured disaster-independently.   

4. “Quantifying and measuring the impact of disasters”; is related to measuring 

the impact of resilience to the targeted system after a disruptive event. Winderl 

(2014) then highlighted that a particular set of measures should cover this item in 

the resilience measurement tool. 

5. “Measuring the response and recovery after a disaster”; is related to measuring 

the reaction of a system after disruptive events. Winderl (2014) argues that a 

resilience measurement tool should include a set of measurement items to gauge 

the extent to which a system could absorb, adapt and transform after a disruptive 

event. 

6. “Measuring programme results”; are those types of measurement items in a 

disaster resilience tool which focus on specific resilience capacity, or sector, or 

type of disaster. They also may include some activities and output levels to capture 

the details of a planned programme for the system. 

 

Figure 2-3: Elements of measuring disaster resilience; source Winderl (2014) 

Elements of resilience, as proposed by Winderl (2014) are comparable to the domain of 

resilience by Cutter (2016). Cutter (2016) stated that “resilience measurement domain 
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areas are either the characteristics of the systems or community, or the capacities within 

them”.  

2.10.2. Level of resilience measurement results 

Another resilience measurement boundary factor for a tool is to understand the level of 

the resulting chain that would be measured by a selected resilience tool. Bester (2012) 

proposes that the different levels of the result chain may focus on: “(1) inputs: activities 

carried out by stakeholders dealing with a system; (2) outputs: reduction of exposure to 

disasters, exposure to vulnerabilities, resilience capacities and actions; (3) outcomes: 

actual outcomes observed in the event of a disaster; or (4) impact: referring to the degree 

that households, communities, systems or countries can maintain well-being in the long 

run, despite a disaster”. 

Winderl (2014) proposes a comparative summary for predominant paradigms of 

resilience measurement result levels in Table 2-7 below. 
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Table 2-7: Level of resilience measurement results; adopted from Winderl, 2014 

Level Focus Advantages Disadvantages Example of Measurement Item 

Impact Simple to communicate  Disadvantages: Risk that, rather than create right 

incentives, it may merely transfer too much 

responsibility to ex-post actions 

# of people falling into poverty as a 

result of a disaster 

Outcome (can be 

observed only after a 

disaster or a modelling 
exercise) 

 

 

 
 

 

Actual 

resilience 

Simple to communicate; politically motivating 

Disadvantages:  

can only be measured after a disaster; cannot track 

annual progress as would need averages over decades 

Mortality  

Economic losses  

Economic losses as a proportion of 
GDP 

Damage to household assets  

Damage to critical infrastructure  

Government expenditure on 
disaster relief and recovery 

Modelled 
resilience 

Can track modelled losses, to get over inter-annual 
variability; modelling capacity would help assess 

the effectiveness of investments; models already 

used in some form in many countries 

Potentially difficult to gain support; expensive; poor 
coverage of all areas/hazards 

Average annual mortality 
Average annual economic loss 

Output (can be 

observed before a 

disaster) 

Exposure Relatively cheaper and easier to measure; can be a 

guide to action 

Only describes part of the system; need additional 

quality/effectiveness factors; exposure needs 

modelled environment given dynamic changes (e.g. 
migration, climate change) 

% of assets/population exposed 

Vulnerability % of the population with access to 

livelihood asset protection 

measures - insurance and social 

safety nets  
% of buildings complying with 

hazard-resistant building codes 

Resilience 

Capacities 

% of the population with access to 

risk information  

% of firms adopting international 

risk management standards  
% of development decisions that 

incorporate disaster resilience 
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2.10.3. Dimensions of resilience 

Considering all different dimensions of resilience discussed in Section 2.6, any resilience 

assessment requires a decision about which dimensions to be included in the process. 

Cumming et al. (2005) believe that this is a significant and subjective decision for any 

resilience measurement process. 

2.10.4. The smallest unit of analysis 

Resilience measurement practice may carry out using different units of analysis (Lovell 

and Comba, 2013). The most common method is the geographic unit of analysis, which 

may scale from individual and household levels to sub-national, national and global 

levels. This boundary is similar to a spatial orientation attribute, which Cutter (2016) 

highlighted as one of the leading parameters of distinguishing between different resilience 

assessment methodologies.  

To measure resilience, “one needs to specify the time scale,” (Carpenter et al. 2001, 

p. 767) and the spatial scale because the authors explain, that resilience on one scale can 

be achieved at the expense of resilience of another (“cross-scale subsidies”). 

The spatial/study unit ranges from individual communities to nations. In some instances, 

especially those studies examining a single dimension of resilience such as infrastructure, 

there is no spatial unit. 

2.11. Criteria Assignation to Choose Resilience Assessment Tool for 

Implementation 

The first step of selecting an appropriate tool for implementation is to decide on how to 

compare different options. This comparison requires the selection of criteria to reflect 

performance in meeting the objectives. Generating the criteria is usually the critical part 

of any decision-making analysis and should reflect the decision makers’ will (Bouyssou, 

1990; Goodwin & Wright, 2002). Each introduced criterion must be possible to assess, at 

least in a qualitative sense (Saaty, 1994, 2005). 

In examining the criteria for choosing resilience tool, Cutter (2014) suggested that 

communities should pick up a resilience measurement tool which: “(1) is lined up with 

the tool users’ objectives and vision; (2) is open and straightforward; and (3) its included 
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measurements in the tool are: a) well-documented and straight to the point; b) can be 

replicated; c) address multiple hazards; d) represent community’s areal extent, physical 

(manmade and environmental) characteristics, and composition/diversity of community 

members; and e) are adaptable and scalable to different community sizes, compositions, 

and changing circumstances”.  

The second and third tool-selection factors raised by Cutter (2014) are related to the 

nature and maturity of the resilience measurement tool. In other words, it is related to the 

degree of fit that resilience assessment tools have. Accordingly, there may be different 

suitable options for implementation. For this reason, Stevenson et al. (2015) propose a 

benchmark maturity model to evaluate the degree of fitness for nominated assessment 

tools and provide pathways for further development. In the following sub-section, the 

benchmark maturity model proposed by Stevenson et al. (2015) will be discussed. 

The first and highly important factor in choosing a resilience assessment tool raised by 

Cutter (2014) depends on the tool user’s objectives and implementation vision. It seems 

this factor is most important since resilience implementation procedures require an 

understanding of the engaged communities’ needs to determine what should be included 

in the process. Motef (2012) stated that how one measures resilience depends on what 

policymakers consider most relevant to their decision making. As a result, it is essential 

that the chosen resilience assessment tool fulfils the requirements of the users in the 

targeted implementation sector.  

There will not be a single best tool for criteria assignation to choose a resilience 

assessment tool for the transport sector. However, in order to assist with this process, 

Resilience Assessment (RA) Maturity Model was derived from interviews with New 

Zealand Resilience to Nature's Challenges - National Science Challenges (RNC-NSC) 

stakeholders and the resilience literature (see Figure 2-4) to evaluate existing frameworks 

and provide pathways for further development.  
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Maturity Level 5 
Optimised and Adaptive 

    

Maturity Level 4 
Validated 

   

Maturity Level 3 
Systematic 

  
Maturity Level 2 

Repeatable  
Maturity Level 1 

Theoretical or Ad Hoc 

About 
Untested conceptual 
frameworks and ad hoc 
interventions 

Resilience assessment 
tools developed or some 
evidence of repeatable 
interventions 

Tools, policies, and/or 
interventions that have 
been tested or 
systematically integrated 
into practice. 

Well-developed 
assessment tools, 
policies, and 
operationalised 
interventions. 

Well-developed assessment 
tools, policies, and 
operationalised 
interventions are adaptable 
to optimise assessments 
and interventions 

Definitions 

Unclear or ambiguous 
definitions of resilience 
and desired resilience 
outcomes 

Resilience and desired 
resilience outcomes 
defined 

Resilience and desired 
resilience outcomes 
defined. May include 
specific operational 
definition of resilience. 

Resilience and desired 
resilience outcomes 
defined. May include 
specific operational 
definition of resilience. 

Resilience and desired 
resilience outcomes defined. 
May include specific 
operational definition of 
resilience. 

Resilience Assessment 
Frameworks/Measurement 
Tools 

- 

Developed, possibly 
demonstrated using 
empirical data or case 
studies. 

Developed, tested and 
refined using empirical 
data. 

Developed, tested and 
refined using empirical 
data. 

Developed, tested and 
refined using empirical 
data. 

Policy and 
Operationalisation 

Not systematically 
operationalised through 
policy. 

Interventions occurring 
on a repeatable basis. 
Policy or standards may 
be in place, but no clear 
pathway for 
implementation. 

Linked to policies or 
standards with clear 
pathways for 
implementation. 

Established policy with 
clear pathways for 
implementation and 
enforcement or quality 
assessment 

Established policy with clear 
pathways for 
implementation and 
enforcement or quality 
assessment. 

Validation - - - 

Evaluation to ensure that 
interventions are leading 
to desired resilience 
outcomes. 

Evaluation to ensure that 
interventions are leading to 
desired resilience outcomes. 

Figure 2-4: Prototype of a resilience assessment maturity model after Stevenson et al. (2015) 

L
O

N
G

 T
E

R
M

 E
F

F
IC

IE
N

C
Y

 

MATURITY 



 

46 

 

The evaluation criteria within the RA Maturity Model were derived from interviews with 

the Resilience to Nature's Challenges - National Science Challenges (RNC-NSC) 

stakeholders and the resilience literature. The evaluation criteria include: 

• Definition development 

• Tool refinement/Empirical evidence 

• Policy and operationalisation 

• Validation 

The definition development criteria of maturity models seek to evaluate the theoretical 

foundation of the measure (i.e. resilience is clearly defined and distinct from other 

concepts). Also, it tries to identify to what extent the conceptual work on resilience has 

led to the development of an assessment tool. In this instance and referring to Figure 2-4, 

the theoretical or ad hoc maturity level belonged to assessment tools with unclear or 

ambiguous definitions of resilience and desired resilience outcomes (i.e. Maturity level 

one). If the assessment tool defines the resilience and desired resilience outcome, the 

process would be repeatable, and the maturity level would be slightly higher (i.e. maturity 

level two). The highest maturity level belongs to assessment tools which clearly define 

the resilience and desired outcome and include a specific operational definition of 

resilience for their system of interest.   

The empirical evidence factor has been advanced in the maturity model to evaluate 

whether the assessed tool has been tested with empirical data and refined. Empirical 

evidence is the data gotten by secondary methods, especially by insight and 

documentation of forms and conduct through experimentation. Case study research is a 

proven method of improving the tool’s maturity for empirical evidence. The higher 

maturity level will be achieved via an iterative process of testing and refining the tool for 

this item. Empirical evidence checks reality (which precisely relates to the real world) or 

misrepresentation (incorrectness) of a scenario. In the empiricist case, one can claim to 

have to learn only when given an experimental confirmation (albeit a few empiricists trust 

that there are different methods for picking up information). This property stands instead 

of the logical thinker where reason or reflection alone is thought as affirmation for the 

real world or a lie of a couple of suggestions. Correct confirmation is information secured 

by observation or experimentation. The analysts usually record and examine this info 

after data collection (Stevenson et al., 2015). 
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The policy and operationalisation criterion seek to evaluate whether the assessments are 

operationalised to influence policy, inform decision making, or prompt and guide 

resilience-building interventions. The criterion explicitly examines if there is a systematic 

operationalisation approach through the policy or not. In reference to Figure 2-4, if there 

is no systematic approach through policy, the maturity level for this criterion would be 

ad hoc or theoretical (i.e. Maturity level one). If the framework involvement with the 

policy occurs regularly with no clear pathway, the maturity level would be slightly low 

(i.e. two). The maturity level of three (systematic) would be assigned to frameworks 

which link to policies or standards with clear pathways or implementation strategies. The 

validated, optimised, and adaptive resilience assessment tools in terms of policy and 

operationalisation are those that link to established policies with clear ways for 

implementation and application.  

Validation is often the last step in the assessment construction process, and one that often 

receives little or no attention before the tool is deployed (Tate, 2011). Validation is 

defined as a “comparison of a model’s predictions with the real world to determine 

whether the model is suitable for its intended purpose,” (Mayer & Butler, 1993, p. 21). 

Models (referring to indices, computational models, and other assessment tools) require 

repeated validation across different contexts to confirm that they measure the 

phenomenon they aim to quantify (e.g. disaster resilience) (Bidwell, 2011, Mayer & 

Butler, 1993). 

Resilience is not directly observable. Therefore, the validation of a resilience assessment 

tool requires proxies (Schneiderbauer & Ehrlich, 2006). However, robust validation of 

resilience models is difficult. A significant difficulty stems from the fact that resilience 

indicators rely on pre-disturbance conditions, while the validation proxies apply post-

event outcomes (Tate, 2011). Tate (2011) also believes that the outcomes of a specific 

disaster event such as observed damage, the rate of population returns, and the recapture 

rate of economic productivity are weak proxies for the “multidimensional and multi-

hazard” nature of resilience models. As a result, creating robust resilience metrics for 

validation can be a significant challenge which requires iterative pre and post-disaster 

adjustment and modification of the selected framework. Validation of the selected 

resilience model, though, is not in the scope of this study. 
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2.12. Benchmarking the maturity of transportation resilience tools 

As discussed in Section 2.11, the maturity model (presented in Figure 2-4) helps to evaluate 

the degree of fit that each resilience assessment tool has with some of the optimal criteria 

that were proposed.  

The main criteria proposed in the maturity assessment for this study include:  

• Definition Development: the theoretical foundation of the measure (i.e. resilience 

is clearly defined and distinct from other concepts) 

• Tool refinement /Empirical evidence: whether the conceptual work on resilience 

has led to the development of an assessment tool 

• Policy and Operationalisation: whether that tool has been tested with empirical 

data and refined, and whether the assessments are operationalised to influence 

policy, inform decision making, or prompt and guide resilience-building 

interventions. 

Each of the criteria above about adopted resilience assessment tool will be discussed in 

the following sections.  

The transportation resilience assessment tools discussed in this chapter were developed 

with specific intentions (i.e. applicability) and are at various stages of development. 

Therefore, the assessment of their maturity is not intended to be a critique of evaluated 

tools. Instead, assessing their maturity levels (ML) provides some degree of guidance 

about the practicality of using these tools for implementation purposes in this study.  

This section discusses the resilience assessment maturity criteria of summarised 

transportation resilience assessment tools in Section 2.12 using the maturity model 

developed by Resilience to Nature’s Challenges (RNC) for the government of New 

Zealand (Stevenson et al., 2015). Table 2-8 provides a summary of the tools and relevant 

name codes for the following maturity assessment.  

The scale of assessment was from level one (low maturity) to level 5 (high maturity). The 

resultant choice of assessment for each main criterion has been discussed in Section 

2.10.1. 
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Table 2-8 : Name code of transport resilience assessment tools for maturity assessment 

Tool 

Code 

Author Resilience 

Assessment Type 

RT1 Serulle et al. (2011b) Tool/Model 

RT2 Freckleton et al. (2012) Tool/Model 

RT3 Adams et al. (2012) Indices 

RT4 Murray-Tuite  (2006) Indices 

RT5 P. Murray-Tuite (2008) Indices 

RT6 Nguyen et al. (2011) Tool/Model 

RT7 Omer et al. (2011) Indices 

RT8 Omer et al. (2013)  Indices 

RT9 Vugrin et al. (2011)  Tool/Model 

RT10 RT10  Tool/Model 

RT11 Hughes and Healy (2014) Scorecard 

RT12 Lee et al. (2013) Scorecard 

RT13 Fisher et al. (2010)  Scorecard 

RT14 Petit et al. (2013)  Tool 

2.12.1. Definition development  

RT1 and RT2 refer to Battelle (2007), VTPI (2008), Ta et al. (2009), Litman (2007), and 

Heaslip et al. (2009) for resilience definition. Their desired resilience outcome has been 

clearly defined to evaluate network availability. They link desired resilience outcomes to 

Network Availability, Network Accessibility, Traveller Perception and Transportation 

Cost. For this purpose, they proposed resilience definition as “the ability for a 

transportation network to absorb disruptive events gracefully, and maintaining its 

demonstrated level of service, or to return itself to a level of service equal to or greater 

than the pre-disruption level of service within a reasonable timeframe”. Overall, a 

resilience definition maturity score of three seems appropriate for RT2 and RT3’s 

resilience definition. 

RT3’s freight resilience measurement process was mainly based on Bruneau et al.’s 

(2003) community resilience concept, which defined the resilience triangle and the 4R 

framework (i.e. robustness, rapidity, resourcefulness, and redundancy). Later, Tierney 

and Bruneau (2007) suggested the 4R framework be applied to transportation 

infrastructure.  RT3 also defines freight Level of Service (LOS) using the resilience 

triangle and presenting the level of service loss to the system experienced, how long the 

system took to reach its lowest service level, and how long the system took to recover. 

They then observed the different characteristic shapes of the resilience triangles derived 

from sample truck counts and speeds on a corridor before, during, and after significant 

weather events using geospatial truck location data. They included defined resilience and 

desired resilience outcomes for the freight system, but they did not include a specific 
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operational definition of resilience. Overall, a maturity score of three seems appropriate 

for their definition of resilience.  

Both RT4 and RT5 used the general definition of resilience by Bruneau (2006) for 

community resilience. They then referred to Godschalk (2003) and VTPI (2005) studies 

on ten terms proposed for properties of the resilient transportation system and examined 

the influence of the system’s optimal and user equilibrium traffic assignments on the four 

proposed resilience properties of adaptability, mobility, safety, and recovery. Their 

resilience definition and desired resilience outcome were operationalisable in the 

transport network sector. Overall, a maturity level of four seems appropriate for the 

resilience definition of their tool. 

RT6 used the same resilience definition as in Webster’s Unabridged Dictionary and the 

National Infrastructure Advisory Council at the Department of Homeland Security 

(2009a). They also used a similar conceptual framework for defining resilience as 

presented by Cimellaro et al. (2006) and Bruneau & Reihorn (2007). However, for 

quantification, they extended these definitions and measured resilience using four 

different quantifiable criteria, as shown in the following definition for infrastructure 

systems: 

• The worst/average level of functionality degradation, denoted as Rop, in the case of 

failures. 

• The capability and the worst/average recovery time of the system once experiencing 

shocks (denoted as Rrt). 

• The recovery speed (denoted as Rrs). 

• The adaptability of the system, denoted as Rad, is its capability to bounce to a stable 

state, which could be different from the current stable state after a shock. 

Overall, RT6 extended the resilience definition from other studies and included the 

specific operational definition of resilience in their research. Accordingly, a maturity 

level of four seems appropriate for the definition of their tool. 

RT7 and RT8 focused on engineering and infrastructure systems’ definition of resilience 

by reviewing several definitions of resilient systems. They concluded that a resilient 

infrastructure system should be able to: 

• Absorb and contain shock 
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• Reorganise after a disturbance to resume functionality 

• Apply adaptive responses in the face of threats 

• Cope with hazards, and 

• Recover quickly from disruption. 

Although their study reviewed resilience for different infrastructure to propose a 

comprehensive definition for the infrastructure sector, the resilience and desired 

resilience outcomes for the transport sector were not deliberated. Moreover, no specific 

operational resilience outcome has been proposed about different transport sectors. As a 

result, the maturity of their framework definition development for the transport sector 

could be considered as one.  

RT9 used similar definitions, including those by Haimes (2009) and Croope and McNeil 

(2011) and combined them with Rose’s (2007) economic resilience definition and defined 

resilience as: 

Given the occurrence of a particular disruptive event (or set of events), the 

resilience of a system to that event (or set of events) is the ability to reduce 

effectively both the magnitude and duration of the deviation from targeted 

system performance levels.  

RT9 also considered the economic aspect of freight resilience by evaluating the average 

speed and cost of shipments and the number of disrupted shipments after a disruptive 

event. The definition tries to capture system performance and its efficiency and impact 

cost after the occurrence of a disruptive event. RT9 also provides a comprehensive 

literature review and comparison of resilience definitions and frameworks to propose 

their economic resilience definition. Hence, a maturity level of four seems appropriate 

for their resilience definition. 

RT10 explains that the entire intermodal network consists of two components: the road 

network and intermodal terminals. Then they refer to Ballis’ (2004) performance 

indicators for the intermodal terminal level of service regarding mobility, reliability, 

flexibility, security, and accessibility. They then propose a performance index equation 

for some of these indicators and define the intermodal system resilience as the ratio of the 

performance drop in the intermodal network after a disruptive event compared to its 

performance before a disruptive event. Their proposed methodology for measuring 
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resilience is based on the calculation of the before and after event performance indicators. 

They highlighted that resilience always occurs after a disruptive event. RT10 include 

parameters such as size, socioeconomic status, and government policy in their definition 

to relate their resilience measurement with a network. Zhang et al.’s (2009) resilience 

definition for intermodal transportation systems considers the desired resilience outcomes 

and includes a specific operational definition of resilience. Consequently, a maturity level 

of four seems appropriate for this tool. 

RT11 reviewed a range of definitions by Allenby and Fink (2005), USDHS (2009), 

Seville (2009), Mileti (1999) and Solomon et al. (2007). They finally adopted the 

Government of New Zealand’s (2011) definition of resilience to develop their assessment 

tool as follows: 

“The concept of resilience is wider than natural disasters and covers the 

capacity of public, private and civic sectors to withstand disruption, absorb 

disturbance, act effectively in a crisis, adapt to changing conditions, 

including climate change, and grow over time”. 

Since the Government of New Zealand has a clear strategy on the application of 

community resilience in place and has carried out much research for this purpose, the 

maturity level of five could apply to the resilience definition in RT12’s framework. 

Both RT13 and RT14’s definition of resilience is based on the report by the US National 

Infrastructure Advisory Council (NIAC), which defined resilience in the context of 

critical infrastructure and critical resources, like the capability to decrease the 

consequence and extent of disruption. According to NIAC (2009), the efficiency of a 

resilient infrastructure or system can be defined based on its capacity to predict, engage, 

acclimatise to, and rapidly recuperate from a disruption. The definition by NIAC is widely 

used in the US and globally as a basis for different resilience studies and, regarding 

maturity. Therefore, a score of five seems appropriate for both RT13 and RT14.  

2.12.2.  Tool refinement /Empirical evidence 

RT1 applied their developed framework on Santo Domingo, the capital of the Dominican 

Republic, to demonstrate the hypothetical application of the proposed resilience 

assessment framework. The scenario consists of the occurrence of a Category 4+ hurricane 
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that severely affects the city of Santo Domingo. Hence, a maturity level of three has been 

assigned to this tool.  RT2 later refined RT1 by providing specific definitions of each 

metric used in the calculation of total network resiliency. In order to illustrate the potential 

application of the proposed methodology, an illustrative example was developed by 

applying the tool in a case study scenario. The scenario addresses the occurrence of a 

seismic event along with a primary fault line on the Wasatch Front near Salt Lake City, 

Utah. Overall, a maturity level of three seems appropriate for both RT1 and RT2 tools.  

RT3 did not propose any new framework. Instead, they applied Bruneau et al.’s (2003) 

framework to gauge freight performance before, during, and after disruption events, by 

using processed truck counts and speed data from a global positioning system (GPS). 

They carry out an empirical study using freight corridor data for trucks to refine their tool. 

The freight corridor data was from Hudson to Beloit in Wisconsin in the United States. 

A resilience score of two seems appropriate for tool refinement maturity of RT3. 

The RT4 study demonstrated the possibility of resilience assessment for traffic system 

performance by comparing the system optimum (SO) and user equilibrium (UE) traffic 

assignments concerning their effects on adaptability, safety, mobility, and recovery. RT5 

later tested RT4’s tool by evaluating the impact of the incident on traffic system 

resilience. They applied microscopic simulation methodology to simulate the congestion 

mitigation strategies on a 3098 link, the 315-node road network located in Northern 

Virginia, and the US covering 16-18 miles of freeway and approximately 100 

intersections. Consequently, a maturity level of three seems appropriate for the RT4 and 

RT5 studies.  

With the primary goal of providing a mathematical framework for defining and 

quantifying interdependencies, resilience and sustainability (IRS), RT6 first developed 

mathematical models to quantify how interdependency among infrastructure subsystems 

affects the resilience and sustainability of the whole complex system. The mathematical 

framework they developed provides users with an understanding of the system’s expected 

behaviour as well as ways to mitigate consequences from extreme events before actual 

implementation. They claim that the latest considerations distinguish their paper from 

works such as Cimellaro et al. (2006) and Zimmerman (2004), which mainly focus on 

empirical case studies through the use of existing systems and the analysis of past events. 

They then applied their models to an illustrative case study on biofuel development and 
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showed the possibility of their framework application in the infrastructure sector. This 

framework refinement has been proposed as part of future studies by the RT6’s authors. 

As a result, a maturity level of three seems appropriate for the tool refinement/empirical 

evidence category.   

RT7 initially applied the NIRA framework to different infrastructure sectors as part of its 

tool refinement practice. Later, RT8 applied the NIRA framework to two road 

transportation networks. In the first case study, the NIRA framework was applied to the 

road network that connects Boston to New York City, and the impact of disruptions on 

the significant arterials connecting these two cities is investigated. The resilience of this 

road network is characterised regarding delays, environmental damage and financial 

losses. Since there are several transportation alternatives between Boston and New York 

City, the case study investigates the impact of disruptions on the traveller’s mode of  

choice. In the second case study, the NIRA framework was applied to the island of 

Manhattan’s entry-points road network. In this case study, different resilience-enabling 

schemes are evaluated through the use of decision tree analysis. The results from case 

studies demonstrated the possibility of resilience assessment using the NIRA tool, so a 

maturity level of two seems appropriate for both RT7 and RT8.  

RT9 trialled different disruptive event scenarios for testing their tool. They carried out a 

set of numerical experiments which illustrate how changes to disruption scenario 

probabilities affect the optimal resilient design investments. They also showed the 

application possibility of this approach to a set of network models, including a national 

railroad model and a supply chain for army munitions production. Overall, a maturity 

score of two has been assigned to this tool regarding tool refinement and empirical 

evidence.  

RT10 applied their resilience measurement tools on the Gulf Coast intermodal network 

after Hurricane Katrina in 2005. The Gulf Coast area case study occurred in three counties 

of Hancock, Harrison, and Jackson in the US. It affects various classes of roads and 

various intermodal stations in the US. RT10’s resilience assessment considers different 

information, such as road length, road classification, road design speed, road network 

capacity.  Based on the forecasted socioeconomic data for different Traffic Analysis 

Zones (TAZs) in each case study, RT10 generates the intermodal Origin-Destination (O-

D) Trip flow, for both before and after disaster scenario in TransCAD.  A total of 135,555 
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truck trips were generated for the year 2005, and 105,213 trips were generated for the 

year 2006. Then, the intermodal O-D flow was divided and distributed to the intermodal 

network using the TransCAD Trip Assignment Module. RT10 has been tested in four 

different scenarios. A second phase case study also planned to be conducted for RT10 as 

part of future refinement opportunity. Overall, regarding tool refinement maturity, the 

RT10 defined tool was tested using various empirical data. A maturity score of four seems 

appropriate. 

The RT11 resilience assessment tool has been developed, and the author shows “two 

high-level examples through which the measurement framework is illustrated”. The first 

example is for transportation resilience of all-hazard assessment on a regional scale. The 

second example is asset-based, hazard-specific transportation resilience assessment, 

using the tool. Overall, a maturity score of two seems appropriate for RT11’s resilience 

assessment tool. 

RT12 has been tested and refined several times. The ‘Resilience Organisations’ research 

programme carried out multiple research on this tool, so a maturity score of five has been 

assigned to this tool. 

The Argonne National Laboratory series of resilience assessment tools (i.e. RT13 and 

RT14) is the continuation of a long-term programme after Homeland Security 

Presidential Directive 7. The programme establishes a national policy for the 

identification and increased protection of Critical Infrastructure and Key Resources 

(CIKR) by the U.S Federal departments and agencies. The Enhanced Critical 

Infrastructure Protection (ECIP) program’s site visits support the collection of accurate 

information that is used to compare CIKR in terms of vulnerabilities, resilience, 

consequences, and ultimately, overall risk. Based on a questionnaire containing more than 

1,500 data points, the programme is recognised as appropriate for a wide range of CIKR 

facilities, including commercial buildings, electrical substations, and dams. The collected 

data for this programme are then verified at both DHS headquarters and Argonne National 

Laboratory through a quality assurance (QA) review process. Overall, a maturity score of 

five seems appropriate for both RT13 and RT14, regarding the maturity of tool refinement 

and empirical evidence. 
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2.12.3.  Policy and operationalisation  

Both RT1 and RT2 resilience assessment tools were the extensions of Heaslip’s et al. 

(2009; 2010) research work on transportation network resilience. Their work generated a 

compilation of previous research in different fields of knowledge, especially in civil 

engineering, and created the base for the conceptual framework used in this research. 

Correspondingly, Heaslip et al.’s work is a continuation of past studies performed by 

Murray-Tuite (2006), focused on capacity flexibility measuring only a sub-group of 

variables, based on the fact that no accurate metric exists for the non-selected variables. 

Similarly, Murray-Tuite’s investigation was based on the previous compilation of 

variables related to resiliency created by Godschalk (2003). Regarding policy and 

operationalisation, both RT1 and RT2 link to previous policies or standards with clear 

pathways for implementation, therefore, a maturity level of three seems appropriate.  

RT3’s tool was developed right after the U.S. Department of Homeland Security’s (DHS) 

resilience programme in the National Infrastructure Protection Plan. The National Centre 

has funded RT3 research for Freight and Infrastructure Research and Education. Since 

RT3 research was carried out at the initial stages of the established resilience policy in 

the U.S., a maturity score of two seems appropriate for this tool.  

RT4 and RT5 called for resilience-building interventions to mitigate traffic congestion 

after an incident. It is linked to the US Department of Transportation Federal Highway 

Administration (FHWA) policies for causes of highway congestion. Both RT4 and RT5 

propose a pathway for implementation of their resilience assessment tool for traffic 

congestion using traffic simulation. A maturity level of one is assigned to these tools.  

RT6’s approach to resilience measurement was different from those of most existing 

studies before them. First, they recognised that the resilience and sustainability of a 

complex system of subsystems are directly affected by the interdependencies between the 

sub-systems. As a result, they studied these three fundamental concepts in one unified 

framework. Their work presents analytical tools to study the system at both the design 

and operational stages. Their mathematical framework provides an understanding of the 

system’s expected behaviour as well as ways to mitigate consequences from extreme 

events before actual implementation. 

Regarding operationalisation, they considered the complex infrastructure system that 

supports the rapid development of biofuel. This system consists of interdependent 
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subsystems underlying biomass production, biofuel refinement and water supply. 

Overall, the tool was systematically operationalised through policy by that time, while 

being trialled in a Biofuel system so as to check its practicality in the context of complex 

infrastructure systems. Consequently, a maturity level of three seems appropriate for the 

categories of policy and operationalisation.  

RT7 and RT8 propose a good indicator of the level of resilience for the transport sector. 

Both tools are operationalised through policy by capturing the Travel Time, CO2 

emissions and delay costs before and after a disruptive event. The NIRA tool links to the 

U.S. Department of Homeland Security (DHS) Critical Infrastructure Protection (CIP) 

program. Under the Obama administration, the Department of Homeland Security and 

other sector partners were implementing the National Infrastructure Protection Plan 

(NIPP) (NIPP 2009), which focused on infrastructure resilience. The goal of this plan was 

to: 

build a safer, more secure, and more resilient America by preventing, 

deterring, neutralizing, or mitigating the effects of deliberate efforts by 

terrorists to destroy, incapacitate, or exploit elements of our Nation’s 

CIKR1 and to strengthen national preparedness, timely response, and rapid 

recovery of CIKR in the event of an attack, natural disaster, or other 

emergency.  

Overall, a maturity level of three seems appropriate for both RT4 and RT5.  

RT9, like RT7 and RT8, was developed following the U.S. national mandates. These 

mandates shift the country’s homeland security policy from one of asset-level critical 

infrastructure protection (CIP) to all hazards, critical infrastructure resilience, thus 

creating the need for a unifying framework for assessing the resilience of critical 

infrastructure systems and the economies that rely on them. RT9 was mainly designed to 

capture the resilience of systems to disruptive events through the evaluation of both 

impacts on system performance and the cost of recovery. The framework applies to all 

critical infrastructure and has been applied to the U.S. Freight Rail Network. Overall, a 

maturity level of three regarding transportation policy and operationalisation has been 

assigned.  
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The results of resilience calculation using this RT10 facilitates the transport agency to 

decide on the location of the most vulnerable part of the intermodal system. It also helps 

to identify the facility that has the most significant impacts on the intermodal system’s 

performance if broken. Moreover, it designates the mode of transportation, which plays 

the most critical role in the intermodal network, and what strategies should be applied to 

mitigate the system’s congestion. The study was carried out after severe intermodal 

system failure was caused by Hurricane Katrina in the state of Mississippi. RT10 

intermodal resilience assessment mainly focuses on the Mississippi Gulf Coast. 

Likewise, it helps transport stakeholders to identify the most vulnerable part of the 

intermodal network so that funds could be allocated effectively to mitigate the impact of 

future disasters. RT10 mainly associate with the Gulf Regional Planning Commission 

(GRPC) and Mississippi Department of Transportation (MDOT) resilience policies and 

plan. Overall, a score of three seems appropriate for this tool.  

RT11 has been specially developed to operate in the context of “working towards higher 

living standards for New Zealanders” (Treasury, 2011). The established extents to 

achieve the high-level standard were ‘reducing risk’, and ‘improving New Zealand’s 

ability to withstand unexpected shocks’. It tries to deliver better value for money through 

public investment, and ultimately, better outcomes and service delivery to the public. The 

tool proposes fundamental measures of better asset management process and planning of 

critical transport assets. The tool is linked to established policies or standards. However, 

the pathway for implementation is not clear. Overall, the maturity level regarding linking 

to policy and overutilization is between two and three for the RT11 tool in this aspect.  

The U.S. Department of Homeland Security (DHS) and its protective security advisors 

(PSAs) and NIAC, have established an apparent policy regarding resilience assessment 

and its implementation in an infrastructure unit. The research started by surveying critical 

infrastructure using a survey tool called “IST”. The outcome of the survey was a few 

protective measures and values which defined the Protective Measure Index (PMI) for 

critical infrastructure. The provided index helped stakeholder to identify the weak points 

of the infrastructure assets. Further research was carried out by Argonne National 

Laboratory, with DHS to develop another index called Resilience Index (RI) for critical 

infrastructure. 
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Further researches have been conducted to improve/modify RI to contribute to wider 

infrastructure sectors. RI has been implemented in various case study and has been tested 

over time. Accordingly, a maturity level of five seems appropriate for both RT13 and 

RT14, which are the products of the Argonne National Laboratory regarding resilience 

strategies. 

2.12.4. The Maturity Assessment Result 

The maturity levels assigned in Table 2-9 are based on reviews of each tool using available 

literature. There are five ‘maturity levels’ (ML) ranging from ML 1 – which refers to ad 

hoc resilience assessment tools – to ML 5 – which refers to tools that are optimised and 

adaptive. 

Table 2-9: Maturity assessment result for transport resilience assessment tool 

Tool 

Code 

Author (s) /Tool Name Definition 

Development 

Tool 

Refinement 

Policy and 

Operationalisation 

Overall 

Maturity Level 

(Estimated 

Average) 

RT1 

RT2 

Serulle et al. (2011b) and 

Freckleton et al. (2012) 

ML3 ML3 ML3 ML3 

RT3 Adams et al. (2012) ML2 ML2 ML2 ML2 

RT4 

RT5 

Murray-Tuite (2006) and 

Liu and Murray-Tuite 

(2008)  

ML4 ML3 ML1 ML2.5 

RT6 Nguyen et al. (2011) ML4 ML3 ML3 ML3 

RT7 

RT8 

Networked Infrastructure 

Resilience Assessment 

(NIRA)_Omer et al. (2011; 
2013) 

ML3 ML2 ML3 ML2.5 

RT9 SANDIA_Vugrin et al. 
(2011) 

ML4 ML2 ML3 ML3 

RT10 MOR_Zhang et al. (2009)  ML4 ML4 ML3 ML3.5 

RT11 Technical Resilience – 

Hughes and Healy (2014) 

ML5 ML2 ML2.5 ML3 

RT12 Organisational Resilience – 

Hughes and Healy (2014) 
and Lee et al. (2013)  

ML5 ML5 ML4 ML4.5 

RT13 
RT14 

Petit et al. (2013) - RMI and 
Fisher et al. (2010) - RI 

ML5 ML5 ML5 ML5 

The result of this tool maturity assessment created a preamble for discussion with the 

stakeholders involved in this study to select the desired resilience assessment tool for 

implementation.  

The evaluation criteria within the Resilience Assessment Maturity Model were derived 

from interviews with New Zealand Resilience to Nature's Challenges - National Science 

Challenges stakeholders and resilience literature. The evaluation criteria will be described 

in the following sections. 
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2.13. Summary of Literature 

Resilient transportation networks are critical facilities due to our dependence on local, 

regional, national, and international transport. Different resilience frameworks and 

assessment tools have been developed by transport stakeholders to identify weaknesses 

in their networks. Among them, selecting an appropriate tool as well as the applicability 

of the selected tool remains a challenge. With the information at hand, a standard, well-

developed resilience measurement tool could be selected. In the next step, the tool should 

be implemented to identify the data and documents required for its future application. 

This chapter reviewed a range of literature to develop a contextualised understanding of 

a resilience assessment process in the transportation infrastructure sector. Through critical 

analysis of infrastructure resilience and embeddedness literature, the proposed gap for 

practical resilience measurement implementation strategies is justified with the following 

four propositions. 

Proposition 1: The variety of the existing resilience definitions in the 

literature and the necessity of offering/choosing fitting resilience definition 

for the targeted sector. 

Resilience terminology is quite broad and is distributed in different disciplines; therefore, 

before any implementation is carried out, it is essential to offer or select a robust resilience 

definition for the targeted implementation sector. The main differences in resilience 

definitions are the timing considerations in taking action against disruptive events. Some 

definitions believe that resilience is only about fast recovery after disruptive events, while 

others believe that resilience is about activities both before and after disruption (i.e. 

proactive and reactive actions). Resilience definition approaches can also be categorised 

based on different disciplines (e.g. systems, material science and psychology). Since 

critical infrastructure, including transportation, can be viewed as a system, a “systems 

approach” to the assessment of infrastructure resilience is accepted in the majority of 

literature. Also, in terms of timing, a majority of the literature used the second approach 

(i.e. including activities before and after disruption). 

It is generally accepted that the majority of studies around infrastructure resilience ran on 

Bruneau et al.’s (2003) definition for seismic resilience in a community’s infrastructure 

systems. Bruneau et al.’s (2003) definition of resilience also proposes that a resilience 
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definition should consider both before and after event activities. Petit et al. (2012) define 

a comprehensive infrastructure resilience as a system with the ability to “Absorb 

acceptable shock or deformation in a time of crisis; Recover the functionality of the 

system after a disaster or a sudden shock, and Operate appropriately even if some parts 

of the system fail.” 

Overall, the definition mentioned above embraces the majority of explanations for the 

transport infrastructure sector. Nevertheless, the definition provided in each transport 

context could be customised based on the mode of transportation as well as the types of 

disruptive events.  

Proposition 2: The conventional components, dimensions and features of a 

resilient system impacts on the aspects of the resilience implementation 

strategy. 

The literature on resilience characterises different components, dimensions and features 

for infrastructure resilience. According to Carlson et al. (2012), resilience will be 

achieved via four major components (i.e. preparedness, mitigation, response, and 

recovery). Six types of actions (i.e. anticipate, resist, absorb, respond, adapt, recovery) 

participate in fulfilling each of these components to return the infrastructure to the 

previous/new equilibrium. A complex infrastructure system, such as transportation may 

also be considered resilient in different aspects/dimensions. There are different 

approaches for classification of dimensions of resilience. Again, Bruneau’s et al. (2003) 

TOSE dimensions – i.e. technical, organisational, social and economics – seem to be 

accepted by most literature around infrastructure and transport sectors. 

Furthermore, different features of infrastructure contribute to achieving system resilience. 

