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Abstract

This paper applies a generalized framework for modelling interdependent infrastructure system performance to a case study
of the electric power and water supply systems in Christchurch, New Zealand. Based on geospatial exposure data provided
by infrastructure operators, the case study identifies the key assets in each system and selects appropriate fragility functions.
These are applied along with existing hazard prediction methods to first measure the performance of each system
independently and then interdependencies are accounted for by two methods: supply area and proximity. A new
interdependency response metric is proposed to measure the magnitude of the interdependency effect of electric power on
water supply with minimal computation. For a 10,000-year stochastic earthquake catalogue the electric power network
exhibits high resilience with system performance issues arising in less than 3% of events. Exceedance probability curves
show that the water supply system is less resilient, due to the effect of ground shaking and liquefaction on pipelines, and
that for this case study, the method for modelling interdependency makes little difference to the results. The
interdependency metric calculated for each event is low in most cases. However, regression analysis shows a strong linear
trend between the interdependency metric and the loss metric for the electric power network and this observation may be
exploited in future to develop a simple method for predicting the interdependency effect between any two systems without
full simulation.
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1. Introduction

. )

Critical Infrastructure systems, which are also commonly known as lifelines, can be defined as the systems
which provide for the circulation of peoples, good, services and information upon which health, safety, comfort
and economic activity depend [1]. Lifelines systems include utility networks such as energy, water and
telecommunications; transport systems such as roads; or discrete critical facilities such as hospitals, ports and
airports. When an earthquake occurs, damage to lifelines can be caused directly by the hazard (e.g. ground
shaking causing structural failure of a component), or indirectly due to interdependencies with other disrupted
systems with which it is connected (e.g. loss of electric power could disrupt water supply infrastructure if no
back-up supply is available to power pumping facilities). Furthermore, damage to lifelines has two main
impacts: costs associated with repair of physical damage and disruption to people and businesses due to service
interruption. This means that the resilience of lifelines depends on both structural performance and their capacity
to provide their services [2]. Despite the important role lifeline damage and service interruption has on
earthquake losses, analysis of the seismic performance of lifelines is given limited consideration by the insurance
sector. This is partly due to the paucity of comprehensive data on earthquake-induced damage and loss of
functionality of lifelines, which has made it difficult to create empirical damage models or calibrate analytical
models. The research presented in this paper is part of a wider study aimed at improving how the seismic
performance of lifelines is considered by the insurance industry with a focus on two engineering aspects: firstly
the simulation of system performances for loss estimation; and secondly the quantification of interdependencies
between systems as a strategic risk management metric.

The general procedure for seismic risk assessments of buildings has been established by earthquake
engineers for over 40 years [3] and has been adopted by companies such as AIR Worldwide and Risk
Management Solutions, RMS, who produce specialist catastrophe modelling software for the insurance industry
[4]. The same basic procedure can be modified to apply to lifelines. The four basic components of seismic risk
assessment include an exposure module, a hazard module, a vulnerability module and a loss module, as
summarised by the flowchart in Fig.1, which is based on current lifelines earthquake engineering best practice in
the SYNER-G study [5]. The exposure module classifies the lifelines and their constituent components so that
elements that are expected to behave similarly are considered uniformly. It describes the physical characteristics
of the assets at risk and information that will be used to measure losses e.g. asset replacement cost. The hazard
module simulates the earthquake events. It is necessary to determine the appropriate earthquake hazard
parameters against which damage should be evaluated and then generate local seismic hazard intensities at each
site. The vulnerability module estimates the level of damage experienced by each asset, by first defining the
appropriate scales for classifying damage and then identifying an appropriate hazard-damage relationship with
which to assign damage to each asset based on the hazard intensity, similar to a fragility function. The loss
module translates the damage into an estimate of the loss metric. From an engineering perspective, for lifelines
the loss metric assesses the performance of the whole system based on the damages that have been assigned to
each component within it. This can be static, at the time of the event, or it can consider how the performance
changes with time after the earthquake if asset restoration times are modelled. These seven steps model the
consequences of a single earthquake; however measures of risk should be probabilistic. Therefore steps 4 to 7
can be repeated for multiple scenario earthquakes and the distribution of loss metrics can be plotted in order to
obtain a probabilistic view of risk to the systems. In applying these steps, there are some considerations that are
specific to lifelines. In the hazard module, probabilistic seismic hazard assessment (PSHA) [6] is not appropriate
for lifelines since they are spatially distributed and system performance can only be evaluated if seismic hazard
is represented in terms of random fields accounting for the statistical dependencies between ground motion
parameters [7, 8]. Also in the vulnerability module consideration must be given to both the physical and
operational state of an asset, since the latter is necessary to model system performance.
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e Assign deterministic asset damage states randomly OR
o Model every possible asset damage combination probabilistically
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6. Measure system performance
o Connectivity analysis by network models (e.g. graph theory)
o Level of service analysis by system-specific physical models
o Adjust for interdependency effects from other systems
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7. Model system restoration times
o Should be considered if business interruption losses are important
e Can be continuous model or discrete time-steps
o Adjust for interdependenicy effects from other systems

