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ABSTRACT

An infrastructure impact assessment process relies on the analysis of multiple types of models, the
performance of individual infrastructure networks and the interdependencies between multiple infrastructure
networks. Several models are developed for their specific purposes and there is a need to link these models
for the assessment of natural hazard impacts on distributed infrastructures to deliver the desired outcomes on
network functionality and disruption levels that are suitable to assess socio-economic impact. In this paper,
an ‘end-to-end’ linkage structure is proposed to link different models by which various features, data
standards, parameters and structures are linked in a transparent and consistent manner. The framework has
adopted a dedicated knowledge discovery and data analysis process to acquire information around input and
output parameters for each of these models developed by various researchers and used in risk assessment
tools. The framework is illustrated by applying the step-by-step procedure towards integrated impact

153

assessments of electricity, potable water and road networks and their interdependencies.

INTRODUCTION

The task of infrastructure impact assessment due to natural
hazards relies on a number of different models representing
hazard, the performance of individual infrastructure network
components, collective performance of each infrastructure
network and the interdependencies between multiple
infrastructure networks. Software packages to address various
aspects of these individual models have recently been
developed [1-6]. Even though these models are developed for
their specific purposes, it is fundamental to link these models
and increase their uptake in hazard-impact assessments.
However, at present, there is no structured framework to link
different models together and there is a need to understand what
is needed in the flow from one model to the next, to facilitate
integrated impact assessment of infrastructure networks [7].

Impact assessment studies are generally carried out
independently for each infrastructure network to model the
likelihood of damage and disruption to their respective
components [8]. These studies start with selecting a hazard
scenario. The wvulnerabilities of exposed components are
usually modelled based on evidence-based damage data from
past events to predict the likelihood of damage in future events.
On the other hand, when there is not enough evidence-based
damage data, specific vulnerability functions are developed
through analytical methods or based on expert opinion. Finally,
damage and recovery models are used to determine the impact
of damage to the infrastructure network components in terms of
the level of service (LOS) of the infrastructure networks and
their time to recover. In the existing literature, there are
examples of independent hazard models [9-11], vulnerability
models [12-16], and damage models [17-19] for the
infrastructure network components individually or the networks
as a whole. But there is a need to integrate these models within
a generic framework that will facilitate various linking
strategies for: (i) linking fundamental models to assess the

component performance; (ii) linking the performance of
different components considering intradependencies within a
network to assess its functionality; and (iii) linking across
different networks considering their interdependencies [20,21].
This approach enables the generation of functionality and
disruption of services from infrastructure networks across a
region. Developing such a framework in an integrated way by
linking these models can form the basis for developing Decision
Support Systems (DSS) to improve the existing decision-
making process both qualitatively and quantitatively [22]. The
identification of inflows and outflows of each model type is
needed to provide consistency between inputs and outputs of
each of these models and create a strong linkage framework
[23].

A linkage framework for integrated impact assessment of
infrastructure networks is proposed through five modules to
link different models and their important components, features,
data standards, parameters, and structures. The proposed
framework allows the models to interact by maintaining each
model's strengths, and the consistency of inputs & outputs. The
framework is tested using an example test case of the
Wellington region of Aotearoa New Zealand, to illustrate each
module and demonstrate the validity of the framework. Here we
focus on linking the electricity, potable water and road networks
as they greatly determine the level of economic stability and
development of a country [24,25]. The most important aspect
of this framework is that it is valid for both the component and
network-level linkages. The component level linkage is
achieved by linking different infrastructure component models
through identification of intradependencies between the
components to understand the functionality of a single
infrastructure network. Similarly, the independent network
models, for example for electricity or potable water network,
need to be linked with interdependencies models so that the
network functionality and dependency characteristics can be
captured when assessing infrastructure impact across a region.
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Figure 1: Schematic infrastructure impact assessment workflow demonstrating the linkages between each model. Here we
have used two different network models, however, this is also applicable for a wider set of networks.