There is an extensive and growing body of literature proposing principal features for the 

infrastructure sectors. A summary of the extant literature on resilient infrastructure 

features and properties is shown in Table 2-4. Overall, a resilience assessment strategy 

could be implemented in networks of relations that the components above, dimensions 

and principal features have to each other. Therefore, it is essential to define/limit the 

aspect of the resilience measurement strategy before any implementation.   

Proposition 3. The underlying testimony of system resilience valuation and 

current approaches for assessing resilience. 
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Resilience valuation is essential in order to get a grip on studied systems. It helps 

stakeholders and decision-makers to identify weak spots. Prior and Hagmann (2014) 

proposed five main reasons for resilience assessment: (1) to characterise resilience; (2) to 

raise awareness; (3) to allocate resources for resilience; (4) to build resilience; and (5) to 

monitor policy performance. Each of these main reasons is deliberated in this literature 

review chapter. The variety of driving purposes for resilience valuation results in diverse 

approaches to resilience assessment. The literature classifies these approaches in different 

ways. Cutter (2014) introduced a functional method to classify resilience measurement 

tools into three main categories: indices; scorecards; and toolkit/computational models. 

The latest classification is adopted in this present study to group existing resilience 

assessment tools and achieve better practice for resilience assessment implementation.  

Proposition 4. A possible contextual approach to choose a resilience 

measurement tool for the transportation sector and boundary limitations to 

provide practical guidance for the implementation process. 

This chapter contextualised the existing resilience assessment tools for the transportation 

infrastructure sector based on Cutter’s (2014) adopted the classification method. The 

chapter also reviewed the possible criteria and boundaries for choosing resilience 

assessment tools for implementation. From the literature, two general factors influence 

the tool selection decision: (1) the maturity of the selected tool for implementation; and 

(2) users/stakeholders’ objectives and implementation vision. The first factor may be 

achieved via the resilience assessment maturity model prototype such as the one proposed 

by Stevenson et al. (2015), and could be adopted to evaluate the degree of fit each studied 

resilience assessment tool has with some proposed optimal criteria. The evaluation 

criteria include: (1) the theoretical foundation of the measure; (2) whether the conceptual 

work on resilience has actually led to the development of an assessment tool; (3) whether 

that tool has been tested with empirical data and refined; (4) whether the assessments are 

operationalised to influence policy, inform decision-making, or prompt and guide 

resilience-building interventions; and (5) whether the model has been validated. To fulfil 

the second factor, different characterisation strategies such as recognising the needs of 

involved stakeholders may be carried out during implementation. 

Overall, the evaluation of nominated assessment tools using benchmark maturity could 

be mainly used to explore the amount of study and pathway for the further development 
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of each tool. However, the primary tool selection process is based on the user’s objectives 

and implementation vision. This is because the practical tool application highly relies on 

stakeholders’ and targeted sector’s requirements. A highly matured tool may not be 

desirable for some stakeholders, while a tool with a low maturity level may be motivating 

for stakeholders, and they may spend lots of money and resources to evolve the tool to a 

sophisticated instrument. 

The boundary limitation and contextualisation of approaches be applied for better 

implementation practice for transportation resilience assessment. For this purpose, four 

criteria to clarify and limit what is being measured by a resilience assessment tool include 

(1) elements of disaster resilience; (2) level of resilience measurement results; (3) 

dimension of resilience; and (4) unit of analysis. 
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3.1.  Overview 

According to Creswell (2013), there are six main stages in a typical research process 

namely: identifying a problem, reviewing existing literature, selecting participants or 

samples, collecting data, analysing and interpreting the data, and finally, reporting and 

evaluating the research findings. Considerations such as research objectives, norms of 

practice, availability of resources, as well as ethical and feasibility factors play essential 

roles in decision-making regarding research methodology and the process of studying a 

phenomenon (Buchanan & Bryman, 2009). This chapter explains the research 

methodology used to accomplish the objectives of the study. Figure 3-1 illustrates an 

overview of the procedure of conducting this research and by specifying the three phases 

of the study. In this figure, the instruments used to collect data to achieve the research 

objectives are also specified. 

This chapter has three main sections. Section 3.2 explains and justifies the methodological 

steps taken to conduct the first phase of the study. Section 3.3 is devoted to a discussion 

on selection of instruments, and Section 3.4 explains and justifies the different aspects 

and procedures of conducting this action research.
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Figure 3-1 : Research Design Process
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3.2. Philosophical Approach and Research Methodology 

Research philosophy is perhaps the most fundamental contributing factor to a researcher’s 

decision about the choice of methodology. A research philosophy or a researcher’s views 

of the world, according to Healy and Perry (2000), is a systematic explanation of the 

background that embodies a research problem and questions addressed in a study. This 

current investigation has its roots in interpretivism (Saunders et al., 2011).  

From an ontology perspective, the information required to meet the objective of the study 

is highly contextualised and based on the views of experts and stakeholders involved and 

their understandings of the phenomenon under investigation, which is the resilience 

assessment process. From this point of view, if the context of the study changes or experts 

with different skill sets and expertise are involved in the decision-making process, the 

results of the study may then vary. This means that the aim of this study was not, 

therefore, to propose a general, global framework for assessing transportation resilience. 

From an epistemological perspective, a study like this current study requires to ensure the 

validity of the stakeholders’ expectations and requirements to make sure that the proposed 

framework is not subjective and can be used and applied in different contexts. From an 

axiological perspective, this research has its roots in the value system that I, the researcher 

of the study, holds for myself which is considering experiences and perspectives of 

various informants for generating complementary insights to understand the complex, 

multiple and unpredictable nature of practical resilience assessment (Hudson & Ozanne, 

1988) and to avoid biased subjectivity and minimizing the risks of ignoring determining 

factors. 

This research is qualitative in nature, which also has its roots in interpretivism. Such a 

perspective required taking small samples which are then aimed at conducting an in-depth 

investigation (Creswell, 2013) to answer in detail “why” and “how” types of questions 

with regards to resilience assessment. Given the versatile nature of transportation 

infrastructure in different countries, action research was chosen to help the researcher 

gain insights into what is happening and what the expectations are in the New Zealand 

(NZ) transportation industry, which expectedly would contribute to identifying changes 

that improve strategy assessment and implementations (Williams, 2006). The case study 

method was utilised to get the participants of the study to progressively clarify the 

relationships between events, causal mechanisms, and the contexts or structures which 
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contribute to the process (Yin, 2017). The proceeding section elaborates on this research 

method.  

3.3. Research Method: Action Research 

The previous section introduced the research method used to conduct this study. This 

section provides a comprehensive explanation of this method. According to Coghlan 

(2019), Action Research aims at devising a plan for solving a problem immediately. The 

term Action Research was first used by Lewin in 1946. Action research was particularly 

chosen as it is commonly known that this method can assist practitioners to help answer 

questions they have about the effectiveness of different types of strategies (Lingard et al., 

2008), their implications, and managing strategies (Stringer, 2013).  

From the researcher’s personal perspective, theoretical, laboratory, and simulation 

research often seem removed from the reality of the assessment of transportation 

resilience. For many industry experts, such research outputs seem to contradict the 

implementation requirements and feasibility conditions. In other words, given the variety 

and diversity of the requirements of stakeholders in the transportation industry, many 

resilience assessment strategies recommended by existing research seem challenging to 

implement. Action research, however, acknowledges the complexity of these 

requirements and provides qualitative data that can be used to adjust the factors and 

practices to improve resilience. In short, the ultimate aim of conducting action research 

is to formulate informed change to existing strategies.   

While there are many interpretations of Action Research available, they can be 

thematically categorised into four distinct themes. The first theme explains that this type 

of research is done to devise action, unlike many other methods that are investigating the 

actions themselves (Coghlan, 2019). The second theme focuses on engaging practitioners 

and developing a collaborative pattern of work between them as external informants and 

researchers. According to Eden and Huxham (1996), action research involves experts to 

whom the issue under investigation is of significant concern. Moreover, in Action 

Research, researchers themselves are part of the project (e.g., they can be stakeholders or 

users), which make them inevitably involved in the phenomenon under investigation. 

Additionally, an action research researcher is possibly the change agent, who investigates 

the necessary required changes and effective, relevant strategies (Coghlan, 2019) rather 
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than being an enthusiastic outsider who impartially examines a contemporary issue. The 

third theme illustrates the process of conducting Action Research.  It is generally 

understood that Action Research is iterative. This purposeful spiral involves phases of 

diagnosing, planning, taking action, and evaluating. Unlike many other research methods, 

the outcome of Action Research is of interest to a particular organisation and context, but 

the researchers’ reflections on the process of evaluating the problem, finding an effective 

strategy, and its implementation provide other practitioners with considerations and 

recommendations.  

For the purpose of this current research, as Stringer (2013) states, Action Research was 

chosen to gain original insight into the situation under investigation. Such insights were 

expected to help the researcher to formulate practical solutions to the issue. To be specific, 

after the selection of the resilience assessment framework in phase one, investigations 

were pursued to frame the practicality and applicability of the chosen framework for 

transport resilience assessment. 

3.4. Research Design 

As discussed, Action Research focuses on a phenomenon that both researchers and 

participants investigate extensively and take informed actions collaboratively to solve a 

practical problem, improve understanding, and give weight to reflective practice. Based 

on this understanding, this section describes the actions taken to conduct this research. 

Initially, in order to explicate the problem statement, a comprehensive literature review 

was conducted, consultations were held with the experts of the fields, and several 

conferences, seminars and workshops were attended. Consequently, it became clear that 

there was a need to gain contextualised insights and initiatives aimed at enriching the 

process of decision-making among transportation stakeholders to help achieve resilient 

networks. 

When the problem was identified, the available instruments extracted from the literature 

were categorised based on their characteristics and functions. The instruments were 

analysed and assessed based on their maturity. They then were categorised based on the 

primary concept measures, operationalised variables and the type of assessment based on 

Cutter’s (2016) recommendations. Following this analysis, a theoretical selection 

framework was established before the action research was started. 
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As shown in part A of Figure 3.1, to fulfil the first objective of the study, the second phase 

of the study started by furthering discussions with experts in the field in order to 

identifying tentative research participants within the targeted stakeholder groups. 

Consequently, target stakeholder groups were invited to take part in the study (Stringer, 

2013). Action research provided a context through which stakeholders collectively 

clarified problems and formulated new ways of envisioning the situations. It involved 

holding a focus group, and the participants were engaged in discussions on choosing an 

ideal transport resilience assessment instrument to be used in a real case scenario as well 

as investigation cases. Based on New Zealand Transport Stakeholders’ needs and 

expectations, asset and network were selected as the main two fields of investigation.  

After achieving the first objective of the study, the participants of the first phase of the 

study were contacted for recruiting participants for the second phase of the study (See 

part B in Figure 3.1). This snowballing participant selection method was made based on 

one main criterion, which was having relevant information about the targeted fields in the 

Auckland region. The identified informants were invited to contribute to the study by 

participating in a focus group discussion. In this focus group, some experts from the first 

phase of the study, contractors, consultants and representatives from Road Corridor 

Authority participated to assess the resilience assessment instrument selected in the first 

phase of the study (See part C in Figure 3.1).  

After assessing and evaluating the selected instrument, and for the purpose of fulfilling 

the second objective of the study, three case studies were conducted. Case studies 

involved implementing the selected resilience assessment instrument in New Zealand’s 

Northland region. The data in this phase were collected through one-on-one interviews, 

focus group discussions, observations, and document analysis. The collected data then 

were qualitatively analysed through an iterative process, as shown in part D of Figure 3.1. 

The output of the second phase of the research included a comprehensive process analysis 

and scored technical measures of resilience and principles of transportation networks in 

order to achieve the second objective of the study.  

To achieve the third objective of the study as shown in part E in Figure 3.1, the findings 

of the three case studies were synthesised for identifying opportunities and scopes for 

improving and modifying the assessment instrument.   
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3.5. Profile of the case study regions 

The case studies were carried out in the Northland region of New Zealand. The 2013 

Census quick stats revealed that 151,692 people lived in this region. The 2013 stats 

showed an increase of 3,222 people, or 2.2 per cent, since the 2006 Census (Statistics 

New Zealand, 2013). Northland has 3.6 per cent of New Zealand’s population; this 

number ranks 8th in size out of the 16 regions in New Zealand (Statistics New Zealand, 

2013). The most common means of travel to work on census day for people in the 

Northland Region was driving a private car, truck or van (66.8 per cent of people who 

travelled to work used this form of transport), followed by driving a company car, truck 

or van (16.2 per cent) and walking or jogging (6.4 per cent). Also 13.6 per cent of 

households in the Northland Region have access to three or more motor vehicles, 

compared with 16.1 per cent of all households in New Zealand (see Figure 3-2).  

 

Figure 3-2:  Access to motor vehicles Northland Region and New Zealand; Source: Statistics New 

Zealand 

Three diverse districts which make up the region of Northland include the Far North 

District Council; Kaipara District Council; and Whangārei District Council (refer to 

Figure 3-4 below for council’s boundaries). 
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Figure 3-3: Northland map with Regional Council Boundaries, Source: Northland Regional 

Council 

Northland is a sub-tropical and mostly rural peninsula, where fertile soil and abundant 

rain provides the basis for the rural economy, which includes dairying, farming, forestry, 

and horticulture as its primary activities. Northland also has a robust industrial base, and 

its close location to Auckland and critical ports offers significant opportunities for 
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growth. Tourism is also a significant economic driver for Northland. The area’s unique 

heritage and stunning coastlines are a draw for thousands of tourists and visitors each 

year.   To take advantage of these opportunities, Northland requires a reliable, resilient 

and safe transport network within the region and beyond.  

The region’s transportation network in 2015 included 6,530 kilometres of road (Northland 

CDEM, 2016). Although Northland has an important port, three airports and an extensive 

road network, its rail and road links to Auckland and the rest of New Zealand are weak 

in parts. Moreover, Northland’s challenging topography, complicated geology and high 

impact seasonal rainfall present particular challenges for the maintenance and operation 

of road and rail networks.  

Historically, road networks in New Zealand and Australia were classified under a road 

hierarchy based on traffic movement (i.e. mobility) and access (Austroads, 2015). The 

traffic movement or mobility function provides the means by which people and goods 

can move from one place to another. The access function provides access to properties 

and land uses adjacent to the road. The mixture of functions met by roads across a network 

is usually expressed as a functional hierarchy. Figure 3-4 shows the adopted road 

classification pattern used in Australia and New Zealand. 

 

Figure 3-4: Functional road classification pattern in Australia and New Zealand, Source: 

Austroads (2015) 

In the Northland region, as well as for the rest of New Zealand, the highest functional 

classification relates to major routes such as the state highways and the lowest 
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classification relates to local access roads. New Zealand’s central government takes care 

of state highway networks, with these networks providing the inter-regional roads which 

form the backbone of roading networks in New Zealand. State highways also form a 

nationally strategic purpose in moving people and goods nationwide, and New Zealand’s 

central government manages state highways on behalf of the regions. 

Local governments (councils) form a regionally strategic purpose in moving people and 

goods within regions. Councils in NZ also classify their authorised local roads by using 

the Austroads classification pattern (i.e., mobility vs access) in the following manner: 

arterial roads which have a dominant traffic function; collector roads where traffic and 

property access functions are identical; and local access roads where property access is 

dominant with low traffic volumes and low speeds. Table 3-1 summarises the road 

classifications in New Zealand. 

Table 3-1: Functional road classification in New Zealand and relevant Road Controlling 

Authorities (RCA) 

Road Type RCA Mobility Expectation Accessibility Expectation 

State Highway Central government Very high  Very low 

Local Road 

Arterial 

Local councils 

High Low 

Collector Moderate Moderate 

Local Access Low High 

This study was trialled on two high-volume road cases for different road authorities in the 

Northland area to meet the objectives of this research, which were a section of the state 

highway network and a section of a local road network. The selected section of the state 

highway network was located in the Far North District, and the section of the local road 

network, an arterial road, was located in the Kaipara district. The method of network 

selection for each case study is discussed in Section 5.2 of this thesis. 

The particular hazard to be assessed was flooding; pre-selected in the wake of the major 

2011 and 2014 Northland floods. As the research progressed, it became clear that a 

particular Average Recurrence Interval (ARI) also needed to be defined. For example, 

some of the resilience assessment questions refer to the ‘percentage of critical assets 

affected’ or the ‘likely impact on system performance’. In the case of flooding, the 

response to the question is dependent on the particular ARI. Consequently, for this 

research, an ARI of 100 years was chosen for the interviews. 

The Northland Civil Defence report (2016) stated that “Flooding has and will continue to 

be a high priority hazard for Northland region”. However, the area is vulnerable to other 
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hazards including tsunamis; volcanoes; pandemics; and electricity or fuel failure. 

Northland was significantly hit by three subsequent flooding events from 8 to 20 July 

2014. Consequently, SH11, SH10, SH11 and SH12 were wholly closed and SH14 became 

a single lane. Also, more than 100 local roads closed, and more than 430 landslips 

happened in the area. In January 2011, cyclone Wilma caused approximately $6 million 

of damage to the road network in the region. In March and July 2007, the region faced 

similar flooding events which caused approximately $3 million and $6.2 million in 

damage to the road transport network, respectively.  

River flooding from localised heavy rainfalls and widespread heavy storms are two of the 

most frequent and leading causes of flooding in this region; and are due to the short 

duration and high-intensity thunderstorms. Also, widespread heavy storms (i.e. cyclones) 

can pass over Northland in both summer and winter months; these weather systems may 

also be accompanied by a temporary elevation in the sea level, often causing flooding, 

landslips and damage to Northland’s infrastructure (Northland CDEM, 2016). The high 

flooding risk in Northland is also related to the specific topography of the area which sees 

rapid run-off from steep terrain leading into the flat areas where higher tidal waters 

intensify and slow receding water. 

The Northland Regional Council indicated that the hazard likelihood for flooding caused 

by 12 hourly heavy rainfalls more than 250 mm in the local area has a return period of 

100 years or more (ARI=100 yrs.). Conversely, flooding events caused by cyclones and 

massive storms occurred more often in specific locations recently (i.e. every four years 

ARI=4). Northland’s regional council also argues that the flooding return period caused 

by cyclones could be variable in the different catchments. 

3.6. Participants of the study 

Participants were recruited in three phases to fulfil the objectives of the study. The New 

Zealand Transport Agency (NZTA) was identified as a critical stakeholding group which 

has an interest in, and legal responsibilities for, the transport infrastructure assets in New 

Zealand. NZTA is responsible for making sure that the transportation asset remains in 

appropriate and safe condition to serve the community. For NZTA, developing resilience 

                                                 

1 SH1: State Highway  
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in transportation is therefore essential, and the very first steps toward resilience include 

defining and deciding how to measure it, and improving the resilience assessment 

instruments available for the transport system. These are directly aligned with the 

objectives of this study. The selected prospective participants established a key 

stakeholding group made of 6 individuals in order to construct an ‘information-rich’ data 

set (Patton, 2014).  

The participants of the first phase of the study were then consulted with for recruiting 

participants for the next phase of the study. The case participants were ‘opinion leader’ 

or ‘gatekeeper’ respondents who were recruited using a ‘snowballing’ process, as 

suggested by Stringer (2013). All the participants were engaged in the study to achieve 

investigator triangulation and to create converging lines of inquiry (Patton, 2014). Table 

3-2 presents detailed information of the participants who contributed to the progression 

of this research at different phases of the study. 

Table 3-2: Overview of consulting group and key stakeholding group of research 

No. Position Organisation Stakeholding Group 
Role in Action 

Research 

1 Professor 
University of 
Auckland 

Resilience/disaster 
management researcher 

Consulting 
participant 

2 
Senior lecturer at the 
time 

University of 
Auckland 

Resilience/disaster 
management researcher 

Consulting 
participant 

3 Principal Consultant AECOM Transport consultant 
Consulting 
participant 

4 
Senior Research 
Consultant 

Resilient 
Organisation 

Resilience/disaster 
management researcher 

Consulting 
participant 

5 
Principal Transport 

Planner 

New Zealand 

Transport Agency 

National transport 

authority 
Key Stakeholder 

6 
Improvement 
Programme Analyst 

New Zealand 
Transport Agency 

National transport 
authority 

Key Stakeholder 

7 
Senior Network 
Manager 

New Zealand 
Transport Agency 

Rural transport authority Key stakeholder 

8 Journey Manager 
New Zealand 
Transport Agency 

Rural transport authority Key stakeholder 

9 
Strategic Asset 
Engineer 

Kaipara District 
Council 

Rural transport authority Key stakeholder 

10 
Asset Manager 
Roading 

Far North District 
Council 

Rural transport authority Key stakeholder 

11 Renewals Manager Fulton Hogan Contractor 
Consulting 
participant 

12 
Maintenance 
Manager 

Fulton Hogan Contractor 
Consulting 
participant 

13 Contract Manager Fulton Hogan Contractor 
Consulting 
participant 

14 Contract Manager Fulton Hogan Contractor 
Consulting 
participant 

In order to achieve the objectives of this research, participants from nine organisations 

were recruited, and attempts were made to actively engage them in interviews and 

workshops between August 2015 to February 2017. The immediate participants of this 
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research were asset managers and transportation professionals. The second group of 

participants were natural hazard advisors, as well as resilience and disaster management 

researchers and experts. There were also experts in the state highway network, local road 

network study, and professionals in state highway and local network studies. 

3.7. Case Studies and units of analysis  

Case studies were conducted in this research to descriptively study the phenomenon under 

investigation. In this research, unlike many other published investigations, case studies 

are not a stand-alone tool. In the context of this study, case studies complemented the 

earlier phases of the study (Fellows & Liu, 2008; Bryman, 2008). The primary goal of the 

case studies was to investigate how practically the resilience assessment tool for the 

transport sector can be implemented. The benefit of utilising case studies in this research 

was the opportunity to observe and analyse the complex phenomenon of resilience 

assessment in its naturalised setting. Case studies were expected to assist with gaining 

insights that would help with designing a framework for decision making.  

In order to conduct the case studies, it was essential to define the unit of analysis as the 

primary entity of the research. Yin (2017) suggests linking units of analysis to the research 

question and highlight the case study’s boundaries to reduce ambiguity. Accordingly, the 

rural transport system in Northland, New Zealand were chosen as the unit of analysis for 

this case study. Flooding was identified as the hazard for resilience assessment through a 

risk assessment of the studied network area. The selected resilience assessment tool made 

conducting a network and asset-based assessment possible.  For the purpose of cross-case 

analysis, a network-based assessment was carried out for both state highway and local 

network roads. 

3.8. Data collection 

The primary instruments of data collection used to collect the data for this qualitative 

study were interviews, direct observations, participant observation, documentation, and 

archival records.  

The interview was the most important source of information for this research, which was 

undertaken on the case study to provide an environment through which participants could 

collectively clarify the problems raised during implementation. These were supplemented 
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by telephone and email communication during the data analysis and interpretation phase 

as required. This study carried out prolonged and short semi-structured interviews to fulfil 

the objectives of the research. As suggested by Yin (2017), prolonged interviews took 

over two hours during which participants were asked to share their interpretation of the 

topic areas, then the short interviews took an hour or less and mainly to get the participants 

to clarify vague/ambiguous statements, elaborate on brief comments, or confirm the 

researcher’s interpretations before establishing the research findings. In this study, 

prolonged interviews took place in the form of focus groups to collect data as the 

participants were discussing the topics to capture similarities and differences in their 

points of view.  

Direct and participant observations were the second primary data collection instrument in 

this study. The observation was mainly applied to obtain the information required on 

transport asset management processes and how to apply the proposed resilience measures 

to this sector. The direct observations included meeting the participants and site visits by 

the researcher in the relevant case studies.  

Documents and archival records were also used as data collection instruments. Previous 

formal studies, written reports and audio-visual documents were the primary documents 

utilised in this research. Archival records, such as previous hazard maps and charts of the 

areas under investigation and the accessible asset management organisational records 

were also reviewed. 

Data was collected from multiple sources for data triangulation purposes to validate the 

collected data, as suggested by Patton (2014). The use of different sources of information 

also allowed the researcher to gain insights into relevant technical and historical issues. 

3.9. The iterative process of data analysis  

In preparation for the data analysis process, firstly the recorded interviews were 

transcribed. Interview transcripts and the notes that the researcher took during the 

interviews were reviewed and coded. Care was taken to ensure that the information 

provided by the participants was understood accurately and as required participants were 

re-contacted by phone or email to clarify their input. Participant observations were then 

reviewed and coded. Content analysis was another data analysis method that was used in 

this study and utilised as an unobtrusive method of research that involved the examination 
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of written documents (Neuendorf, 2016). Content analysis was started by developing 

some operational definitions of the critical variables important to the purpose of the 

research. Combining the stated analytical techniques in this qualitative study was 

expected to increase the robustness of the research findings (Yin, 2017). Coded data were 

cross-checked for both readability and consistency. Additionally, relevant documents and 

archival records were examined and summarised for efficient analysis.  

After reviewing an initial coding of the raw data, the data analysis process was 

commenced following the suggestions provided by Yin (2017). The data analysis process 

involved a combination of different types of methods, namely pattern-matching, 

explanation building, content analysis, and cross-case synthesis. These methods were 

recursively used during the study to analyse the collected data iteratively to make sure all 

the available data conformed to the initial perception (Maykut et al., 1994). 

Pattern-matching was used to compare the findings of the initial data analysis with the 

predicted pattern that was found through a critical analysis of the literature to identify 

similarities and find explanations for contractions (Yin, 2017). In order to formulate 

explanation for the findings of this study, an iterative process of data analysis was utilized 

where an explanation was built up over time. This process began with an initial theoretical 

statement extracted from the literature and supported by evidence from the collected data. 

Explanation building complimented pattern-matching in this study, where the findings of 

the study were refined and revised as the study progressed toward completion.  

Finally, cross-case synthesis was used to analyse the data from the case studies. This 

process involved comparing the information using a consistent coding framework. This 

comparison was used for a systematic analysis of local and state highway network-based 

resilience using the selected tool. 

3.10. Reliability and validity of the findings 

Perhaps one of the most heated discussions on Action Research is on issues of reliability 

and validity of this research method. Lincoln and Guba (1985) argue that reliability 

assessment in Action Research should be carried out by considering the specific nature 

of any research project. This, from the point of view of the researcher of this current study, 

is taking into account the unique nature of projects and the relevant context.  
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Validity then is not about the cogency of Action Research as a methodological approach. 

Instead, it is about establishing rapport between researchers and participants in order to 

gain a comprehensive and complete picture of a phenomenon (Lincoln & Guba, 1985). 

Accordingly, the collaborative nature of Action Research promotes a high level of 

enthusiasm and active participation, which increases the validity of the research.  

Validity and reliability in modern qualitative research are achieved through 

trustworthiness. Lincoln and Guba (1985) introduced four indicators of trustworthiness 

for action research. These four factors include: (1) credibility: the reasonableness of the 

carried-out study; (2) transferability: the possibility of applying the research outcome to 

another context; (3) dependability: evidence that the research process is clearly defined 

and open to revisit; and (4) confirmability: evidence that the procedure described actually 

took place. Section 7.8 discusses the research validation process of this study by 

contextually considering and discussing these factors.   

3.11. Ethical considerations 

Ethical standards, according to Creswell (2013), govern research to serve the objectives 

of the research using guidelines for responsible conduct and best practice. This research 

took a variety of measures to prevent impropriety and misconduct that might negatively 

affect research organisations and participants to ensure the integrity of research. 

Confidentiality of the informants and the gathered data was maintained by securing them 

within university premises. The only individuals who had access to the research 

information were the researcher, and his supervisors. The ethics approval of this research 

was granted on 31 July 2014 with Reference No. 012288 (see Appendix A). 
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4.1.  Overview 

Having introduced the fundamental concepts for resilience definition, approaches to 

resilience assessment, classification of tools and theoretical construct considerations to 

select an appropriate tool for transport resilience assessment in Chapter 2, this chapter 

presents the result of tool selection and introduces the selected tool for implementation. 

The analyses in this section examine the two significant factors that contributed to the 

thesis’ tool selection decision: (1) the maturity of the tools discussed for implementation; 

and (2) users/stakeholders’ objectives and implementation vision. 

4.2. Research participants preferred tool for implementation 

Before approaching to research participants of this thesis, an individual interview was 

carried out with an advisor to the New Zealand government roading agency to discuss the 

government’s direction for transport investment and preferred tools/techniques among 

the different available options. The interviewee referred to the Government Policy 

Statement (GPS) on Land Transport’s (GPS, 2009) three focus areas – i.e. economic 

growth and productivity; value for money; and road safety. It is worth noting that at the 

time of writing this thesis a newer version of GPS has been released, which replaced road 

access and the environment with economic growth and productivity focus areas (GPS, 

2018).  

In a Question and Answer session with research participants of this study in Phase Two 

(Table 3-1 in Section 3.4) the overall desired objectives that decision-makers hope to 

achieve and the conditions of meeting the criteria, were elaborated. The interviewee then 

highlighted that resilience assessment is one of the priorities for transportation agencies, 

and regarding implementation and tool selection, the focus area could be tool justification 

based on value for money. Three significant factors which contribute to the justification 

based on value for money are: (1) strategic fit: selecting the right things to do; (2) 

effectiveness: implementing them in the right way; and (3) numeric benefit and cost 

(efficiency): at the right time and for the right price. They then continued that selecting 
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the right tool for resilience implementation should fit in the strategic context of 

stakeholders/organisations that are using the tool.  It was discussed that to fulfil the 

strategic fit of this study, the research outcome should: (1) align with New Zealand 

Transport Agency's strategic investment direction; and (2) be significant from a national 

perspective. 

From Chapter 2, the existing tools for transport resilience can be categorised by the 

dimension of resilience they measure, the features of resilience they apply, or the 

approach to resilience assessment. Such categorisation can provide insights into 

assessment impacts and the tool selection process. Different types of assessments, as 

summarised in Table 2-5 and their advantages and disadvantages were also discussed 

among stakeholders. The highlighted criteria raised by stakeholders were: tool flexibility; 

data collection flexibility; minimum computational requirement; intervention 

opportunity; user focus (i.e. technical sophistication of tool); and geographical 

compatibility.  

Table 4-1: Criteria for tool selection 

Criteria Condition for Meeting Criteria 

Tool flexibility  The selected tool could provide a flexible method for users during implementation. The 

tool also needs to be able to match with different technical situation and conditions. The 

user should be able to implement the tool for the case study. This criterion can be captured 

from the maturity model tool refinement score discussion. 

Data collection 

flexibility 

The tool should be flexible enough to provide a result with both partial and complete set of 

data. The tool could be implemented in subjective matters. This could be captured from the 
type of tool assessed (i.e. model, index or scorecard) 

Minimum 

computational 

requirements  

The selected tool should require none/minimal computational effort. This could be assessed 

using the methodology of assessment. 

Intervention 

opportunity 

The selected tool should be able to provide improved opportunities besides resilience 

assessment as it relates to the nature of the tool. The type of assessment tool plays an 

essential role in assessing this criterion.  

User-focused Useful in assessing resilience for technical transportation asset managers. This criterion has 

been investigated as part of the ‘Policy and Operationalisation’ maturity score.   

Geographical 

compatibility 

Compatible with the New Zealand industry. The criterion relates to the country that the tool 

has been developed for.  

Tool definition 

development 

maturity  

The result of the prototype resilience assessment maturity model for National Resilience 

Challenge (NRC) has been used for this purpose.  

After more investigation, it was observed that most of the tool selection criteria identified 

by stakeholders had been discussed in the maturity assessment of each tool. For example, 

tool flexibility can be assessed using the tool refinement maturity scores. Another 

example is user focus and geographical compatibility, which has been discussed in the 

policy and operationalisation maturity score of the tool. Other factors, like data collection 

flexibility and minimum computational requirement, are mainly related to the nature/type 
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of the applied tool which has been discussed in the literature review (refer Section 2.8 of 

this thesis. From the discussion on tools in Section 2.8, scorecards are the most suitable 

tool to meet stakeholders’ flexibility and minimum computational expectations. Also, the 

author decided to consider the ‘definition development’ maturity score of the tool as an 

independent criterion for tool selection, since the maturity of resilience definition played 

an essential role on the subjective resilience assessment process. Table 4-1 summarises the 

tool selection criteria and proposed conditions for meeting them. 

The stakeholders were asked to score each criterion concerning the tool’s characteristics 

presented to them. Table 4-2 presents the results. The scaling system is based on a 1-5 

Likert scale. Five is the highest, and one is the lowest score. The assigned score for each 

factor and method of assessment is based on expert judgement. As mentioned earlier, 

conditions for meeting the tool selection criteria in Table 4-2 could be captured using either 

the type of tool (i.e. index, scorecard and computation model) or maturity assessment of 

the tool, which has been discussed in Section 2.9 and Section 2.12, respectively.  

Finally, it was decided to select Hughes and Healy’s (2014) resilience assessment 

scorecard for implementation and testing in this study. Hughes and Healy’s (2014) tool 

can be implemented at a general ‘all-hazards’ level or a ‘specific-hazard’ level to give 

more flexibility to tool users. It is also significantly useful in assessing technical resilience 

for asset managers, who are critical stakeholders of the case study of this research. The 

adopted tool is matched with the requirements of the final users of the assessment and 

their desired outcomes.  
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Table 4-2: Decision support tool for selecting a resilience assessment tool for implementation 

Tool 

Code 

Author (s) /Tool Name Tool 

Flexibility 

(tool 

refinement 

maturity) 

Data 

Collection 

Flexibility 

Minimum 

Computational 

Requirements 

Intervention 

Opportunity 

User-Focused Geographic 

Compatibility 

Tool 

Definition 

Maturity 

Score 

Overall 

Score 

RT1 

RT2 

Serulle et al. (2011b) 

and Freckleton et al. 

(2012) 

ML3 (3) Tool/Model – 

low (2) 

Fuzzy Algorithm (2) Medium (3) Transport system Technical, 

social and economical (4) 

US (2) ML3 (3) 2.7 

RT3 Adams et al. (2012) ML2 (2) Index – Low 

(2) 

Sample truck counts 

moreover, speeds on a 
corridor before, during, 

and after significant 

weather 

events (3) 

Low (1) Transport freight system 

only - Technical (1) 

US (2) ML2 (2) 1.9 

RT4 

RT5 

Murray-Tuite  (2006) 

and 
Liu and Murray-Tuite 

(2008)  

ML3 (3) Index – Low 

(2) 

Simulation (1) Low (1) Traffic congestion – 

Technical (1) 

US (2) ML4 (4) 2 

RT6 Nguyen et al. (2011) ML3 (3) Index – Low 

(2) 

Simulation (1) Low (1) Traffic congestion – 

Technical (1) 

US (2) ML4 (4) 2 

RT7 

RT8 

Networked 

Infrastructure 

Resilience Assessment 

(NIRA)_Omer et al. 
(2011; 2013) 

ML2 (2) Index – Low 

(2) 

Metric definition to 

reduce transport system 

vulnerability and increase 

adaptive capacity (4) 

Medium (3) Road user travel time/cost 

Technical (1) 

US (2) ML3 (3) 2.4 

RT9 SANDIA_Vugrin et al. 
(2011) 

 

ML2 (2) Model – Low 
(2) 

sStochastic optimisation 
model (2) 

Medium (3) Transport system Technical 
(4) 

US (2) ML4 (4) 2.7 

RT10 MOR_Zhang et al. 

(2009)  

 

ML4(4) Model – Low 

(2) 

Origin-Destination (O-D) 

Trip Assignment Module 

Modelling using 

TransCAD (2) 

Low (2) Intermodal tranport system – 

Technical(4) 

US (2) ML4 (4) 2.8 

RT11 Technical Resilience – 

Hughes and Healy 
(2014) 

ML2 (2) Scorecard – 

High (4) 

Review of the resilience 

measurement framework, 
engagement with the 

steering group and peer 

reviewers (4) 

High (4) Transport system –

Technical (4) 

NZ (5) ML5 (5) 4.0 
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Tool 

Code 

Author (s) /Tool Name Tool 

Flexibility 

(tool 

refinement 

maturity) 

Data 

Collection 

Flexibility 

Minimum 

Computational 

Requirements 

Intervention 

Opportunity 

User-Focused Geographic 

Compatibility 

Tool 

Definition 

Maturity 

Score 

Overall 

Score 

RT12 Organisational 
Resilience –  Hughes 

and Healy (2014) and 

Lee et al. (2013)  

ML5 (5) Scorecard – 
High (4) 

Review of the resilience 
measurement framework, 

engagement with the 

steering group and peer 

reviewers (4) 

High (4) Transport System 
Organisational (2) 

NZ (5) ML5 (5) 4.1 

RT13 

RT14 

Petit et al. (2013) - RMI 

and Fisher et al. (2010) - 
RI 

ML5 (5) Scorecard – 

High (4) 

Questionnaire survey (4) High (4) Critical infrastructure – 

Technical/Organisational 
(2) 

US (2) 

 

ML5 (5) 3.7 



 

85 

 

4.3. Hughes and Healy’s (2014) Transportation Resilience 

Measurement Score Card 

From this stage onward, this research is an extension of Hughes and Healy’s (2014) 

research work. Their effort generated an organisational and technical framework to assess 

the resilience of the transport network. Their resilience definition is based on the ranges 

of infrastructure resilience definitions (e.g. Park et al. (2013), Manyena et al. (2011), 

Allenby and Fink (2005)). However, it is highly influenced by the New Zealand 

Infrastructure Unit’s (2011) resilience definition, which stated: 

“The concept of resilience is wider than natural disasters and covers the 

capacity of public, private and civic sectors to withstand disruption, absorb 

disturbance, act effectively in a crisis, adapt to changing conditions, 

including climate change, and grow over time.” 

Hughes and Healy (2014) defined transport resilience as follows: 

“the ability of the transport network to resist disruptive events, gracefully 

absorb disturbance, act effectively and return back to appropriate levels of 

service or alternative suitable condition within reasonable timing.” 

As mentioned earlier, Hughes and Healy’s (2014) transport assessment tool covers two 

broad dimensions of technical and organisational resilience. Below that, are several 

principles: robustness, redundancy and safe-to-fail for the technical dimension and 

change readiness, networks, and leadership and culture for organisational resilience. Each 

principle is, in turn, a weighted average of several categories below each principle (e.g. 

structural, procedural and interdependencies under robustness) as seen in Figure 4-1 below. 
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Figure 4-1: Transportation resilience assessment framework (Source: Hughes and Healy, 2014) 

It was proposed by Hughes and Healy (2014) that of the four Technical Organisational 

Social and Economical (TOSE) dimensions, only the technical and organisational 

elements should be utilised for their tool. Hughes and Healy (2014) believed that 
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“because of the narrow focus on the transport system, the social and economic 

dimensions are considered implicit, as the network itself provides a vital social and 

economic service, and its technical or organisational resilience will inherently provide 

flow-on social and economic resilience”. They also believe that “economic 

considerations relating to the operator, and funding to deliver resilience, will be covered 

within the organisational dimension”. 

Table 4-3: Hughes and Healy’s (2014) applied resilience dimensions and their relevant definition 

Resilience 

Dimension 

Description 

Technical  

 

“The ability of the physical system(s) to perform to an acceptable/desired level when 

subject to a hazard event (Bruneau et al., 2003).” 

Organisational “The capacity of an organisation to make decisions and take actions to plan, manage 

and respond to a hazard event in order to achieve the desired resilient outcomes 

(adapted from Bruneau et al., 2003). 

Seville et al. (2006) write that a resilient organisation is one that is ‘still able to 

achieve its core objectives in the face of adversity’. They identify three aspects to 

building resilience in organisations: a) reducing the size and frequency of crises 

(vulnerability), b) improving the ability and speed of the organisation to manage 

crises effectively (adaptive capacity), and c) an acute awareness of risk and an ability 

to manage strategic risks as a process and not an event.” 

Adopted from: Hughes and Healy, 2014 

A critical factor that was considered while choosing an appropriate instrument for this 

implementation research is its conformity and compliance. The fact that the New Zealand 

infrastructure unit influences the Hughes and Healy framework increases the chance of 

its conformity and compliance with the New Zealand environment. As discussed, the 

conformity and compliance of the framework in the New Zealand context were assured 

after consultation with different local and international organisations and researchers in 

this field – e.g. ResOrg, AECOM, New Zealand Transport Agency (NZTA), the 

University of Auckland.  