8. Risk assessment
o Repeat steps 4-7 for all scenario earthquakes
* Plot distribution of performance and/or restoration outputs for probabilistic
measure of risk

Fig. 1 — Flow chart for steps in seismic risk assessment of lifelines systems

The flow chart in Fig. 1 is a simple framework for the seismic risk assessment of lifelines for the
insurance sector and is not intended to be a prescriptive methodology. There are alternative ways of interpreting
the framework, which reflects that fact that different analysts may have different requirements in terms of
accuracy and detail; varying resources might be allocated to the task; and different levels of access might be
available to model input data. An application of the framework is demonstrated in this paper with a case study of
the electric power and water supply systems in Christchurch, New Zealand. These two systems exhibit
interdependency since the water supply system relies on electric pumps to extract water from underground
aquifers and to pump water into elevated parts of the city. The objectives of the case study are to
probabilistically estimate the seismic risk to the two systems in terms of a performance-related loss metric, and
use the risk assessment as a means of quantifying the interdependency between the two systems. For the
purposes of this research, a new interdependency response metric is proposed to quantify the dependence of one
system on another as observed from a single event. For two systems, A and B, where B is dependent on A, the
metric measures the reduction in post-earthquake performance of system B due solely to the loss of performance
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in system A. This definition is based on the Leontief input-output method for modelling lifelines
interdependencies [9] but accounts for the proportional rather than absolute reduction in performance of system
B, which is advantageous when using loss metrics with an upper bound [10]. For the electric power and water
supply systems in the case study, the formula for the metric, lwsep, is given by Eq. 1, where LMy is the loss
metric calculated for the water supply system independently and LMysep is the loss metric calculated for the
water supply system when accounting for interdependencies. The loss metrics are defined in the following
section.

I _ LMWS|EP - LMWS (1)
WER T 100- LMy

2. Case study

2.1 Context

Christchurch is located in the Canterbury region on the South Island of New Zealand and is the second largest
city in the country, with a population of around 350,000. The Canterbury earthquake sequence occurred between
2010 and 2011 and generated in excess of 10,000 individual seismic events, mostly of moderate magnitude.
Although the purpose of this case study is to assess future risk, data and observations from the sequence,
provided by Orion NZ Ltd and the University of Canterbury, are used for empirical model development [10, 11,
12], in particular the two most damaging events within the sequence: the initial My 7.1 main shock on 4"
September 2010 (the Darfield earthquake) and the My, 6.2 aftershock on 22" February 2011 (the Christchurch
earthquake). A context map of New Zealand and the locations of the epicentres of the two earthquakes in
relation to the city of Christchurch are shown in Fig. 2.
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Fig. 2 — Map showing location of Christchurch within New Zealand (left) and epicentres of major events in
Canterbury earthquake sequence relative to the urban area and Central Business District (CBD) (right)

2.2 Exposure
For the assessment of lifelines systems, the insurance industry is often limited in terms of the inventory data that

can be accessed. Often only data that are available in the public domain can be studied, which means that only a
simplified version of the network can be analysed. For this case study, only the sub-transmission part of the
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electric power network is considered. This includes five grid exit points (GXPs) on the edge of the city that
receive power from the National Grid, 30 district/zone substations within the city itself and the overhead lines
(97km) and buried cables (145km) that link the GXPs to the district/zone substations. The GXPs are substations
that receive power at 220kV and transform this to 66kV, 33kV or 11kV before re-distributing into the sub-
transmission network. The district/zone substations transform power to 11kV (if required) and re-distribute into
the local distribution network. For buried cables, the main attribute affecting vulnerability is insulation material
[11]. The predominant insulation types in Christchurch are: oil-filled cables; paper-insulated lead-covered
armoured cables (PILCA); PILCA cables reinforced with high density polyethylene (PILCA HDPE); cross-
linked polyethylene cables (XLPE); and polyvinyl chloride cables (PVC).