INFRASTRUCTURE IMPACT ASSESSMENT

Infrastructure impact assessment studies are usually carried out
independently for each of the infrastructure networks to model
the likelihood of damage and disruption to their respective
components [11,26]. The disruption of infrastructure
components due to a hazard can then be used to generate the
level of functionality across a region. This process of hazard to
functionality involves a lot of complexity due to the inherent
difficulties in obtaining topological information related to the
infrastructure network components, their vulnerabilities and the
interdependencies. Figure 1 shows the basic building blocks of
the integrated impact assessment process and schematically
represents the linkages among various models (component,
network, and interdependencies) to generate performance
metrics related to functionality or LOS for an individual
network. When the impact assessment is done for multiple
infrastructure networks, there is a need to model the
interdependencies to generate integrated performance metrics
for other related impact assessment models. The explanation
and importance of different models necessary for the
infrastructure impact assessment are described next.

Hazard Models

The impact assessment workflow starts from a hazard model
that can mathematically define the variation of hazard intensity
across a region of interest considering the frequency and source
of the hazard [8]. Historical catalogues are typically used to
understand the frequency of hazard events. To associate the
hazard intensity with an individual infrastructure component,
high-resolution models may be necessary. For this purpose,
sophisticated computational models can also be used to
simulate the hazard intensities (for example, earthquake
shaking, landslides, floodwater flow characteristics, tsunami
overland flow depths, volcanic ash dispersion and settlement).
Some models are even capable of developing synthetic event
sets that represent, for example, up to 10000 years of events to
provide a representation of the temporal characteristics of
hazard intensities [27].

Infrastructure Component Models

These models are concerned with the damage to the significant
components of an infrastructure network and are predicted

using the respective hazard and fragility models. From their
predicted damage, the estimated functionality of the
infrastructure components can directly be generated. The
important models for this process are described next.

Fragility Models

Using the fragility models, a framework assesses how much
damage would occur for infrastructure components [10].
Vulnerability or fragility curves are the most common way to
relate the extent of damage to hazard intensity and monetary
losses [28]. The damage states describe the extent of damage
and functional condition of the infrastructure components and
help to estimate recovery times. However, understanding their
relationships and associated uncertainties for the range of
building and infrastructure characteristics of a country can be
one of the major challenges and is an active research area for
different hazards.

Damage Models

The damage models determine the extent of direct physical
damage to an asset (e.g. buildings or infrastructure components)
and are represented using definitive damage states for each of
the components [8]. Depending on the damage states, one can
also determine restoration time for the components of interest.

Functionality Models

The functionality models address the overall level of
functionality or the LOS of the component or the whole network
distributed over a region based on the damage information
about each component and their connectivity [29]. This process
aggregates all the information from the significant components
in one place for analyzing the functionality of a network under
a hazard. The functionality of components within a network can
be linked through their intradependencies to determine the
performance metrics for that network.

Network Models

The damage and functionality analysis of component models
lead to the understanding of network functionality [29].
Network modelling is the core step of infrastructure impact
assessment, which considers the possibility of multiple



component failures and their cascading effects due to the
dependency among different component models.

Interdependency Models

Most of the infrastructure networks cannot function alone and
they have a strong dependency on the other networks.
Therefore, analyzing interdependencies between different
network models is also one of the essential steps of the
infrastructure impact assessment [30-32]. From Figure 1, it is
evident that for the integrated impact assessment of
infrastructure networks, there are two types of linkages. The
first one is to link different components within an infrastructure
network through their intradependency analysis and the second
linkage is between different infrastructure networks through
their interdependency analysis. A framework consisting of
different modules necessary for the integrated impact
assessment for both linkage types is proposed and discussed in
the next section.

PROPOSED FRAMEWORK FOR INTEGRATED
IMPACT ASSESSMENT OF INFRASTRUCTURE
NETWORKS

In this section, a unified integrated framework is presented to
link infrastructure component models through
intradependencies within a network and interdependencies
among different networks. The framework consists of five
modules that are depicted in Figure 2. The framework primarily
works through knowledge discovery of the component
structure, repair strategies for the damaged components and
analysis of the results through identification of
interdependencies. This process is needed to acquire
information about the input and output parameters of the
component models that are necessary to establish linkage
structure at various stages of integrated impact assessment. The
proposed framework is general and applicable to any
infrastructure network affected by any natural hazard. The
knowledge discovery process is discussed in subsequent
sections of the paper through a discussion of the five modules.