4.3.1.  Robustness 

Robustness has been identified in the literature as one of the main features of a resilient 

system (e.g. Sajoudi et al., 2013; Petit et al., 2012; NIAC, 2009; McDaniels et al., 2008; 

O’Rourke, 2007; Tierney and Bruneau, 2007; Anderies et al., 2004; Bruneau et al., 2003). 

Hughes and Healy (2014) proposed this principle for assessing technical resilience for 
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transportation. The term ‘Robustness’ here matches the definition by McDaniels et al. 

(2008) who expressed it as “the ability…to withstand a given level of stress…without 

suffering degradation or loss of function”. 

Referring to the adopted resilience framework (see Figure 4-1), the key measures to assess 

robustness for transport technical resilience are grouped into three main categories: (1) 

structural: physical measures relating to the design, maintenance and renewal processes 

of the studied network to fulfil robustness strategies; (2) procedural: non-physical 

measures relating to the suitability and availability of the official design codes and 

guidelines to fulfil desired robustness strategies within the transport network; and (3) 

interdependency: robustness-related technical operational dependencies and their relative 

strategies, which may affect the transport network in both the structural and procedural 

paradigms. 

Hughes and Healy (2014) proposed ten measures within these categories to assess 

transport network robustness for technical resilience assessment. The structural category 

is assessed by seven main measures, including (1) effectiveness of maintenance for 

critical assets; (2) establishing asset renewal and upgrade plans to improve resilience; (3) 

suitability of critical asset designs across the region to withstand relevant hazard impacts; 

(4) likely impact on level of service of critical assets due to specific hazard; (5) condition 

of critical assets in the network; (6) location of critical assets in areas known to be 

vulnerable to a known hazard; and (7) spare capacity of critical assets within the region. 

The existence of design codes to address resilience issues and risks is the only measure 

included in the procedural category. Finally, the interdependency category is evaluated 

by using two measures: (1) awareness of robustness issues (vulnerabilities) in the supplier 

utilities for specified hazards; and (2) the degree of implemented procedures among 

suppliers to measure and improve the robustness of their utilities for specified hazards. 

All ten measures for assessing the robustness of the transport network for technical 

resilience are shown in Table 4-4 below. A brief definition of these measures is included 

in the table. 
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Table 4-4: Description of robustness measures to assess transport resilience, adapted from Hughes 

and Healy (2014) 

Category No. Measures Description 

Structural 

1 Maintenance process 

adequacy 

Existing and effectiveness of inspection and maintenance 

process to maintain critical assets and ensure its integrity 
and operability within the network 

2 Resilience-related 
upgrade/renewal plans  

Establishing and implementing renewal and/or upgrade 
plans for transportation assets in line with national 

resilience strategies 

3 Design compliance to 

hazard 

Suitability/robustness of transportation critical asset 

designs to withstand relevant hazard impacts 

4 Hazard impact on the 

level of service  

Likely impact on asset level of transport service due to 

specified hazards 

5 Existing asset condition  The general condition of transport asset in the network, as 

this will relate to the typical failure of an asset 

6 Exposure to hazard Percentage of assets in the network known to have 

exposure to different hazard 

7 Spare capacity  The additional capacity of assets with over and above the 

average demand capacity in the network 

Procedural 

8 Resilience-related 

design code 

Existence and applicability of updated national design 

codes/standards to include resilience design principles into 

modern methods and materials. 

Interdependency 

 
 

9 Supplier robustness 

issue awareness 

Supplier and transportation staff awareness of robustness 

issues within the supplier’s utilities (power, telecom, 

other) for specified hazards 

10 Supplier robustness 

improvement plan 

Evidence that suppliers have developed and implemented 

effective procedures and improvement plans to increase 
robustness in their organisation concerning a specified 

hazard event 

An assessment tool (spreadsheet) was developed, which describes transportation 

robustness measures and captures scores on a scale of 4 (very high level of resilience) to 

1 (low resilience) for both network-based and asset-based assessment. The assignation of 

measurement scaling were those proposed by Hughes and Healy (2014). Table 4-5 

describes the scaling input range for robustness measures. 
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Table 4-5: Scaling input range for robustness measures; Adapted from Hughes and Healy (2014) 

No# Robustness Measure Asset-based Assessment Scaling Network-based Assessment Scaling 

1 Maintenance process adequacy 4 – Audited annual inspection process for critical assets and corrective maintenance 

completed when required. 

3 – Non-audited annual inspection process for critical assets and corrective 

maintenance completed when required. 
2 – Ad hoc inspections or corrective maintenance completed, but with 

delays/backlog. 

1– No inspections or corrective maintenance not completed. 

Same as asset-based 

2 Resilience-related 

upgrade/renewal plans  

4 – Renewal and upgrade plans exist for critical assets, are linked to resilience, and 

are reviewed, updated and implemented. 

3 – Renewal and upgrade plans exist for critical assets and are linked to resilience, 
however no evidence that they are followed 

2 – Plan is not linked to resilience, and an ad-hoc approach is undertaken 

1– No plan exists and no proactive renewal or upgrades of assets. 

Same as asset-based 

3 Design compliance to hazard 4 – Complies with all codes and its maintenance is up to date (good condition) 

3 – Some minor non-compliance, good condition 

2 – Some non-compliance, poor condition 

1 – Either major non-compliance or very poor condition 

4 – 80%+ are at or above current codes 

3 – 50-80% are at or above current codes 

2 – 20-50% are at or above current codes 

1 – nearly all are below current codes 

4 Hazard impact to level of 
service 

4 – No impact on system performance 
3 – 50-100% reduction in system performance 

2 – 0-50% reduction in system performance 

1 –  Complete outage 

4 –  <20% of assets affected 
3 – <20% full failure, OR 20-50% partial failure 

2 – 20-50% full failure OR 50-80% partial failure 

1 – >50% full failure OR >80% partial failure  

5 Existing asset condition 4 – Asset is in good condition, regular maintenance 

3 – Asset is in good condition, maintenance due 

2 – Asset is in moderate condition, maintenance due 
1 – Asset is in poor condition 

4 – 80%+ are considered good condition 

3 – 50-80% are considered good condition 

2 – 20-50% are considered good condition 
1 – nearly all poor condition 

6 Exposure to hazard  N/A 4 – <20% have some exposure to known hazards 
3 – 20-50% are highly exposed, or >50% are 

moderately exposed 

2 – 50-80% are highly exposed 

1 – 80% are highly exposed to a hazard 

7 Spare capacity 4 – 100%+ additional capacity available (i.e. double) 

3 – 50-100% additional capacity available 

2 - 20-50% additional capacity available 

1 - At max capacity or under 

4 – 80%+ of critical assets have >50% spare capacity 

available  

3 – 50-80% of critical assets have >50% spare 

capacity 

2 - 20-50% of critical assets have >50% spare 

capacity 
1 - 0-20% have spare capacity 
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No# Robustness Measure Asset-based Assessment Scaling Network-based Assessment Scaling 

8 Resilience-related design code 4 – Codes exist, have been implemented, are up-to-date and are applicable to all 

asset types 
3 – Codes have been developed, and updated, however, not implemented 

2 – Codes are in existence but not updated 

1 – No codes 

Same as asset-based 

9 Supplier robustness issue 

awareness 

4 – Good awareness and have been followed up 

3 – Some awareness 

2 – Minor awareness 
1 – No awareness 

Same as asset-based 

10 Supplier robustness 
improvement plan 

4 – Suppliers have developed and implemented procedures and there is strong 
dialogue 

3 – Initial dialogue and plans are being prepared 

2 – Initial dialogue 

1 – No action or evidence 

Same as asset-based 



 

92 

 

4.3.2.  Redundancy 

Redundancy has been identified in the literature as one of the main features of a resilient 

system (e.g. Sajoudi et al., 2013; O’Rourke, 2007; De Bruijne and Van Eeten, 2007; 

Bruneau et al., 2003; Levy et al., 2002; Easterling, 2001; Zimmerman, 2001). Hughes and 

Healy (2014) proposed this principle for assessing the technical resilience of 

transportation assets. The term ‘Redundancy’ here matches with the definition by 

Bruneau et al. (2003) who expressed it as “the extent to which elements, systems, or other 

infrastructure units exist that are substitutable (i.e. capable of satisfying functional 

requirements in the event of disruption, degradation, or loss of functionality)”. 

Referring to the chosen resilience framework (see Figure 4-1), the key measures to assess 

redundancy are grouped into three main categories: (1) structural category: physical 

measures relating to the availability of alternative route options and modes and backup 

resources to fulfil redundancy strategies; (2) procedural category: non-physical measures 

relating to the availability of diversion and communication plans to carry out redundancy 

strategies within the transport network; and (3) interdependency category: redundancy-

related technical and operational dependencies and their relative strategies which may 

affect the transport sector in both the structural and procedural paradigms. 

Hughes and Healy (2014) proposed seven measures within these categories to assess 

redundancy for transport network asset management. The structural category is measured 

by four main measures including (1) availability and capacity of alternate routes for 

critical assets that would probably not be affected by the studied hazard event; (2) 

availability of alternate mode choices within the region; (3) capacity that non-car modes 

can accept (i.e. the demand shift from car to other modes of transport e.g. rail/bus); and 

(4) availability of back up equipment and replacement inventories available to respond to 

an event. The availability of diversion plans to direct road users to alternate routes is the 

only measure which relates to the redundancy procedural category. Finally, the 

interdependency category is evaluated by using two measures: (1) awareness of 

redundancy issues (vulnerabilities) among supplier utilities of staff for specified hazards; 

and (2) the degree of implemented procedures among suppliers to measure and improve 

the redundancy of their utilities for specified hazards. A brief definition of these measures 

is included in Table 4-8 below. 



 

93 

 

Table 4-6: Description of redundancy measures to assess transport network resilience, adapted from 

Hughes and Healy (2014) 

Category No. Measure Description 

Structural 

1 Alternative route 

availability 

The availability of alternative routes which may not be affected 

by studied hazard event considering new travel time and 
capacity differences of new routes 

2 Alternative mode 
availability 

Availability of alternative mode of transportation (e.g. rail) 
which may not be affected by studied hazard event considering 

mode accessibility and travel time difference with the primary 

mode of use  

3 Alternative mode to 

failed mode capacity 

ratio 

Summary of existing alternative modes capacity that may not be 

affected due to specific hazard in relation to failed route 

capacity in a percentage ratio  

4 Emergency inventory 

availability 

Existence of plan, requirements and backup equipment for 

emergency response due to specific hazard  

Procedural 

5 Route diversion plan 

availability 

Existence of robust, tested plans to establish diversions to 

alternate routes when failure of the link occurs due to a specific 
hazard 

Interdependency 

6 Supplier redundancy 
issue awareness 

Supplier and transportation staff awareness of redundancy 
issues within supplier’s utilities (e.g. power, telecom, other) for 

specified hazards 

7 Supplier redundancy 

improvement plan 

Evidence that suppliers have developed and implemented 

effective procedures and improvement plans to increase 

redundancy in their organisation in relation to a specified hazard 

event 

An assessment tool (spreadsheet) was developed for participants which describe 

transportation redundancy measures and captures scores on a scale of 4 (very high level 

of resilience) to 1 (low resilience) for each measure, for both network-based and asset-

based assessment. The assignation of measurement scaling was based on those proposed 

by Hughes and Healy (2014).  Table 4-7 describes the scaling input range for redundancy 

measures. 
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Table 4-7. Scaling input range for redundancy measures; Adapted from Hughes and Healy (2014) 

# Redundancy Measure Asset-based Assessment Scaling Network-based Assessment Scaling 

1 Alternative route 

availability 

4 – Alternate, unaffected routes exist with the minimum travel time 

difference and similar capacity 
3 – Alternate routes exist, however, involve greater travel time or 

have much lower capacity 

2 – Alternate route exists, however, unclear if it will be unaffected 

by the same hazard 
1 – No alternate route 

4 – 80%+ critical assets have alternate, unaffected routes with minimum 

travel time difference and similar capacity 
3 – 50% + have alternate routes with minimum travel time difference and 

similar cap OR 80%+ have alternate routes, however involve greater travel 

time or have much lower capacity 

2 – 20% + have alternate routes with minimum travel time difference and 
similar cap OR 50%+ have alternate routes, however, involve significantly 

greater travel time or have much lower capacity 

1 – <20% have alternate routes 

2 Alternative mode 

availability 

4 – Multiple alternate modes exist with minimum travel time 

difference  

3 – Multiple alternate modes, however, involve greater travel time, 
and are less accessible 

2 – Single alternate mode exists, however involve greater travel 

time, and are less accessible 

1 – No alternate modes 

4 – Alternate modes exist for 80%+ of critical assets, with minimum travel 

time difference  

3 – Alternate modes exist for 50-80% of critical assets, with minimum travel 
time difference  

2 – Alternate modes exist for 20-50% of critical assets, with minimum travel 

time difference  

1 – No alternate modes 
N/A - provide no score 

3 Alternative mode to failed 
mode capacity ratio 

4 – Alternate, unaffected modes have >75% capacity of failed 
mode (s) 

3 – Alternate modes have 50-75% capacity of failed mode(s) 

2 –  Alternate modes have 25-50% capacity of failed mode(s) 

1 – Alternate modes have <25% capacity of failed mode(s) 

Same as asset-based 
 

N/A - provide no score 

4 Emergency inventory 

availability 

4 – Requirements are well specified. Equipment is available and 

ready. 
3 – Requirements are well specified, however, not enacted 

2 –  Ad hoc approach 

1 – No plan/requirements 

4 – Requirements are well specified for different assets. Equipment is 

available and ready. 
 

Same as asset-based 

5 Route diversion plan 

availability 

4 – Plans are well specified link. Systems are available, tested and 

ready. 

3 – Plans are well specified, however, not enacted 
2 –  Ad hoc approach 

1 – No plan/requirements 

4 – Plans are well specified for different assets. Systems are available, tested 

and ready. 

 
Same as asset-based 

6 Supplier redundancy issue 

awareness 

4 – Good awareness and have been followed up 

3 – Some awareness 

2 – Minor awareness 

1 – No awareness 

Same as asset-based 

7 Supplier redundancy 

improvement plan 

4 – Suppliers have developed and implemented procedures and 

there is strong dialogue 
3 – Initial dialogue and plans are being prepared 

2 – Initial dialogue 

1 – No action or evidence 

Same as asset-based 
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4.3.3.  Safe-to-fail 

Hughes and Healy (2014) stated that “transportation asset resilience requires a new 

approach to design thinking”. The standard design process is founded on step by step 

method of testing the asset condition with specific threshold criteria of failure. Standard 

design approaches are wholly based on likelihood and consequence, which is not 

appropriate for an unexpected situation. Hughes and Healy (2014) argue that the 

traditional ‘risk-based’ approach would typically generate a ‘fail-proof’ design which is 

only able to withstand a range of known hazards. In contrast, a resilient strategy should 

accept failure and unpredictability in the design approach, which may also lead to the 

sustainability concept in design (Anderies et al., 2007).  

Snowden (2006) and later, Park et al. (2013) proposed that a resilience system should 

adopt a ‘safe-to-fail’ approach instead of the traditional ‘fail-safe’ method. Snowden 

(2006) clarified that the extent to which a designer considers “planned failures” in his/her 

design, prove that the probability of failure has been considered in a design approach and 

leads to a safe-to-fail strategy. This type of design allows controlled or planned system 

failure for unpredictable situations. 

Hughes and Healy (2014) proposed two measures to assess how safe-to-fail assets are in 

the transportation system. The first measure fits in the structural category. It specifically 

examines the transport asset design process to capture if there were any safe-to-fail 

considerations during construction, or when an upgrade was considered. The second 

measure assesses the code of conduct and guideline documents for the design of the 

network asset and for the safe-to-fail approach. A brief definition of these measures is 

included in Table 4-8 below. 

Table 4-8: Description of safe-to-fail measures to assess transport system resilience 

Category No. Measures Description 

Structural 1 Safe-to-fail in asset 

design approach 

The existing safe-to-fail considerations in design approach during 

construction or modification of transportation network assets 

Procedural 2 Safe-to-fail in asset 

design guideline 

The existing safe-to-fail considerations in the codes and guideline 

documents for the design of the transportation network assets 

An assessment tool (spreadsheet) was developed which describes transportation safe-to-

fail measures for network resilience. The assignation of measurement scaling was based 

on those proposed by Hughes and Healy (2014). Table 4-9 describes the scaling input range 

for safe-to-fail measures. 
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Table 4-9: Scaling input range for safe-to-fail measures; Adapted from Hughes and Healy (2014) 

No# Safe-to-fail 

Measures 

Asset-based Assessment Scaling Network-based Assessment Scaling 

1 Safe-to-fail in 

asset design 

approach 

4 – Design documentation shows 

consideration or incorporation of safe-to-

fail approach 
3 – Safe-to-fail approach is documented 

but not applied at the design stage 

2 – Safe-to-fail approach is not 

documented but evidence of 
consideration at the design stage 

1 – Safe-to-fail not considered at any 

stage 

4 – Design documentation shows 

consideration or incorporation of safe-to-

fail approaches for >80% of critical 
assets where relevant 

3 – Design documentation shows 

consideration or incorporation of safe-to-

fail approaches for >50%, <80% of 
critical assets where relevant 

2 – No design documentation, however 

anecdotally safe-to-fail approaches will 

operate for >50%, <80% of critical assets 
where relevant 

1 – Safe-to-fail not considered at any 

stage 

2 Safe-to-fail in 

asset design 

guideline 

4 – Design codes and guidelines consider 

safe-to-fail approaches explicitly 

3 – Design codes and guidelines consider 
safe-to-fail approaches implicitly 

2 – Safe-to-fail approach not included, 

but plans are to incorporate in near future 

1 – Safe-to-fail not considered at any 
stage 

4 – Design codes and guidelines consider 

safe-to-fail approaches explicitly for all 

assets 
 

Same as asset-based 

4.4.  Hughes and Healy’s (2014) Assessment Tool Boundaries  

As discussed in Section 2.10, the boundaries of assessment should be 

specified/highlighted after tool selection to clarify the area of resilience assessment by 

the selected tool. The following describes Hughes and Healy’s (2014) resilience 

assessment tool boundaries based on Section 2.10 of the literature review chapter. 

4.4.1.  Elements of disaster resilience 

In terms of well-being, Hughes and Healy’s (2014) tool includes measurement items 

which measure both the pre-and post-disaster situation in one assessment. Nevertheless, 

the framework does not require users to necessarily carry out two different assessments 

(i.e. one before and once after a disaster) to assess network resilience. 

In terms of vulnerability and exposure determination, Hughes and Healy’s (2014) tool 

allows both all hazard and single hazard resilience assessments. Also, several items 

included in their tool are related to addressing vulnerability issues of transport 

infrastructure assets.  

In terms of resilience capacity level inclusion, Hughes and Healy’s (2014) framework 

includes all those frequently cited delineation components proposed by Béné et al. (2012). 

However, the technical part of the framework mainly focuses on absorptive and adaptive 
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capacities by addressing robustness and redundancy measurement items, respectively. 

Safe-to-fail seems the only technical feature which addresses transformative capacities in 

this tool. 

In terms of measuring and quantifying the impact of disasters, Hughes and Healy’s (2014) 

tool includes several items to capture hazard impact on the level of service. 

In terms of response and recovery, Hughes and Healy (2014) included measurement items 

which consider response and recovery situations during the assessment. 

In terms of measuring programme results, Hughes and Healy’s (2014) work has the 

capability of focusing deliberately on the emergency response plan and local leadership. 

This goal is achievable since the framework includes different measurement items which 

can deal with such capacities. Also, the tool has the capability of filtering measurement 

items using different characteristics, which increase its capacity whenever it is necessary. 

4.4.2.  Level of the resilience measurement result 

In terms of the considered level of resilience result, it seems Hughes and Healy’s (2014) 

tool considers three resilience capacity tracks (i.e. input, impact and outputs). 

In terms of input of measurement, most transport stakeholders, including consultants, 

contractors, and clients, could benefit from the result of resilience assessment by the tool.   

Regarding outputs of measurement, the result of assessment using Hughes and Healy’s 

(2014) tool mainly focuses on the exposure, vulnerability and resilience capacities of the 

transport network.  

The impact of the resilience assessment tool is considered in the robustness assessment 

section of the tool, which deals with a long term running of system capacity despite a 

disruptive event. 

The outcome of measurement using the tool is unknown since the tool has not been 

implemented yet. Besides that, the outcome could be observed only after a disaster or a 

modelling exercise.  
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4.4.3.  Dimensions of resilience 

As discussed earlier, the Hughes and Healy (2014) tool cover both technical and 

organisational elements of resilience. However, this study only focuses on the technical 

part of resilience assessment, as previously discussed. 

Equally important, the research participants and stakeholders in this study believed that 

the organisational section of the tool itself was a modification of a New Zealand tried and 

tested organisational resilience tool produced by Resilient Organisations (ResOrgs) based 

on the work by Seville et al. (2008). Moreover, both Australia (Governmental Resilience 

Expert Advisory Group) and New Zealand (Resilient Organisations) have carriedd out a 

noteworthy series of researches about organisation resilience concept withing lifeline and 

critical infrastructure sectors. Besides, very few researchers have considered the technical 

aspect of resilience. Also, the technical part of Hughes and Healy’s (2014) tool was well-

matched with participant actors and institutions, as well as the goals of this study. The 

Commonwealth of Australia (2011) necessitates more consideration on physical 

infrastructure or technical resilience in the conclusion of its report. The report has 

highlighted that considering technical resilience can improve the outcome for the overall 

sector, as much as enhancing reputation and leadership. Also, it helps to create more 

innovation and decrease the cost of resilience policies.  

4.4.4.  The smallest unit of analysis 

The Hughes and Healy (2014) tool are specifically developed as a national tool for the 

New Zealand transport entity. However, the measurement items included in the 

framework were advanced using global literature. Two available types of assessment (i.e. 

asset-based and network-based) could be utilised using their tool. Therefore, the smallest 

unit of analysis could be an individual asset. 

Two applied case studies for tool implementation in this research focused on both a rural 

roading network and individual assets in Northland, New Zealand.  So, the smallest unit 

of analysis for network-based assessment should be considered as sub-national according 

to the definitions provided by Winderl (2014). By the same token, the smallest unit of 

analysis for asset-based case study would be an individual transport asset. 
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4.5.  Discussion 

Only the technical part of Hughes and Healy’s (2014) framework was chosen in this 

research because organisational resilience was well-documented and widely researched 

in New Zealand. Furthermore, the ability of an organisation to respond to a disaster 

requires technical resilience capability. Figure 4-2 illustrates the technical part of the 

resilience assessment framework developed by Hughes and Healy (2014). 

 

Figure 4-2: Technical transportation resilience assessment framework; Adapted from Hughes and 

Healy (2014) 

Referring to Figure 4-2, the projected framework includes three main principles of resilient 

infrastructure. Hughes and Healy (2014) adopted ‘Robustness’, ‘Redundancy’ and ‘Safe-

to-fail’, all cited widely in the literature, and their definitions, and justification for 

inclusion are to some extent clear. 

Consequently, the three features mentioned were chosen for the technical transportation 

resilience framework. Table 4-10 shows a summary of these principles and their 

definitions. The reader is referred to Hughes and Healy (2014) for detailed information. 
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Table 4-10: Summary of technical resilience features and their definitions for the transportation 

asset management sector (adapted from Hughes and Healy, 2014) 

Considered 

Technical 

Principles 

Definition 

Robustness 
Robustness refers to “the ability… to withstand a given level of stress…without suffering 

degradation or loss of function” (McDaniels et al., 2008). 

Redundancy 
The extent which allows for alternative choices, decisions and substitutions in systems or 

organisations in the case of disaster or under pressure (O’Rourke, 2007). 

Safe-to-fail 

The property of system to tolerate departure from design specification in a time of crisis (Möller 

and Hansson, 2008).  This feature involves new methods which transform the traditional risk-

based, fail-safe design to one of resilience. Principles of ‘change’ and ‘unpredictability’ should 

be added to ‘efficiency’, ‘constancy’ and ‘predictability’ to make a risk-based design system to 
a safe-to-fail one (Park et al., 2013) 

Considering the conceptual framework (Figure 4-2), several measurement items 

(measures) were developed for each principle under each category to form the 

Transportation Technical Resilience Assessment in the excel file. Hughes and Healy’s 

tool describes scales for each measure and captures scores on a scale of 4 (very high level 

of resilience) to 1 (low resilience). Some example measures and proposed measurement 

scales for the ‘robustness’ principle are shown in Table 4-11 below. The measures can then 

be weighted at the discretion of the user to give an aggregate score for a principle (e.g. 

robustness) or category (e.g. structural), or overall. 

Table 4-11: Hughes and Healy’s tool excel interface for the ‘robustness’ principle; Adopted from 

Hughes and Healy (2014) 

ROBUSTNESS Weighted Robustness Score 2.3 
Category Sub-

Category 

Measure Measurement scale Individual 

score 

Category 

average 

Weighting 

(%) 

Weighted 

score 

Structural 

Maintenance 

Processes exist to maintain critical 

infrastructure and ensure integrity 

and operability – as per 

documented standards, policies & 

asset management plans (e.g. roads 

maintained, flood banks 

maintained, stormwater systems 

are not blocked. Should prioritise 

critical assets as identified. 

4 – Audited annual 

inspection process for 

critical assets and 

corrective maintenance 

completed when 

required. 

3 – Non-audited annual 

inspection process for 

critical assets and 

corrective maintenance 

completed when 

required. 

2 – Ad hoc inspections 

or corrective 

maintenance completed, 

but with delays/backlog. 

1 – No inspections or 

corrective maintenance 

not completed. 

3.0 

2.8 33.33% 94.4 

Renewal 

Evidence that planning for asset 

renewal and upgrades to improve 

resilience into system networks 

exist and are implemented. 

4 – Renewal and 

upgrade plans exist for 

critical assets, are 

linked to resilience, and 

are reviewed, updated 

and implemented. 

3 – Renewal and 

upgrade plans exist for 

critical assets and are 

linked to resilience, 

however no evidence 

that they are followed. 

2 – Plan is not linked to 

resilience and an ad 

hoc approach is 

undertaken. 

1 – No plan exists and 

no proactive renewal or 

upgrades of assets. 

4.0 

Design 

Percentage of assets that are at or 

below current codes 

4 – 80% are at or above 

current codes 

3 – 50-80% are at or 

above current codes 

3.0 
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ROBUSTNESS Weighted Robustness Score 2.3 
Category Sub-

Category 

Measure Measurement scale Individual 

score 

Category 

average 

Weighting 

(%) 

Weighted 

score 
2 – 20-50% are at or 

above current codes 

1 – Nearly all are below 

current codes 

Assessment of general condition of 

critical assets across region 

4 – 80% are considered 

good condition 

3 – 50-80% are 

considered good 

condition 

2 – 20-50% are 

considered good 

condition 

1 – Nearly all poor 

condition 

3.0 

Percentage of assets that are in 

zones/areas known to have 

exposure to hazards 

4 – <20% have some 

exposure to known 

hazards 

3 – 20-50% are highly 

exposed, or >50% are 

moderately exposed 

2 – 50-80% are highly 

exposed 

1 – 80% are highly 

exposed to a hazard 

2.0 

Percentage of critical assets with 

additional capacity over and above 

normal demand capacity 

4 – 80%+ of critical 

assets have >50% spare 

capacity available 

3 – 50-80% of critical 

assets have >50% 

available 

2 – 20-50% of critical 

assets have >50% spare 

capacity 

1 – 0-20% have spare 

capacity. 

2.0 

Referring to Table 4-11, Hughes and Healy’s tool consists of a range of questions across 

the categories. Once the relevant questions have been answered, weightings can be 

applied at the category, principle or dimension level. These weightings are a percentage 

and must add to 100% across each group. The weightings allow the user to allocate greater 

importance to (say) one principle over another. For example, one may determine that 

‘robustness’ is more important than ‘redundancy’ or ‘safe-to-fail’ and as such, allocate a 

weighting of 40%:30%:30%. It is important to note that the weightings are subjective and 

will be based on user preference. In all instances, the individual scores for each question 

can be viewed and interrogated to determine the reasons behind a specific principle or 

dimension score. 

For consistency, this thesis defines each principle by its relevant ‘measures’ within 

different ‘categories’ and ‘sub-categories’. The resilience scoring matrix (i.e. 

measurement scale) is assigned to each measure on a scale of four (very high) to one 

(low), along with the associated colour scheme in the resilience assessment tool.  

4 - Very high resilience – meets all requirements 

3 - High resilience – acceptable performance in relation to a measure(s), some 

improvements could be made 

2 - Moderate resilience – less than desirable performance and specific improvements 

should be prioritised 

1 - Low resilience – poor performance and improvements required. 
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5.1.  Introduction 

This chapter describes the trial of Hughes and Healy’s (2014) tool for network-based 

resilience assessment. Before proceeding to results reporting, the method of network 

selection and the process of choosing participants for resilience assessment is discussed. 

The tool is trialled for two different types of rural networks – i.e.  State highway and local 

road. The identification of the expected level of resilience, based on the risk assessment 

of the chosen networks, are also discussed in this section and the resilience score for each 

feature of resilience is then determined using the tool. The reason for score assignation 

for each measure of resilience is also deliberated. 

The applied trial methodology for this research is the same as the proposed single-hazard 

resilience assessment methodology suggested by Hughes and Healy (2014) – see Figure 

5-1 below. 

 
Figure 5-1. Case assessment process, Source: (Hughes and Healy, 2014) 

Criticality assessment was carried out to choose the network section for each case study. 

After network selection and identification of key participants, risk assessment within each 

case study was carried out to determine the expected level of resilience for each type of 

network, then resilience assessment was carried out to capture the resilience score for 

each item. Finally, the improvement opportunities and interventions were discussed and 

compared for each type of network. 

n brief, this chapter presents the scores attained for each dimension of resilience using 

Hughes and Healy’s tool. A comparative study was carried out between the state highway 

and the local road section to understand how the tool evaluated different types of networks 

with different levels of service. Overall, this chapter provides a good understanding on 

Criticality 
Assessment 

Risk Assessment Desired 
Resilience

Resilience

Assessment

Improvements/ 
intervention
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trialling a network-based resilience assessment and how each measure of Hughes and 

Healy’s tool contributes to resilience scoring of a state highway or local network. 

5.2.  Route Selection  

As discussed in Section, two types of rural networks (i.e. state highway and local road 

network) in the Northland area were adopted to help answer the research questions and 

meet the objectives of this study.  

In Figure 5-1, criticality assessment was fundamental in the prioritisation of efforts for 

resilience valuation in this trial. The New Zealand Transport Agency has a classification 

system according to the criteria established based on the road functions which include: 

freight volume, annual average daily traffic flows, route to major centre of population, 

access to ports for freight, access to airports for passengers and importance for tourist 

traffic. These criteria were mainly used to assess the network criticality in this study. The 

key stake-holding contacts for each road controlling authority (i.e. NZTA, Northland 

Regional Office and District Councils) were asked to propose a critical network based on 

the aforementioned criteria. The geographical location of proposed networks and profile 

of chosen participants for each case study are provided in the following sections. 

5.2.1.  State highway network 

The NZTA stakeholders, along with document analysis, helped to identify the critical 

portion of the route for the state highway network case study based on NZTA’s criticality 

assessment criteria. The route proposed by the Northland Regional Office and NZTA was 

State Highway 1 at Kawakawa. More specifically, the study route starts at the SH1/10 

junction at Pakaraka to the SH1/SH11 junction at Kawakawa, and from that point along 

SH11 to 427 Paihia Road and an aerial photo of the site is included in Figure 5-2. It is 

worth mentioning that criticality assessment for case selection may differ based on the 

needs and priorities of each stakeholder. For this assessment, the proposed site was 

considered as critical since it contains a multitude of flood points from different sources 

including a potential dam breach from Lake Owhareiti. 
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Figure 5-2. Pilot site for state highway assessment 

5.2.2.  Local road network  

A robust discussion took place when proposing an appropriate local network either in the 

Far North or Kaipara District Council. These are very similar areas with many flood prone 

road networks that are identical in terms of criticality. A vulnerable area was proposed 

following discussion with the Strategic Asset Engineer in the Kaipara District Council 

who had good regional knowledge about both local networks.  

 

Figure 5-3: Pilot site for local road assessment 
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Accordingly, a portion of a highly vulnerable route (i.e. Kaiwaka-Mangawhai Road) was 

selected for assessment. The proposed route starts at 2 Kaiwaka-Mangawhai Rd, Kaiwaka 

and ends at 74 Moir St, Mangawhai (see Figure 5-3).   

5.3. Key Participants in the Network Assessment 

5.3.1.  State highway network 

The key individuals and participants for the state highway network were initially 

proposed by New Zealand Transport Agency (NZTA) staff in Whangarei. Table 5-1 

summarises the complete list of active participants in the state highway assessment. 

Table 5-1: Critical reference groups actively involved in the state highway assessment (stakeholder 

groups) 

 

Total 

Number of 

Participants 

The 

University 

of 

Auckland 

New 

Zealand 

Transport 

Agency 

(NZTA) 

AECOM 

New 

Zealand 

Ltd 

Fulton 

Hogan 

Northland 

Regional 

Council 

(NRC) 

The 

Auckland 

Lifelines 

Group 

(ALG) 

Opus 

International 

Consultants 

Ltd 

Journey Manager 1  P1      

Network Manager 2  P2, P3      

Transport Planner 2  P4, P5      

Principal Consultant 1   P6     

Contract Manager 2    P7, P8    

Renewals Manager 1    P9    

Maintenance 

Manager 
1    P10    

Natural Hazard 

Advisor 
1     P11   

Project Manager 2  P12    P13  

Group Engineer 1       P14 

Disaster Resilience 

Researcher/Lecturer 
3 

P15, P16, 

P17 
      

National Structures 

Manager 
1  P18      

5.3.2.  Local Road Network 

As discussed earlier, because of the identical network criticality and resource access in 

Northland’s local councils, the participants in the local road case study were selected from 

both Far North and Kaipara District Councils. It is noted that both councils are working 

under the Northland transportation alliance. The key participants were mainly identified 
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after an initial workshop in the Far North District Council (FNDC). Table 5-2 summarises 

the list of active participants in the local road assessment. 

Table 5-2: Critical reference groups actively involved in the local road assessment (stakeholder 

groups) 

Designation 

Total 

Number of 

Participants 

The 

University 

of 

Auckland 

Northland Transport Alliance 
The 

Auckland 

Lifelines 

Group 

(ALG) 

Kaipara 

District 

Council 

(KDC) 

Far 

North 

District 

Council 

(FDC) 

Northland 

Regional 

Council 

(NRC) 

Area Engineer (Roads 

and Drainage) 
1   P19   

Asset Manager 

Roading 
1  P20    

Building Consents 

Manager 
1   P21   

Team Leader 1    P22  

Executive Assistant to 

General Manager 
1   P23   

Officer 1    P24  

Project Manager      P13 

Disaster Resilience 

Researcher/Lecturer 
2 P15, P17     

Strategic Asset 

Engineer 
  P25    

5.4.  Risk Assessment and ‘Desired’ Resilience Levels 

As per the Figure 5-1 process, a risk assessment was undertaken using the established 

NZTA risk assessment approach based on the joint Australian/New Zealand standard 

AS/NZS 31000:2009 – reproduced by Hughes and Healy (2014) – to determine the 

expected level of resilience for each type of network (refer to Appendix B). The next step 

in the process was to assess the resilience of the selected networks, based on interviews 

and workshops with relevant stakeholders. Due to detailed discussion on each resilience 

measure and their measurement scales, the general evaluation result for studied assets and 

the reasons for their scoring are only discussed in the following sub-sections. The scoring 

is based on network data and inspection reports as well as interviews with P1-P25. 

5.4.1.  State highway network 

The likelihood scores relating to closure of the state highway network, varied between 

1 in 5-year to 1 in 50-year flooding events for different sections of the network. This 

information was based on the flood modelling undertaken by URS (2012). Flood hazard 

maps from the URS study are included in Appendix C. Table 5-3 below shows the road 

closure likelihood rating for four highly critical sections of the state highway network. 
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Interviewee P11 proposed the frequency of the next flooding events which may lead to 

the closure of each site by considering previous flood events, which mainly occurred in 

2011 and 2014, and the URS (2012) flood modelling study. 

Table 5-3: The closure likelihood ratings of each highly exposed site 

 Site 1: 

 Taumarere 

Site 2: 

 Tirohanga 

Site 3:  

SH1 at 

Kawakawa 

Site 4: 

 Otiria Stream 

Approx. ARI for 

flooding events1 

1 in 5 years 1 in 50 years 1 in 5 years 1 in 10 years 

Frequency2 Consequence is 

expected to occur 

in the next 1–2 

years 

Consequence may 

occur in the next 

6–10 years 

Consequence is 

expected to occur 

in the next 1–2 

years 

Consequence may 

occur in the next 

3–5 years 

Likelihood rating3 Possible (4) Highly unlikely 

(2) 

Possible (4) Likely (5) 

1) Based on URS flood modelling (see Appendix C)  

2) From expert judgement (i.e. interviewee P11) and using NZTA Risk Tool (see Appendix B, Appendix table B.2)  

3) From NZTA Risk Assessment Tool (see Appendix B, Appendix table B.2) 
 

 

In the next step, the consequence rating is determined (see Appendix B, appendix Table 

B.1) – the desired consequence category was pre-selected by tool users, e.g. financial, 

service delivery or highway network efficiency, etc. It is noted that after route selection 

in a network-based assessment all route segments are considered to be of equal 

importance (i.e. criticality) in terms of consequence, as the closure of each segment leads 

to whole route closure. Accordingly, the same consequence ratings were assigned for 

entire routes within different categories (see Table 5-4 below). The consequence rating 

assignation is based on discussion with P2-P4, P6, P11 and P16. 

Table 5-4: Proposed consequence rating for network closure 

CATEGORY Financial Service 

delivery: 

efficiency 

Service 

delivery: 

availability 

Reputation 

- customer 

Reputation 

- media 

Reputation 

- political 

Asset 

Integrity 

Consequence 

rating (score)1 

Moderate 

(40) 

Major (70) Minor (10) Moderate 

(40) 

 Major (70) Moderate 

(40) 

Moderate 

(40) 

1) From expert judgement (i.e. P2-P4, P6, P11 and P16) and using NZTA Risk Assessment Tool (refer Appendix 

B, Appendix table B.1) 

From Table 5-4, it is understood that the desired level of resilience may be adjusted 

according to each consequence category to match the asset manager’s priority of actions. 

Since the main objective of this study was to test the tool and demonstrate how it can be 

applied in a real scenario, one category with major consequence rating – say efficiency 

of service delivery – has been chosen for demonstration only. 
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The above likelihood and consequence ratings result in a closure risk rating for each site. 

Table 5-5 summarises the final closure risk rating for ‘efficiency of service delivery’ in the 

state highway network case study. Accordingly, the ‘desired’ resilience level for each site 

was determined as per the Figure 5-1 process. This is on a four-tier scale from ‘low’ 

resilience (corresponding to a low ‘risk’ score) to ‘very high’ resilience (corresponding 

to an ‘extreme’ risk score). 

Table 5-5: Risk scores and ‘desired’ resilience scores for efficiency of service delivery 

 Site 1: Taumarere Site 2: Tirohanga Site 3: Three 

bridges 

Site 4: Otiria 

Stream 

Likelihood rating 

(score)1 

Possible (4) Highly unlikely (2) Possible (4) Likely (5) 

Consequence on 

efficiency of service 

delivery2 

Major Major Major Major 

Risk3 High risk: 

Risk requires close 
attention 

Moderate risk: 

Risk requires 
attention 

High risk: 

Risk requires close 
attention 

High risk: 

Risk requires close 
attention 

‘Desired’ resilience 

level4 

High Moderate High High 

From Table 5-3 
From Table 5-4 

From NZTA Risk Assessment Tool (see Appendix B, Appendix table B.3 and Appendix Table B.4)  

From Figure 5-1 process, source: Hughes and Healy (2014) 

Referring to Table 5-5, a high resilience score is desired for all selected routes, since all 

route segments have identical criticality. It is noted that, in this instance, flood modelling 

data was available, which provides a higher degree of confidence in the resultant risk and 

resilience scores. In the absence of this data, more weight would be placed on local 

knowledge, leading to lower confidence in the resultant scores. 