Drinking water is obtained by pumping through wells from underground gravel aquifers, which extend
under the city and westwards under the Canterbury Plains, to depths of up to 220m. There are 56 extraction sites
in the Christchurch urban area, housing a total 105 primary pumping stations, of which 43 had access to back-up
power supply in the form of a diesel generator. Some pumping stations are linked to more than one well and
there are a total of 147 wells. The system is supported by 32 booster pumps to provide water to the Port Hills
area to the south of the city. None of the booster pumping stations have access to back-up power. Since the water
supply network is very large (> 120,000 pipes), a simplified version of the network is considered in the case
study including all pipes of diameter > 300mm and some smaller pipes as necessary to ensure that all pipes and
booster pumps are connected to at least one well and that there are no isolated assets. The final network includes
270km of pipes constructed from a range of materials, although the most common are asbestos cement (AC,
109km), cement lined steel (CLS, 36km) and polyvinyl chloride (PVC, 31km).

2.3 Seismic Hazard

Seismic hazard is calculated probabilistically by means of a Monte Carlo simulation, with an artificial 10,000-
year catalogue of earthquakes generated stochastically based on the New Zealand Seismic Hazard Model [13]
and accounts for active faults and distributed seismicity within a 200km radius of Christchurch. There are 80
active faults in this region with defined location, characteristic magnitude and other physical attributes necessary
for estimating intensities. For distributed seismicity the region is divided into seven source zones with a
maximum magnitude and fault type. Earthquake records from GeoNet [14] are used to determine a Gutenberg-
Richter b-value for each zone. Each zone is further sub-divided into a 10km x 10km grid and using the same
records, a Gutenberg- Richter a-value is determined for each grid cell. The stochastic catalogue considers only
earthquakes with My, > 5 and so with the assumption that each distributed seismicity grid cell is effectively a
unique source, there are 61,204 possible magnitude/source combinations with a composite occurrence rate of
1.45 earthquakes per year. The time between events in the stochastic catalogue is modelled with an exponential
distribution under the assumption that the temporal occurrence of earthquakes is described by a Poisson process.
By sampling a random number, U, from a uniform distribution between 0 and 1, the time to the next earthquake,
T, in years can be generated by T = In(U)/4, where 1 is the rate parameter, which is 1.45 events per year. The
magnitude and source of the event are determined by weighted random sampling from all magnitude/source
combinations, with weights equal to the annual rate of each combination. The study area is divided into a 1km x
1km grid of 294 cells for the calculation of intensities. The two hazards affecting lifelines are ground shaking
and seismic-induced liquefaction. For ground shaking both peak ground acceleration (PGA) and peak ground
velocity (PGV) are calculated, with the latter being most relevant for buried infrastructure such as pipes and
cables since it relates to ground strain [15]. Liquefaction is measured in terms of horizontal permanent ground
deformation (PGDfy), representing lateral spread, and vertical permanent ground deformation (PGDfy),
representing differential vertical settlement.

PGAs are calculated using the ground motion prediction equation (GMPE) and accompanying standard
deviation model of Bradley [16], which is a New Zealand-specific adaptation of the PEER-NGA model proposed
by Chiou et al. [17]. PGVs are calculated from the original Chiou et al. model. For active faults, the geometric
properties required to apply the GMPE are specified by the NZSHM. However, for distributed seismicity
sources, only location and fault type are known, so the geometric properties are estimated based on guidelines
proposed for dealing with unknown input parameters for PEER-NGA models [18]. A new Christchurch-specific
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spatial correlation model for PGA intra-event residuals has been developed using GeoNet strong motion
recordings [14] from four events in the Canterbury earthquake sequence: the Darfield earthquake; the
Christchurch earthquake; the My 5.9 earthquake on 13" June 2011; and the My, 5.8 earthquake on 23"
December 2011. The recordings provide 1,884 correlation observations, grouped into bins according to site
separation distance. Six different functional forms are fit to the observed data and the exponential form [7] is
found to minimize the least squares error for short separation distances (< 15km) at which spatial correlations are
most important [10]. Spatially correlated fields of intra-event residuals are simulated using the matrix
decomposition method proposed in the SYNER-G study [5]. To ensure that the final PGAs and PGVs are
correlated, the sequential conditional simulation method proposed by SYNER-G [5] is applied.