Module 1: Representation of Infrastructure Network
Components

The first module of the framework involves data collection for
understanding the characteristics of the infrastructure networks

155

in terms of their configuration, identification of different
components, their connectivity and functional importance. For
a better understanding of the regional structure of infrastructure
networks, this process also involves the regional infrastructure
network providers.

Module 2: Linking the Network Components through their
Intradependencies

The impact assessment of an infrastructure network is largely
influenced by the connectivity between the components and
their functional hierarchy. Therefore, it is necessary to
appropriately characterize these dependencies within an
infrastructure network [5, 33]. In this study, a topology network-
based approach is applied to model the performance of
individual infrastructure networks and to account for their
intradependencies.

Module 3: Representation of Damage for the Network
Components

For impact assessment studies, hazard and vulnerability
assessments are used to assess the damage states and
functionality of infrastructure components. The hazard intensity
measure from the hazard model is used with fragility or
vulnerability models to predict damage state for the
components.

Module 4: Linking the Networks through
Interdependencies between their Components

When more than one infrastructure networks are modelled,
there will be a need to link these networks through the
identification of interdependencies between them. For this
linkage, the output parameters generated from one network
model should be compatible with input parameter requirements
for the next model in the framework. It is necessary to identify
if there are common features between the linking models, such
as common input and output parameters, or common functions
implemented within the models that can be helpful in the
linkages. If no common features are identified, then there will
be a need to develop additional linkage interfaces.

Module 5: Network Functionality

The final module in this process is to demonstrate the network
functionality through the results based on the linked models.

Module 3:
Representation of
Damage for the

Module 2: Network Module 4:
Linking the Components | Linking the
MNetwork b < | Netwaorks through
Components Interdependencies
through their between their
| Intra dependencies | Components
Module 1:
Representation of Integrated Module 5:
Infrstructure Impact Network
Network Assessment Functionality
Components |
L A i )

Figure 2: Proposed framework for integrated impact assessment of infrastructure networks.
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* What is the modelled network?

* What components are included in the model, and how have you characterised their functionality?

Network Model

* What is the Software platform used?
* What information is needed to translate damage/functionality into inputs for your network model?

¢ What are the outputs of your network model?

* Have you considered any kind of interdependency model?

Fragility

Functionality

Are you focusing on specific hazards
or hazards in general?
What are the secondary perils?

Earthquake

What are the intensity parameters?
Flood

How do you represent flood intensity in
terms of inundation depth, duration and
velocity?

Is component fragility
incorporated within your
network model or is this an
input into your model?

How do you define a system
for computing fragility and
what is the granularity level?

Is damage defined within
your network model or is it
an input into your model?

What is the level of
computing the damage
(Component, System or
Network level)

What is the damage

How the damage is reflected in
functionality?

How do you define Level of
Service (LOS)?

What is the level of computing
functionality?

(Regionwise, Networkwise,
Systemwise, Componentwise

Storm

What is the wind speed or any other
indicator?

Tsunami

How do you represent Tsunami intensity
in terms of inundation depth, duration
and velocity?

What are the fragility
parameters?

computation parameter?
(Damage ratio/ damage
percentage)

or Enduserwise)

How do you define disruption
or outage generated from your
How are you defining the model?

damage states?

Figure 3: Interview questions used during the information gathering process.

The outputs generated from this module can be useful for future
integration with additional models. Depending on the inclusion
of different infrastructure networks, the detailed analysis of
result can be helpful to identify the vulnerabilities in the
networks and the factors influencing the delay in recovery of
the network components.