5.4.2.  Local road network 

A similar desk study to the state highway should be carried out to define the desired level 

of resilience for the selected routes in the local network. However, since there was no 

detailed flood survey for the Kaipara District Council at the time of implementation, a 

desired resilience level of moderate was assumed, based on the local knowledge and after 

discussion between P25 and P17. It is noted that the studied network is within the flood 

susceptibility area following the 2011 and 2014 flooding events (see Appendix C). 
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5.5.  Network Robustness 

As mentioned earlier, two route sections were selected on the state highway and local 

network to trial the framework. Findings from route assessments, interviews and 

document analysis as well as the reason of individual scoring for each robustness measure 

are deliberated below. 

5.5.1.  Robustness score 

A summary of 10 projected measures to score the robustness of the transport network for 

technical resilience is shown in Figure 5-4 below. The initial input range in Table 4-5 was 

used to determine the resilience for each robustness’ measure and the default weighting 

was applied. In the following subsections, the robustness score that was attained for both 

state highway and local road case studies is presented.  

Robustness 
Measures

STRUCTURAL

INTER-

DEPENDENCIES
PROCEDURAL

Design compliance to 
hazard

Resilience-related 
upgrade/renewal plans

Hazard impact to 
level of service

Maintenance process 
adequacy

Existing asset 
condition

Spare capacityExposure to hazard

Supplier robustness 
issue awareness

Resilience-related 
design code

Supplier robustness 
improvement plan

 

Figure 5-4: Summary of robustness measures to assess technical transport resilience, adapted from 

Hughes and Healy (2014) 

5.5.1.1. State highway assessment   

The summary dashboard for robustness assessment in the Northland State Highway case 

study is presented in Table 5-6 below. 
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Referring totable 5-6, the case study route, overall, has a moderate robustness score, this 

is achieved via a moderate structural score (i.e. score of 2.29), a low procedural score (i.e. 

score of 1) and a moderate interdependency score (i.e. score of 2.25). Robustness 

measures in structural category range from poor (i.e. measures 3, 4, and 7) to very high 

(i.e. measures 1 and 6). The procedural category score is low due to the absence of 

resilience-specific design codes, which were the only measures in this class. The 

interdependency category was moderate because of high robustness issue awareness 

among transportation network stakeholders and the lack of improvement plans among 

utility supplier facilitators for the network. 

Table 5-6: State highway network robustness score – summary dashboard 

Category No# Robustness Measure Individual 

Score 

Average Category 

Score 

Overall 

Score 

Structural 1 Maintenance process adequacy 4 2.29 1.85 

2 Resilience-related 

upgrade/renewal plans 

2.5 

3 Asset design compliance to 

hazard 

1 

4 Hazard impact to level of service 1 

5 Existing asset condition 2.5 

6 Exposure to hazard 4 

7 Spare capacity 1 

Procedural 8 Resilience-related design code 1 1 

Interdependency 9 Supplier robustness issue 

awareness 

3.5 2.25 

10 Supplier robustness 

improvement plan 

1 

5.5.1.2. Local road assessment 

The summary dashboard for robustness assessment in Northland’s local road case study 

is presented in Table 5-7 below.  

Referring to Table 5-7, the case study route, overall, has a moderate robustness score, this 

is achieved via a high structural score (i.e. score of 2.5), a low procedural score (i.e. score 

of 1) and a low interdependency score (i.e. score of 1.5). The individual robustness 

measures in the structural category range from poor (i.e. 7) to very high (i.e. measures 1). 

The procedural category score is low due to the absence of resilience-specific design 

codes, which were the only measures in this class. The interdependency category was low 

overall, because of moderate robustness issue awareness among transportation network 

stakeholders and the lack of improvement plans among utility supplier facilitators for the 

network. Findings from document analysis and interviews, as well as the reasons for 

individual scoring for each measure are deliberated in the following. 
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Table 5-7: Local network robustness score – summary dashboard 

Category No# Robustness Measure Individual 

Score 

Average Category 

Score 

Overall 

Score 

Structural 1 Maintenance process adequacy 4 2.5 1.67 

2 Resilience-related 

upgrade/renewal plans 

2.5 

3 Asset design compliance to 

hazard 

2 

4 Hazard impact to level of 

service 

2 

5 Existing asset condition 3 

6 Exposure to hazard 3 

7 Spare capacity 1 

Procedural 8 Resilience-related design code 1 1 

Interdependency 9 Supplier robustness issue 

awareness 

2 1.5 

10 Supplier robustness 

improvement plan 

1 

5.5.2. Measure 1: Maintenance process adequacy 

The existence of a maintenance process is essential to maintain transportation assets and 

to ensure its integrity and operability within the network. This is assured through 

investigation of documented standards, policies and asset management plans. The method 

of scaling should be based on the availability of the consistent annual inspection process 

for each critical asset identified within the study sector. The highest score will be applied 

if audited annual inspection processes and corrective maintenance do exist for each asset 

whenever required. If the annual inspections have not been audited by the relevant entity, 

then scale three will be applied for this measure. Ad-hoc inspections with delays or 

backlogs result in a moderate score of two, while no inspections or corrective 

maintenance will lead to the lowest score for this measurement item. 

5.5.2.1. State highway 

In a focus group workshop, both interviewees P2 and P3 shared the opinion that initial 

scoring of the study network is quite important for this evaluation, and they believed more 

auditing processes are required for the region’s networks to be able to address this 

measure appropriately. 

P3 highlighted that regular inspection is very important for maintenance processes, he 

stated: 

“Inspection could be done even on a daily basis to be more effective” 
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Both interviewees P1 and P2 referred to the formal monthly inspection documents to 

evaluate this principle. They shared the opinion that inspection reports are available and 

updated in the Road Assessment and Maintenance Management (RAMM) software to 

RCAs. They also mentioned that in the event of cyclones or floods, an inspection on a 

daily basis for the main structures (e.g. bridges, culverts etc.) may be carried out for state 

highways, which can help for better addressing of this evaluation. 

5.5.2.2. Local road 

During the local road study, interviewee P20 brought in the “existing asset management 

plan” and “road network hierarchy systems”, which define most critical local road 

sections to identify the critical assets within the network for resilience assessment. He 

added that in a network bridges are normally considered as critical assets, in this regard 

he stated: 

…Our bridges are definitely considered as critical assets and we prioritise 

them based on importance, criticality and capability… in which we identify 

whether they are load restricted, speed restricted, strength restricted, 

condition restricted and we manage that with different forms of condition 

assessment. 

Similarly, in terms of critical assets, P19 and P25 said that the most critical asset on both 

state highway and local networks are bridges. They clarified that culverts and road 

surfaces can be repaired after disruption very quickly, whereas bridges required more 

time and effort.  

P20 and P25 shared that different forms of condition assessments exist for both pavement 

and structures in the local network. They highlighted that engineers are mainly involved 

in the structural assessment of the critical assets like bridges and added: 

… for the most critical bridges we do a complete engineering assessment 

annually and reschedule the next assessment based on existing conditions 

and update forward work planning in the asset management system for next 

inspection … 

In relation to the roading maintenance plan and its impact on resilience of the network, 

interviewee P20 believed that the roading maintenance plan has an effect, to some extent, 



 

113 

 

but not significantly. He added that there are two work categories, one called ‘scheme 

resilience’ and the other ‘modern improvement’, which can be related to the resilience in 

the maintenance of roading. He added that these exercises are focusing on improving the 

ability of the maintained road to withstand the worst event that could occur to create a 

safer network for the future. P20 pointed out that the existing NZTA guidelines for 

maintenance and improvement of local roads are based on three main components: safety, 

resilience, and productivity. He believed that these components are well covered at the 

moment and the information is available and updated in the RAMM asset management 

database.  

5.5.2.3. Summary 

In the road sections under study, both local roads and state highways had inspection 

reports for maintenance of structures and pavements in their networks. Also, for each 

asset identified in the study networks, maintenance management strategy plans and asset 

management plans were in place to assess process adequacy.  

All assets in the network should be identified before assessing this item. Equally, 

resilience-based segmentation of the network is essential. The availability of annual 

inspection reports which have risk, criticality and likelihood considerations could also 

help for better assessment. 

In general, there are more maintenance resources available for State Highways compared 

to local road networks. State Highways authorities have a bigger investment for 

maintenance process, but they have a different management philosophy in terms of how 

the contractors manage their network. 

It is important to realize that, local road networks normally require the use of resources 

within their local authorities, while the maintenance resources for state highways may be 

located anywhere within the network. For example, maintenance resources for SH1 may 

be anywhere between the Johnstone’s Hill Tunnels and Kaitaia but may be needed 

somewhere closer to the Kaipara district. As a result, state highway maintenance team 

require to travel from one point to another. Instead, the Kaipara Council needs access to 

the majority of maintenance resources locally. 

In summary, the process adequacy for both state highway and local networks was high 

resilience (i.e. score 4). This was achieved due to the well covered maintenance processes 
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that were in place. Besides that, the information was updated and available in an asset 

management database (i.e. RAMM) for both types of networks. 

5.5.3.  Measure 2: Resilience-related upgrade/renewal plans 

To evaluate this measure, the transport authority must ensure that the evidence for 

capacity improvement planning of asset renewal and upgrades to the roading network are 

in place and properly implemented in line with resilience strategies. In this regard, a very 

high level of scoring will be obtained if resilience-related renewal and upgraded plans for 

each critical asset identified within the selected route exist and are continuously reviewed, 

updated and implemented by road controlling authorities. From Table 4-5, it can be seen 

that, although the existence of an ‘ad-hoc approach’ can help to improve the scoring of 

this item, “linking plans to resilience” and “evidence of taking action” are two significant 

strategies in this regard. 

5.5.3.1. State highway 

In the case of the state highway network, P2, P4 and P5 all pointed out that audited 

national renewal 10-year plans do exist for both pavement and structures to address this 

question. They added that resilience policies are not included in the plan at the time of 

carrying out this research. P3 clarified that most of the plans are at national level for 

funding applications and long-term policy making. There was a general consensus among 

interviewees in the two different focus group workshops that funding is one important 

factor here to enable implementation of resilience policies. As funding availability is one 

of the major principles of organisational dimension of transport resilience it can be seen 

how this can affect technical resilience in specific measures. 

Interviewee P2, the senior network manager for the state highway, concluded that the 

regional annual specified plan at a national level could be investigated to evaluate this 

principle. However, for strategic renewals planning to be linked with resilience requires 

sources of funding from the national organisational level – i.e. Ministry of Transport, NZ 

Government, etc. 

5.5.3.2. Local roads 

In the case of the local road, P20 commented that this is an ongoing process and local 

councils are trying to improve asset renewal plans all the time. P20 referred to P19, who 
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was responsible for the improvement programs for the local networks in the region to 

better address this measure. P19 stated that the improvement plans are normally carried 

out by updating a huge spreadsheet and adding new tasks and improvement into it, which 

leads to reordering the priorities in the updated spreadsheet. Modelling software is also 

used to predict the remaining life of an asset, for instance, seal or road surfaces have about 

a 15-year life span. Modelling software measures their existing conditions each year and 

checks to see at what point it is in terms of its remaining life span. The results of these 

models are presented in modelling software reports to the responsible asset managers. 

These reports take ‘today’s’ and last year’s condition and, based on this, forecast future 

situations for 10 years. 

On asking interviewee P19 about the process of making decisions for reordering and 

upgrading the improvement plans, he stated: 

We have a decision database which enables us to prioritize of plans and 

upgrades.  

nterviewee P20 added that the decision would be made based on three components of 

road improvement for state highways (i.e. safety, resilience and productivity). He added 

that there is no weighting system for these components at the moment and argued that an 

arduous web-based system does exist for improvement plans, but it normally does not 

perform exactly as expected and no one was using it on a regular basis. P19 continued 

that a continuous improvement system was currently running in the asset management 

section for local roads.  

5.5.3.3. Summary 

Both state highway and local road entities require asset renewal plans and programmes 

to assess this measure. Modelling software is applied to evaluate the asset’s age and 

condition in terms of remaining life span. Annual condition reports for pavements and 

structures are also available for both types of networks. These reports are normally carried 

out by consultants and end up in a regional report; the only problem is that this process is 

not linked to the resilience-linking process which requires funding. In other words,  first, 

resilience should be included in the national government’s 10-year policy plan, then it 

needs to be put into the regional plan for implementation purposes. 
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To compare, this is easier for local networks to link upgrade plans to resilience, mainly 

because there are less complex roading and organisational networks in local levels 

compared to the state highway. However, more funding sources are available for state 

highway networks. 

Overall, the measurement score for both types of network is moderate resilience (i.e. score 

2.5). This score is low since renewal plans exist, but are not currently linked to resilience.  

5.5.4.  Measure 3: Asset design compliance to hazards 

This measure assesses the suitability and robustness of critical asset designs across 

regions to withstand relevant hazard impacts. To correctly evaluate this item, asset-based 

evaluation documents are required prior to network assessment. The compliance of each 

critical asset in the network to the current design codes also needs to be studied. 

Measuring this item at the asset scale necessitates a qualified individual (e.g. engineer) to 

inspect current design levels and requirements; evidence of deficiencies in the asset; and 

conformity of asset design to appropriate resilience-specific design codes, etc. Table 4-5 

shows the assigned scoring system for asset based evaluation in this item. 

As can be seen in Table 4-5, the network assessment can be achieved by evaluating the 

percentage of assets that are at or below current codes, as the first step. The scoring of 

this item for networks is as follows: four – 80%+ are at or above current codes; three – 

50-80% are at or above current codes; two – 20-50% are at or above current codes; one – 

nearly all are below current codes.  

5.5.4.1. State highway 

One main issue here is how to section the route and allocate a specific percentage to each 

asset in the whole route for resilience. On asking about the availability of any available 

route section system for state highway networks, P2 stated: 

Currently, route position-route section method is available for State 

Highway network segmentation.  

When asked about testing the suitability of the network to withstand flooding events, P3 

mentioned: 
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… NZTA has a rating system to identify the compliance of routes to current 

design codes. The structural engineers in consultants may be more aware 

of these sectioning and suitability of critical assets… 

It was discussed in another workshop with seven contributors, that for better evaluation 

of this measure, complete flood-related design documents need to be obtained for all 

structural systems and sub-systems related to each route section. For instance, in the 

section of pavements, the evaluation measure to withstand flooding requires all design 

documents related to drainage, surface seals and related systems to water contamination 

of pavement baselines. For bridges and their relevant sub-systems, the consultants should 

provide comprehensive reports on compliance to the guidelines and structural design 

codes, and report these back to RCA for resilience evaluation. 

In another conversation with interviewee P2 regarding the assessing of actual pavement 

robustness he stated: 

In New Zealand, we don’t have such documents (i.e. flood-related design 

documents) for pavement. To prepare all of these design documents months 

of time and effort is required. But another approach would be to take an 

experienced engineer to the site and ask him/her to assume ideal asset to 

withstand the situation and scale based on that. 

From the aforementioned statement and follow-up conversations with interviewee P7, P8, 

P9 and P10, it seems that the expert judgement approach is a good temporary solution to 

assess the suitability of key asset designs when there are no relevant design codes for the 

studied hazards. Nevertheless, the ideal situation is to access the ideal design codes for 

each individual asset when considering the specific hazard (e.g. flooding). The next step 

is to benchmark the existing condition of each asset with the ideal design situation. For 

instance, in a flooding scenario, P2 noted that the Tirohanga Stream’s ideal surface could 

be a concrete pavement. According to his experience, concrete pavements are completely 

robust to withstand flooding. In this state, although there is no access to sufficient 

documents of justification such as design codes for concrete pavements in the country, an 

experienced engineer could compare the design of existing pavements and compare the 

ideal concrete pavement situation then make a reasonable guess to evaluate this measure. 
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The bridges were a different story, as they were managed by an affiliated consultant 

company under a three-year regional council contract. Separate interviews with 

interviewees P2 and P14 revealed that two types of inspection reports under a so-called 

S6 policy contract provide this information for state highway networks. The S6 policy 

contract obliges the contracted consultant company to prepare general and principal 

inspection reports for bridges every two and six years, respectively. In this case, a 

professional engineer or a person with extensive practical highway structure experience, 

is responsible to report back to the state highway entity in this regard. 

5.5.4.2. Local roads 

During the local network study, P20 mentioned that the bridge manual should address 

this item for structural assessment. P25 informed that, NZTA and AUSTROADS has a 

design standard which includes climate change, resilience and safety in structural design.  

There was a robust discussion that the roads in case study areas were not actually designed 

and they just happened by “follow the Bulldozer” as stated by P20. In this regard, 

Interviewee P19 commented: 

This is one of our biggest problems when the original road happened by 

accident, normally the inside of the road stays and the outside of the road 

slips away after a flooding event, since it has not been designed to withstand 

the events appropriately. 

Both interviewees P19 and P20 shared the opinion that currently there is no benchmark 

or measurement tool in existence to evaluate pavement design compliance. Interviewee 

P20 added that: 

 …for the actual pavement if it gets washed out you just put, for example, 

20 trucks and gravel and bulldozers and you’ll fix the issue and open the 

road again… 

P20 believed that this is not a real issue for the pavement. Interviewee P19 mentioned 

that: 

If you want to assess the pavement you need to put penetrometer everywhere 

in your network and it is not feasible.  
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From this statement, P20 believed that it was quite a big ask for the current situation of 

pavements in the roading network and it was not worth carrying out such assessments for 

local roads in the region. Conversely, both interviewees P19 and P20 believed that there 

are frequent assessments on structures like embankments, bridges, etc. P25 added that 

some structural assets in the study network have recently been linked to climate change. 

5.5.4.3. Summary 

From the findings, both local and state highway networks require asset design standards 

which include climate change and hazard impact. Meanwhile, the existing structural 

assets in the network (e.g. bridges) may be improved to meet new standards and 

legislation. Although, the upgrade of the roading network for pavement may not be 

feasible in cases like the Northland region.  

Indeed, the problem with state highway structures is that they have so many major and 

old assets in place. Henceforth, highway authorities cannot easily apply a new design 

compliance on those assets. However, the local network has small assets which may be 

upgraded based on new climate change policies. 

In brief, the score for this item is 1 (low) and 2 (moderate) for state highway and local 

networks, respectively. The moderate resilience score for the local road is because some 

assets in the network are currently designed in a way to deal with climate change.  

5.5.5.  Measure 4: Hazard impact to level of service 

This item examines the likely impact on the level of service of critical assets due to 

specific hazards, e.g. full or partial closure. Level of Service (LOS) is a term used to 

describe the quality of services provided by the asset for the benefit of the users. 

Depending upon various factors such as demand or importance, a higher LOS may be 

required for some parts of the network compared to others. Adopting a LOS framework 

helps to achieve consistency in standards along roads of the same strategic importance. 

Similar to the previous item (i.e. measure 3), this item also requires asset-based evaluation 

prior to network assessment.  

The important scaling criterion in this item is ‘percentage of reduction’ in the system (i.e. 

individual asset). This depends greatly on the LOS performance definition for all classes 

of assets in each route segmentation. In this regard, the impact on serviceability (i.e. 
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performance) of each critical asset after a flooding event needs to be assessed first.  

Hughes and Healy (2014) debated that the likely performance target on an assets level of 

service is due to the specific hazard that may be considered, such as full closure (i.e. 

complete outage) or partial closure (50-100% outage) of the network. This can be limited 

to each route segmentation for resilience assessment.  

For example, if we have lost 60% of a seal width in a route segment after a flooding event 

and road users can still use the remaining 40% of seal width for traffic purposes, the total 

hazard impact on the route segment would be partial closure (i.e. 60% lost). However, in 

route segments with major structures (e.g. bridges) this may be interpreted quite 

differently, as different types of road closures may occur, (e.g. bridge strength – load 

capacity – to flood event). A LOS framework should be developed for resilience 

assessment based on a routes segmentation performance target for a studied hazard. 

The next step is to evaluate the percentage of critical assets which impact on LOS 

performance for resilience in the whole route. This includes the system of systems (e.g. 

culverts, embankments etc.). The discussion remains on how to allocate asset percentages 

across study routes based on the aforementioned assumptions. The framework contains 

four scaling scores based on overall ‘full failure’ and ‘partial failure’ of assets in the 

network (see Table 4-5). 

5.5.5.1. State highway 

During the state highway study, P1, P16, P15 and P16, all argued that the sectioning of 

the study route plays an important role on hazard impact levels. P2 mentioned that the 

existing network segmentation method by NZTA may help to answer this question: 

“RP-RS (i.e. Route Position- Route Section) system will be used for actual 

route sectioning, there are also separate records on culvert services (their 

size and extra features that exist) and they can be identified uniquely by RP 

and RS numbers which can also be used for sectioning purposes.” 

There was a good discussion among P2, P3, P4 and P5 about this measure. They 

deliberated that for the specific hazard in this question (i.e. flooding), the critical assets 

may be culverts and bridges and potentially sealed sections of pavements. P3 added that 

before taking any action about identifying the critical assets, the study route should be 
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completely identified. P2 referred to available information for areas that have flooding 

records. He stated:  

…There is information related to the height and extent of flooding based on 

local knowledge in Northland Regional Council (NRC) but plans of flooding 

for different return periods do not exist, unfortunately. 

From the statement, the importance of a return period of flooding or Average Recurrence 

Interval (ARI) has been highlighted. It was also pointed out by interviewees P7, P8, P9 

and P10 in another workshop that for evaluation of this measure the ARI event needed to 

be included in the project’s scope. Furthermore, it was conceded that the likelihood and 

proposed ARI closure requires appropriate description and justification by a group of 

experts. It was also highlighted by P6 and who stated: 

Should there be a range of ARI events within the measurement scale? E.g. 

certain performance in 1 in 2, 1 in 10, and 1 in 100 events…wrapped up in 

a single scale? 

In this regard, the network maintenance team highlighted the importance of an expected 

level of service for studied routes to appropriately address this evaluation. In this regard 

P8 stated in an interview: 

Level of service expectation probably needs to be mentioned in the measure. 

For what level of service are we going to evaluate our network? Who will 

define it? 

P2 brought in the importance of study on different stages of hazard occurrence in the road 

network (i.e. different stages of system recovery): 

The truth is that NZTA is looking on individual section while flood strike 

entire area, so the most vulnerable section would definitely go underwater 

and probably in the early stage of flooding event.  System performance fade 

gradually when time pass and we’ll have a complete outage after a time 

period. From previous available data NZTA knows that if flood level gauge 

passes a certain level, the road will be under so much water. 
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This statement is in line with the system resilience diagram by Bruneau et al. (2003) for 

different phases of aftershock recovery stages. This is a microscopic approach to measure 

a system’s specification, while the scope of this case study mainly focuses on asset 

management level strategies.  

n other words, the performance of cross-sectional profiles of roads need to be studied 

during and after an event. It is recommended that the consultants provide detailed 

engineering reports on these profiles for each segment. These reports should deliberate 

system LOS recovery time after an event. The result for each route segment could then 

be used to address the degree of hazard impact on the overall network.  

As stated by interviewee P2, there are several questions that need to be addressed by the 

consultant reports: 

How long does it take from start of flooding event until road closure? 

What kind of studies should be carried out to identify this gap? 

How can we use this gap effectively? 

P12 said that the engineering report by the consultants may feed into the network asset 

inspection reports. P12 suggested liaising with the person in charge in the consultant 

company for more information (i.e. interviewee P14).  

P14 again referred to the existing bridge inspection report to evaluate this measure. The 

point here is that in this case study, the consultant companies are mainly involved in the 

bridges and system of systems (e.g. culverts, spillways etc.) and not the pavements. In 

fact, it was recommended that the state highway authority in Northland provides similar 

engineering reports for the sealed pavements of their network. 

5.5.5.2. Local roads 

During the local road study, P19 mentioned that for the flooding situation the 

serviceability of local roads in the region are normally affected in first 24-48 hour 

(maximum) time span after an event. Interviewee P20 brought in the NZTA government’s 

newest proposed measure of networks and stated: 

… NZTA government is developing performance measure for networks (e.g. 

lost journey measures, delays measures). These measures are based on road 



 

123 

 

hierarchy by NZTA which, unfortunately, is not accessible online at the 

moment… 

The performance measures mentioned by P19 are called One Network Road 

Classification (ONRC) performance measures. It was being developed at the time of the 

interview, and currently is available to the public on the NZTA website. ONRC is one of 

the main documents required to be used during resilience assessment exercises for the 

New Zealand roading network. Based on the discussion with P25, the network studied is 

considered as a primary collector in One Network Road Classification (ONRC) since it 

link significant local population and industries in the area. The level of service for each 

local network asset is included in asset management plans. Local road asset management 

plans originate from the councils’ annual plans. 

In terms of route segmentation, one main factor is network vulnerability to different 

hazards. P25 provided examples of a few networks in the local district which regularly 

flooded, but does not impact the community since they are not linked to critical places 

like hospitals or schools, etc. Vulnerability and importance to a community are two major 

factors for segmentation of networks and P25 compared it to a type of risk score which 

include vulnerabilities and consequences. 

5.5.5.3. Summary 

Network segmentation and road classification are two important requirements for both 

state highways and local network resilience assessment process Network segmentation 

for resilience can be risk-based to include both hazards and consequences and road 

classification determines the level of service for each network. The engineering study on 

a cross-sectional profile of the road during and after an event helps to improve the 

assessment of customer service levels. Comparatively speaking, all asset management 

plans have a section on customer and technical levels of service, which can be used for 

assessment of this item. 

Using the ONRC system, the level of service expectation from the local network is less 

than the one of the state highway. Four types of customer level of service measures 

developed in the ONRC include: (1) mobility, (2) safety, (3) amenity, and (4) 

accessibility. Local roads are slightly less safe than state highways since local roads do 

not have guardrails, barriers and wire roads, as state highways do. Local roads also 
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provide the same level of mobility with lower amenity since they are 70% unsealed (i.e. 

gravel roads). Local networks are also as accessible as state highways in the region. The 

local networks service small communities on low volume roads and are the only local 

connections in the area. If the local roads block, people cannot get to hospitals and 

airports. Food and petrol trucks also cannot come to the communities to service them. 

Under those circumstances, although the local roads are a lower level classification, they 

still have the same level of importance for public services compared to state highways.  

onsidering all these factors, the participants proposed scores 1 and 2 for state highways 

and local networks, respectively. A higher resilience level expectation for local roads may 

have resulted because of the lower serviceability for the network according to ONRC 

criteria. 

5.5.6.  Measure 5: Existing asset conditions 

This item also needs asset level assessment prior to a full network evaluation. Hughes and 

Healy (2014) propose the assessment of asset conditions, as this will relate to the 

likelihood of failure. This has also been linked to the maintenance strategies in the 

proposed scaling system (see Table 4-5 ). The age of each asset is another factor which 

can be considered during the scoring of this item. For route assessments, an appropriate 

methodology to an allocated percentage of assets in the network needs to be developed. 

5.5.6.1. State highway 

There was a general consensus among interviewees P2, P3 and P5, that this item needed 

further clarification in terms of definition. For example, how to assess the general 

condition of assets and what types of assessments are related to resilience in this regard 

to obtain an assets condition.  

In another interview a contractor from the maintenance team proposed to “use expected 

remaining life” instead of ‘general condition’ in the scaling system for easier evaluation.  

In this regard interviewee P8 stated that: 

Measure should change; we shouldn’t use age since the assets may be quite 

old but still in a good condition. Instead of general condition “expected 

remaining life” is more relevant. 
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Asked about the possible source of information, interviewee P2 proposed that the “annual 

condition assessment report” of assets in the network may be best suited to answer this 

question. He noted: 

For actual pavement access to the annual pavement condition survey is 

important. This is used to predefine all maintenance work of future years 

and next three years and next 10 years. There is also condition survey done 

by independent firm that will tell NZTA what the pavement condition is. This 

information is used by NZTA to base their maintenance future needs. 

Information mainly comes from visual inspection by asset management 

team. In this regard, regular inspection of routes on maintenance is 

carrying out. 

In order to answer this question for structural assets, the research team was advised to 

liaise with interviewee P12 and later with interviewee P14 in the consultant company. 

P14 stated in an interview that although the assets are in good condition, they are quite 

old. P12 and P14 both shared the opinion that the appropriate scoring may be extracted 

from principle and general condition reports under the state highway’s maintenance 

contract.  

5.5.6.2. Local roads 

It was understood that there is no specific measurement system related to resilience to 

scale this item. Nevertheless, different assessment conditions do exist for roads, bridges 

and footpaths. The question remains on how to relate these assessments to resilience 

evaluation strategies. Condition ratings for roads e.g. Smooth Travel Exposure (STE) 

measures for roads, and Falling Weight Deflectometer (FWD) are a few types of 

condition assessments mentioned by P20.  

Regarding the existing document to evaluate this item, P25 stated: 

 Annual condition survey report which comes from RAMM do exist. We also 

have the book with all reports because out of that there are some of those 

reports may require further inspections. For road, itself we have new 

technologies to inspect so they feed into annual inspection report.  
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Interviewees P20, P23 and P25 were all happy with the initial input range to scale this 

item.  

5.5.6.3. Summary 

Both networks studied were required to record regular survey conditions to answer this 

item. Annual surveys concerning the condition of both pavements and structures exist to 

address this item. The results of the conditions assessed can be saved in an online database 

like RAMM for ease of access.  

When comparing this item of local roads with state highways, state highway respondents 

believed that it was better for items measured to change based on the assets lifetime. This 

was mainly because of the existing old assets in state highway networks. Local road 

authorities were happier with the initial scaling input range.  

Overall, both state highway and local road authorities were confident that 50%-80% of 

their assets are in good condition. The state highway and local road score for this item 

was 2.5 and 3, respectively. The lower resilience score for the state highway is because 

of the existence of old assets in the network, whereas, the local road has a new asset with 

a higher resilience score. It seems that including an asset’s age in the scaling process may 

help for better gauging of this measure. 

5.5.7.  Measure 6: Exposure to hazards 

This item investigates the location of critical assets in areas known to be vulnerable to a 

known hazard in the area. Measuring this item firstly requires the identification of all 

hazards that may occur in the network area. The next step is to associate the vulnerable 

asset to the hazard identified. Perhaps there should be specific attention paid to the 

unexpected threats while investigating a specific hazard in the network. Another 

consideration that may be specified is the so-called “BLACK SWAN” type of hazard, 

which means that the network may be closed for some reason that no one even thinks 

about (Taleb, 2007). It is noted that this item is only applicable for network-based 

assessment of resilience where hazard exposure at each site may affect the whole network. 

5.5.7.1. State highway 

In the state highway study, no major hazards other than flooding have been reported in 

the region. The only alternative hazard was a landslip near Turntable Hill (i.e. north of 
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Moerewa). There was great confidence in the existing risk-registered hazards among 

participants and thorough reports were provided by Northland Regional Council and 

Lifeline Group on risk-registered hazards. The GIS database was also available to specify 

and vulnerable areas to the known hazards (i.e. floods and landslips). 

P2 introduced the problem of an unknown risk. He highlighted the July 2014 flooding 

events in Northland and stated: 

…in this regard, specific risk registered areas do exist, but the problem is 

that (it) only lists the risks that NZTA identified before. The fact is (that) in 

the July 2014 we had major storms and three major slips that was not risk 

registered and it happened unexpectedly. The likelihood is that the state 

highway may be closed even for something that we even don’t think about 

it to be a problem like mentioned example. The current resilience exercise 

which I am contributing on is to identify those areas which have risk 

potential for collapse, get prioritize, get them funded and get them fixed…by 

default it makes the route more resilient…But again the likelihood is that in 

the storm event something may happen in the area that we even don’t aware 

of it… 

There was a good discussion among P17, P16, P11 and P6 about the types of hazards that 

should be included in this item and the method of scaling by assessors. From this 

discussion it seems that, in terms of multi-hazard exposure, the degree in which each 

hazard may impact on the network segments should be considered in the scoring system, 

e.g., if the network is exposed to both flooding and earthquakes, weighting may be applied 

to each hazard with regard to its consequences on the network – i.e. closure duration, 

likelihood, etc. Since this exercise only covers a flooding hazard and the network studied 

was not particularly vulnerable to other types of hazards, except for landslips whose 

exposure in the network could be ignored against flooding, this was not an issue for 

respondents at the time of assessment. P6 advised that this point is highlighted specifically 

in all-hazard assessment approaches by using Hughes and Healy’s tool.  

5.5.7.2. Local roads 

Same-risk registered data for cases of local roads exist in identifying the highly vulnerable 

areas. As mentioned by P19 and P20, this information is normally provided by Civil 
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Defence and the Northland Regional Council. P22 and P24 also confirmed the existence 

of such information and P22 added that: 

Northland Regional Council (NRC) is also responsible for developing GIS 

map which contains the risk registered information. 

P15-P17 all argued that the issue for unknown risks and resilience assessments in local 

area would remain, as emphasised in the state highway workshops. 

5.5.7.3. Summary 

Both the state highway and local networks require an advanced risk-registered database 

to assess this item. Spatial or geographic databases are very useful tools to simplify 

answering this item.  A road network hazard – geographic information system (GIS) map 

– could be developed for both local and national networks. The maps should be updated 

regularly for new events, as this would also facilitate accessing this information for future 

use.  

There are no major differences in the documents required between the two types of 

network, mainly because both authorities use a similar database provided by Civil 

Defence and the Northland Regional Council (NRC).  

In conclusion, state highways and local roads received very high (4) and high (3) 

resilience scores for this measure, respectively. The scores were based on the existing 

asset register in the area. Local road participants provided a more conservative score by 

considering the unstable geology of the region. The question remains on how to include 

the risk of unknown hazards, or the so-called “black swan” types of events. This may be 

feasible by a slight amendment in the measurement of these items. 

5.5.8.  Measure 7: Spare capacity 

This measure gauges the spare capacity of critical assets within networks in the event of 

partial failure, or surges in demand. For this purpose, individual asset-based assessment 

may be required prior to network evaluation. Asset-based assessment urges asset 

reconciliation to identify all key assets in the network. For spare capacity evaluation, 

additional capacity over and above normal demands of each asset need to be estimated. 

One important fact here is that additional capacity needs to be evaluated in regard to 

specific hazards. For example, additional capacity of a bridge for earthquakes is 
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completely different to flooding. Hughes and Healy (2014) have classified the scoring for 

asset-based evaluation on the percentage of specified additional capacity. For example, if 

the asset has been managed or designed in a way that it can tolerate double the amount of 

its expected capacity demands, then we can claim that it has 100% additional capacity 

and the score would be four in these circumstances (see Table 4-5). The network 

assessment can be carried out later having all the spare capacities for each individual 

asset. Referring to Table 4-5, in network scales, allocation of asset percentages (i.e. 

weight of each asset within the network) are also required for this item. 

5.5.8.1. State highway 

From the state highway workshop it became evident that only good estimations can be 

provided on this item. This was mainly because of the lack of appropriate definitions for 

spare capacity of assets for flooding hazards. Some participants advised that the complete 

answer may be provided by defining the flood event and catchment area for each 

individual culvert. P7-P10 believed that this may not be relevant to the flooding hazard. 

They proposed to re-assess this question for flood hazards. Interviewee P10 added that 

“If the road floods, then it will be out of service and it’s gone”.  P14 later confirmed this 

opinion, and stated that: 

…this item seems to be not appropriate for flooding event; however, it may 

work for earthquake or other kind of hazard…for example bridge structural 

spare capacity is the spare capacity to carry heavy vehicle. In flood event 

this capacity doesn’t change and flooding cannot affect this capacity. So, 

we may need to change or amend this question for flooding to make sense… 

From a robust discussion between P2, P6, P15-P17, it became evident that the capacity 

definition for the road here is exempt from the type of hazard. In this regard P2 stated 

that: 

…the average traffic volume data is available easily and may be used for 

proposing spare capacity definition in the flooding event… 

P2 also touched on considering the section of the network which has the capability of 

extension as part of its spare capacity for the road. There was also another discussion 
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about the slow mobility of the trucks and how to manage to open the road if a incident 

occurs due to loc capacity of state highways in the area. 

5.5.8.2. Local roads 

During local road studies, it was mentioned that the information related to spare capacity 

of roads was available in the Road Assessment and Maintenance Management (RAMM) 

database. In this regard P19 stated: 

…each road has a capacity model and we collect it based on AADT all the 

time and it is really based on calculation between the capacity model and 

the traffic data… 

P20 also mentioned that most of the local roads in the area have plenty of capacity, in 

fact, in some cases their capacity is more than that of state highways. He exemplified that 

Keri Keri Road has a higher traffic load compared to the state highway which it eventually 

joins up to. When asked about the reason for this, P24 explained that some local roads in 

the area were more attractive for people compared to state highways. He stated that: 

There are more people using some of our local roads going up and down in 

the area which is something to be considered for spare capacity 

considerations. That’s why the local authority has upgrade some of their 

roads for tourism strategies. For example, cycle road footpath, has been 

added to that. 

P19-P21 also shared the same opinion that when roads flooded they would normally lose 

all of their capacity and were no longer usable. 

P25 discussed the calculated capacity for bridges. He mentioned that several bridges in 

the area were below demand capacity in terms of load carrying. As a result, the local 

authority placed restrictions such as speed limits on them. On enquiring about the 

documents that may be required P25 stated: 

For bridges, load carrying demand capacity comes in bridge asset 

management plan and bridge annual reports since part of the bridge annual 

report is the capacity check. For pavement, we do pavement structural 
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surveys, every four years we do Falling Weight Deflectometer (FWD) 

survey which is going to be included in asset management plans. 

5.5.8.3. Summary 

From both state highway and local road studies, the clarification of capacity concepts in 

this matter is very important. It became evident from these interviews that demand 

capacity here is not the loading capacity of structure or pavements. Demand capacity in 

this item is matched with (Manual, 2010) the definition of capacity, which is defined as 

“required hourly rate at which vehicles can reasonably be expected to traverse a point or 

uniform section of a lane under normal situation to avoid excess wait and traffic”. Factors 

that may affect network capacity include: base conditions; roadway conditions including 

geometric and other elements; traffic conditions such as vehicle type, lane distribution, 

etc.; control conditions such as traffic signals; and technology. The demand capacity is 

included in the network classification (ONRC) documents for road’s level of services.  

Having (Manual, 2010) this definition in mind, it seems that the capacity of networks in 

state highways should be associated to the maximum hourly rate at which trucks can 

reasonably be expected to traverse a point or uniform section of a network. Whereas, for 

local roads, the capacity may link to factors like tourist attraction. Moreover, spare 

capacity definitions in relation to different hazards and climate change are worthwhile for 

state highways but not for a local network. This is because of the local network’s ability 

to easily access another road, whereas on the state highway the extant of freight traffic 

such as heavy trucks etc. does not grant that choice to the road user. 

All in all, both state highway and local networks achieved the lowest score of resilience 

for this item. This is because there are numerous bridges that are below demand capacity 

in local and state highway networks. Therefore, various restrictions like speed limits are 

placed on them, since they cannot even carry the standard traffic volume. Also, when 

considering the impact of flooding on state highway networks, the roads would also be 

blocked without any spare capacity existing. 

5.5.9.  Measure 8: Resilience-related design codes 

The existing design codes need to be considered to address resilience issues and risks. 

Codes/standards need to be updated to include resilience design principles into modern 

methods and materials (part of on-going updates). This item tries to work out the existence 
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of applicable updated design codes for all physical assets within the network. Hughes and 

Healy (2014) believe that this item first requires an incorporation of resilient design 

approach in this sector (i.e. transport) which should originate from the national authority. 

The next step would be to assess the existing code and track its implication, applicability 

and updating process in the study network to deliver relevant scores based on the 

measurement items provided (see Table 4-5). 

5.5.9.1. State highway 

During the state highway workshop, it was mentioned that resilience-related design codes 

do not exist in the country. Rather, it was argued that there are some resilience codes for 

earthquakes that have been developed after the Christchurch crisis.  