APPLICATION OF THE FRAMEWORK

The proposed framework is assessed here through the
integration of a range of typical infrastructure component
models and infrastructure network models that were in use at
the time of this study. For the application, it is necessary to
collect relevant information from the current infrastructure
network research, which is explained through the process
adopted for knowledge discovery and data analysis. Different
data collection methods and analysis can be employed to
acquire qualitative data sources, which include participant
observation, interviews, questionnaires, documents and texts,
and the researcher's impressions and reactions [34]. This study
primarily focused on infrastructure networks of the Wellington
region in Aotearoa New Zealand. Wellington region is located
on the plate boundary of the Pacific and Australian tectonic
plates and therefore considered a region of very high seismicity
[35]. The principal active earthquake faults bisect many
infrastructure networks so that any future earthquake could
severely affect their connectivity within the region. The
earthquake faults extend into the marine area surrounding the
region, creating a significant tsunami hazard from fault
movement on the offshore sections of faults, or because of
submarine landslides triggered by the earthquake shaking [36].

The most appropriate data collection method for this study was
to use interviews for an understanding of the selected
infrastructure models of electricity, potable water, and road
networks. Interviews are a very effective tool for idea sharing
and expressing needs between analysts and model developers
[37]. The direct contact with the model developers led to a
specific and constructive discussion to gather rich and detailed
data relevant to this research. Depending on the need and
design, interviews can be unstructured, structured, and semi-
structured with individual model developers [38]. For this
study, the semi-structured interview technique was used as it
features both closed and open questions. To be consistent with
all participants, a set of core questions were designed so that the
same areas could be explored with each interviewee. The
different questions corresponding to the hazard, fragility,

damage, and functionality models included in the semi-
structured interviews are shown in Figure 3. The interview
responses have given insights into the input requirements and
generated outputs from each of the models. These responses
also helped to analyze the methodology, capabilities and
limitations of these models, which helped determine how some
integration might help in improving the performance of the
whole system. In the knowledge discovery phase, a common
structure was applied to interview various model developers for
information  gathering around important aspects of
infrastructure impact assessment. The first important thing to
understand from data collection is the knowledge about hazard
scenario for the modelled network. Hazard scenarios can be
earthquake, flood, storm and tsunami and they can also include
the secondary perils such as fire following the earthquakes,
landslide, and liquefaction. Then the component fragility
related information was elicited to understand the parameters
for fragility models. It is also important to identify the sources
of models, that is, exogenous vs endogenous so that an
appropriate linkage structure can be designed. Finally, the
description of how the damage is reflected in terms of
component functionality shows how model developers have
generated the functionality of the network under consideration.
From the collected responses, it is evident that the inflow and
outflow parameters of different network component models are
handled quite differently. The network performances are
analysed with varying resolutions. Even though the output
parameters are represented by functionality or levels of
services, the output formats are different for each of the
networks. The interview responses are used to apply the
proposed framework by recommending a linking structure for
those models that could be linked with other models.

Linking different infrastructure models can generate insights
into results that otherwise would be difficult to achieve with a
single network model approach [20, 39]. The objective of using
this approach is to improve the understanding of the
interdependency between infrastructure networks through
computer simulation. The potable water network is strongly
dependent on the electricity network, as its core components
such as pump stations only function when electricity is
available. Some components of an electricity network also need
water for cooling their equipment. The road network is critical
during the restoration of damaged components of the electricity
and potable water network. Damage maps of road network
components and their links can enable estimates of road access
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Figure 4: Wellington region’s electricity supply zones and significant components modelled for this study.

time for the restoration of electricity and potable water
components.

This multi-model integration approach can take advantage of
the individual strengths of different modelling approaches and
combine these fundamentally different models in a way to
provide a solution for integrated impact assessment. There are
many existing models for individual infrastructure networks,
but to understand the effects of interdependency between
different networks, it is necessary to have a proper linkage
structure. The linkage process of the modelled networks using
our integrated impact assessment methodology is discussed
below.

Representation of Infrastructure Network Components

Comprehensive datasets and access to relevant information for
the infrastructure networks is a fundamental requirement to
understand the basic characteristics of these networks [40].
Datasets include information around spatially distributed
locations of infrastructure network components, their
connectivity concerning the nature of interdependencies and
vulnerability characteristics. Collecting such a wide range of
information from the infrastructure network provider is usually
challenging because of their privacy, security and proprietary
concerns [41]. Additionally, most of these infrastructure
networks are owned by private organizations and therefore
some of them have restricted policies for collecting and sharing
data.

The data collection phase for this study involved quantitative
data related to the components of electricity, potable water, and
road networks in the Wellington region. Generally,
infrastructure network providers have a database of multiple
metadata elements that can hold values of different types, which
are usually in GIS shapefiles. The necessary data as required for
this study was compiled to prepare input data for
interdependency analysis. Discussions were held with
infrastructure network providers of the Wellington region to
understand the regional structure of their networks and the
characteristics of their constituent components, as described
next.

Data Collection for Electricity Network

Wellington’s metropolitan power supply is delivered through
electricity network consisting of 220kV, 110kV, 33kV, 11kV
and 400V network components. Transpower New Zealand
network consists of a series of grid exit points (GXPs) from
which Wellington Electricity (WE) receives supply to deliver
to commercial and domestic users. Different GXPs are
connected through high power 110kV cables passing through
transmission structures, and the supply from GXPs to
substations is connected through 33kV overhead or buried sub-
transmission cables [42]. Each substation supply zone can be
portrayed at meshblock level as shown in Figure 4. Statistics
New Zealand [43] defines a meshblock as: “A meshblock is
both a geographic unit and a classification. It is the smallest
geographic unit for which Stats NZ reports statistical data. A
meshblock is a defined geographic area, varying in size from
part of a city block to large areas of rural land. Meshblock is
contiguous: each meshblock borders on another to form a
network covering all New Zealand, including coasts and inlets”.

Data Collection for Potable Water Network

Wellington’s potable water network consists of two parts: (i)
the bulk water supply network and (ii) the reticulation network.
The bulk water network components including reservoirs,
treatment plants, pump stations and their respective connecting
pipelines have been modelled in this study. All input and
damage data of connecting pipelines between treatment plants
to pump stations and from pump stations to reservoirs is
represented using placeholder values, due to the sensitivity of
the original data and the consequent results being generated.
The pipelines that are part of the reticulation network down the
reservoir are beyond the scope of this study. Figure 5 shows
some part of the potable water network of the study area in
which bulk water treated in the treatment plants is supplied to
reservoirs through pumps stations and finally carried to the
household and businesses within the potable water supply
zones, represented as meshblocks.
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Figure 5: Wellington Region’s potable water supply zones and significant components modelled for this study.

Data Collection for Road Network

A road network consists of many significant components,
including road carriageway, supporting structures, retaining
walls and tunnels. Road impacts can be modelled in several
ways with varying resolution. However, the role of a road
network in this study is only limited to estimate access times to
the damaged sites of the electricity and potable water networks
in both response and recovery modes. Therefore, a simplified
network of ‘road zones’ and their respective linkage routes has
been used, as opposed to full network analysis. An expert
judgment workshop was held between the New Zealand
Transport Agency (Waka Kotahi NZTA), regional city councils
and Opus International Consultants Limited, Wellington.
Wellington Region was divided into 24 different zones, as
shown in Figure 6. The GIS shapefile was then converted into
a CSV file to represent a ‘time to recover’ matrix between the
24 road zones.

Road Zones of the Wellington Region

Linking the Network Components through their
Intradependencies

Based on the understanding of the regional structure of the
electricity, potable water and road networks of the Wellington
region, the input data has been linked using a topology network-
based approach. In this approach, the point assets (e.g. a pump
station in a potable water network or a substation in an electrical
network) are modelled as ‘nodes’ and linear elements e.g.
electricity cables and water pipes are modelled as ‘/ink’ or
‘edge’. The input parameters for nodal elements include an
identifier, component type, and the road zone in which they are
located. The input parameters for link elements include an
identifier, source (for example, GXP/Substation/Treatment
Plant), destination (for example,  Substation/Pump
station/Reservoir), material (structural characteristics) and the
road zones in which they are located. It is worth noting that in
a real network, there can be multiple links in different paths
connecting a source node and a destination node (in other words
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Figure 6: Wellington Region’s road access zones.
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Table 1: An example of input file with the dependencies between nodes and links.