Regarding design codes related to flooding events interviewee P3 mentioned that: 

…100-year storm event of that year’s flood will apply for road design; 

everything else is a little “hit and miss”. Bridges are a different story as 

they are designed based for 100-year event and pipes are designed for a 5-

10-year return period. Definitely no spare capacity purposes exist for 

pavement design… 

Three main areas exist for design codes: Material design; geometric design: 

which can be applied for resilience purposes e.g. road alignments around 

culverts etc.; and actual capacity: which is mainly used for resilience 

purposes and includes culverts’ diameter sizes, earthquake resistance of 

bridges etc. 

There was a general agreement among contributors that design codes exist for highways 

and structures, but are only applied when designing a new asset and are not applicable for 

existing assets, since they are not actually designed appropriately. It was also mentioned 

that these types of design codes can be developed by the national office. Alternatively, 

designs may be transferred from another country with the likelihood of similar hazards. 

In this regard interviewee P2 stated:  

…. Actually, the similar design codes do exist in other countries but we are 

waiting for an incident to create resilience-based codes which is not in line 

with resilient concept . . . we may need to take similar design standards from 
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other parts of the world who have developed such a design codes around 

flooding hazard and adapt it with New Zealand regulation…. Design codes 

may be transferred from Dutch (Holland), US (Mississippi area), Europe 

etc. But it should be tested completely to be matched with New Zealand 

context. 

P8-P9 in another workshop proposed to reword the measurement scale to match with the 

existing national codes which do not seem to solve any problems. 

5.5.9.2. Local roads 

During the local road study, it was also noted that there are no resilience design codes 

developed for roads yet. In this regard P20 warned that: 

…It is something that really need to be considered in future but you need to 

consider that sometimes you design roads for something and it make issues 

from the other aspect. … 

He exemplified his statement referring to similar design developments in Queensland, 

Australia and stated: 

…in Queensland, we rebuild a bridge and design it for safety and we put on 

guardrails and then we came out for construction problems for flooding, it 

is good in normal situation but as long as flooding happened, a tree crash 

the guardrail and it rips it out and made a major problem for main network 

and traffic flow… 

From this statement, the safety-related code requires to have a guardrail in the road 

network. However, after the implementation of these guidelines, they faced a new issue 

after a flooding event, which not only did not help to improve the safety issue, it even 

worsened the situation. P20 clarified that in the Australian case, engineers later designed 

a mounting pad to shield off the paths so as to prevent issues, even though it was not 

based on the code. From this discussion, it was understood that New Zealand also requires 

such design codes, but we need to be aware that defining design codes for new concepts 

such as resilience need to be developed with extra caution and probably with sufficient 

testing and trialling before carrying out any changes.  
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5.5.9.3. Summary 

oth state highway and local network assets require development of resilience-related 

design codes. These codes need to obviate the need for resolving different ranges of 

hazard exposures to the identified assets in the network. The codes may either be designed 

and implemented or adapted from other countries. 

ue to high level of design documents there are no differences between the two types of 

network for this item. This is also in line with the procedural classification of this item by 

Hughes and Healy. In brief, there is no resilience-related code that exists for both state 

highways and local roads. Accordingly, the lowest resilience score is assigned for this 

item. Since the local network and state highway use the same design this will be identical 

for both types of networks. 

5.5.10. Measure 9: Supplier robustness issue awareness 

This measure of scrutiny is the awareness of robustness vulnerabilities among supplier 

utilities for specific hazards. Its main aim is to work out to what extent the main authorised 

entities for transport (e.g. state highway or local council) and other suppliers (i.e. power, 

telecom, etc.) are in the event of a studied hazard (e.g. flood) and whether they are aware 

of each other’s robustness issues from a technical aspect. Hughes and Healy (2014) 

believe that the extent of technical knowledge sharing is one important factor for 

evaluating the robustness of a network in the context of interdependency. This matter 

needs to be promoted and followed up by the stakeholders as much as possible. 

5.5.10.1. State highway 

During the state highway study, P3 and P4 identified power (e.g. traffic signals) and 

communicational issues as the most important factors in a flooding event. P7 and P10 

implied that the types of confusion for this item are whether they relate to: (a) utilities 

located within the road or bridge and likely to be affected by road/bridge failure (i.e. hot 

spots); or b) whether this is upstream interference that would cause or impact on asset 

failure or ability to respond. It was later suggested that intercedence would cause or 

impact on asset failure only, and this should be clarified in the scaling system. All the 

interviewees in the first and second workshops shared the opinion that the Northland 

lifeline group are best suited to gauge this measure. 
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After attending one of the lifeline group meetings, the research team accessed the 

documents and provided reports from this group. The lifeline group offers updated reports 

on the condition of critical infrastructure as well as response and recovery plans. Its  

mission is to enhance the connectivity of lifeline utility organisations in order to improve 

infrastructure resilience. 

n individual interview with the lifeline group coordinator (i.e. interviewee P13) was later 

carried out to interpret and evaluate this measure. Interviewee P13 believes that two 

means of engagement to answer this measure are either through the customer’s 

relationship manager or lifeline projects and lifeline group meetings. She also referred to 

the Ministry of Civil Defence’s capability assessment tool which looks at the level of 

engagement between each of the lifeline’s utilities. Interviewee P13 mentioned that the 

lifelines group workshop first helps different utilities to have an understanding of 

dependent critical assets and their potential to fail in various hazards. For example, the 

NZTA would be aware of electricity and telecommunication vulnerabilities in Northland 

in hazard events and that they may need alternative communication systems to be 

available in flood situations. She clarified that: 

…Lifelines group look at the specific hazard and each of the utilities’ 

vulnerabilities to that hazard and then they go to NZTA and provide the 

knowledge for them to plan their own responses in that situation… 

To deliver this information a series of reports provided by the lifeline’s forum are 

available, for example, they have regional electricity contingency plans which outline 

potential failure in electricity systems and how lifeline utilities should respond to that in 

an efficient manner. Interviewee P13 firmly believed that the necessary information is 

ready and available, and that following up and compliance by utility sections are quite 

important. She suggested focusing on “following up” as the key point in the scaling 

category instead of a degree of awareness in this measure. 

5.5.10.2. Local roads 

For local roads, all respondents referred the research participants to liaise with the lifeline 

coordinator (i.e. P13) and civil defence (i.e. P22 and P24). A similar outcome to state 

highways was achieved for the local case study. P19 and P20 stated that the asset 
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managers have access to the whole database in terms of supplier utilities and their 

availability, but were not involved in lifeline meetings. 

5.5.10.3. Summary 

Both state highway and local road asset managers are required to identify their network 

utility suppliers during normal and emergency situations, and transport entities require 

regular liaison with their suppliers. The regular meetings may be arranged by a third party 

with the knowledge of critical infrastructure for all sections. The third party may also 

provide relevant documents to clarify the issues and propose solutions for both parties. 

The important consideration here is to follow-up the process after awareness. 

Amendments in measurement items may appropriately capture the follow-up option. 

There are no major differences between the two types of network. Nevertheless, the 

turnout for the state highway was higher than the local authority. This may lead to a better 

awareness of state highway asset managers to the existing issues. 

Overall, the state highway had good awareness and achieved high resilience (i.e. score 

3.5). A 3.5 score was assigned, since the issues that were worked out needed to be 

followed up by certain entities. As local authority asset managers were not actively 

involved in the lifeline meeting back in 2015, the score assigned was two. The same 

following-up consideration will be applied for local roads. 

5.5.11. Measure 10: Supplier robustness improvement plan 

Suppliers have implemented procedures to measure/improve robustness for specified 

hazards, therefore, the next measure in the context of interdependency is about 

transportation supplier’s robustness improvement procedure. Hughes and Healy (2014) 

believe that in order to have a robust transport sector, it is important that the key utility 

providers that are vital for transport sectors’ functioning after a specific hazard (e.g. flood) 

have carried out measurement/improvement robustness practices. This 

measurement/improvement practice can be carried out in a similar manner to the 

robustness assessment in the transport sector, but in another type of infrastructure. For 

example, if the suppliers of power which are subsections of the electricity infrastructure 

sector have already managed to practice same the exercise, then we can expect a higher 

score which will improve the total robustness score for the transport network. 



 

137 

 

5.5.11.1. State highway 

Once more, all the respondents suggested liaising with the lifeline group and interviewee 

P13 to adequately address this measure, however, one contributor (i.e. interviewee P3) 

very quickly referred back to the 2014 storm event and stated: 

In last year July storm event 95% of power generators supplied from 

Auckland region and we (Northland) don’t access to these generators in our 

area… 

P13 called the question “a tricky one”, since all the suppliers have their own resilience 

improvement programmes and measuring the final outcome was another complex 

problem. She added that most of the suppliers were currently struggling to demonstrate 

their own resilience implementation procedures which have been provided in the lifelines 

group reports. For evaluating this measure, she said: 

…to answer this, we may go through the recommendations provided by 

lifelines and then benchmark each recommendation on a regular basis… 

Interviewee P13 also suggested that in this stage – other suppliers were still struggling 

with measuring the resilience of their own sectors – it was a good idea to consider their 

plans and level of action for classification of scaling measures. Consequently, she 

suggested another measurement scale for this item. 

5.5.11.2. Local roads 

Again, during the local road study all the respondents referred to the lifeline coordinator 

(i.e. P13) and civil defence (i.e. P22 and P24). After discussion with P13, a similar 

outcome to state highways was achieved in terms of measurement item.  

P22 and P24 pointed out that there is some agreement with civil defence to have a certain 

back-up plan and procedure in terms of having robust supplier resources. In an interview 

with P25, he stated that the type of contract of transport authority with supplier utility 

played an important role in this regard. He also added that the transport authority should 

develop a certain type of contract with suppliers to necessitate them to apply strategies to 

improve robustness under different conditions. 
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5.5.11.3. Summary 

State highway and local network asset managers are both required to liaise regularly with 

their suppliers. Again, this liaison may be coordinated by a third party. Following up on 

the recommendations by both transport entity and supplier companies is very important. 

The type of contract with suppliers may be set in a way that obliges them to propose 

improvement plans for their service robustness.  

The only difference between the local and state highway network in this item may occur 

due to type of contract each entity has with their suppliers. In this study, both types of 

networks used similar suppliers in the region. Consequently, there are no major 

differences between the two types of network in this item.  

inally, both state highway and local networks gained a low resilience score for this 

measure. The reason being that there was no action or evidence existing for robustness 

improvement plans among suppliers. A good approach for improvement would be that 

the transport authority develop a specific type of contract with suppliers that necessitates 

them to apply strategies to improve robustness for different hazards.  

5.6.  Network Redundancy 

As mentioned earlier, two case studies were carried out to test the framework for network 

level assessment. Findings from redundancy assessment, interviews and document 

analysis as well as the reason for individual scoring for each redundancy measures are 

deliberated. 

5.6.1.  Redundancy score 

he summary of seven projected measures to score transport network redundancy is shown 

in Figure 5-5 below. The initial input range in Table 4-7, was used to determine the 

resiliency of each redundancy measure. The default weighting was applied as the 

determination of weightings was outside the project’s scope. In the following subsections, 

the redundancy scores attained for both state highway and local road case studies are 

presented.  
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Figure 5-5: Summary of redundancy measures to assess transport resilience, adapted from (Hughes 

and Healy, 2014) 

5.6.1.1. State highway assessment 

The summary dashboard for redundancy assessment in the Northland’s state highway 

case study is presented in Table 5-8 below. 

Table 5-8: State highway network redundancy score – summary dashboard 

Category No# Redundancy Measure Individual 

Score 

Average 

Category Score 

Overall 

Score 

Structural 1 Alternative route availability  2 2.00 3.00 

2 Alternative mode availability 1 

3 Alternative mode to failed mode 

capacity ratio 

N/A 

4 Emergency inventory availability 3 

Procedural 5 Route diversion plan availability 4 4.00 

Interdependency 6 Supplier redundancy issue 
awareness 

3.5 2.25 

7 Supplier redundancy improvement 
plan  

1 

From Table 5-8, the local network, overall, has a moderate robustness score. This is 

achieved via a moderate structural score (i.e. score of 2.00), a high procedural score (i.e. 

score of 4) and a moderate interdependency score (i.e. score of 2.25). The individual 

redundancy measures in the structural category range from poor (i.e. measures 2 and 7) 

to very high (i.e. measures 5). The procedural category score is high due to the availability 

of a well-specified diversion plan for the state highway network, which was the only 

measure in this class. The interdependency category was moderate because of high 
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redundancy issue awareness among transportation network stakeholders and the lack of 

an improvement plan among utility supplier facilitators for the network.  

5.6.1.2. Local road assessment 

The summary dashboard for redundancy assessment in the state highway network is 

presented in Table 5-9 below. 

Table 5-9: Local network redundancy score – summary dashboard 

Category No# Redundancy Measure Individual 

Score 

Average 

Category Score 

Overall 

Score 

Structural 1 Alternative route availability  3 2.33 2.00 

2 Alternative mode availability 1 

3 Alternative mode to failed mode 

capacity ratio 

N/A 

4 Emergency inventory availability 3 

Procedural 5 Route diversion plan availability 1 1.00 

Interdependency 6 Supplier redundancy issue 

awareness 

2 1.50 

7 Supplier redundancy improvement 

plan  

1 

From Table 5-9, the case study route, overall, has a moderate robustness score, this is 

achieved via a moderate structural score (i.e. score of 2.33), a low procedural score (i.e. 

score of 1.00) and a low interdependency score (i.e. score of 1.50). The individual 

redundancy measures in the structural category range from poor (i.e. measures 2.5, and 

7) to high (i.e. measures 1 and 4). The procedural category score is low, due to the absence 

of a well-specified diversion plan for the local network, which was the only measure in 

this class. The interdependency category was also low because of moderate redundancy 

issue awareness among local transportation network stakeholders and the lack of an 

improvement plan among utility supplier facilitators in the region at the time of carrying 

out this study.  

5.6.2.  Measure 1: Alternative route availability 

The first measure for evaluating redundancy proposed by Hughes and Healy (2014) is the 

existence of alternate routes, which are not affected due to the hazard studied. The 

capacity of unaffected routes and travel time play an important role in assessing this 

measure per initial input range definition (see Table 4-5). The highest scaling (i.e. four) 

will be applied to the availability of alternate routes with minimum travel time differences 

and a similar capacity to the main route. Exiting of alternate routes with greater travel 

time, or having a lower capacity specifies the lower scale of three for this measure. If an 
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alternate route does exist it may be affected by the same hazard, then the score would be 

two out of three. Finally, if no alternate route exists then a scale of one will be assigned 

for this measure.  

5.6.2.1. State highway  

As anticipated, during the workshops it was clarified that besides alternate route 

availability, the definition for minimum travel time and capacity play an important role 

to truly assess this measure. In this regard, interviewee P4 stated in a focus group: 

… There is no definition for minimum travel time difference.... definition 

required before question can be answered and it needs to be realistic… 

Regarding capacity, interviewee P2 and P3 both recalled that the capacity is not the main 

issue given relatively low traffic volumes in the region. Interviewee P3 also specified: 

…ability to handle the heavy vehicles is more important issue comparing to 

the capacity in our region. But capacity may play an important role in other 

regions. 

Regarding study route capacity Interviewee P2 elaborated: 

Details of the capacity of our routes are not really available since our roads 

are evolved during the time and they were not designed… Also in many 

cases, they are not capable of taking some of the heavy vehicles.... especially 

in opposing directions. 

As mentioned in the latest statement, another matter regarding capacity determination 

was that most of the roads had never been designed in the first place. Consequently, they 

were not even close to the design standards for comparative assessments.  

Interviewee P2 noted that no shoulder has been designed for redundant roads which can 

help to improve the road capacity and need to be considered. Interviewee P2 also argued 

about the phrase “probably not be affected” in the measures and stated: 

In the Northland, we can’t use the phrase “probably not be affected” as all 

alternative routes will affect travel time. 
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When asking about evaluating this measure interviewee P3 stated that alternative routes 

do exist for most roads, however, they are often local roads and in some cases gravel 

roads, therefore, this information could be determined for the chosen case study to 

evaluate the measure.  

There was an overwhelming consensus among P7, P8, P9 and P10 in Fulton Hogan’s 

workshop that there is a long alternative route for the chosen networks and that travellers 

needed to drive south and then north again. 

In another interview with P2 for obtaining the source of information and relevant 

documents to score this measure, he stated: 

There are a few documents we can refer to answer this question, there is 

“Route data and highway Information sheets Northland” which will be 

updated every five years. It will be uploaded online for public use in the 

near future. The information from this route data sheet will be used to 

prepare “Emergency procedures plan documents” for the region.  

Capacity is defined as the maximum highway traffic volume at which a person or vehicles 

can reasonably be expected to traverse a point or uniform section of a lane or roadway 

during a given time period under the prevailing roadway, traffic and control conditions 

(Manual, 2010). According to (Bennett et al., 2009), highway traffic volume is a flow 

rate, i.e. the number of traffic units per unit time. For road traffic, the units may be 

vehicles per hour (veh/h) or vehicles per day (veh/day), sometimes with the type of 

vehicle more precisely defined, e.g. passenger cars per hour (pc/h), passenger car units 

per hour (pcu/h), axles or axle-pairs (passenger car equivalents) per hour, trucks or heavy 

vehicles of different types per hour (trucks per hour), or cyclists per hour. Traffic volumes 

may also consider people movement (passenger occupancy) or high occupancy vehicles 

(HOV), and buses and transit lanes. To correctly address this item a suitable unit of traffic 

volume needed to be assigned to the measure. In this case study, and as indicated during 

interviews, heavy vehicles need special consideration, so trucks per hour may be one 

option. However, since this is an emergency situation, some other options may be 

passenger cars per hour (pc/h), or passenger car units per hour (pcu/h).  

From the implementation, it was observed that a roads main purpose for usage plays an 

important role to assess this measure. Traffic volume, travel time, queuing and delay 
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survey data for both main state highway networks and alternative routes also require to 

correctly address the difference between the alternate route and main route. Traffic 

volume seems a better terminology for measurement of this measure, since road capacity 

is the maximum volume hourly rate of the road, and not necessarily the way roads are 

designed. Also, in terms of appropriate design document availability, a state highway may 

not use all of its capacity in a normal situation. Meanwhile, traffic volume gives more 

flexibility to authorise transport entities to gauge the level of redundancy for their 

network. 

Furthermore, travel times for state highways and available alternative routes may be 

obtained through traffic surveys during normal situations. However, from the interviews 

it seems that travel time difference is not a major issue in an emergency situation. 

5.6.2.2. Local roads 

For the local road, interviewee P20 mentioned that appropriate routes are now measured, 

however, it is difficult in the area to implement and evaluate these types of measures. On 

asking about the reason for this difficulty, he clarified: 

It’s difficult in Northland because of the topography…there are lots of 

routes run to out of the region but not many of them are cross linked 

From this statement, it seems that the topography of region is an important factor to 

improve redundancy strategies for transport asset management. Interviewee P19 

compared state highways with local roads and added that an alternative route exists in the 

state highway network. P20 and P24 confirmed that emergency alternative routes do exist 

for the state highways in case of fatalities or severe defects, and police will quickly close 

certain routes so there are detour plans for this reason. P19 also added that: 

 …although state highway has alternative route in place as they claim but 

one main issue here is that they have large trucks and big cars passing the 

state highway and unfortunately lots of our local network can’t handle it as 

alternative route… 

From this response it can be argued that one of the main matters that network asset 

managers need to consider is to make sure that the suggested alternative detours be able 

to handle large trucks and cars within their network. On the other hand, local authorities 
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have a mutual responsibility to find out from the state highway stakeholders if their 

suggested detour route can handle the weight of passing vehicles. In this regard P20 

stated: 

The problem with state highway on agreeing redundant route is that they 

have to handle very large trucks of like 50 tons’ trucks kind of things…and 

a lot of subnetworks in the region can’t handle it so we need to make sure 

that they (i.e. state highway) are not saying the detour route off the highway 

is passing say a bridge which a 14 tons’ limit on it otherwise all of a sudden 

you have collapse or a BINGO! … 

5.6.2.3. Summary 

In order to evaluate this measure, both state highway and local road networks require 

appropriate detour plans to locate the available alternative routes in their network. Travel 

time and capacity are considered as two important factors for assessing this measure. The 

results of this implementation revealed that the handling of heavy vehicles plays an 

important role for road capacity definition in the Northland area. Consequently, capacity 

may be defined as maximum highway traffic volume based on trucks per hour for this 

area. Other units may be assigned for capacity definition in other case studies depending 

on priorities. Although travel time does not seem very important in this case study, it may 

be evaluated through traffic surveys for both main and alternative networks. A good 

estimation of travel time is also achievable using road design or road classification 

documents (e.g. ONRC).  

From the case study, local networks in the Northland regions have better access to 

alternative routes compared to state highways. The capacity on local roads is quite 

identical in both main route and alternate ones, since they are either primary or secondary 

collectors in terms of classification, despite the state highway requiring alternative routes 

which can handle highway traffic volume based on trucks per hour. Consequently, there 

are major capacity differences between main and alternative routes on state highway 

networks.  

Finally, the alternative route availability score for state highways and local roads is two 

and three, respectively. This is mainly due to the types of networks and expected capacity 

for alternative routes. Indeed, the alternative network for the state highway is expected to 
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handle heavy trucks or similar capacity factors, while most of the primary or secondary 

networks can be considered as alternative routes for local roads. 

5.6.3.  Measure 2: Alternative mode availability 

TThis item refers to the availability of different modes of transportation (e.g. bus, rail, 

boat, etc.). From the initial input range the alternative modes that are not affected due to 

study hazards should be considered in the assessment. The accessibility and travel time 

of alternative modes are two considerable factors in this item. 

5.6.3.1. State highway 

Other scheduled modes do not exist for the state highway network as chosen and clarified 

by P1, P4 and P5 in a focus group workshop. In the Fulton Hogan workshop, all the 

participants confirmed that the alternative mode of transportation was only available in 

the urban areas which could not be considered as a substitute mode of choice for the state 

highway network. The lack of a scheduled, alternative mode of transport for the network 

studied in the Northland region led to the lowest score for this measure.  

The regional land transport plan report has been developed for the region and describes 

the strategic elements of land transport strategies for the Northland region. From this 

document a city bus link exists for the area and mainly uses the state highway network, 

consequently, if the state highway is flooded the bus link will also be disabled. 

5.6.3.2. Local roads 

uring the local road study, P20 mentioned that there were not many alternative modes, 

however, there were flying modes at Keri Keri and Kaikohe. The rail mode had existed 

but was broken and was no longer in use. On asking about minimum travel times and 

their standing for this item, Interviewee P20 mentioned that knowing the travel time was 

quite critical. He exemplified the significance of knowing minimum travel times using a 

similar case in Queensland, Australia and stated: 

…in Queensland, we modelled the flood and then modelled the redundant 

route to find out which route is the best and fastest to ambulance to pass the 

alternative road during flooding event to get to the suburbs. So, they needed 

to know the travel time certainty so they can decide either they should try to 
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get there or send a helicopter for example to take the patients to ambulance 

as soon as possible.  

Depending on the selected site the only possible alternative modes were railway (freight 

only), ferry, boat and aircraft (i.e. helicopter) which were mainly used in emergency 

situations. Asking about documents to identify existing emergency alternative modes, 

P21 mentioned that Civil Defence and the Northland Regional Council may be aware 

these kinds of information and may also make reference to the appropriate alternate mode 

of transport (e.g. rail companies etc.).  

P21 and 22 later stated that this information and the availability of emergency modes of 

transport are in the lifeline reports. 

5.6.3.3. Summary 

Both state highway and local networks in the area only access the emergency modes of 

transportation. In order to improve this measure for both state highway and local 

networks, developing a scheduled and substitutionary mode of transport was very 

important. The item also requires the calculation of average travel times for these modes 

of transport. Furthermore, an accessibility study should be conducted among modes of 

transport developed in relation to any hazard events in the area. Accessibility here refers 

to people’s overall ability to reach services and activities, and therefore the time and 

money that people and businesses must devote to use developed modes of transportation. 

The transport authority requires this information to be calculated and documented this 

information to correctly address this measure for network redundancy assessment.  

From the case study, there are no differences between the state highway and local 

networks to assess this measure. Mode availability is reliant on the regional public 

transport plan, so it is identical for both types of networks. 

Finally, both types of network in this assessment obtain the lowest score, since there are 

no alternative modes existing or scheduled that would not be affected by flooding 

impacts. 

5.6.4.  Measure 3: Alternative mode to failed mode capacity ratio 

This measure assesses the summary of existing alternative mode capacities that may not 

be affected due to hazards in relation to a failed route capacity in a percentage ratio.  
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The ratio is calculated by dividing the total capacity of available non-affected alternative 

modes by the capacity of the failed mode. Referring to Table 4-5, if the available 

alternative modes can tolerate more than 75% of main networks it represents a very high 

level of resilience redundancy score for this measure (i.e. 4 out of 4). Again, if the 

alternative mode has a 50-70% of a failed section the score would be high, similarly, if 

the alternative capacity is between 25-50% of a failed network it represents a moderate 

index of redundancy for this indictor. The lowest score will be assigned to the capacity 

of anything lower than 25%. The not applicable (N/A) option is available if a valid 

alternative mode does not exist for the case study.  

5.6.4.1. State highway 

hen referring to second redundancy measure (i.e. alternative mode availability) the “not 

applicable” option has been selected as there is no alternative mode scheduled in the 

chosen state highway network. P1 and P3 mentioned that the option of sea, air and rail is 

available but only in terms of an emergency (e.g. for transferring highly injured people 

etc.). P1 added that the capacities of these modes are either unknown or very limited. P2 

explained in another interview: 

In case of permanent availability of these emergency alternative modes, 

Civil defence may aware about these kinds of information and they may 

refer you to right alternate mode information (e.g. ferry companies etc.) 

After consulting with P6, P15 and P16 it was observed that the definition of capacity in 

this item was very important. For example, as mentioned by P2, the basic design criteria 

(e.g. traffic volume, speed, etc.) may not be the main issue in the flooding event because 

of low traffic volume and population. However, the main issue remains for the ability of 

transferring this population by other means. Conversely, in a city like Auckland the basic 

design capacity criteria is of utmost importance to know how quickly you can shift and 

transfer the population by a non-car mode of transportation. 

5.6.4.2. Local roads 

In the local road study, there was a consensus among participants that the capacity is 

negligible in this case and the availability seems more appropriate in the region. 
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5.6.4.3. Summary 

Both state highways and local roads in the region are only accessible to emergency 

transportation facilities. Accordingly, this measure is not applicable to both types of 

network. The development of scheduled and alternative modes of transportation were 

suggested after implementation. After further development of alternative modes of 

transport, the ratio for evaluation of this measure may be calculated using the information 

identified for the previous two items (i.e. measure one and measure two). For this purpose, 

the total capacity of failed routes that were identified in measure one and the capacity of 

alternative modes of transport need to be considered. However, the main issue in the case 

studies with a low population such as Northland is the ability of transferring them by 

other means instead of the designed criteria.  

ASimilar to measure two, there is no difference between the state highway and local 

network to assess this measure. Mode availability is highly relying on regional public 

transport plan, so it is identical for both types of networks. 

All in all, and as stated earlier, this measure is not applicable for the region, mainly due 

to the lack of a scheduled, alternative mode of transport. 

5.6.5.  Measure 4: Emergency inventory availability 

This item focuses on the availability and accessibility of technical plans and equipment 

to respond and repair the consequences of hazards for different sections of the network. 

The relevant measurement item is scaled based on the availability of well-specified and 

practical plans in emergency situations.  

5.6.5.1. State highway 

In order to address this item, P3 referred to the affiliated contracted company (i.e. Fulton 

Hogan) for an adequate response. He also explained that back-up equipment did exist in 

times of emergency. In this regard P2 said: 

Back up equipment does exist in time of emergency. This is part of the 

contractor’s responsibilities (i.e. Fulton Hogan). Details are contained in 

the emergency contingency plan; however, they are not very descriptive… 

Also as P2 mentioned in a major flooding events everything comes from 

Auckland…. NZTA have the list of FH sub-contractors 



 

149 

 

In another workshop with Fulton Hogan, Northland, P7 confirmed that good backups for 

the system of systems like pipes, aggregate, materials etc., exist in the event of flooding. 

Also in terms of machinery, P7 held the opinion that there was a good back-up of suppliers 

since this was FH’s property. There was an overwhelming consensus among P7, P8, P9 

and P10 to split this measurement item into two separate categories (i.e. major structures 

and inventories e.g. culverts, aggregates, pumps, etc.) 

During the interviews, it was observed that there was high confidence among the 

stakeholders to obtain the relevant information for this item. In this regard, P2 mentioned 

that the data required and different types of inventories for emergency responses to 

different hazards were available in the Coordinated Incident Management System (CIMS) 

which is a regional document that complies with national guidelines on incident 

management. P2 also believed that in terms of pavements, site inspections and expert 

judgement, it was necessary to plan for incident management and inventories. He 

explained: 

… Information about pavement which is important to answer this question 

is available in RAMM database but in this specific case study because we 

already know the pavement type, an onsite evaluation by experienced 

engineer is significant for response planning… 

In terms of structural assets, the information was distributed in the NZTA as well as the 

affiliated consultant company (i.e. OPUS) as mentioned by P12. P12 also added that the 

NZTA try to make this information available through the Bridge Data System (BDS) but 

most of them have not been put in place yet. Consequently, the data is inconsistent and 

the NZTA specifies referring to consultant and local offices to provide information about 

some of the assets. P12 suggested a future strategy to resolve this issue and stated: 

…these reports and local information are quite distributed and, they may 

be in people’s archive, hard drive, computers etc. That’s why it is 

inconsistent at the moment. There is a strategy to develop a system what 

called OBIS (Online Bridge Information System) to resolve this 

inconsistency. 

n asking about the Online Bridge Information System (OBIS), P12 explained that this 

system would be an internationally accessible database on line that would be owned by 
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the NZTA and the consultant would feed in the information gradually. He added that 

OBIS is currently applying it in other countries like the UK. 

In another interview with P14, he believed that if something happened to the bridge itself, 

then the NZTA had the Bailey bridge contract in place to send it to the site in case of 

major damage to the structures. P14 referred to previous events and explained that the 

flooding normally affects the causeway (i.e. pavement) and not the structure itself. He 

held the opinion that this was not considered as an ad-hoc approach, because the plans 

were ready to use, but since nothing had happened to the structural assets in the previous 

events they were not grounded yet. 

5.6.5.2. Local roads 

For the local road network, P19 and P20 both mentioned that all the emergency 

management situations would be carried out using the same state highway contractors 

(i.e. Fulton Hogan) in the region. P19 added: 

I assume that we have emergency bridging and things like that (i.e. other 

inventories) which are keeping in places like Palmerston North and 

Christchurch. 

On asking about how different councils (Auckland Council) could help in these situations, 

interviewee P20 believed that a mutual understanding did exist between councils, but 

normally the NZTA would be responsible to coordinate these inventories between 

councils. In this regards P19 clarified: 

At one stage, we used to set up inventories like Bailey bridges in our area 

and in fact we set up one in Kaikohe for one stage… and then I think about 

15-20 years ago, they decided that they will centralise whole things and all 

of the Bailey bridges around the country went to Palmerston North and 

some other one went to Christ Church.  

From the interviews, it seems there is always tension in centralising and decentralising 

inventories in case of emergencies in different regions. It was argued that accessibility, 

especially in small regions, would be limited by centralising the coordination in other 

areas.  
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P25 revealed that the contractors are required to carry a stock of material available for 

emergency works. He added: 

… the only thing they (contractor company) don’t carry is temporary 

(bailey) bridges which New Zealand army hold and it is based on 

Palmerston North. They used to have them in Auckland, Palmerston North, 

Christchurch, Dunedin but for some reason they are just hold in Palmerston 

North, if something happen they are going to be available for emergency.  

It is stated during interview that the types of inventories and equipment has been included 

in road maintenance contract.  

5.6.5.3. Summary 

Both state highway and local networks were using the same contractor facilities for 

emergency response operations in the event of flooding. From these findings, online 

coordination systems (e.g. OBIS, BIS, etc.) help significantly to allocate the emergency 

inventories in a time of crisis. It is very important to all that information be included and 

documented in the online tool based on the type of critical asset. Overall, it seems that 

both transport entities are quite confident about the emergency response plans of 

contractor companies. However, the contracting company believes that an ad-hoc 

approach should be carried out based on the type of critical asset (i.e. structural, actual 

pavement). Assessment of this item requires a complete list of assets in the studied 

network. All available inventories and sources of back-up equipment that deal with 

emergency situations need to be identified by the transport authority. The transport 

authority also requires documenting the emergency plans and strategies that were carried 

out during previous events. The inventories and archival emergency plans identified 

should adapt to the list of assets provided in the network. 

After comparing two types of networks, it was understood that the state highway entity is 

directly responsible for coordinating inventories between councils, while the local council 

is required to contact the state highway entity for coordination processes. Consequently, 

the priorities would be recognised by state highways, which seems logical considering 

the importance of state highway networks compared to local ones. 

Overall, both types of network had a high resilience score of three for this measure, since 

they were using the same contracting company for emergency response purposes. Both 
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network entities had confidence that all emergency response requirements were well 

specified.  

5.6.6.  Measure 5: Route diversion plan availability 

This measure emphasises on the availability and practicality of detour plans to direct 

traffic to alternative routes. Hughes and Healy (2014) believed that the availability of a 

tested and ready-to-use diversion plan could help to improve the redundancy score, 

whereas having ad-hoc approaches, or a lack of enacted plans resulted in lower scores.  

5.6.6.1. State highway 

P2 said that the data was accessible in the emergency procedure and preparedness plan. 

He added that Fulton Hogan, Northland (i.e. NOC Team) was mainly responsible for the 

management of the site, the event and provision of information to the Incident Controller. 

In this regard, P1, P5, P9 and P10 all confirmed that good diversion plans were available 

and could be provided for the study network. However, P7 and P8 mentioned that 

sometimes an ad-hoc approach would be applied e.g. when police dictated the other routes 

in certain places etc. Overall, high confidence and low effort for providing relevant 

information to scale this measure were observed among respondents. 

5.6.6.2. Local roads 

In the local network study, P19 mentioned that: 

Unfortunately, with flooding if one road goes we are going to lose all the 

local network. 

P20 added that: 

Apart from the highway diversion there is no other detour exist for local 

network and this is something that we need to include in our asset 

management plan for future. 

5.6.6.3. Summary 

To enhance assessment of this item for both state highway and local network availability 

of well-documented detour plans play an important role. The plans need to be upgraded 
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regularly based on experience and carried out in an ad-hoc approach during hazard events 

toward a comprehensive diversion plan. 

To compare, it seems there is not enough attention to local network detour plan 

development in the region comparing to state highway. The lower importance of local 

network may be the main reason for this lack of consideration. 

Overall, the state highway obtained a high resilience score of four and local networks 

obtained the lowest score of one for this measure. This was mainly because the state 

highway entity had the appropriate incident management contracts and diversion plans in 

place. Despite this, no diversion and detour plan exists for local roads, and as mentioned 

by the respondents they need to include them in their asset management plan. 

5.6.7.  Measure 6: Supplier redundancy issue awareness  

This item requires the transport agency staff to scale their awareness of technical issues 

within the supplier utilities to provide redundant facilities for the study network. Hughes 

and Healy (2014) believed that the transport sector should be mindful about the technical 

defects and difficulties of other lifelines (e.g. power and telecom) which are important for 

the proper functioning of the transport network.  

5.6.7.1. State highway 

To scale this item, P15, P16, P17 and P6 believed that prior to any assessment taking 

place, identifying the dependent upstream lifelines for proper functioning of state 

highway was necessary. Interviewee P7 and P10 suggested adding another question while 

assessing this item; they believed that practical solutions in the poor redundancy 

awareness should be considered in the item. This somewhat justifies the measure of No. 

6 proposed by Hughes and Healy (2014). 

During the first and second state highway workshops, all participants shared the opinion 

that the Northland Lifeline Group (NLG) is mainly involved with identifying the 

dependent lifeline for different infrastructure sectors in the area. During the interview 

with lifeline organisers, P13 believed that existing measurement items could not capture 

redundancy scores well enough. She suggested adding another entry between items three 

and four to separate “having awareness” and “taking following up strategies” in another 

scale. She clarified:  
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The lifeline group just facilitates the discussion among NZTA and other 

supplier utilities so they just trigger the needs for one-to-one discussions 

between NZTA and utility providers but they need to discuss with each other 

on reported issues by lifelines themselves. For example, Whangarei District 

Council realized how critical the water supply is to refine and they had a 

one-to-one dialogue with the refining company and solved the issue 

themselves. 

From that statement, Lifeline’s main responsibility was to highlight the issues, but NZTA 

staff should take action for more engagement in this and make sure that they were 

confident with the level of security supply they were receiving. For this reason, adding 

another item into the scaling system to capture follow-up strategies in redundancy 

dimensions seems important. 

From document analysis, the Northland Lifelines Group Infrastructure Resilience Plan 

assesses the risks posed from the interdependencies between the various lifeline sectors 

in the area. From their report, the proper functioning of land transport in the case study 

area relies on fuel and telecom suppliers, however, some back-up utilities do exist in the 

time of emergency (see Figure5-6 below). 

 

Figure 5-6: Infrastructure interdependency risk profile in Northland, Source: (Northland Lifelines 

Group, 2015) 

The report also discusses the different types of scenarios of infrastructure failure that can 

clarify the situation for stakeholders and network managers. A good example of 
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alternative modes of some dependent lifelines have been mentioned in the reports, as 

proposed by P7 and P10 in the Fulton Hogan workshop. For example, telecommunication 

networks could be replaced by satellite phones, instead of cell phones in the events of 

emergency.  

During data collection, high confidence and low effort was observed among the 

participants to properly scale this measure. The measurement item input range requires 

amendment based on the comments provided to better capture the score for this measure.  

Identification and liaison of dependent upstream utilities to the state highway sector is 

key for incorporating interdependency measures to assess redundancy for resilience. The 

authorised transport entities required to provide the complete list and contact numbers of 

relevant upstream utilities for the functioning of the state highway. Meanwhile, regular 

group meetings should be held to discuss and exchange redundancy issues among 

upstream utilities and the transport agency to increase the level of awareness between 

parties. 

5.6.7.2. Local roads 

For local roads, all respondents referred the research participants to liaise with the lifeline 

coordinator (i.e. P13) and Civil Defence (i.e. P22 and P24). A similar outcome to the state 

highway was achieved for the local case study. P19 and P20 stated that the asset managers 

have access to the whole database in terms of supplier utilities and their availability, but 

they are not involved in lifeline meetings. 

5.6.7.3. Summary 

Both state highway and local road asset managers are required to identify their network 

utility suppliers during normal and emergency situations. Both transport entities require 

regular liaison with their suppliers. Regular meetings may be arranged by a third party 

with the knowledge of critical infrastructure for all sections. The third party may also 

provide relevant documents to clarify the issues and propose solutions for both parties. 

The important consideration here is to follow up the process after awareness. Some 

amendment in measurement items may appropriately capture the follow-up option. 
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There are no major differences between the two types of network. Nevertheless, the 

turnout for the state highway was higher than the local authority. This may lead to a better 

awareness of state highway asset managers to existing issues. 

Overall, the state highway had a good awareness and achieved high resilience (i.e. score 

3.5). The 3.5 score was assigned since the figure issues need to be followed up by entities. 

As local authority asset managers were not actively involved in lifeline meetings back in 

2015 the score assigned was two. The same follow-up considerations will be applied for 

the local roads. 

5.6.8.  Measure 7: Supplier redundancy improvement plan 

This item gauged the evidence that suppliers had developed and implemented into 

effective procedures and improvement plans to increase redundancy in their organisation 

in relation to hazard events. 

5.6.8.1. State highway 

Once more all the participants in the first workshop refer to the lifeline group and P13 to 

answer this question. Respondent P3 advised that after holding lifeline meetings, some 

improvements took place in the supplier utilities procedure redundancy, however, he 

believed that the main challenges remaining were for route improvements. 

P13 believed that evaluating supplier utilities was a challenge for lifelines as each supplier 

had its own resilience improvement programme. Therefore, they scale resilience 

improvement using their inter-organisational resilience strategies. This means that most 

suppliers are struggling to demonstrate that they have implemented the procedures that 

have been provided by the lifelines group. She suggested that having an appropriate 

benchmarking tool to match the implemented procedures by each supplier utility seemed 

important. She also suggested another measurement item to better capture this measure. 

This measure requires a complete list and contact numbers of suppliers, which facilitate 

utilities for transport authorities to develop effective and applicable plans to improve the 

redundancy of their services procedures. Moreover, a benchmark tool is required to match 

procedures carried out by each supplier which would ease gauging improvement progress. 

Regular reports meetings carried out among transportation authorities and upstream 
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suppliers to track the improvements also help to better track redundancy improvements 

for this measure. 

5.6.8.2. Local roads 

Again, during the local road study all respondents referred to the lifeline coordinator (i.e. 

P13) and Civil Defence (i.e. P22 and P24). After discussion with P13, similar outcomes 

to state highways were achieved in terms of measurement items.  

P22 and P24 pointed out that there was some agreement with Civil Defence to have 

certain back-up plans and procedures in terms of having redundant supplier resources. In 

an interview with P25, he stated that the type of contract with transport authorities and 

supplier utilities was playing an important role in this regard. He also added that transport 

authorities should develop a certain contract with suppliers that necessitates they apply 

strategies to improve redundancy under different conditions. 

5.6.8.3. Summary 

State highways and local network asset managers both require regular liaising with their 

suppliers. Again, this liaison may be coordinated by a third party. Following up the 

recommendation by both transport entities and supplier companies is very important. The 

type of contract with suppliers may be set in a way that obliges them to propose 

improvements plan for their services robustness.  

The only differences between local and state highway networks in this item may occur 

because of the type of contract each entity has with its suppliers. In this study, both types 

of network use similar suppliers in the region. Consequently, there are no major 

differences between the two types of network in this item.  

Finally, both state highway and local networks gained a low resilience score for this 

measure. The reason is that there is no action or evidence existing for any redundancy 

improvement plans among suppliers. A good improvement approach is that transport 

authorities develop a type of contract with suppliers that necessitates that they apply 

strategies to improve redundancy for different hazards.  
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5.7.  Network Safe-to-fail 

Findings from network safe-to-fail assessment, interviews and document analysis as well 

as the reason for individual scoring for each safe-to-fail measure are deliberated below. 

5.7.1.  Safe-to-fail score 

The initial input range in Table 4-5 was used to determine the resiliency of each 

redundancy measure. The default weighting was applied as the determination of 

weightings was outside the project’s scope. In the following subsections, the safe-to-fail 

scores attained for both state highway and local road case studies are presented.   

5.7.1.1. State highway assessment 

The summary dashboard for safe-to-fail assessment in the Northland state highway case 

study is presented in Table 5-10 below. 

Table 5-10: State highway network redundancy score – summary dashboard 

Category No# Redundancy Measure Individual 

Score 

Average Category 

Score 

Overall 

Score 

Structural 1 
Safe-to-fail in asset design 

approach (S) 
1 1.00 

1.00 

Procedural 2 
Safe-to-fail in asset design 

guideline (P) 
1 1.00 

From Table 5-10, state highway has a low safe-to-fail score, overall, and this was 

achieved via a low structural score (i.e. score of 1.00) and low procedural score (i.e. score 

of 1). The safe-to-fail scores were low as this is a new concept and therefore not part of 

historical design codes or practices. Consequently, it was not considered in any state 

highway network asset design approach. 

5.7.1.2. Local road assessment 

The summary dashboard for safe-to-fail assessment in the local network is presented in 

Table 5-11 below. 
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Table 5-11: Local networks safe-to-fail score – summary dashboard 

Category No# Redundancy Measure Individual 

Score 

Average Category 

Score 

Overall 

Score 

Structural 1 Safe-to-fail in asset design 

approach (S) 

1 1.00 1.00 

Procedural 2 Safe-to-fail in asset design 

guideline (P) 

1 1.00 

The safe-to-fail assessment result was completely identical to state highway assessment. 

From Table 5-11, the state highway had a low safe-to-fail score, overall, and this was 

achieved via a low structural score (i.e. score of 1.00) and low procedural score (i.e. score 

of 1). The safe-to-fail scores were low, as this is a new concept and therefore not part of 

historical design codes or practices. Consequently, it was not considered in any local 

network asset design approach. 

5.7.1.3. Summary 

Existing design guidelines for road assets in New Zealand are mainly built on a risk 

management principle. It is all about how often it happens, how bad it is potentially and 

who does it affect? Eventually the existing design approach is a “Fail-Safe” approach. 

5.7.2. Measure 1: Safe-to-fail in asset design approach 

This item is mainly looking at the existing assets within the network to capture if there 

are any safe-to-fail approaches considered during the process of constructing the asset or 

not. The measurement items assess the measure on a scale of one (i.e. safe-to-fail 

approach has not been considered) to four (i.e. the design documents show the 

consideration and incorporation of safe-to-fail approaches for each asset). 

5.7.2.1. State highway 

During the state highway study, it became evident that participants were unfamiliar with 

the concept of safe-to-fail. After some clarification, P2 claimed that there was a possibility 

that some structures in the region may have this feature. He stated: 

There may be some safe-to-fail areas, but they were not intentionally 

designed that way, e.g. Kaeo stop banks and some wetlands. 
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There was a general consensus among the contracting team (i.e. P7-P10) that the concept 

was not clear and may not be applied to the assets in this stage. P7-P10 also believed that 

there were no comprehensive approaches agreed upon or existed that were either defined 

or designed for safe-to-fail concepts at this stage. Some existing assets with probable safe-

to-fail design consideration within the network were discussed during the interview. For 

example, P3 argued that spillways or other means that allow floodwaters to safely overtop 

the protected section of the road without causing any damage may be considered as a 

safe-to-fail design. From discussions, participants concluded that the safe-to-fail concept 

should be considered for main assets only (i.e. pavements and bridges) for 

implementation purposes. The effect of a system of systems like spillways, or any other 

hydraulic properties to the main assets may be evaluated separately. 

Another good example discussed during the workshop was the type of bridge barriers. 

P2 implied that there were some bridge barriers which collapsed as a result of debris load. 

He mentioned that the simple failure of barriers help to re-open the route after a flooding 

event rather than worsen the blockage of a road. Then again there was uncertainty during 

the discussion that whether it was a safe-to-fail approach or not. 

Generally, it was understood from the workshops that there was no unified understanding 

among the respondents about the concept of safe-to-fail. Participants had different points 

of view about how we can have a safe-to-fail asset in a roading network. They were also 

struggling to relate the concept to the relevant hazard.  

5.7.2.2. Local roads 

Through local road studies, similar discussions on clarification of a safe-to-fail concept 

occurred. P19 and P20 argued that most of the assets in the local network were designed 

with some redundancy on them, but were fundamentally designed based on failure points 

(i.e. fail-safe design). P25 added that existing asset designs were mainly based on two 

factors: (1) the possibility of events happening; and (2) the cost of construction.  

P20 related safe-to-fail to the safety considerations and stated: 

… I think It (safe-to-fail) is more about the concept that at failure point is it 

failing safely or is it catastrophic failure, probably bridges are good 
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example, does the bridge design in a way to completely collapse after an 

event or it designs to safely fail.  

P15 and P21 argued the concept in the building industry after earthquake events. P15 

stated: 

In the earthquake, you see building you don’t want to completely collapse 

you want them to fail as a building but still have the safety elements. 

P20 continued his interpretation of a safe-to-fail design and stated: 

The bridge which have couple of piers so if there is a flood and the water 

level comes up. Consequently, a tree hit one of the piers and collapse it, the 

bridge design in way that still able to transfer traffic to the other side 

P20 also mentioned that there are similar design approaches in New Zealand. However, 

bridge designs are normally concerned about earthquakes.  

P25 analogised safe-to-fail to the front of a car in an impact, which has been designed to 

fail so that the passengers remained unharmed.  

5.7.2.3. Summary 

From the findings, both state highway and local network assets require a good definition 

of safe-to-fail in relation to different hazards. Meanwhile, clarification and sample 

definitions of a safe-to-fail design for industry people could facilitate the future 

implementation of the tool. Design documents of network assets are required to address 

this item. 

There were no significant differences between state highway and local networks in this 

item. Both authorities were using the combination of a fail-safe and cost-beneficial 

analysis approach for asset designs. 

Overall, both networks attained the lowest resilience score for this item. This is mainly 

because the assets in both networks were using historical design codes or practices. 

Having safe-to-fail design assets require resilience consideration in asset design 

guidelines. 
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5.7.3. Measure 2: Safe-to-fail in asset design guideline 

This measure was looking for a safe-to-fail approach within asset design codes and 

guidelines. The scaling system has ranked safe-to-fail implementation strategies in asset 

guidelines based on the degree of precision. 

5.7.3.1. State highway 

Similar to the previous item, the safe-to-fail concept of clarification remained as the main 

obstacle for implementation. In an interview with the NZTA bridge project consultant 

(i.e. P12), the availability of a safe-to-fail concept in the structural design guideline within 

New Zealand and overseas was discussed. As expected, there was little awareness on the 

availability of resilience-related concepts such as safe-to-fail in design codes. However, 

P12 informed that significant ongoing research around the concept of resilience and its 

application to national strategies is currently being carried out in the area. He also 

mentioned that most of the guidelines and strategies start from the national office and are 

referred to P18 for further investigation.  

In an interview with P18 it was understood that they have already tried to add resilience 

measurement items in the asset inspection and maintenance process. He mentioned that 

the previous effort failed and probably was not cost-beneficial to bring such an assessment 

to the design manual. He also mentioned that the concept of resilience was not adequately 

clarified for the industry. In this regard, he stated: 

From our perspective, so far it is not cost beneficial to add resilience to 

structural design manual, meanwhile we are still mixing up resilience with 

similar concepts like risk. 

Later in another discussion with the resilience research team leader it became clearer that 

the aforementioned failed research proposed too many numerical and mathematical 

methods for resilience assessment.  

5.7.3.2. Local roads 

During a local road study, similar replies were observed. P20 stated: 
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The existing design manuals and codes for culverts, bridges, roads, etc. are 

not related to innovation or any resilience concepts at the moment. They are 

quite solid, for example, if you want to design a culvert it’s your choice to 

go for 1 in 50 yrs. Or 1 in 100 yrs. design based on the existing situation 

and defined budget and hydraulic information you have.  

Another issue that was discussed during the workshop was that most of the current 

considerations in New Zealand bridge design codes were on earthquake issues, however, 

other types of hazards need to be reflected for sure. 

P25 exemplifies California’s bridge where the pier failed but the bridge remained, so the 

cars could still drive on it. He mentioned that these types of designs do exist in other 

countries and can be adapted for New Zealand. 

A similar discussion for the second case study took place during the workshop and was 

mainly on the definition and applicability of the safe-to-fail concept for different types of 

hazards. 

5.7.3.3. Summary 

From the findings, New Zealand’s asset design guidelines are mainly based on a 

traditional fail-safe and cost-benefit analysis approach. Application of innovative safe-to-

fail designs are required to infuse resilience in asset design manuals. Prior to any action, 

a good definition of safe-to-fail is measured for network asset management design 

processes in relation to different types of hazards. Safe-to-fail design guidelines and 

strategies may be either locally developed or adapted from other countries.  

Since the item is a procedural requirement, there are no differences between state highway 

and local roads in terms of implementation. The application of a safe-to-fail approach in 

design guidelines may necessitate too many numerical and mathematical methods. 

Moreover, a huge source of funding is required to change the design codes. 

Overall, both local and state highway networks got the lowest resilience score for this 

measure. This is because the existing asset design manuals are based on traditional fail-

safe and cost-benefit analysis. 
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5.8.  Network Resilience Score 

As a standalone assessment, the overall resilience score for both state highway and local 

road networks have been summarised in this section.  

5.8.1.  State highway  

The summary dashboard for the whole state highway case studies are shown in Table 5-

12 below. The average scores are extracted from relevant sections of evaluated principle 

features of resilience (i.e. section 5-1 to 5-3 of thesis). 

Table 5-12: State highway network technical resilience – summary dashboard 

  
Category Score Principle Score Dimension Score 

Principle Category 
Average 
Score Principle 

Average 
Score Dimensions 

Average 
Score 

Robustness 

Structural 2.29 

Robustness 1.85 

Technical 
Resilience 1.95 

Procedural 1.00 

Interdependencies 2.25 

Redundancy 

Structural 1.67 

Redundancy 3.00 Procedural 4.00 

Interdependencies 2.25 

Safe-to-fail 
Structural 1.00 

Safe-to-fail 1.00 
Procedural 1.00 

As a standalone network assessment, Table 5-12 provides the following insights: 

Overall, the pilot study route has a moderate technical resilience level. This is achieved 

via a poor safe-to-fail principle score (score of 1.0), a high redundancy score and a 

moderate robustness score.  

Within the categories, all scores were moderate or poor, except for redundancy-

procedural, which scored very high.  

The robustness-procedural score was low due to the absence of resilience-specific design 

codes being available and enacted.  

The safe-to-fail scores were low as this is a new concept and therefore not part of 

historical design codes or practices.  
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5.8.2.  Local roads 

The summary dashboard for whole local road case studies is shown in Table 5-13 below. 

The average scores are extracted from relevant sections of each principle feature of 

resilience assessment (i.e. section 5-1 to 5-3 of thesis). 

Table 5-13: Local road network technical resilience – summary dashboard 

  
Category Score Principle Score Dimension Score 

Principle Category 
Average 
Score Principle 

Average 
Score Dimensions 

Average 
Score 

Robustness 

Structural 2.50 

Robustness 1.67 

Technical 
Resilience 1.56 

Procedural 1.00 

Interdependencies 1.50 

Redundancy 

Structural 2.33 

Redundancy 2.00 Procedural 1.00 

Interdependencies 1.50 

Safe-to-fail 
Structural 1.00 

Safe-to-fail 1.00 
Procedural 1.00 

As a standalone network assessment, Table 5-13 provides the following insights: 

The pilot study route has a moderate technical resilience level. This is achieved via a poor 

safe-to-fail principle score (score of 1.0), a moderate redundancy score and a moderate 

robustness score. Within the categories, all scores were moderate or poor. The robustness-

procedural score was low due to the absence of resilience-specific design codes being 

available and enacted. The safe-to-fail scores were low, as this is a new concept and 

therefore not part of historical design codes or practices.  

5.9.  Conclusion 

This chapter studied the trial of Hughes and Healy’s (2014) tool on roading network for 

flooding hazards. Data were collected by application of the tool on two types of network 

with different level of service expectations (i.e. state highway and local road networks). 

The purpose of this chapter was to investigate stakeholders and asset managers’ 

preferences with regard to application of Hughes and Healy’s tool to score road network 

resilience.  

The study has shown how to select a trial network in an exposed area using criticality 

assessment and expert judgement. The chapter also revealed how to determine the 
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expected level of resilience with respect to the risk assessment of networks studied for 

trialling the tool. The method of scoring for each dimension of resilience and their 

relevant measures in the tool have been explained. A comparative study between state 

highway and local networks has been proposed for each measure. The required 

documents for resilience improvement of each measure is explained for both state 

highway and local networks in the summary section.  

The results of this chapter show how to use Hughes and Healy’s (2014) tool for network 

resilience assessment and what conditions are required to consider while applying the tool 

for different levels of service in the network evaluation. However, these finding are 

mainly true for Northland’s road network for flooding hazards. The same study needs to 

be conducted in different regions with different hazards to see if there are any 

complementary requirements for network assessment in using the tool.  
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s mentioned earlier, the chosen resilience framework is applicable for both network and 

asset level assessment. In addition to testing network resilience, another asset-based 

assessment for the critical assets selected within the studied area were carried out to test 

the tool at this level.  

6.1. Introduction 

This chapter discusses the findings from testing the Hughes and Healy’s (2014) tool at 

the asset-based scale. Before proceeding to results reporting, the appropriate method of 

asset selection in the studied network is discussed. The same respondents for network-

based assessment also contributed to the asset level assessment trialling. The chapter also 

discusses the process of obtaining the expected levels of resilience for asset-based 

assessment when considering the risks of an asset-based study on the exposed hazard and 

desired consequence category. Specifically, the results section focuses on two general 

classes of roading assets (i.e. structural and pavement). Five individual assets have been 

discussed in this chapter, out of these, four bridges (i.e. structural class) and a section of 

pavement in a hotspot flooding area were assessed in terms of resilience. The findings 

offer the attained score of each resilience dimension and their measures in the Hughes 

and Healy’s tool. The reason for scoring is also discussed. The chapter provides a good 

understanding on how to implement the chosen resilience tool for single asset assessment. 

6.2. Asset Selection  

Asset selection in the network study was carried out using the exposure assessment of the 

study area in relation to the study hazard. The research group made a decision to conduct 

the assessment on highly-flooding exposed assets within the state highway case study. 

Accordingly, four highly visible flood-prone sites have been identified using flood 

information for ARI = 100 years URS (2012) and using GIS software, as shown in Figure 

6-1 below. 
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Figure 6-1: Flood information for ARI = 100 years 

Figure 6-1 summarizes these hot spots and the types of individual key assets evaluated in 

each site. From Table 6-1, the assets selected included four structures (i.e. bridges), as well 

as a highly exposed section of the pavement. These assets were later confirmed after 

holding an interview with a natural hazard advisor in the region (i.e. participant P11). 

From the interviews, the approaches to the bridges were often at equal or greater 

susceptibility to flooding compared to the actual pavement, particularly at Taumarere and 

the ‘Three Bridges’.  

Table 6-1: Summary of flooding hot spots and type of individual assets studied 

Type of Assets Studied Identified Highly Exposed Sites 

Site 1: Taumarere Site 2: Tirohanga Site 3: Three Bridges Site 4: Otiria Stream 

Bridge Asset 1 Asset 2 Asset 3 Asset 4 

Actual Pavement  Asset 5   

6.3. Key Participant in Asset-based Assessment 

The asset-based assessment was conducted within the previously identified state highway 

network. The same participants contributed in the asset-based assessment. Table 5-1 

summarises the complete list of active participants in the asset-based assessment. 

6.4. Risk Assessment and ‘Desired’ Resilience Levels 

The risk assessment and defining desired resilience level for the asset-based study would 

be similar to the network-based state highway assessment, since the assets were selected 
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from those with the highest flood exposure.  It is noted that the highly exposed assets are 

the main reason for whole network closure, so a similar likelihood and consequence rating 

would be applied for this section. The only difference is that the desired resilience level 

would be defined for each asset separately. With this preamble Table 5-5 summarises the 

desired level of resilience for each asset studied in this sector. As shown in Table 5-5, three 

of the four sites require ‘high’ resilience, and the fourth (i.e. Tirohanga Stream) merits a 

‘moderate’ resilience score. This is due to it being at a lesser risk of flooding, that is, the 

modelled flood flows are shown to only exceed the capacity of the waterway and the 

bridge in around the 1 in 50-year event. 

The next step in the process was to assess the resilience of the assets selected, based on 

interviews and workshops with the relevant stakeholders. Due to detailed discussions on 

each resilience measure and their scaling process in the network-based assessments 

section, the general evaluation result for assets studied and the reasons for scoring are 

only discussed in the following sub-sections. The scoring is mainly based on the asset 

data and inspection reports as well as consultation with P1-P17. 

6.5. Asset 1: SH 11 at Taumarere/Kawakawa River Bridge (Bottom of 

Lemons Hill) 

This 2-lane, 54m long bridge, shown in Figure 6-2, crosses the Taumarere / Kawakawa 

River on SH 11 between Kawakawa and Paihia. The Bridge Structure Number (BSN) 

is 39.  

 

Figure 6-2 Taumarere Bridge (looking north) 
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The bridge was constructed in 1989 and is understood to consist of double hollow core 

beams, with 4 spans (3 piers). The bridge replaced the original bridge, which was a shorter 

span and at a lower level. AADT is approximately 2,400. 

The approaching embankment to the south is lower than the bridge itself, and flooding 

generally occurs over the embankment, as shown in Figure 6-3 below. The entire 

catchment of the Taumarere River is estimated at 450 km2.   

 

Figure 6-3: Flooding at Taumarere in July 2014 (looking south) 

The summary dashboard for technical resilience is presented in Table 6-2 below. 

Table 6-2: Asset level technical resilience – Taumarere River Bridge 

  Category Score Principle Score Dimension Score 

Dimension Principle Category 
Average 

Score 
Principle 

Average 

Score 
Dimensions 

Average 

Score 

Technical 

Resilience 

Robustness 

Structural 3.25 

Robustness 2.17 

Technical 

Resilience 
2.05 

Procedural 1.00 

Interdependencies 2.25 

Redundancy 

Structural 2.70 

Redundancy 2.98 Procedural 4.00 

Interdependencies 2.25 

Safe-to-fail 
Structural 1.00 

Safe-to-fail 1.00 
Procedural 1.00 

From Table 6-2, the overall score for this bridge is moderate resilience, which is less than 

the desired level of ‘high’ for efficiency of service delivery (refer to Table 5-5). The 

principle scores ranged from poor (safe-to-fail) to high (redundancy).  

From Table 6-2, the overall robustness score is moderate (i.e. 2.17). The robustness-

structural score was high due to the fact that the bridge is relatively new and well 
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maintained. The low robustness-procedural score was because of the lack of resilience-

related design guidelines. Robustness-interdependency was rated as moderate due to good 

robustness awareness within transport stakeholders of supplier issues through regular 

meetings, however, poor action by suppliers on rectifying these was observed.  

The overall redundancy score was also moderate (i.e. 2.98). The redundancy-structural 

score was rated as high by the participants. This was largely influenced by the score for 

‘alternate routes’ (which was 3 – Alternate routes exist, however, involve greater travel 

time or have much lower capacity1). Moreover, the procedural-redundancy score was very 

high. This was due to the existence of established plans and diversion routes in place. 

Similar to the robustness feature, redundancy-interdependency was rated as moderate due 

to good redundancy awareness within transport stakeholders of supplier issues through 

regular meetings, however, poor action by suppliers on correcting these was observed. 

Finally, the safe-to-fail scores were low, as this is a new concept and therefore not part of 

historical design codes or practices. 

This overall ‘gap’ between the assessed resilience and the desired level of resilience 

indicates that action and improvements would be required. However, there are several 

suggested improvements to the tool which, would likely change the overall score and 

outcome. 

6.6. Asset 2: SH 11 at Tirohanga Stream Bridge 

This single lane, 30m long bridge, shown in Figure 6-4 below, crosses the Tirohanga 

Stream on SH 11 between Kawakawa and Paihia. The BSN is 31. The bridge was 

constructed in 1943 and is understood to consist of reinforced concrete beams, with 

three spans (2 piers). The AADT is approximately 2,400. 

                                                 

1 The main alternate route for traffic heading towards Paihia would be either a) around the Waikare Road 

and via the Ferry to Opua, b) via Pakaraka (if the route was unaffected by flooding, given that it 

crosses the 3 bridges (site 3) and the Otiria Stream (site 4), c) through Motatau, Matawaia, Kaikohe, 

which is a significant diversion (approx. 70km), or d) through Dargaville and the Waipoua forest on 

the West Coast, which is an even more substantial diversion (approx.up to 200km). 
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Figure 6-4: Tirohanga Bridge (looking north) 

The author was unable to locate photos of flooding at this particular bridge. The 

Tirohanga Stream catchment is estimated at 57 km2 and drains to the main Taumarere 

River catchment. The summary dashboard for technical resilience is presented in Table 

6-3 below. 

Table 6-3: Asset level technical resilience – Tirohanga Bridge 

  Category Score Principle Score Dimension Score 

Dimension Principle Category 
Average 

Score 
Principle 

Average 

Score 
Dimensions 

Average 

Score 

Technical 

Resilience 

Robustness 

Structural 2.75 

Robustness 2.00 

Technical 

Resilience 
1.95 

Procedural 1.00 

Interdependencies 2.25 

Redundancy 

Structural 2.30 

Redundancy 2.85 Procedural 4.00 

Interdependencies 2.25 

Safe-to-fail 
Structural 1.00 

Safe-to-fail 1.00 
Procedural 1.00 

From Table 6-3, the overall score for this bridge is moderate resilience, which was equal 

to the desired resilience level for efficiency of service delivery (refer to Table 5-5). The 

principle scores ranged from poor (safe-to-fail) to high (redundancy).  

From Table 6-3, the overall moderate robustness score of 2 is achieved by this asset. The 

robustness-structural score was rated as ‘high’. Despite the bridge being old (built in 



 

173 

 

1943), it was assessed as being in good condition, with no known structural issues.  

Instead, the robustness-procedural score was again low due to the absence of design codes 

for resilience. Robustness-interdependency was rated as moderate, due to good robustness 

awareness within transport stakeholders of supplier issues through regular meetings, 

however, poor action by suppliers on rectifying these was observed. 

The overall redundancy score was 2.85 (moderate resilience). In this assessment, the 

redundancy-structural score was rated as high by the participants. This was largely 

influenced both by the score/scale for ‘alternate routes’ (which was 2 – Alternate route 

exists, however, unclear if it will be unaffected by the same hazard), plus the impact of 

combining other scores within the category. Again, the redundancy-procedural score was 

very high due to the established plans and diversion routes in place. Similar to the 

robustness feature, redundancy-interdependency was rated as moderate, due to good 

redundancy awareness within transport stakeholders of supplier issues through regular 

meetings, however, poor action by suppliers on correcting these was observed. 

Finally, the safe-to-fail scores were low, as this is a new concept and therefore not part of 

historical design codes or practices.  

There was no ‘gap’ between the assessed resilience and the desired level of resilience, 

which indicates that no action or improvements would be required. However, there are 

several suggested improvements to the tool, which would likely change the overall score 

and outcome.  

6.7. Asset 3: SH 1 at Kawakawa Triple Bridges Crossing 

These three bridges, shown in Figure 6-5, cross the Kawakawa River floodplain and the 

Whangae / Ramarama Stream. Details of the three bridges are included in Table 6-4 

(south to north). AADT is approximately 7,000. 

Table 6-4. Three Bridges at Kawakawa 

Bridge Details 

Kawakawa Embankment Br (BSN 2104) Constructed 1939. Length 27m, 3 span.  

Kawakawa River Br (BSN 2102) Constructed 1939. Length 64m, 5 span. 

Whangae Br (BSN 2099) Constructed 1939. Length 27m, 3 span. 
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Figure 6-5: “3 bridges” at Kawakawa (looking north) 

The bridges themselves are constructed with vertical crest curves and remain clear of 

flood waters, while the approach embankment floods. Refer Figure 6-5, Figure 6-6 and 

Figure 6-7. 

 

Figure 6-6: Flooding at Kawakawa Triple Bridges Crossing in July 2014 (looking north) 
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Figure 6-7: Flooding at Kawakawa Triple Bridges Crossing in July 2014 (looking north) 

Because of the vast situation and structural similarities of these bridges one assessment 

has been conducted for all three assets. The summary dashboard for technical resilience 

is presented in Table 6-5 below. 

Table 6-5: Asset level technical resilience – 3 Bridges 

    
Category Score Principle Score Dimension Score 

Dimension Principle Category 

Average 

Score Principle 

Average 

Score Dimensions 

Average 

Score 

Technical 

Resilience 

Robustness 

Structural 2.83 

Robustness 2.03 

Technical 

Resilience 
2.00 

Procedural 1.00 

Interdependencies 2.25 

Redundancy 

Structural 2.70 

Redundancy 2.98 Procedural 4.00 

Interdependencies 2.25 

Safe-to-fail 
Structural 1.00 

Safe-to-fail 1.00 
Procedural 1.00 

From Table 6-5, the overall score for this bridge is moderate resilience, which is less than 

the desired level of ‘high’ for efficiency of service delivery (refer to Table5-5). The 

principle scores ranged from poor (safe-to-fail) to high (redundancy).  

The overall robustness score was 2.03 (moderate resilience). The robustness-structural 

score was rated as ‘high’. Despite the bridge being old (1939), it was assessed as being in 

good condition, with no known structural issues.  In contrast, the robustness-procedural 

score was low due to the absence of design codes for resilience. Robustness-

interdependency was rated as moderate due to good robustness awareness within 

https://www.google.co.nz/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi66qTJotjLAhUEOKYKHSDBAtgQjRwIBw&url=https://www.youtube.com/watch?v%3DiRSSP2Lpj5o&bvm=bv.117604692,d.dGY&psig=AFQjCNHZyiL0e8V6N6uYOYQxTUrOS_qfoQ&ust=1458872468190088
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transport stakeholders of supplier issues through regular meetings, however, poor action 

by suppliers on rectifying these was observed. 

The overall redundancy score was 2.98 (moderate resilience). The redundancy-structural 

score was rated as high by the interviewed parties. This was largely influenced by the 

score/scale for ‘alternate routes’ (which was 3 – Alternate routes exist, however, involve 

greater travel time or have much lower capacity). Again, the redundancy-procedural 

score was very high due to the established plans and diversion routes in place. Similar to 

the robustness feature, redundancy-interdependency was rated as moderate due to good 

redundancy awareness within transport stakeholders of supplier issues through regular 

meetings, however, poor action by suppliers on correcting these was observed. 

Finally, the safe-to-fail scores were low, as this is a new concept and therefore not part of 

historical design codes or practices.  

This overall ‘gap’ between the assessed resilience and the desired level of resilience 

indicates that action and improvements would be required. However, there are several 

suggested improvements to the tool, which would likely change the overall score and 

outcome.  

6.8. Asset 4: SH 1 at Otiria Stream, Moerewa (Bottom of Turntable Hill) 

This 2-lane, 27m long bridge, shown in Figure 6-8, crosses the Otiria Stream on SH 10 

between Moerewa and Pakaraka. The BSN is 2044. The bridge was constructed in 1940 

and is understood to consist of reinforced concrete beams with 3 spans (2 piers). AADT 

is approximately 7,000. 
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Figure 6-8: Otiria Bridge (looking south) 

A review of maps indicates that the bridge appears to drain a large tributary called the 

Orauta Stream catchment. This appears similar in size to the Tirohanga catchment, 

however, no accurate estimates have been found. Flooding occurs at the bridge itself as 

shown in Figure 6-9 below. 

 

Figure 6-9: Flooding at Otiria Bridge in Jan 2011 after Cyclone Wilma (looking south) 

The Summary Dashboard for Technical Resilience is presented below. 
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Table 6-6: Asset Level Technical Resilience – Otiria Stream 

    
Category Score Principle Score Dimension Score 

Dimension Principle Category 

Average 

Score Principle 

Average 

Score Dimensions 

Average 

Score 

Technical 

Resilience 

Robustness 

Structural 2.17 

Robustness 1.81 

Technical 

Resilience 
1.93 

Procedural 1.00 

Interdependencies 2.25 

Redundancy 

Structural 2.67 

Redundancy 2.97 Procedural 4.00 

Interdependencies 2.25 

Safe-to-fail 
Structural 1.00 

Safe-to-fail 1.00 
Procedural 1.00 

From Table 6-6, the overall score for this bridge is ‘moderate’ resilience, which is less 

than the desired level of ‘high’ for efficiency of service delivery (refer to Table 5-5). The 

principle scores for this asset ranged from poor (safe-to-fail) to high (redundancy).  

The overall robustness score was 1.81 (low resilience). The robustness-structural score 

was rated as moderate. This was the result of the combination of a number of poor scores, 

including the structural rating of 2 – some non-compliance, and poor condition. The 

robustness-procedural score was low due to the absence of design codes for resilience. 

Robustness-interdependency was rated as moderate due to good robustness awareness 

within transport stakeholders of supplier issues through regular meetings, however, poor 

action by suppliers on rectifying these was observed. 

The overall redundancy score was 2.97 (moderate resilience). The redundancy-structural 

score was rated as high by participants. This was largely influenced by the score/scale for 

‘alternate routes’ which was 3 – Alternate routes exist, however, involve greater travel 

time or have much lower capacity. Again, the redundancy-procedural score was very high 

due to the established plans and diversion routes in place. Similar to the robustness 

feature, redundancy-interdependency was rated as moderate due to good redundancy 

awareness within transport stakeholders of supplier issues through regular meetings, 

however, poor action by suppliers on correcting these was observed. 

Finally, the safe-to-fail scores were low, as this is a new concept and therefore not part of 

historical design codes or practices.  

This overall ‘gap’ between the assessed resilience and the desired level of resilience 

indicates that action and improvements would be required. However, there are several 



 

179 

 

suggested improvements to the tool, which would likely change the overall score and 

outcome.  

6.9. Asset 5: Section of Pavement in SH 11 at Taumerere 

In addition to the assessment of the bridges, a section of pavement at Taumerere around 

Tirohanga Stream on the SH 11 causeway between Kawakawa and Paihia, was also 

selected in relation to its exposure to the flooding.  

Figure 6-10 below is a photo of a section of pavement damaged by flooding near 

Taumarere.  

 

Figure 6-10: Damage to pavement on SH 11 at Taumarere 

Through discussion with P2, it is understood that, in general, the pavement is poorly 

designed in the whole area. The summary dashboard for technical resilience of the section 

of pavement on SH 11 at Taumarere is presented in Table 6-7 below. 
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Table 6-7: Asset level technical resilience – Actual pavement section on SH 11 at Taumarere 

  Category Score Principle Score Dimension Score 

Dimensio

n 
Principle Category 

Averag

e Score 
Principle 

Averag

e Score 

Dimension

s 

Averag

e Score 

Technical 

Resilienc

e 

Robustness 

Structural 2.08 

Robustness 1.78 

Technical 

Resilience 
1.88 

Procedural 1.00 

Interdependenci

es 
2.25 

Redundanc

y 

Structural 2.30 

Redundanc

y 
2.85 

Procedural 4.00 

Interdependenci

es 
2.25 

Safe-to-fail 
Structural 1.00 

Safe-to-fail 1.00 
Procedural 1.00 

From Table 6-7, the overall score for the pavement section is moderate resilience, which 

is equal to the desired resilience level for efficiency of service delivery in site 2 (refer to 

Table 5-5). The principle scores for the asset ranged from poor (safe-to-fail) to high 

(redundancy). 

The redundancy and safe-to-fail scores are identical to those for the bridge example in 

this site (i.e. asset 2: SH 11 at Tirohanga Stream Bridge). The redundancy scores are 

identical because they are all part of the same route. The safe-to-fail scores are also 

identical due to the reasons previously outlined regarding this being a new concept and 

therefore not part of historical design codes or practices. 

Nevertheless, the robustness scores are ‘moderate’ with a number of the individual 

measures scoring very poorly. In particular, the pavement itself scored: 1 – Either major 

non-compliance or very poor condition.  Based on conversations with P2 and P7-P10. 

This overall ‘gap’ between the assessed resilience and the desired level of resilience 

indicates that action and improvements would be required. However, as discussed 

previously, there are several suggested improvements to the tool, which would likely 

change the overall score and outcome.  

6.10. Discussion of Asset-level Assessment 

The above sections outline the individual asset assessments for the four bridges and the 

section of pavement. A summary is provided in Table 6-8 below showing the ‘desired’ 
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resilience level and assessed resilience (including numerical scores), along with some 

commentary. 

Table 6-8: Summary of asset-level assessment 

Site Desired 

Resilience 

Assessed 

Resilience 

Bridges 

Assessed 

Resilience 

Pavement 

Commentary 

Site 1: 

Taumarere 

High  Moderate 

2.05 

Moderate 1.88 Improvements would be required to bring the 

moderate ranking up to ‘High’. The pavement is a 
larger resilience issue than the bridge itself. 

Site 2: 

Tirohanga 

Moderate Moderate 
1.95 

Moderate 1.88 No improvements required as assessed level is 
equal to the ‘desired’ level.  

Site 3: Three 

Bridges 

High Moderate 
2.0 

Moderate 1.88 Improvements would be required to bring the 
moderate ranking up to ‘High’. The pavement is a 

larger resilience issue than the bridge itself. 

Site 4: Otiria 

Stream 

High Moderate 

1.93 

Moderate 1.88 Improvements would be required to bring the 

moderate ranking up to ‘High’. The pavement is a 

larger resilience issue than the bridge itself. This 

site also has the lowest bridge resilience rating.  

Based on the above comparison, and the use of the tool in its current (as-developed) form, 

the least resilient asset would be Site 4 (road and pavement). Given that this is a critical 

asset which is highly exposed to flooding, it merits a high level of resilience and, as such, 

action to improve resilience would be justified. Similarly, closely behind this are Sites 1 

and 3.  

6.11. Conclusion 

This chapter investigated the application of the Hughes and Healy’s (2014) tool for 

roading asset-based resilience assessment. Data were collected by utilising qualitative 

research for selected assets within the case study region. The main instruments used to 

collect data were interviews, participant observations and archival records.  Two general 

classes of roading assets (i.e. structures and pavements) were investigated by applying 

the tool to five highly exposed assets. The process of obtaining a desired level of 

resilience by means of risk-assessment and the required pre-considerations for resilience 

benchmarking of each asset were also deliberated. The resilience of each asset has been 

evaluated using the Hughes and Healy’s tool. The main purpose of this chapter was to 

understand the process of asset-based implementation of the Hughes and Healy’s tool on 

the road sector.  

The outcome showed the method of scoring for each dimension of resilience and their 

relevant measures for each asset. The appropriate asset selection method using hazard 
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exposure analysis and expert judgement was discussed. The overall gap between the 

assessed resilience and desired level of resilience for each asset was also highlighted for 

better implementations in the future.  

This chapter demonstrated how to apply the Hughes and Healy’s (2014) tool for roading 

asset-based resilience assessment. It also revealed the required considerations and 

concerns for proper functioning of the tool in terms of asset-based resilience evaluation. 

The findings from this chapter were based on application of the tool for a single hazard 

(i.e. flooding) scenario and was limited to New Zealand’s Northland region. The same 

study needs to be conducted with different hazard scenarios as well as different 

geographical situations to see if there are any similarities or differences with the outcome 

of this study. 
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7.1.  Overview 

This chapter sets out to discuss the research findings and lessons learned from the study 

both in terms of tool selection and practical application of the tool. The discussion of the 

results from the data analysis provide relevant insights for understanding the process of 

resilience assessment tool selection and implementation within a transportation context 

and the necessary interventions to increase the likelihood of successful resilience 

assessment in the transport sector. 

7.2.  Introduction 

The preceding chapters tested the key dimensions and measures of the Hughes and 

Healy’s (2014) tool to assess resilience at both network and asset levels. This chapter 

presents the requirements for implementation of the tool based on the findings from 0 and 

Chapter 6. The discussion of the results summarises the relevant insights and 

requirements before utilisation of their tool. This is followed by classification of the 

documents required and considerations to implement the tool for each dimension of 

resilience. Specifically, each requirement has been discussed to provide better insight for 

tool users. The improvement opportunities are also discoursed for future implementation. 

The latter part of the chapter explains the validation of the results. Findings reported in 

this chapter offer a means by which future application of the Hughes and Healy’s tool 

may be carried out with less hesitation from the stakeholders involved in the 

transportation asset management sector.  

7.3.  Hughes and Healy’s Pre-run Requirement 

Based on the recommended assessment process by Hughes and Healy (2014) (explained 

in Section 4.3 ) and findings from this study, the implementation steps before utilisation 

of Hughes and Healy’s tool for the transport asset management sector are summarised in 

Table 7-1. 
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Table 7-1: Hughes and Healy’s pre-run implementation requirement steps 

No. Implementation Step Type of Assessment Data Acquisition 

Method 

Description Output 

1 Choosing region  Both asset-based and 
network-based 

assessment 

Criticality assessment Criticality assessment here refers to the consequences or impacts of 
roading network failures to road users in different regions according to 

the established national strategic transportation criteria. e.g. freight 

volume, AADT, region population, etc. 

Region of implementation 

2 Choosing class/type of 

network 

Both asset-based and 

network-based 

assessment 

Criticality assessment Criticality assessment here refers to the consequences or impacts of 

different roading section failures to road users (i.e. customers) 

according to the established regional transport strategic criteria. e.g. 
freight volume, AADT, area population, etc. 

Network class of implementation 

e.g. national road (state highway), 

local road (primary collector, 
secondary collector, etc.) 

3 Choosing 
implementation hazard 

Both asset-based and 
network-based 

assessment 

Hazard mapping 

 
Scan of previous hazard information including recent hazard events as 
well as all susceptible hazards to the region. The highly probable reason 

of failure would be the implementation hazard for hazard specific 

assessment.  