Id Links Source Destination Material Roadzone

1 NodeX-NodeY-1 X Y A RoadZone-A
2 NodeX-NodeY-1 X Y A RoadZone-B
3 NodeX-NodeY-1 X Y B RoadZone-C
4 NodeX-NodeY-2 X Y A RoadZone-A
5 NodeX-NodeY-2 X Y B RoadZone-B
6 NodeX-NodeY-2 X Y Cc RoadZone-C

‘sink node’) to ensure redundancy in the network. These paths
can be passing through different road zones with different
material types. Hence, there can be multiple entries in the input
data file for each of the links following different paths as shown
in Figure 7 and further explained using Table 1.

RoadZonéA

NodeXNode¥2

Figure 7: An example of network connectivity between nodes
through multiple links.

Representation of Damages for the Infrastructure Network
Components

Information related to the damage of infrastructure network
components needed to be acquired from a separate hazard and
risk modelling tool or software. Therefore, a risk analysis tool,
namely Riskscape is used to model damage to the network
components for a chosen hazard. Riskscape is a multi-hazard
risk assessment software tool that estimates damage and direct
losses for infrastructure network components exposed to natural
hazards [2]. Riskscape generates the Damage States (DS) of
different components within the identified infrastructure
networks. These damage states are then used to identify outage
of services due to the failure of components within a network
as well as the failure of dependent components due to
interdependencies between them. The final outputs are
‘timestamped outage maps’ that determine a network service
outage area due to a hazard in different timestamps.

The process of damage assessment from Riskscape starts from
modelling a hazard scenario on the infrastructure network
components. It then combines spatial information on hazards,
components, and their vulnerability to quantify the impacts to
the infrastructure networks [2]. In this study, the Wellington
Fault Mw7.5 earthquake hazard scenario including related
secondary hazards such as liquefaction and ground subsidence
is considered by Riskscape to model the damage. The fragility
functions of Riskscape use Modified Mercalli intensity (MMI)
and Peak Ground Acceleration (PGA) as the ground shaking
intensity measure. A set of fragility functions is provided by
Riskscape that is suitable for various types of infrastructure

network components to predict their likelihood in damage states
(DS1 to DSS, representing ‘light’ to ‘extreme’ damage) for a
given level of hazard intensity. By modelling uncertainties in
hazard and using probabilistic fragility functions, Riskscape
can generate multiple damage scenarios for a network under
consideration [27].

The impact to infrastructure network components that can be
potential physical damage and time required to bring back lost
service, is estimated with inputs from the relevant infrastructure
network providers. These inputs are the decisions for
appropriately selecting the resources and repair equipment and
to give priority of repair to certain critical sites. The impact
modelling includes uncertainty by considering a range of
possible earthquake ground motion scenarios as well as
uncertainty in the estimation of infrastructure component
damage. By including this uncertainty, different impact
scenarios can be generated. An example for representing the
damage in different links is shown in Table 2. Each link
between a source and destination contains several segments and
the last 5 columns of Table 2 show the number of segments in
each damage state. For example, the first row shows that for the
link NodeX-NodeY-1 with source X and destination Y, having
material type A, passing through RoadZone-A has 0 segments in
DS1, 5 in DS2, 15 in DS3 and 0 in DS4 and DS5. For each of
these damage states, there is a different amount of time needed
to repair those segments. Furthermore, there is also a limitation
of the number of segments that can be repaired due to the
number of available resources and repair equipment