Hazard of implementation 
e.g. flood, earthquake, etc. 

4 Choosing section of 

network 

Network-based 

assessment 

User preference  

 

 

 

 

 

Based on the user preference1 any section of network may be chosen 

for implementation of Hughes and Healy’s tool. However, the general 

hazard mapping information or network failure reports may affect the 

user’s decision. 

Note: the chosen section should contain specific start and end points 

and it should be within a similar network class. 

Specific section of road within 

each class of network 

 

5 Choosing highly 

exposed sites in the 

network 

Both asset-based 

and network-based 

assessment 

Hazard exposure 

analysis 

This step analyses the degree of exposure to the implementation 

hazard within the section of network.  

Network hot spots 

6 Choosing asset of 

interest (asset-based 

resilience assessment 

only)  

Asset-based only User preference Based on user preference, any critical asset may be selected in 

the network for resilience analysis. Factors like located asset site 

exposure to the hazard may influence on user preferences.  

Chosen asset for 

implementation (asset-based 

assessment only) 

                                                 

1 Hughes and Healy’s tool users are normally asset managers and people with the knowledge of the network. 
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No. Implementation Step Type of Assessment Data Acquisition 

Method 

Description Output 

7 Choosing asset 

management 

consequence of 

interest  

Both asset-based 

and network-based 

assessment 

Failure consequence 

analysis  

The asset management failure consequence refers to the range of 

different types of consequence to be covered by transport asset 

management team to recover the failed network or asset. 

Asset management failure 

consequence category of 

interest for implementation e.g. 

maintenance cost, financial 

loss, service delivery, etc. 

8 Identifying failure 

frequency of each 

exposed site due to 

specified hazard 

Both asset-based 

and network-based 

assessment 

Failure frequency 

analysis due to hazard 

The likelihood scale may have any number of points according 

to the frequency/probability of specified hazard.  

Failure frequency for each site 

based on specified hazard 

9 Choosing the failure 

frequency for whole 

network due to 

specified hazard 

Network-based 

assessment only 

Failure frequency 

analysis due to hazard 

The site with the highest hazard frequency failure rate in the 

network will define the failure frequency rating for the whole 

section of network. This is because the failure in each site will 

interrupt a whole network equally.  

Failure frequency for whole of 

network based on specified 

hazard 

10 Failure likelihood 

rating 

Both asset-based 

and network-based 

assessment 

Likelihood scale table 

for risk assessment 

he likelihood scale table may have any number of points. The 

likelihood scale table needs to span the range relevant to the 

failure consequence analysis, remembering that the lowest 

likelihood must be acceptable for the highest defined 

consequence, otherwise all activities with the highest 

consequence are defined as intolerable for risk assessment. 

Failure likelihood rating for 

risk assessment 

11 Identifying risk of 

failure 

Both asset-based 

and network-based 

assessment 

Hazard-specific risk 

assessment using 

consequence/ 

likelihood matrix 

method 

The consequence/ likelihood matrix is a means of combining 

qualitative or semi-qualitative ratings of consequence and 

likelihood to produce a level of risk.  

Risk score 

12 Translation of risk 

score to desired level 

of resilience 

Both asset-based 

and network-based 

assessment 

“Risk to resilience 

level translate table” 

The resultant risk score derived from a risk assessment could be 

translated to a ‘desired’ level of resilience using risk score to 

resilience level table proposed by Hughes and Healy.  

Desired resilience level 

13 Resilience assessment Both asset-based 

and network-based 

assessment 

Hughes and Healy’s 

tool 

Hughes and Healy’s tool may be utilised for either asset-based 

or network-based assessment. 

Asset management technical 

resilience score 
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7.4.  Network Robustness Implementation Requirement 

Based on the study carried out above, this section presents the results classified by 

implementation requirements for robustness assessment of a state highway for resilience. 

Table 7-2 summarized these requirements and policy considerations in relation to each 

robustness measure of Hughes and Healy’s (2014) framework. 

Table 7-2: Summary of requirements and policy considerations in relation to each robustness 

measure 

Required Data/Policy 

Measure Numbers 

Structural Procedural Interdependency 

1 2 3 4 5 6 7 8 9 10 

Asset Reconciliation           

Network Segmentation           

Regular Inspection           

Asset Management Plans           

Design Standards           

Road Classifications           

GIS-Based Tool           

Internal Assessment           

Upstream Utility Liaison           

In the following subsections, different requirements are deliberated by explaining their 

meaning and coverage, as well as presenting evidence and examples from the Northland 

case studies. 

7.4.1. Asset reconciliation 

The authorised agencies should provide a comprehensive list of critical assets for the 

transport sector. This list needs to reflect both key assets and dependent assets in the 

transport sector. The key assets are those that could be used as the main means of traffic 

transfer. For instance, these key assets in the state highway Northland case study included: 

bridges, and the sealed pavements of the road. The dependent assets such as culverts, 

spillways, stop banks, deflection banks, floodwalls, and floodgates, or any other roading-

related hydrological and geotechnical assets should be considered as a system of systems 

which may impact on the overall performance of the specified key assets. The assessment 

for these system of systems need to be studied individually by whichever structural, 

hydrological or any other relevant engineering system evaluation method. It is 

recommended that the outcomes of these individual evaluations report back to the asset 
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managers to feed in the key asset evaluation process using the tool. Table 7-3 shows a 

sample of reconciliation for several state highway recognised assets in New Zealand. It 

is also necessary to link the individual dependent assets to the relevant main key assets 

along the state highway network when considering different hazard situations. 

Table 7-3: Sample reconciliation for state highway asset 

Name Recommended Type of Asset 

Key (Critical) System of Systems (dependent) 

Bridges   

Culverts   

Gantries (including sign, lane signal and VMS)   

High Masts   

CCTVs (including poles)   

Retaining Walls   

Noise Walls   

Dams   

Drainage Structures   

Tunnels   

Road Pavements   

7.4.2.   Network segmentation 

State highway robustness assessment for resilience requires resilience-related sectioning 

of the network. The sectioning method necessitates prioritising the segments based on 

hazard exposure of identified key assets. It is recommended that the individual structural 

key assets like tunnels and bridges be considered as separate segments. The actual 

pavement may be divided based on its exposure to the relevant hazard. In New Zealand, 

the existing Route Position-Route Section (RP-RS) segmentation method used in both 

RAMM and HSIMS databases may be updated to reflect hazard exposure to the actual 

pavement and the key structural assets, respectively. It is recommended that these 

databases link to each other to ease the scoring process for network assessment. 

7.4.3.   Regular inspection  

The regular audits and inspection reports by relevant asset maintenance agencies are 

required to ensure the proper functioning of key assets in the network. It is recommended 

that the inspection reports also capture the status of dependent assets in terms of 

functionality.  

The highly-exposed segments require special and detailed inspection reports. 

Furthermore, the inspection could be prepared within shorter intervals to better address 
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the maintenance effectiveness. As indicated during interviews, daily basis asset 

inspection during the hazard events is very helpful for future assessment processes. 

7.4.4.   Asset management plans 

The advancement of management plans in the state highway is required by both regional 

and national sectors. Funding availability is playing an important role to develop these 

plans as indicated by participants in this study. The management plans include both 

regional and national asset management and renewal.  

7.4.5.   Design standards 

Resilience-related design codes and regulation should be developed by the national state 

highway policy-making entity. The design codes need to obviate the impact of hazard 

exposures to the identified assets in both state highway and local networks. Referring to 

the case studies, the relevant resilience-related design code for flooding hazards does not 

exist, while such a design code exists for seismic activities to some extent. Another 

important issue is that most of the assets were not designed by engineers and they often 

evolved because of the local demand in the region. This issue hindered the contributors’ 

precise response to evaluate the scale of relevant measures, specifically for procedural 

categories. The implemented exercise showed the significance of accessing the resilience-

related design code for key assets in the state highway in relation to different hazards. It 

was recommended that the appropriate design codes may be transferred from other 

countries with similar hazard exposure and then localised to match the existing situation. 

For example, in the Northland flooding case study, the relevant design codes for 

pavements and bridges with resilience consideration may be imported from Holland or 

the US (e.g. Mississippi area) and then adapted to meet with New Zealand’s regulations. 

7.4.6.   Road classifications 

Road Controlling Authorities (RCAs) are required to develop a standard classification 

based on the network’s importance. Then, the expected level of service for the network 

could be assigned based on this classification. Level of service is a qualitative measure 

which describes operational conditions within a traffic stream, and their perception by 

motorists and/or passengers. This expected level of service should be scrutinised regularly 

by a professional engineer or a qualified inspector in the transport agency. The contracted 

consultant companies should regularly review the physical situation of a system of 
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systems, like dependent structural and hydrological assets (e.g. culverts, spillways, etc.), 

and feed these results and their effects on the main key assets into a comprehensive report 

and return it back to the transport agency. The result of these studies should be used to 

identify impact on level of service of key assets in the main network. 

Recently, the One Network Road Classification (ONRC) was developed in New Zealand 

to divide roads into six categories, based on how busy they are, whether they connect to 

important destinations, or are the only route available. These categories include: 

• National – link major population centres and transport hubs 

• Arterial – link regionally significant places and industries 

• Regional – major connectors between and within regions; often public transport 

routes 

• Primary collector – link significant local populations and industries 

• Secondary collector – provide secondary routes, can be the only route to some 

places 

• Access – small roads facilitating daily activities 

After this classification, the level of service is measured based on three main performance 

criteria: Mobility (travel time reliability); Safety; Amenity (travel quality and aesthetics) 

and accessibility (land access and road network connectivity). Each performance criteria 

have relevant measures. The effect of hazards to each of these measures may be included 

in resilience assessment and the appropriate weightings may be applied based on the 

priorities. However, the New Zealand transport agency and some participants in this study 

believe that mobility is the main performance criteria for resilience assessment.  

A special consideration on actual pavements is required since this sector is mostly 

neglected for in-depth studies and further investigation by consultant companies, as they 

are highly involved in bridges and other dependent structural and hydrological assets (e.g. 

spillways, culverts, etc.). In the Northland case study, one of the most vulnerable key 

assets was the actual pavement. The actual pavement of the road normally washed out or 

was seriously damaged in a highly exposed area. 

7.4.7.   GIS-based tool 

Geographic Information Systems (GIS), as defined by ESRI (2016), assist to visualise, 

analyse and interpret data to understand relationship patterns and trends. Hazard exposure 
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levels to the network may be visualised and calculated in GIS-based models using 

archival hazard data. Exposure here, as defined by Cardona et al. (2012), refers to an 

inventory of elements within an area in which hazard events are probable and may have 

some impact. A GIS-based tool can also let asset managers map and visualise each 

segment’s physical vulnerability to different hazards. Vulnerability here refers to the 

degree of loss to the given segment from a hazard of a given magnitude, as defined by 

Gabor and Griffith (1980). 

7.4.8. Internal assessment 

Another important area that some respondents touched on was the time span between the 

start of the flooding event and complete road closure. This period points out the 

serviceable width of road for traffic movement that gradually evades after a flooding 

event. In this regard, another study on the service performance of each cross section of 

the road may explore this interval. This also agrees with Labaka et al. (2015) argument 

on the application of two types of resilience level (i.e. internal and external) to 

infrastructure sectors. External resilience refers to the resilience associated with external 

agents such as government, while internal resilience is looking at microscopic assessment 

of infrastructure. Hughes and Healy’s (2014) framework is developed to be used for the 

government sector, thus it fits in the external resilience assessment category. For this 

reason, the internal assessment is required to truly determine some measures in the 

framework.  

In this research, internal assessment seems significant to clarify the term ‘spare capacity’ 

for individual key and dependent assets in relation to different hazards. However, a few 

participants suggest applying the outcome of similar oversees studies to localise the 

definition of spare capacity for each asset in relation to flooding hazards. 

7.4.9.  Upstream utility liaison 

Identifying dependent upstream utilities to the roading network is the key for 

incorporating interdependency measures to assess robustness resilience. The RCA 

requires to identify and record the complete list and contact numbers of relevant upstream 

utilities for functioning of state highway key assets. Upstream utilities, as defined by 

Baker (2005) are those services that the transport sector depends on from other resources. 

Explicitly in Northland exercise, the outlined upstream utilities for flooding include: 
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power for functioning of traffic lights, etc. and telecommunication for communication 

purposes. However, a variety of dependent lifeline utilities may be considered as 

highlighted by O’Rourke (2007) and Rinaldi et al. (2001) 

Regular group meetings should be held to facilitate the appropriate practices among 

upstream utilities and the RCA to increase the level of awareness among all parties. 

Equally, providing regular reports on these meetings seems significant to track the 

improvements. As highlighted in this case study, the compliance to the recommended 

plans by a lifeline forum seemed to be neglected or ignored by either the RCA or upstream 

utility sectors. Thus, follow-up meetings should be held to track the recommendations 

made in previous sections for both parties.  

7.5.  Network Redundancy Implementation Requirement and 

Considerations 

Based on the study carried out above, this section presents the results classified by 

implementation requirements for redundancy assessment of road networks for resilience. 

Table 7-4 summarises these requirements and policy considerations in relation to each 

redundancy measure of Hughes and Healy’s (2014) framework. 

Table 7-4: Summary of requirements and policy considerations in relation to each redundancy 

measure 

Required Data/Policy 

Measure Numbers 

Structural Procedural Interdependency 

1 2 3 4 5 6 7 

Average travel time        

Network capacity        

Regional transport plan        

Emergency operating contract        

Mode accessibility analysis report        

Asset reconciliation        

Detour plan        

Upstream utility liaison        

In the following subsections, different requirements are deliberated by explaining their 

meaning and coverage as well as presenting evidence and examples from the Northland 

case studies. 
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7.5.1.  Average travel time analysis 

Reliable journey time is a key parameter in travellers’ route choice and has important 

applications in transport planning and modelling. For transport users, it affects their mode 

choice, journey route and also their activity patterns. From Table 7-4, average travel time 

calculations contribute to network redundancy by influencing two measures proposed by 

Hughes and Healy (2014). In general, three main categories of average travel time 

calculations are required for network redundancy assessment: car-mode average travel 

time calculation, which is applicable to private cars and public transport (e.g. buses) using 

main and alternative networks in the study area; non-car mode average travel time 

calculation, which is applicable to other scheduled available public transport in the area 

e.g. rail; and emergency transport mode average travel time calculation, which is 

applicable to available non-scheduled emergency transport facilities e.g. helicopter. In 

the state highway, the role of an average travel time is highlighted due to high mobility 

expectation rates compared to other types of network, e.g. primary and secondary 

collectors in the local road network. 

7.5.2.   Network capacity 

Road capacity is usually defined as: the maximum hourly rate at which persons or 

vehicles can reasonably be expected to traverse a point or uniform section of a lane or 

roadway during a given time period under prevailing roadway, traffic and control 

conditions (van Rijn, 2004). 

Capacity analyses examine roadway elements under uniform traffic, roadway, and control 

conditions. These conditions determine capacity; therefore, segments with different 

prevailing conditions will have different capacities (Manual, 2010). This statement is 

expandable to segmentations of state highway for resilience assessment. Factors that may 

affect network capacity include: base conditions; roadway conditions including geometric 

and other elements; traffic conditions, e.g. vehicle type, lane distribution, etc.; control 

conditions, e.g. traffic signals; and technology.  

Bearing in mind the highlighted role of managing heavy vehicles in the Northland area, 

the traffic condition is very important for network capacity analysis in this case study. 

Some studies have also shown that other factors like weather conditions (e.g. rain) also 

influence network capacity.  
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Capacity analysis considering key network issues (e.g. managing heavy vehicles) are 

required for all main and alternative routes. A different capacity analysis is also required 

for alternative modes of transportation in the region.  

7.5.3.   Regional transport plan 

Regional transport planning can be defined as a key component of the overall transport 

planning process normally required for configuration of the whole transport system in the 

region. This document provides availability of alternative modes of transportation in the 

region. Transport planning is a multi-disciplinary activity involving transport 

management professionals (transport planners, traffic engineers and economists) as well 

as urban/non-urban planners. It is expected that regional planning deliver dynamic 

coordination among transport stakeholders and community needs within a closed system 

of feedback mechanisms and iterative processes.  

The regional transport plan should also reflect a shift of transport policy from primarily 

planning for roads (private car oriented policy) to the need for planning more for other 

modes such as public transport and non-motorised modes, as well as increased integration 

with land-use planning.  

The transport plan document is specifically required to properly address and measure two 

of the redundancy assessments for network resilience.  

7.5.4.   Emergency operating contract 

A comprehensive emergency operating contract is required between the RCA and 

contractor companies to define the overarching philosophy of emergency management 

procedures. The contract should include the key roles and responsibilities of clients, 

contractors and sub-contractors across the region in the context of emergency procedures. 

The contract should explicitly specify and allocate the required facilities and inventories 

in the time of crisis. This includes the alternative transportation modes (e.g. helicopter), 

which are required for emergency transfer purposes.  

It is recommended that the contracts are frequently circulated to a wide range of sub-

contractors and stakeholders for regular improvement and updates. The role of precise 

emergency operating contracts is specifically highlighted to assess measures 2 and 4 of 

redundancy assessment for network resilience. 
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7.5.5.   Mode accessibility analysis report 

Accessibility is a broad concept. It relates to ease of access and examines the effectiveness 

of a system from a perspective other than intensity (Chapman and Weir, 2008). 

Accessibility can be expressed in terms of the percentage of trips (or persons) able to 

accomplish a certain goal—such as going from home to work—within a targeted travel 

time. Accessibility can also be defined in terms of a traveller’s ability to get to and use a 

particular modal subsystem, such as transit (Manual, 2010). 

In a proposed methodology by Abley and Halden (2013), they include three key elements 

for accessibility analysis of transportation: (1) the category of people or freight under 

consideration; (2) the activity supply point; and (3) the availability of transportation and 

connections. It seems that the technical redundancy of the transport network is mainly 

assessed by the third element in relation to different hazards. However, the other two 

elements need to be taken into consideration for any improvements. It means that tge 

transport entity is responsible to develop an accessibility plan to improve individuals 

travel to reach the alternative facility or mode of transport in the event of a crisis. In 

assessing the transport options, it needs to be recognised that all stages of each possible 

journey by each available mode must be taken into account.  

7.5.6. Detour plan 

A detour is a route taking traffic around an area of prohibited or reduced access, such as 

a construction site or in the event of road failure. Standard operating procedures for many 

roads/departments is to route any detour over roads within the same jurisdiction as the 

road with the obstructed area. 

In the Northland case study, the route data and highway information sheets exist for the 

region. Both systems provide a quick, user-friendly reference for frequently used highway 

data. The role of well-specified and tested detour plans is highlighted during the hazard 

event to use alternative routes to the destination. It significantly helps to improve the 

network redundancy. The development of appropriate detour plans is part of a temporary 

traffic management process. The transport entity should manage to regularly update and 

improve the detour plans in their network to improve the levels of technical redundancy. 
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7.6. Network Safe-to-fail Requirements and Considerations 

Based on the study carried out above, this section presents the results classified by 

implementation requirements for network safe-to-fail assessment for resilience. Table 7-5 

summarised these requirements and policy considerations in relation to safe-to-fail’s 

measures proposed by Hughes and Healy (2014). 

Table 7-5: Requirements and policy considerations for safe-to-fail measures 

Required Data/Policy 

Measure Numbers 

Structural Procedural 

1 2 

Asset reconciliation   

Concept clarification   

Guideline development   

In the following subsections, different requirements are deliberated by explaining their 

meaning and coverage, as well as presenting evidence and examples from the Northland 

case studies. 

7.6.1. Asset reconciliation 

The safe-to-fail assessment of design documents should be carried out for the key critical 

assets in the network only. However, the system of system’s safe-to-fail design can impact 

positively on the scores of the main key assets. Asset reconciliation has been previously 

discussed in Section 7.4.1 above. 

7.6.2.  Safe-to-fail design clarification 

Safe-to-fail is an innovative design approach. There were controversial arguments around 

the concept definition and its applicability in asset design among participants of this 

study. 

Hughes and Healy (2014) applied Snowden’s (2006) safe-to-fail concept and asked asset 

designers to anticipate failure of their assets during the design process. Generally, three 

strategies may be employed for safe-to-fail designs by asset designers. 

• Minimising the impacts of failed assets to the system’s recovery 

• Minimising the impact of failed assets to the community (maximising user’s safety) 

• Deployment of failed asset to benefit communities in a different way, 
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The first approach requests asset designers to think about controlled impacts of failed 

assets or elements of assets for after-event system recovery. Lister (2007) stated that to 

reduce the risk of failure, innovations can be piloted to safe-to-fail design experiments. 

Most of the respondents in this research pointed out this type of safe-to-fail design 

approach. Good examples are simply collapsed safety barriers discussed in the state 

highway network case study. These barriers have been designed in a way that collapse 

easily during flooding events and prevent debris load clogging. As a result, it facilitates 

the network reopening operation by minimising damage. Another good example is a 

bridge which is designed in a way that in case of losing one pier after an event, the 

structure may still function and serve the community for traffic transfer purposes.  

The second safe-to-fail design approach lets the system fail without causing harm or 

injury to the community (Möller and Hansson, 2008). This approach is significantly 

applicable to fatal hazards like earthquakes or nuclear threats. A good example is those 

discussed in the local network case study about the failure points of building elements 

after earthquake shocks.  Similar design approaches could be applied to road asset design 

processes, so that network critical assets like bridges could safely collapse after a sudden 

shock.  

The third approach is to design in a way to think on restructuring the dynamics of the 

system after failure (Wharton, 2015). Put simply, after failure the system can serve the 

community in another way. Indian Bend Wash in Scottsdale is an example of a safe-to-

fail resilient infrastructure that applied this third method. The wash is multifunctional, 

offering habitat for plants and animals as well as recreational areas for public use. It is 

designed to flood and sustain damage during heavy rains, instead of nearby 

neighbourhoods. Another good example is the Storm-water Management and Road 

Tunnel (SMART Tunnel) in Kuala Lumpur, Malaysia. The tunnel is designed for traffic 

transfer purposes during normal situations. In the event of flash flooding it becomes a 

storm water tunnel to carry the flood to another site. 

All in all, from the three different methods of safe-to-fail designs, it seems the first 

approach is more applicable for the road asset management sector. The reason is that the 

main concern of the implemented framework was to improve the resilience of critical 

assets in the network. Consequently, the safe-to-fail approach in this framework should 

aim to minimise the impact of failed assets on the system recovery process. 
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7.6.3. Safe-to-fail guideline  

After clarification of the safe-to-fail concept, safe-to-fail design regulations should be 

established. The existing design guidelines for road assets are based on ‘fail-safe’ and 

‘cost-benefit’ analysis. Safe-to-fail design considerations should be developed based on 

the type of assets in the network as well as the nature of hazards. 

From research findings, safe-to-fail designs do exist in other countries and may be 

adopted in the New Zealand design manual. There might also be some local examples 

and innovative thinking of safe-to-fail designs that can be sited after conducting the 

required researches.  

In fact, including a new way of thinking in the design manual is a costly process. It also 

entails a lot of time and effort. Moreover, safe-to-fail design approaches may necessitate 

complicated numerical and mathematical methods. On the other hand, any changes in 

design manuals may well affect asset maintenance and inspection processes significantly.  

All in all, this is an expensive, high-level decision-making process. It requires 

comprehensive strategic planning and cost-benefit analysis. At the same time, safe-to-fail 

design thinking is becoming more popular in developed countries. Moreover, as implied 

by Ahern (2011), safe-to-fail is a bridge between sustainability and resilience. 

7.7.  Improvement Opportunities for the Tool 

7.7.1.  Feedback on applied technical features and measurement variables 

In Chapter 2, the 14-applicable resilience assessment tools for the transport sector were 

discussed (see Section 2.13). The tool selection exercise in Chapter 1 adopted RT11, i.e. 

Hughes and Healy’s (2014) tool and discarded the rest of the tool from excursive 

implementation. Some of these tools were not designed for technical features of resilience 

(e.g. RT12 and RT9), while others had some technical features which could be applied 

on the Hughes and Healy (2014) tool in the form of an opportunity to improve. 

As discussed earlier, robustness, redundancy and safe-to-fail, are three main features of 

technical transport resilience assessment in Hughes and Healy’s (2014) applied tool. They 

have included 10, 7 and 2 measurement variables under robustness, redundancy and safe-

to-fail features, respectively to assess technical resilience.  
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Both RT1 and RT2 discuss road capacity, road density, alternate infrastructure proximity 

and level of intra-modality, in terms of technical resilience, and all of these factors have 

been included as part of the robustness or redundancy measurement variables in the 

Hughes and Healy (2014) tool. Average delay and average speed reduction are two 

variables which are not included in Hughes and Healy’s (2014) tool. RT2 believed that 

travel time and mobility indexes are two main technical features of transport resilience. 

It seems Hughes and Healy could benefit from these variables in their technical resilience 

assessment. The rest of the factors included in RT1 and RT2 are related to social and 

economic resilience assessment, which is not useful for technical resilience assessment 

of transportation.  

RT3 also believed that truck counts and truck speed are two technical resilience 

assessment measures for freight systems. These factors also relate to mobility and a travel 

time index after a disruptive event, which has not been included in Hughes and Healy’s 

tool.  

Comparison of the mobility and travel time indexes before and after a disruptive event 

are good indicators for calculation of transport level of service and delays encountered, 

respectively. Hughes and Healy’s (2014) tool could benefit from both of these variables 

for technical resilience assessment.  

RT4 focused on adaptability, safety, mobility and recovery as the main factors of 

technical resilience assessment of traffic system performance. RT5 studied mobility of 

traffic congestion caused by an incident as one of the main technical resilience assessment 

features. Of the different features included in RT4 and RT5, safety factors have been 

captured in the robustness category of Hughes and Healy’s (2014) tool. The adaptability 

factor could be compared to safe-to-fail and some of the procedural variables of Hughes 

and Healy’s (2014) tool. While, the mobility and recovery factors are not included in the 

technical assessment process of their tool.  

RT6 focused on the levels of functionality degradation, recovery time, recovery speed 

and adaptability. The adaptability measures they use have been captured by Hughes and 

Healy (2014). However, recovery time and recovery speed are two factors which could 

be included in Hughes and Healy’s (2014) tool.  
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The only technical feature of RT7 and RT8 was network travel time. The rest of the 

factors are related to social and economic resilience dimensions. Again, network travel 

time was a factor which has not been included in Hughes and Healy’s (2014) technical 

resilience assessment tool.  

RT9 is mainly focused on the economic dimensions of resilience for the transport 

network. The applied factors in their framework does not suit technical resilience 

assessment.  

RT10 included mobility, accessibility and reliability for technical resilience assessment 

of the transport sector. Hughes and Healy’s (2014) redundancy resilience variables could 

be matched with accessibility measures in RT10, while mobility and reliability features 

are not included in Hughes and Healy’s (2014) tool. Mobility here relates to travel time 

and trip length and reliability relates to average delay per trip.  

The applied factors in RT12 are highly recommended for organisational resilience 

assessment of transport networks in New Zealand. Nevertheless, the technical resilience 

assessment of Hughes and Healy’s (2014) tool could not benefit from those factors.  

Technical robustness and resourcefulness resilience assessment variables of RT13 and 

RT14 are comparable by introducing the robustness and redundancy assessment variables 

of Hughes and Healy’s (2014) tool, respectively. The technical factors for the recovery 

feature of RT13 and RT14 have not been included in Hughes and Healy’s (2014) tool.  

In summary, it seems Hughes and Healy’s (2014) technical resilience assessment tool 

could benefit from three more categories of variables from other tools discussed in this 

thesis. The first category is mobility. Mobility is related to travel time and average speed 

reduction before and after a disruptive event. It is connected to level of service, which 

could be identified by considering average trip lengths and average travel times of a trip. 

The second category that could help improve Hughes and Healy’s (2014) technical 

resilience assessment tool is reliability which connects to average delays encountered per 

trip. The third group which was discussed in other tools is recovery. Recovery connects 

to queue lengths, speed, and volume/capacity ratios of congestion during disruptive 

events. All three categories are related to the extent of speed, delay and length of trip in 

the transport network. It is understood that the discussed variables in each of these 

categories could be placed under the principle feature of resilience – ‘Rapidity (Rapid 
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Recovery)’ (see Section 2.7.4). The author suggests that Hughes and Healy’s (2014) 

technical resilience assessment tool should include the rapidity feature of technical 

resilience in their framework and locate all of the useful variables from other tools under 

this feature. An appropriate set of input ranges should be specified to scale the extent of 

resilience status for each variable. Some examples of suggested changes and items for 

consideration are included in Table 7-6. 

7.7.2.  The ‘error’ of averages 

The danger with a hierarchical framework such as this, which averages scores as it 

progresses up the hierarchy and displays as one colour, is that the lower level detail is 

lost. Instead, it is recommended that a performance flag which displays proportions of 

each colour depending on their score and weighting should be used as is akin to that 

proposed by Costello et al. (2012). A performance flag, therefore, has the ability to show 

the detail behind a performance score. For example, a flag which is part green and part 

red indicates that there are some areas of good performance and some areas of poor 

performance in the level being looked at. 

7.7.3.  Getting ‘the right person in the room’ 

The importance of getting ‘the right person in the room’ should be highlighted. In 

addition, they need to come prepared with the right information. While the author 

eventually found ‘the right person’ to answer each question, this was arrived at following 

interviews with one or two others who had an opinion on the score but recommended that 

we speak to ‘the right person’ to obtain confidence in the scoring. Consequently, the final 

score adopted was taken to be that from the “right person” and this was, where possible, 

backed up by evidence. It is envisaged that if the tool is adopted, this process would 

become more refined, and in time, part of business as usual. This would significantly 

reduce the time and effort involved in collecting the scores. 

7.7.4.  Consistency of events 

Again, the importance of a return period for the studied hazard (i.e. flooding in Northland 

case study) and expected level of service for each identified key asset is highlighted by 

participants for evaluation of measures in this category.  
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It is recommended that transport agencies prepare detailed GIS maps for hazard zones, 

including the likelihood of events which may cause road closures or disruptions in 

different network zones. Defining consistency of events helps to assign the required level 

of resilience for network assessment purposes. 

7.7.5. Feedback on measures input range 

In general, the 1-4 scoring scale is simple and user-friendly, however, some of the 

wording could be improved to make it more meaningful. Consequently, it is 

recommended that the wording in the measures should be amended to make them easier 

to interpret and more meaningful. Some examples of suggested changes and items for 

consideration are included in Table 7-6 .  

Based on this trial, there does not appear to be any measures ‘missing’ from the 

assessment. However, some items are difficult to interpret, and score and guidance may 

be required on what this means and when it is relevant. Consequently, it is recommended 

that hazard-specific guidance to assist with interpretation of some measures should be 

developed. 

The annual condition assessment report for key assets should address each key asset 

situation with regard to different exposed hazards. In the implemented case studies, 

expected remaining life of critical assets seems an appropriate performance measure to 

evaluate asset conditions. It is suggested that the visual inspections conducted for 

pavements may include some assessment criteria to appropriately evaluate the situation 

of exposed sections linking to the resilience-related strategies. The location of critical key 

assets in the studied network (i.e. proposed resilience-related sectioning) and their 

previous exposure to the known hazard should be fully identified and registered by state 

highway authorities. Equally important, are the unknown and less probable hazards with 

lower chance of occurrence that need to be considered by relevant RCAs in the registered 

risk map of the studied area, although this may be legitimated and normalised by applying 

of appropriate weighting factors to each hazard. Some examples of suggested changes 

and items for consideration are included in Table 7-6.  
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Table 7-6 : Summary of feedbacks for improvement opportunity of Hughes and Healy’s tool 

Principle No# Measure Final Asset-based Assessment Scaling Asset-based 
Scaling Status  

Final Network-Based Assessment Scaling Network-Based 
Scaling Status 

Notes for Revision/ Better implementation 

Robustness 1 Maintenance 
process adequacy 
(S) 

4 – Audited annual inspection process for critical assets 
and corrective maintenance completed when required. 
3 – Non-audited annual inspection process for critical 
assets and corrective maintenance completed when 
required. 
2 – Ad hoc inspections or corrective maintenance 
completed, but with delays/backlog. 
1– No inspections or corrective maintenance not 
completed. 

Not Changed Same as asset-based Not Changed It is recommended to scale the availability of audited process and the 
effectiveness of available process separately. 

2 Resilience-related 
upgrade/renewal 
plans (S)  

4 – Renewal and upgrade plans exist for critical assets, 
are linked to resilience, and are reviewed, updated and 
implemented. 
3 – Renewal and upgrade plans exist for critical assets 
and are linked to resilience, however no evidence that 
they are followed 
2 – Plan is not linked to resilience, and an ad-hoc 
approach is undertaken 
1– No plan exists and no proactive renewal or upgrades 
of assets. 

Not Changed Same as asset-based Not Changed It is recommended to separate availability of renewal plans from 
availability of resilience-related renewal plans. 
It is also recommended that interviewer/assessor provide some 
explanation and real example for different resilience-related renewal 
plans based on the asset type and studied hazard. 
The effect of funding availability on this item may be considered in 
separate measurement items somehow. i.e. the influence of 
economical resilience or organisational resilience on technical 
resilience. 

3 Design 
compliance to 
hazard (S) 

4 – Complies with all codes and is maintenance is up to 
date (good condition) 
3 – Some minor non-compliance, good condition 
2 - Some non-compliance, poor condition 
1 - Either major non-compliance or very poor condition 

Not Changed 4 - 80%+ are at or above current codes 
3 - 50-80% are at or above current codes 
2 - 20-50% are at or above current codes 
1 - nearly all are below current codes 

Not Changed N/A 

4 Hazard impact to 
level of service 
(S)  

4 – No impact on site/asset performance for 100yrs. 
ARI* 
3 – 50-100% reduction in site/asset performance for 
100yrs. ARI 
2 – 0-50% reduction in site/asset performance for 
100yrs. ARI 
1 –  Complete outage for 100yrs. ARI 
 
*An ARI of 100 yrs. has been chosen for demonstration 
purpose only (refer to notes for revision). 

Changed 4 -  <20% of critical assets affected for 100yrs ARI* 
3 - <20% full failure, OR 20-50% partial failure, for 100yrs ARI 
2 - 20-50% full failure OR 50-80% partial failure, for 100yrs 
ARI 
1 - >50% full failure OR >80% partial failure, for 100yrs ARI 
 
 
*An ARI of 100 yrs. has been chosen for demonstration purpose 
only (refer to notes for revision). 

Changed Hazard likelihood for asset disruption (failure frequency) need to be 
defined in this item before implementation. For e.g. for flooding, an 
ARI which lead to road closure needs to be defined for each site 
(asset) to answer this question. 
For the network-based assessment the site/asset with the worst failure 
likelihood rate will define the failure frequency rating for whole 
section of network. This is because the failure in each site will 
interrupt whole network. 

5 Existing asset 
condition (S) 

4: >50years expected remaining life 
3: 20-50years expected remaining life 
2: 10-20 years expected remaining life 
1: <10 years expected remaining life 

Changed 4 – 80%+ of assets has >50 years expected remaining life 
3 – 50-80% of assets have >50years expected remaining life  
2 - 20-50% of assets have >50years expected remaining life 
1 - nearly all asset has <10 years expected remaining life 

Changed It was recommended by maintenance contractor company to scale this 
item based on “expected remaining life” to facilitate quantifying the 
measures. This was mainly because that the assets in the network may 
be too old but still useable so the assessor may not be able to scale 
items based on the age of assets. 

6 Exposure to 
hazard (S) 

N/A N/A 4 – <20% have some exposure to known hazards 
3 – 20-50% are highly exposed, or >50% are moderately 
exposed 
2 – 50-80% are highly exposed 
1 – 80% are highly exposed to a hazard 

Not Changed The word “other” may be included in the measurement scaling to 
cover the unknown risks. Since the resilience exercise need to be 
prepared for unpredictable events as well. 
In terms of multi-hazard exercise the degree in which each hazard 
impact on the network may be considered in the scoring system. e.g. if 
the network is exposed to both flooding and earthquake, weighting 
may be applied to each hazard regarding to its consequences to the 
network (e.g. closure duration, likelihood, etc.). 

7 Spare capacity (S) 4 – 100%+ additional capacity available (i.e. double) for 
100yrs. ARI* 
3 – 50-100% additional capacity available for 100yrs. 
ARI 
2 - 20-50% additional capacity available for 100yrs. ARI 
1 - At max capacity or under for 100yrs. ARI 
 
*An ARI of 100 yrs. has been chosen for demonstration 
purpose only (refer to notes for revision). 

Changed 4 – 80%+ of critical assets have >50% spare capacity available 
for 100yrs. ARI* 
3 – 50-80% of critical assets have >50% spare capacity for 
100yrs. ARI 
2 - 20-50% of critical assets have >50% spare capacity for 
100yrs. ARI 
1 - 0-20% have spare capacity for 100yrs. ARI 
 
*An ARI of 100 yrs. has been chosen for demonstration purpose 
only (refer to notes for revision). 

Changed Hazard likelihood for asset disruption (i.e. failure frequency) need to 
be defined in this item before implementation. For e.g. for flooding, 
an ARI which lead to road closure needs to be defined for each site 
(asset) to answer this question. 
For the network-based assessment the site/asset with the worst failure 
likelihood rate will define the failure frequency rating for whole 
section of network. This is because the failure in each site will 
interrupt whole network. 
Explanation of spare capacity for studied hazards is very important 
during implementation. e.g. What does the spare capacity mean for 
actual pavement or Bridge during flooding events?  

8 Resilience-related 
design code (P) 

4 - Codes exist, have been implemented, are up-to-date 
and are applicable to all asset types 

Not Changed Same as asset-based Not Changed The resilience-related design codes may be benchmarked/extracted 
using available and practical overseas samples. 
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Principle No# Measure Final Asset-based Assessment Scaling Asset-based 
Scaling Status  

Final Network-Based Assessment Scaling Network-Based 
Scaling Status 

Notes for Revision/ Better implementation 

3 - Codes have been developed, and updated however 
not implemented 
2 - Codes are in existence but not updated 
1 - No codes 

For network-based assessment the scaling could be improved by 
specifying asset percentage in the score system.  

9 Supplier 
robustness issue 
awareness (I) 

4 – Good awareness and have been followed up 
3 – Good awareness but have not been followed up 
2 – Some awareness 
1 – Little or no awareness 

Changed Same as asset-based Changed It is recommended to have additional scales for awareness and follow 
up action.  

10 Supplier 
robustness 
improvement plan 
(I) 

4- Suppliers have identified measures and implemented 
them or plan to implement  
3- Suppliers have identified measures and need to 
improve them based on the hazards or have plans to 
develop 
2- There is an awareness of robustness issues but they 
need to take action  
1- No action or evidence 

Changed Same as asset-based Changed It is recommended that transport sector evaluate suppliers’ process 
implementation using uniform benchmark guideline – the benchmark 
guideline may be recommended by lifeline or similar third-party 
advisory group. 
There was a slight change on measure scales for better evaluation. 

Redundancy 1 Alternative route 
availability (S) 

4 – Alternate, unaffected routes exist with minimum 
travel time* difference and similar capacity 
3 – Alternate routes exist, however involve greater travel 
time or have much lower capacity 
2 – Alternate route exists, however unclear if it will be 
unaffected by the same hazard. 
1 – No alternate route 
* adjust the wording based on the road main usage 
purposes – e.g. for northland case study it is the ability to 
handle heavy vehicle (HOV) 

Changed 4 – 80%+ critical assets have alternate, unaffected routes with 
minimum travel time* difference and similar capacity 
3 – 50% + have alternate routes with min travel time difference 
and similar cap OR 80%+ have alternate routes, however 
involve greater travel time or have much lower capacity 
2 – 20% + have alternate routes with min travel time difference 
and similar cap OR 50%+ have alternate routes, however 
involve significantly greater travel time or have much lower 
capacity 
1 – <20% have alternate routes with min travel time difference 
and similar cap OR <50% have alternative routes, however 
involve significantly greater travel time or have much lower 
traffic volume. 
* adjust the wording based on the road main usage purposes – 
e.g. for northland case study it is the ability to handle heavy 
vehicle (HOV) 

Changed It is recommended to change “minimum travel time” term based on 
the road main usage purposes – e.g. HOVs, passenger occupancy, 
travel time, etc. 
Using normal “traffic volume” seems a good replacement terminology 
for “capacity” when there is no design document available for studied 
route. 
Change made to measure score one of network-based assessment for 
completeness. 