Linking the Networks through Interdependencies between
their Components

When two or more infrastructure networks are modelled,
interdependencies are to be considered, as the functional status
of components of a given network can be interdependent on
components from a different infrastructure network. In this
study, three types of infrastructure networks are included for
illustrative purposes. Also, with any changes in road access
times or component repair times, the algorithm calculates the
updated recovery times using the shortest available path. The
road zone data has been integrated with topology and damage
data of electricity and potable water data at the component level
to calculate the access times for each of these components if
they are damaged. This process is shown in Figure 8, in which
nodes EA, EB, EC and ED represent the components of the
electricity network, whereas nodes WA, WB, WC, WD and WE
represent the components of the potable water network. Further
explanation about this integrated methodology is presented
through a step-by-step process:

Step 1: During the infrastructure network representation
phase, the component data is collected for electricity,
potable water and road networks. The data for the electricity
and potable water networks is represented in the form of
nodes and edges using a topology network-based approach.
The whole study region is then divided into different road
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Figure 8: An integrated methodology for linking electricity, potable water, and road networks.

zones to provide further information about road access to
these components.

Step 2: During the damage representation phase, damage
data for the components of the three modelled infrastructure
networks (generated by Riskscape) represents different
damage states for the components of the infrastructure
networks.

Step 3: The network data (topographic and damage) is then
integrated using the connectivity data between the
components of the modelled infrastructure networks to
understand the flow of services and cascading failures of
the components due to the failure to the components to
which they are dependent.

Network Functionality

The conceptual integrated impact assessment framework at this
stage is ready to be implemented to generate the desired results
in the form of timestamped outage maps. Different modules
within the framework have been designed to keep it
independent from the variability of infrastructure networks and
their damage models. This framework has been designed to be
flexible to include more infrastructure networks easily just by
including their respective damage matrices and similarly any
desired damage model can be utilized to represent the damage
to the infrastructure network components. Figure 9 shows an
example of outage maps for the electricity network with its
dependency on the road network. The mesh blocks of the

t0 = 0 days t1 = 20 days

I very low

t2 = 40 days

t3 = 60 days

. high

Electricity network's substation zones with their dependencies on
road network in different timestamps. Dark green coloured zones
have very low outage, where as, red coloured zones have higher
amount of outage.

Figure 9: Timestamped outage maps generated for the example test case scenario of the Wellington region’s electricity
transmission network. The region is split into smaller zones, with an aggregated representation of the outage presented for
each zone.



electricity network’s substation supply zones are shown in
different colours where dark green zones represent very low
electricity outage times and the dark red zones represent high
electricity outage times.

The outage time for a substation supply zone is primarily
influenced by the damage of either the substations, their source
GXPs or the linking power cables and transmission structures.
These outage maps show an example of the LOS of all the
substation zones in the region during different timestamps,
where t0 means the time of a hazard event and the subsequent
timestamps (t1< t2<t3) show the recovery electricity supply in
the region. Thus, the proposed framework successfully linked
GXPs, substations, transmission structures and power cables
and modelled the functional dependency between them to
estimate the recovery time of each supply zone of the electricity
network in a region.

CONCLUSIONS

The emphasis of this paper is to define an integrated impact
assessment framework for infrastructure network models. The
authors have presented an integrated methodology to illustrate
the applicability of the framework. This framework allows for
the development of a robust and transparent method to translate
results between different computational models, resulting in a
more advanced and integrated or linked model. The motivation
for this framework is to have a better understanding of how the
models can interact, while preserving their respective strengths,
and to give an improved representation of both the flows of
information and the impacts of the modelled components. The
five modules of the integrated framework provide an
understanding of different infrastructure network components
and the process to model their damages. The in-depth analysis
of infrastructure network functionality with the dependencies
between components of different infrastructure networks has
provided some key points to be considered as below:

1. When different infrastructure network component models
are linked to model a single infrastructure network, the
damages or functionality impacts of one component model
must be reflected in other models so that combined effects
of intradependencies can be analysed.

2. An understanding of interdependencies between the
components of two different infrastructure network models
is crucial to interlink multiple infrastructure networks. The
effort required in this process can be quite demanding, and
expert elicitation is an effective approach to enable this.

3. For those models where the direct linkage is not possible,
sophisticated interface models should be used to integrate
across the different models.
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