2 Alternative mode 
availability (S)  

4 – Multiple alternate modes exist with minimum travel 
time* difference  
3 – Multiple alternate modes, however involve greater 
travel time, are less accessible 
2 – Single alternate mode exists, however involve greater 
travel time, are less accessible 
1 – No alternate modes 
* adjust the wording based on the road main usage 
purposes – e.g. for northland case study it is the ability to 
handle heavy vehicle (HOV) 

Changed 4 – Alternate modes exist for 80%+ of critical assets, with 
minimum travel time* difference  
3 – Alternate modes exist for 50-80% of critical assets, with 
minimum travel time difference  
2 – Alternate modes exist for 20-50% of critical assets, with 
minimum travel time difference  
1 – No alternate modes or alternate modes exist for <20% of 
critical assets, with minimum travel time difference 
* adjust the wording based on the road main usage purposes – 
e.g. for northland case study it is the ability to handle heavy 
vehicle (HOV) 

Changed It is recommended to change “minimum travel time” term based on 
the road main usage purposes – e.g. HOVs, passenger occupancy, 
travel time, etc. 
Option to choose no score (i.e. N/A) removed for network-based 
assessment. Either there are alternative modes or these are not 
alternative modes. 
Change made to measure score one of network-based assessment for 
completeness. 

3 Alternative mode 
to failed mode 
capacity ratio (S) 

4 – Alternate, unaffected modes have >75% capacity of 
failed mode (s) 
3 – Alternate modes have 50-75% capacity of failed 
mode (s) 
2 –  Alternate modes have 25-50% capacity of failed 
mode (s) 
1 – Alternate modes have <25% capacity of failed mode 
(s) 

Not Changed Same as asset-based 
 

Changed Option to choose no score (i.e. N/A) removed for network-based 
assessment. 
Using normal “traffic volume” seems a good replacement terminology 
for “capacity” when there is no design document available for studied 
route. 
It is recommended to consider the road main usage purposes – e.g. 
HOVs, passenger occupancy, travel time, etc – for capacity or traffic 
volume definition of the road. 
 

4 Emergency 
inventory 
availability (S)  

4 – Requirements are well specified. Equipment is 
available and ready. 
3 – Requirements are well specified, however not 
enacted 
2 –  Ad hoc approach 
1 – No plan/requirements 

Not Changed 4 – Requirements are well specified for different assets. 
Equipment is available and ready. 
 
Same as asset-based 

Not Changed It is recommended to split the scaling into smaller items include: 
major structures; plans and practices; and materials and resources – 
e.g. culverts, aggregates, pumps, etc. 

5 Route diversion 
plan availability 
(P) 

4 – Plans are well specified link. Systems are available, 
tested and ready. 
3 – Plans are well specified, however not enacted 
2 –  Ad hoc approach 

Not Changed 4 – Plans are well specified for different assets. Systems are 
available, tested and ready. 
 
Same as asset-based 

Not Changed N/A 
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Principle No# Measure Final Asset-based Assessment Scaling Asset-based 
Scaling Status  

Final Network-Based Assessment Scaling Network-Based 
Scaling Status 

Notes for Revision/ Better implementation 

1 – No plan/requirements 
6 Supplier 

redundancy issue 
awareness (I) 

4 – Good awareness and have been followed up 
3 – Good awareness but have not been followed up 
2 – Some awareness 
1 – Little or no awareness 

Changed Same as asset-based Changed It is recommended to have additional scales for awareness and follow 
up action. 

7 Supplier 
redundancy 
improvement plan 
(I) 

4- Suppliers have identified measures and implemented 
them or plan to implement them  
3- Suppliers have identified measures and need to 
improve them based on the hazards or have plans to 
develop 
2- There is an awareness of robustness issues but they 
need to take action  
1- No action or evidence 

Changed Same as asset-based Changed It is recommended that transport sector evaluate suppliers’ process 
implementation using uniform benchmark guideline – the benchmark 
guideline may be recommended by lifeline or similar third-party 
advisory group. 
There was a slight change on measure scales for better evaluation. 

Safe-to-fail 1 Safe-to-fail in 
asset design 
approach (S) 

4 – Design documentation shows consideration or 
incorporation of safe-to-fail approach. 
3 – Safe-to-fail approach is documented but not applied 
at design stage. 
2 – Safe-to-fail approach is not documented but evidence 
of consideration at design stage. 
1– Safe-to-fail not considered at any stage. 

Not Changed 4 – Design documentation shows consideration or incorporation 
of safe-to-fail approaches for >80% of critical assets where 
relevant. 
3 – Design documentation shows consideration or incorporation 
of safe-to-fail approaches for >50%, <80% of critical assets 
where relevant. 
2 – No design documentation, however anecdotally safe-to-fail 
approaches will operate for >50%, <80% of critical assets where 
relevant. 
1– Safe-to-fail not considered at any stage. 

Not Changed It is recommended to clarify the safe-to-fail concept during 
implementation by providing some examples form successful safe-to-
fail designs and guidelines. 
There is no score available for <50% but >0%, hence change needed 
for scaling system. 

2 Safe-to-fail in 
asset design 
guideline (P) 

4 – Design codes and guidelines consider safe-to-fail 
approaches explicitly.  
3 – Design codes and guidelines consider safe-to-fail 
approaches implicitly. 
2 – Safe-to-fail approach not included, but plans are to 
incorporate in near future. 
1– Safe-to-fail not considered at any stage. 

Not Changed 4 – Design codes and guidelines consider safe-to-fail 
approaches explicitly for all assets. 
 
Same as asset-based 

Not Changed It is recommended to clarify the safe-to-fail concept during 
implementation by providing some examples form successful safe-to-
fail designs and guidelines. 

 



 

205 

 

The National Transport Agency or any authorised highway entity requires a 

comprehensive definition of spare capacity for key critical assets identified in their 

network. The definition should specifically address the connotation of spare capacity to 

deal with each hazard. In this case study, the lack of appropriate capacity definitions 

related to flooding hazard hindered the contributor’s response to evaluate this principle. 

At the same time, the appropriate definition exists for the state highway key asset’s spare 

capacity in conjunction with seismic activities. 

7.7.6. Framework weightings 

The weightings at each level default to equal weightings, for example, technical and 

organisational default to 50% each when the weighted average is calculated for the overall 

resilience score. Similarly, the robustness, redundancy and safe-to-fail default to 33% 

each when calculating the overall technical resilience score. Referring to the technical 

resilience regional assessment, this leads to the situation, where the one question in 

robustness-procedural is weighted the same as all six of the robustness-structural 

questions combined. 

Given the aforementioned situation where, for example, the one question in robustness-

procedural is weighted the same as all six of the robustness-structural questions 

combined, there is a strong argument for removing weightings at the Structural, 

procedural, interdependency levels and, instead, weighting each question individually. 

This should be considered by tool users. 

Regardless, the measures, categories, principles or dimensions are not equally important 

and appropriate weightings need to be determined before the measurement framework 

can be used with any confidence. To assist in their determination, it is recommended that 

a sensitivity analysis of the weightings be undertaken to understand the influence of 

various weighting and scoring scenario combinations. This may also help inform the need 

for, and provide some guidance in the determination of maximum and minimum bounds 

on weightings. 

A workshop with the NZ Transport Agency and other stakeholders is also recommended 

to decide on appropriate weightings at each level of the measurement framework, taking 

on board the learnings from the above sensitivity analysis. These should be nationally 



 

206 

 

agreed weightings, or at least centrally imposed weightings, so that everyone is using the 

same set of weightings, thereby allowing comparisons, if desired. 

7.7.7.  Consistency of scoring 

Maintaining consistency was not an issue in this trial, as the same people were being 

quizzed on each critical asset. However, should the tool be used nationally to assess the 

resilience of assets or corridors in different NZTA regions, with a view to funding 

resilience projects, ensuring consistency of interpretation and scoring potentially becomes 

an issue. One solution may be the establishment of a dedicated resilience team within 

NZTA, tasked with travelling to the regions to manage/facilitate the resilience assessment 

process, thereby ensuring consistency.  

7.7.8.  Route assessment 

Hughes and Healy (2014) claimed that the assessment can be undertaken at regional or 

asset levels. However, discussions during the trial implementation suggested that the unit 

of assessment of most interest may actually be a route or corridor assessment. The 

suggestion was to segment routes into assessment lengths using a node and link approach. 

The start and end of each length would be governed by a number of factors, but an obvious 

one would be where an alternative route joins/departs from the route.  

The thinking behind this is that if an asset undergoes resilience improvement, but another 

asset on the same route fails in a hazard event, then the net effect for the route is zero, i.e. 

the route may still be impassable. One suggestion is that the route assessment is the asset 

with the lowest assessment score. In order to improve the resilience of the route then all 

assets that are below the desired level of service for resilience should be improved. This 

is by no means a trivial problem, and it is therefore recommended that New Zealand 

Transport Agency consider segmentation of the network for the purposes of resilience 

assessment. It is envisaged that this could align with existing route segmentation. 

7.7.9.  Risk assessment – data requirements 

Completing the risk assessment component (for a ‘hazard-specific’ assessment) ideally 

would require likelihoods to be known at a reasonable level of detail. In this case, flood 

mapping was available to generate Average Recurrence Intervals (ARI). This level of 

hazard information may not be available in all cases, and may reduce confidence in the 
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results of the resilience assessment. Consequently, it is recommended that critical data, 

such as flood mapping is collected for all affected routes/assets nationally – if not already 

available – to a common set of events (such as ARIs in a flooding event). 

7.7.10.  Efficient and user-friendly interface 

From the study, it was revealed that the tool itself needs to be more user-friendly, such as 

providing a clearer user interface and integrated instructions. An integrated tool would 

also need to be able to draw in reports from different parts of the network to provide the 

evidence for scores. Application of programming software such as C++ or Python may 

help to create a more user-friendly tool for easier application. 

Having a web-based resilience assessment tool which all the asset managers around the 

network could upload the resilience-rlated info into a GIS-Based platform. This may 

require change of culture in stakeholders behaviour. 

7.8. Summary 

This chapter explored the requirements and considerations for implementation of the 

Hughes and Healy’s tool based on results from Chapter 5 and Chapter 6. The information 

and findings of this chapter were collected using a qualitative study. Direct observation, 

participant observation, documentation and archival records were the main types of 

instrument used for obtaining data in this chapter.  

The findings from this chapter summarised the implementation steps and data acquisition 

method for utilisation of Hughes and Healy’s tool considering desired type of assessment.  

The types of policies and required information linked to each feature of resilience and 

their relevant measure were classified. Moreover, the definition of each policy and 

information in connection with each resilience feature and measure were deliberated. 

Credibility, transferability, dependability and confirmability of results were tested to 

ensure the validity of findings. Similar trials may be conducted with different hazard 

scenarios as well as different geographical situations to see if there are any similarities or 

differences with the outcome of further studies. 
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8.1. Research Overview 

The research conducted in this study was motivated by a growing need to increase the of 

the resilience of transportation networks. As a result of this growing need, and since there 

were several advanced resilience assessment tools for the transport sector, a knowledge 

gap for this study was then identified concerning the selection and implementation 

process of a resilience assessment tool for the transport sector. 

In what follows, after reviewing the objectives, the contributions, implication and validity 

of this research will be discussed, the limitations of the study are acknowledged, and some 

recommendations for future research are put forward.  

8.2. Achievement of the Research Objectives  

This research aimed to select and implement a resilience assessment tool for the New 

Zealand transport network. To fulfil the aim of this study, two general phases were 

defined. The first phase was to comprehensively study the available assessment tools and 

selection criteria in order to choose an appropriate tool for implementation. The second 

phase was to action the selection and implementation process of the desired tool based on 

the developed theoretical resilience tool selection constructs in phase one. 

A summary of the findings, in accordance with the research objectives, are outlined in the 

following. 

Objective One: To select a resilience assessment tool for implementation in the New 

Zealand transport sector. 

In pursuance of research objective one of this study, in Chapter 2, the existing definitions 

and approaches to the concept of resilience and its dimensions and principal features for 

the infrastructure sector were examined.  Existing transportation resilience measurement 

tools were then categorised based on the type of the proposed tools, the dimension of 

resilience, applied principal features of resilience, as well as focuses and approaches to 

resilience assessment. The review of literature in Chapter 2 also provided the theoretical 
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resilience tool selection constructs, which were then used to benchmark the maturity of 

all the identified transportation resilience assessment tools. 

The outcome of the literature review in Chapter 2 was then taken into the consideration 

by key stakeholders of this action research and, suggesting the technical part of Hughes 

and Healy’s (2014) transportation resilience assessment tool for testing and 

implementation in this research. This was introduced in Chapter 4 of the thesis. 

Objective two: To apply the selected tool in case studies and develop a resilience 

assessment strategy using the tool. 

After tool identification, the field of implementation was identified through consultation 

with participants of the study. Since the research started shortly after the 2011 and 2014 

Northland floods, it was recommended the tool to be tested for flooding in this area.  

Since Hughes and Healy’s (2014) tool has the capacity of asset-based and network-based 

utilisation, the researcher applied the tool to two different portions of the road network 

(i.e. State Highways and Local Roads) and five different assets in the region.   

The outcome of resilience assessment of Network-based, and asset-based case studies are 

shown in Chapters 5 and 6, respectively. Chapter 7 then discusses the implementation of 

preparation requirements and considerations. The implementation steps, types of data 

acquisition and expected output results as deliberated in this section to propose efficient 

implementation processes for the tool’s potential users. The required documents and 

considerations have been categorized based on the main principal features of resilience 

(i.e. robustness, redundancy and safe to fail). The tool implementation policies and 

requirements have been also holistically discussed in relation to each considered 

resilience feature. Overall, Chapter 7 presents a resilience assessment strategy using 

Hughes and Healy’s (2014) tool. 

Objective three: To propose modifications and improvements to the selected tool to 

advance implementation practices for any future use. 

The last objective of this study was achieved by synthesising the findings of the 

implementation of Hughes and Healy’s (2014) tool. The study provides feedback on the 

applied technical features and measurement variables of the implemented tool. It also 

proposes improvement opportunities for the scoring system and the input range and 
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weighting of the measures. The significance of having the right people on board, as well 

as an efficient and user-friendly interface for the tool, is also highlighted as part of the 

advancement of the tool for future implementation. Objective 3 has been thoroughly 

discussed in Section 7-7 of this thesis.  

8.3. Research Contribution 

The principal focus of the current thesis was to develop a rigorous selection and 

implementation process for transportation resilience assessment by considering 

contextual implementation factors, stakeholder’s requirements, the purposes of 

assessment, features involved in the resilience assessment process, and depth and breadth 

of information available for evaluation. The author believes that this study will help to 

address the trending issue of an increasing number of available transport resilience tools. 

An outline of the original research contributions to knowledge and theory from this study 

is presented in the following subsections. 

8.3.1. Theoretical Contribution 

This study broadened the understanding of resilience assessment of transport networks in 

order to reduce vulnerability in disasters. Assessing and measuring resilience in transport 

sector mainly contributes to the process of monitoring and informing disaster 

management actions.  

This thesis sheds light on the strengths and limitations of existing transportation resilience 

assessment tools. To achieve this contribution, this study used action research to collect 

a broad contextualised industry perspective alongside an in-depth investigation of 

disciplinary literature published on this matter.  

No other studies utilised the benchmarking resilience measurement tool maturity model, 

and other applicable theoretical resilience tool selection constructs to evaluate the 

implementation practice of specific resilience assessment tools among numerous 

available tools in the literature. This approach helped to evaluate the degree of fit that 

each resilience assessment tool has for implementation. 

Overall, the theoretical contribution was achieved by supporting and extending some of 

the claims made by theorists related to the type of resilience assessment, the resilience 
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assessment boundary limitation, as well as benchmarking the maturity of transportation 

resilience tools. 

8.3.2. Practical Contribution 

The findings from this study offer a substantial explanation of how to use an action 

research paradigm to select and implement an appropriate tool for resilience assessment 

purposes. An integrated theoretical and disciplinary decision-making tool was suggested 

in this study, which is expected to contribute to the dynamics of decision making in the 

transport sector and benefits professionals by providing them with an integrated 

framework of the key factors and principles necessary to assess the resilience of the 

transportation sector.  

Furthermore, this research focused on facilitating the process and summarising the 

strategies and guidelines needed to apply a resilience measurement tool in the 

transportation asset management sector. 

The research contribution followed by developing a robust implementation approach for 

the selected resilience assessment tool and, finally, proposing modifications and 

improvement opportunities to increase the maturity of the tool for effective tool utilisation 

in the future. The results of this action research suggest a practical approach to the 

assessment of transportation resilience. The outcome of the study also offers significant 

insight into facilitating application and processes related to resilience strategies and 

guidelines. 

Few types of research recommended an approach for transportation resilience tool 

selection by taking into consideration the sector requirements. To this end, the existing 

transportation resilience assessment tools were initially categorised using recommended 

factors by the literature. Then, a tool was selected by considering the assigned criteria and 

transportation stakeholder’s requirements. The author then considered the subject 

matter’s interests to limit the boundaries of resilience assessment and getting the tool 

ready for field trials.   

The study also contributed by highlighting the fundamental considerations significant to 

the implementation process in a field of action. The process analysis of the tool 

implementation practice proposed the recommended implementation approach for 
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transport resilience assessment in the trialled field. It also suggests requirements and 

discusses step by step resilience assessment practices in the field. 

This study could effectively assist transport agencies in improving technical road 

resilience and contributing substantially to the asset management sector. The findings 

suggest that transport agencies want the tool to be used as a network-wide filter for 

identifying problematic areas before drilling down and performing any comprehensive 

assessment. This approach would feed in well to the business case processes where 

considerable details are required for resilience assessment. 

8.4. The implication of the research finding for New Zealand asset 

management sector 

The trial of the Hughes and Healy’s (2014) tool imply that, with initial considerations and 

recommended modifications, it would be able to assist the Transport Agency to improve 

the technical resilience of roading network.  

As a result of this study, New Zealand transportation stakeholders will have a better 

understanding on how to gauge the resilience in their network, what are the available data, 

and what needs to be acquired in order to implement the resilience tool. They could also 

apply the provided feedback and enhance the available tool to make it more mature for 

future use. 

The New Zealand Transport Agency (NZTA) has indicated that they would like the tested 

tool to be used to gauge resilience levels on various parts of the State Highway network. 

These levels could then be compared across the country, to assist in decisions on where 

to invest money in order to achieve the greatest overall network resilience. 

After this study, the NZTA also expressed their interest for the tool to be used as a 

network-wide filter to identify those problem areas before drilling down and doing a more 

detailed assessment of the problem areas identified. This approach would feed in well to 

the “business case” process where more detail is required as each case progresses. A 

synthesis of the critical implications of research findings is outlined in the following 

subheadings. 
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8.4.1. Tool Selection and Consideration; A synthesis 

This thesis initially reviewed the general resilience definitions, resilience definitions for 

infrastructure systems and resilience definitions in transportation-related literature. Two 

main approaches to infrastructure resilience definition were particularly discussed: 

resilience definition considering after event components only; and resilience definition 

with both before and after event components. The resilience components of infrastructure 

based on the second approach was then deliberated to provide a better understanding of 

this mechanism. Dimensions and principal features of resilient systems were then 

discussed to understand the different aspects of the resilience measurement process better.  

Approaches to resilience measurement were also deliberated to categorise and evaluate 

different types of resilience assessment tools in the literature. The existing resilience 

assessment tools applicable to the transport sector were then classified based on the types 

of assessment, method of analysis, Technical, Organisational, Social and, Economical 

(TOSE) resilience dimensions and applied principal features of resilience in each tool.  

In the next step, different criteria to choose a resilience assessment tool were discussed. 

As part of tool selection criteria assignation, initial interviews with experts revealed the 

stakeholders’ desired objectives and hopes for an appropriate tool for implementation. 

Based on the assigned criteria (i.e. literature and interview with stakeholders), it was then 

decided to choose the “scorecard” method as the most efficient resilience assessment tool 

for the implementation process. The stakeholders were interviewed again to rank three 

proposed scorecard assessment tools based on the assigned criteria for final tool selection. 

The result suggested the Hughes and Healy’s (2014) resilience assessment scorecard for 

implementation and testing in this study. As part of this stage, it was decided to proceed 

with the technical part of the tool since the organisational part was almost identical to a 

well-documented and widely researched organisational resilience tool in New Zealand at 

the time of the study. 

The technical part of Hughes and Healy’s (2014) tool was then detailed. The classification 

and description of the included variables in the technical part of the tool were clarified 

explicitly concerning each applied feature of resilience and type of assessment, to 

facilitate the implementation process.  

Finally, the tool was carefully scrutinised to understand its boundaries for resilience 

assessment implementation. The tool evaluation clarified that the tool could capture both 
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the pre- and the post-disaster situation in one assessment. It could also be utilised for both 

single and all hazard exposure assessment. The technical part of the tool can capture all 

absorptive, adaptive and transformative resilience capacities. Both hazard impact on the 

level of service and response and recovery has been considered in the assessment tool. 

The boundary assessment also described input, impact and output level of resilience 

measurement results for Hughes and Healy’s (2014) tool. The technical dimensions of 

the tool only utilised for implementation, however, the tool has the capacity to capture 

both technical and organisational resilience. Two feasible types of assessment (i.e. asset-

based and network-based) were then discussed as the smallest units of analysis depending 

on the type of implementation. 

8.4.2. Tool implementation for Network-Based Case Study 

After the tool selection and consideration step, Hughes and Healy’s (2014) tool was 

prepared for testing in the network-based assessment. Two types of rural networks (i.e. 

state highways and local roads) in the Northland area were compared to understand the 

implementation process, required documentation and resourcing issues, as well as 

similarities and differences across jurisdictions.  

Research findings in the network-based case study specifically showed the process of 

selecting a trial network in an exposed area using criticality assessment and expert 

judgment. It also explored the method of determining the expected level of resilience in 

relation to the risk assessment of the studied network. The method of scoring for each 

measure of the tool and required documents for facilitating the measurement process in 

relation to each principal feature of resilience were discussed for both the local road and 

state highway network. The comparative cross-case discussion between the state highway 

and local road network highlighted the main differences and similarities of the 

implementation approach by different road controlling authorities (RCA) regarding each 

measure in the tool.  

8.4.3. Tool implementation for Asset-Based Case Study 

Research findings presented in the asset-based cases study showed the process of tool 

application on individual assets in the road network. The asset selection process was 

established using exposure analysis of the network in relation to study hazards (i.e. 

flooding).  
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The process of obtaining the expected level of resilience by means of risk assessment was 

then deliberated. The method of scoring for each measure of the tool and the required 

documents for facilitating the measurement process in relation to each principal feature 

of resilience was also discussed for each asset. The overall gap between the assessed 

resilience and expected level of resilience for each asset was also highlighted, for possible 

mitigation in the future. 

8.4.4. Recommended Approach for Implementation; A synthesis 

This thesis proposed the recommended implementation approach for Hughes and Healy’s 

(2014) tool, the core contribution of this study. The thesis specifically presented required 

pre-considerations for resilience benchmarking for each type of assessment 

implementation (i.e. network-based or asset-based) using the tool. The proposed pre-run 

consideration approach has made up of the following 13 steps: choosing region, choosing 

class/type of network, choosing implementation hazard, choosing section of network, 

choosing highly exposed sites in the network, choosing asset of interest (asset-based 

resilience assessment only), choosing asset management consequence of interest, 

identifying failure frequency of each exposed site due to specified hazard, choosing the 

failure frequency for whole network due to specified hazard, failure likelihood rating, 

identifying risk of failure, translation of risk score to desired level of resilience and 

resilience assessment. The data acquisition method and expected output for each pre-run 

implementation step have been described and summarised.  

The recommended implementation data and policy consideration for each measure in the 

tool were also presented. The identified policy considerations and requirements include: 

asset reconciliation, network segmentation, regular inspection, regular asset management 

plans, (resilience related) design standards, road classification, GIS-based tools, internal 

assessment, upstream utility liaison documents, average travel time analysis, network 

capacity, regional transport plan, emergency operating contract, modal accessibility 

analysis, detour plan documents, safe to fail design definition and safe to fail design 

guidelines.  

Finally, the improvement opportunities for better implementation of Hughes and Healy’s 

(2014) tool were discussed. The recommended improvement opportunities include: the 

‘error’ of averages; getting ‘the right person in the room’; consistency of events; feedback 

on measures; weightings of measures; consistency of scoring; risk assessment data 
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requirement; and user-friendly interface. Each of these opportunities has been deliberated 

to show how they could provide better implementation opportunity for future application 

of the tool.  

8.5. Research validity 

The primary purpose of this research was to test a resilience assessment tool to determine 

its potential usefulness and the required effort for future application in the transportation 

sector. Hughes and Healy’s (2014) tool has been implemented for the transportation asset 

management sector using an action research paradigm.  

The implementation requirement of Hughes and Healy’s (2014) tool was demonstrated 

and compared on both the local and state highway network for flooding hazard in 

Northland, New Zealand. Another asset-based assessment was conducted for five critical 

assets on the state highway network to show how the framework should be applied for 

asset-based assessment.  

The enthusiasm and active participation of the stakeholders in this study provided the 

collaborative and iterative process of this action research. Moreover, the rigour of results 

from this research was validated through the following action research trustworthiness 

measures: credibility, transferability, dependability and confirmability (Stringer, 2013). 

The following sections describe how the research fulfils these measures.   

8.5.1. Credibility 

In action research, credibility is a fundamental issue. The participants of action research 

should feel the integrity of the study to invest personal commitment to it. This study 

provided the following solutions to assist participants in gaining this feeling of trust. 

8.5.1.1. Prolonged engagement 

Short interviews and involvement do not provide an in-depth understanding of research 

participants. The participants of this action research were engaged in the study in 

extended interviews and focus groups. Consequently, they had the opportunity to explore 

the problems and express their experience of activities and issues around the problem. 
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8.5.1.2. Persistent observation 

Persistent observation in the situation is another crucial criterion to prove the credibility 

of the research. The researcher of this study was involved as a participant observer. 

Besides that, the author consciously observed events and activities, and he was involved 

in different meetings and forums around the topics. The persistent observation helped the 

research team to observe what is actually happening, rather than describing it from 

memories or interpretation of what people think about the situation.   

8.5.1.3. Triangulation 

Both investigator and information triangulation were applied during the data collection 

process of this action research. Triangulation refers to using multiple sources to fulfil 

specific objectives. Methods of achieving triangulation have been discussed in the 

research methodology chapter. 

8.5.1.4. Member checking 

Member checking was carried out regularly during the study to improve research 

credibility. So, the participants of this action research had the chance to check and review 

their inputs. This enabled the participant to verify their input and experience. It also 

creates a situation where they can extend and clarify the information related to their 

experience.  

8.5.1.5. Iterative case analysis  

Iterative case analysis using the same tool was another factor to improve the credibility 

of this study. The iterative nature of this study helped to reflect various perspectives of 

stakeholders about a topic. The iterative nature of the research has been mainly fulfilled 

by trialling the same tool in a portion of the State Highway network and the Local road 

network as well as the five individual assets in highly exposed sites in Northland, New 

Zealand.  

8.5.1.6. Referential adequacy 

Concepts and ideas within this action research reflected the experience and perspectives 

of participant stakeholders of this study. Consequently, all results and discussion were 

grounded based on the terminology and language of research participants of this study to 
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create referential adequacy. Referential adequacy ensures that the results reflect the 

perspective of the targeted stakeholders so that they can clearly understand it.  

8.5.2. Transferability 

The research outcomes are explicitly applicable to practitioners with the knowledge of 

network who want to measure the resilience of the transport network in New Zealand. 

This does not mean that the outcome of this research does not apply to contexts and 

groups other than those involved in this research. In reality, the outcome of this study 

directs the need for procedures or complementary research to explore whether the results 

of this action research are relevant in similar areas elsewhere. Notably, the detailed report 

of the activities to implement the framework and comprehensive description of the 

resilience context and its measurement requirement justify this claim. Consequently, the 

results are trustworthy and transferrable enough to be applied in similar projects 

employing the same methods but conducted in a different environment.  

8.5.3. Dependability 

The procedure carried out in this study has been reported in detail. All instrument and 

sources of data collection have been described in detail. The provided in-depth 

implementation process proposed in this research may be viewed as a prototype model. 

This will help future researchers to repeat the work easily. Such in-depth coverage also 

allows the reader to assess the extent to which proper research practices in the future. 

8.5.4. Confirmability 

The “audit trail” provided an environment for the author to trace the process step by step. 

This was mainly achieved by showing how the data eventually lead to the formation of 

recommendations during the study. The audit trail has been shown either in the format of 

summary tables or construction diagrams on how to implement the framework. 

Moreover, to fulfil confirmability, any assumptions and personal opinions by the 

researcher have been clearly stated in the thesis. All recognised shortcomings in the 

research method and their potential effect have been discussed in the thesis and identified 

as limitations. In-depth methodological descriptions and data triangulation were two other 

techniques which helped to increase the conformability of this study.  
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8.6. Research Limitations  

It is essential to acknowledge the methodological and design limitations that may have 

impacted or influenced the interpretations of the findings in this study. There are three 

constraints on generalisability and applications to practice, which may impact the 

utilisation and reliability of the findings by other professionals. 

The first limitation is acknowledging that studying complex dynamic scenarios such as 

transport resilience is challenging. Processes that are put in place and stakeholder roles 

and relationships are often ad hoc and are subject to constant change. To acquire the 

relevant information, direct observations and interviews were chosen for data collection. 

The data collected were limited to the participants who were willing to contribute to this 

study and were available for participation at the time of conducting this research. 

Therefore, this study relied on the views of the participants, as expressed in the 

workshops. This type of self-reported data might have imposed several potential sources 

of bias. For instance, as the participants were practitioners of the field, and much of what 

they had to say was based on their experience and memory, remembering or not 

remembering critical information might have had some effect on the findings of the study. 

Self-reported data in qualitative studies cannot, unfortunately, be independently verified.  

The second limitation of this study is relevant to the applied phase of the study. Case 

studies in phase two of the study were carried out on local networks and state highways, 

both of which were rural areas. This would mean that there were not enough alternatives 

for the measurement of some factors, such as redundancy.  

The third limitation of the study was that the tool was only trialled for a single hazard 

scenario, which was flooding. While it is envisaged that the tool can be applied equally 

to an other single hazard or multiple hazards, nonetheless in the case of this study, these 

were outside of the scope of the research. 

8.7. Recommendations for Future Research 

As discussed earlier, this study contributes to a comprehensive understanding of the 

concept of resilience in the transportation industry. Since the findings of this study offer 

conceptual and practical contributions, other researchers and practitioners in this field 

may find this research helpful as a guideline for furthering this investigation. Based on 
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the researcher’s opinion and limitations of this research, this section recommends several 

future research opportunities. 

8.7.1. Implementation in the urban environment 

It is recommended to implement the tool in an urban environment to see how it performs 

in a different situation. Compared to the outcome of implementation in a rural 

environment provide diverse scoring especially for redundancy measures of the tool. 

8.7.2. A broader resilience feature inclusion 

As stated in the research limitations section, the resilience assessment in this study is 

limited to the application of three features of resilience justified in the Hughes and 

Healy’s (2014) framework. It is suggested that other principal features of resilience may 

be taken into consideration as part of future research. 

8.7.3. Implementation for other hazard types 

To date, the tool has been trialled only for a single hazard – i.e. flooding. While it is 

envisaged that the tool can equally be applied to a single alternate hazard or multiple 

hazards, the ease with which it can be applied depends on the availability of data. 

Consequently, it is recommended that the resilience assessment tool is trialled for all 

specific hazards requiring consideration in the New Zealand environment. This will help 

determine data requirements for each hazard and, indeed, the availability of such data. 

8.7.4. Availability of data 

The accuracy of the data will inform the level of confidence in the outputs. In terms of 

data to collect at a hazard-specific, asset level, this would include relevant hazard data 

and criticality data to determine risk, followed by all other relevant data to inform the 

resilience measures. This would depend on the level of rigour desired, but may require 

condition surveys, structural assessments, assessments of alternate routes, etc. To ensure 

confidence in the regional level assessment, this asset-based information is rolled up to 

provide a region wide score. Consequently, it is recommended that if the assessment tool 

is to be adopted and implemented then critical data, such as flood mapping, condition 

surveys, structural assessments, assessments of alternate routes (e.g. travel times, 

capacity, ability to accommodate various classes of Heavy Commercial Vehicles (HCV), 

is collected for all affected routes/assets nationally, if not already available. 
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8.8. Final words 

Justifying the maturity of resilience assessment processes for implementation in a critical 

infrastructure sector, such as transportation, is a relatively developing field of 

investigation. For governments and involved stakeholders, these areas are gaining 

attention as the resilience of practice has moved up on the list of priority considerations. 

This research has attempted to contribute and shed more light on this growing research 

area by looking at it from a qualitative applied perspective. While the literature contains 

many innovative frameworks and tools for resilience assessment, this research was an 

attempt to factor in the will of key decision makers in the targeted sector in selecting and 

applying assessment tools. It also tried to highlight the requirements and considerations 

in order to optimise the implementation of resilience measurement strategies in the 

roading asset management sector.  

Although the methodology put forward by this study does not provide solutions to every 

issue relating to resilience assessment of road networks, it is an essential step toward 

understanding resilience tool selection and the implementation process with a view to real 

case scenario application.  
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Appendix B. NZTA Risk Assessment Tool,  Adopted from Hughes and Healy (2014) 

A p p e n d i x  T a b l e  B . 1 :  C o n s e q u e n c e  r a t i n g   

T h e  o u t c o m e  t o  t h e  o r g a n i s a t i o n  f r o m  t h e  r i s k  e v e n t  i f  i t  i s  n o t  m i t i g a t e d / t r e a t e d  m o r e  t h a n  i t  i s  c u r r e n t l y  

  Minimal Minor Moderate Major Substantial 

Category Sub-category 1 10 40 70 100 

Financial 

(operational/ 

capital 

funding) 

– Minor variance able to be 

absorbed within budget 

$100,000 to <$1m $1m to <$10m $10m to <$50m $50m+ 

Service 

delivery 

(processes/ 

outputs 

Highway network 

efficiency 

Highway outage resulting in 

addition of <30k vehicle-

minutes on the affected 

route 

Highway outage resulting in 

additional 30k–300k 

vehicle-minutes on the 

affected route 

Highway outage resulting in 

additional 0.3m–3m vehicle-

minutes on the affected 

route 

Highway outage resulting in 

additional 3m–30m vehicle-

minutes on the affected 

route 

Highway outage resulting in 

addition of >30m vehicle-

minutes on the affected 

route 

Highway network 

availability 

Highway outage resulting in 

addition of <40k vehicle-

minutes on an alternative 

route 

Highway outage resulting in 

additional 40k–400k 

vehicle-minutes on an 

alternative route 

Highway outage resulting in 

additional 0.4m–4m vehicle-

minutes on an alternative 

route 

Highway outage resulting in 

additional 4m–40m vehicle-

minutes on an alternative 

route 

Highway outage resulting in 

additional >40m vehicle-

minutes n alternative route 

Reputation 

(customer/ 

intermediate 

outcomes) 

Customer 

relationships 

(includes internal 

or external 

customers) 

Minor disagreement with 

customer/ community 

stakeholder 

Relationship issues with 

customer group/community 

stakeholder 

Ongoing relationship issues 

with customer 

group/community 

stakeholders 

Strained relationships with 

customer group/community 

stakeholders requiring 

independent arbitration 

Breakdown in relationships 

with customer 

group/community 

stakeholders resulting in 

public impasse 

Media exposure Local media coverage for 

one day 

Local media coverage for 

one to five days 

Regional media or short-

term (days) national media 

coverage 

Sustained national media 

coverage (weeks) 

Sustained national media 

coverage (months) or 

international media 

coverage 

Ministerial 

interest 

Ministerial comment that is 

successfully resolved 

Negative feedback from 

Minister requiring executive 

response/official 

information requests 

Parliamentary/ministerial 

questions 

Potential for loss of 

ministerial 

confidence/formal enquiry 

by AOG or statutory agency 

Loss of ministerial 

confidence/Commission of 

Inquiry/sacking of Board or 

intervention by Minister 

Asset and 

infrastructure 

integrity and 

maintenance 

 No damage to asset or need 

for changes to the 

maintenance regime 

Localised asset damage, 

such as temporary flooding 

of a road or expansion of 

rail track due to hear. No 

permanent damage. Some 

minor restoration work 

required. 

*Infrastructure will need to 

be renewed 5% earlier than 

its original life expectancy 

Widespread damage to 

assets such as structural 

damage to bridge due to a 

storm event or washout of a 

road due to intense rainfall. 

Damage recoverable by 

maintenance and repair. 

Partial loss of local asset or 

infrastructure. 

Infrastructure will need to 

be renewed 15–50% earlier 

than its original life 

expectancy. Significant 

increased 

Extensive infrastructure 

damage requiring extensive 

repair. 

Permanent loss of regional 

infrastructure services, e.g. 

a port facility washed away 

by a storm surge. 

Infrastructure will need to 

be renewed 15–50% earlier 

than its original life 

expectancy. Significant 

increased maintenance 

requirement 

Permanent damage and/or 

loss of infrastructure service 

across extended region or 

country, e.g. permanent 

inundation and erosion of a 

critical transport route due 

to sea level rise and storm 

surge event. 

Retreat of infrastructure and 

asset. 

 

 

 

 

 

 

 



 

244 

 

A p p e n d i x  T a b l e  B . 2 :  L i k e l i h o o d  r a t i n g   

T h e  p r o b a b i l i t y  o f  t h e  w o r s t  c o n s e q u e n c e  o c c u r r i n g  

 Rare Highly unlikely Unlikely Possible Likely 

Description 1 2 3 4 5 

Frequency Consequence may 

occur in exceptional 

circumstances (11+ 

years) 

Consequence may occur in the 

next 6–10 years 

Consequence may occur in the 

next 3–5 years 

Consequence is expected to 

occur in the next 1–2 years 

Consequence is expected to 

occur in the next 12 months 

Probability Probability <1% Probability 1–9% Probability 10–19% Probability 20–50% Probability greater than 50% 

      

A p p e n d i x  T a b l e  B . 3 :  R i s k  r a t i n g  

 Likelihood 

 Rare Highly unlikely Unlikely Possible Likely 

Consequence 1 2 3 4 5 

Substantial   

100 

2 

(100) 

3 

(200) 

3 

(300) 

4 

(400) 

4 

(500) 

Major 

70 

2 

(70) 

2 

(140) 

3 

(210) 

3 

(280) 

4 

(350) 

Moderate 

40 

1 

(40) 

2 

(80) 

2 

(120) 

2 

(160) 

3 

(200) 

Minor 

10 

1 

(10) 

1 

(20) 

1 

(30) 

1 

(40) 

1 

(50) 

Minimal 

(1) 

1 

(1) 

1 

(2) 

1 

(3) 

1 

(4) 

1 

(5) 

A p p e n d i x  T a b l e  B . 3 :   R i s k  s c o r e s  

Risk score 1 2 3 4 

Risk description Low risk 

Risk is tolerable 

Moderate risk 

Risk requires attention 

High risk 

Risk requires close attention 

Extreme risk 

Requires urgent attention 
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Appendix C. Flood Hazard Maps 

 

Appendix Figure C.1: Taumarere and Tirohanga 10yrs., source:  URS (2012) 
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Tirohanga 
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Appendix Figure C.2: Taumarere and Tirohanga 100yrs., source:  URS (2012) 
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Tirohanga 
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Appendix Figure C.3: Three bridges 10yrs., source:  URS (2012) 
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Appendix Figure C.4: Three bridges 100yrs., source:  URS (2012) 
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Appendix Figure C.5: Otiria 10yrs., source:  URS (2012) 
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Appendix Figure C.6: Otiria 100yrs., source:  URS (2012) 
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Appendix Figure C.7: Flood Susceptibility Areas for Kaipara Distrct, source:  Northland Regional 

Council 
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