The calculation of permanent ground deformations (PGDf) is a three-step process. First, the liquefaction
susceptibility of a site is determined from the Christchurch liquefaction risk map [19]. If the site is deemed to be
liquefiable, liquefaction triggering that accounts for PGA and soil properties is estimated. Kongar et al. [12]
evaluated a range of simplified methods against observations from the Canterbury earthquake sequence and
showed that the most accurate model for predicting liquefaction occurrence in Christchurch is the method
proposed by Andrus and Stokoe [20] for calculating liquefaction potential index (LPI) from shear wave velocity
profiles. This method is applied in the case study with an LPI value of 4 used as a threshold for liquefaction
occurrence. If liquefaction is predicted to occur at a site, horizontal lateral spread deformation (PGDfy) and
vertical settlement deformation (PGDfy) are calculated using the Hazus methods [21].

2.4 Vulnerability

Since this seismic risk assessment focuses on connectivity, the objective of the vulnerability analysis is to
determine the probability that an asset will suffer functional failure. For the purposes of comparison with
existing fragility functions, it is assumed that operational failure is equivalent to the ‘Extensive’ damage state
defined by Hazus [21]. The two vulnerable elements in the electric power network are substations and conduits.
The existing Hazus fragility function for ‘Extensive’ damage for low voltage substations is inadequate for
assessing the vulnerability of substations in Christchurch as they significantly over-predict functional failures
compared to observations from the Canterbury earthquake sequence [10]. Since there are insufficient data from
these earthquakes to develop completely new empirical fragility functions (in terms of number of damage
observations and PGA range), the observations are used to update the existing Hazus fragility function using
Bayesian techniques as proposed by the Global Earthquake Model [22]. For ground shaking hazard, a function is
produced in terms of PGA and for liquefaction hazard separate functions are produced in terms of PGDfy and
PGDfy. For conduits it is generally considered that the operability of overhead lines is not vulnerable to
earthquakes [23] and this view is supported by evidence from the Canterbury earthquake sequence [24]. Buried
cables are however vulnerable, especially to liquefaction [24] and so empirical repair rate functions have been
developed for buried cables based on damage observations from the Darfield and Christchurch earthquakes [11].
The repair rate functions predict the mean number of repairs per unit length based on PGDfgeon (the geometric
mean of PGDfy and PGDfy) and different functions are produced for different insulation materials. The new
functions for substations and buried cables are shown in Table 1.

In the water supply network the three vulnerable elements are pipes, wells and booster pumps. For pipes
new repair rate functions have been produced based on damage observations from the Christchurch earthquake
and different functions produced for different pipe materials with PGV and PGDf as intensity measures [10]. For
wells and booster pumps, existing Hazus fragility functions for ‘Extensive’ damage over-predict functional
failures when compared to observations from the Canterbury earthquake sequence but the observations are
insufficient in terms of number and PGA range to create new functions. Therefore observations from the
Darfield and Christchurch earthquakes are used to update the Hazus functions using Bayesian procedures [10].
For PGDfy and PGDf,, the same functions are proposed as for substations. This reflects the fact that Hazus uses
the same liquefaction hazard fragility functions for all infrastructure nodes. The new functions for wells,
pumping stations and pipelines are shown in Table 1.
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Table 1 — Fragility (functional failure) and repair rate functions derived for Christchurch case study

Asset Function Notes
Buried cables For PILCA, K; =1, for PILCA HDPE,
[11] RR = K, x(4.317PGDf,, —0.325) K, = 0.82, for XLPE, K; = 0.26, for
other types, K; = 1.07
For AC, K, =2.489, K; = 4.359, for
Pipes [10] logRR =K, log PGV - K, brittle, K, = 2.77, K5 = 4.826, for
ductile, K, = 2.853, K3 =5.173
Pipes [10] log RR =0.6391og PGDf,, +0.976 For AC pipes only
. _ For brittle, K, = 8.294, K5 = 2.312, for
Pipes [10] RR =K,PGDfqeon + K, ductile, K, = 2.937, Ks = 0.564
1 PGA For substations, ¢ = 1.132, = 0.428,
Nodes [10] P[ fail | PGA]=®| =In [—j for wells, 1 = 1.385, § = 0.876, for
B H booster pumps, « = 1.216, 5 = 0.604
Same for all nodes
Nodes[0] | P[fail [PGDf,,]=d| —In[ PCD": j
1.539 1.029
) PGDf Same for all nodes
Nodes [10] P[ fail | PGDf, | = ® !, GDt,
1.176 0.477

In each earthquake simulation, every asset is assigned to a single functional state and assessed as being
either functional or non-functional. For infrastructure nodes, the failure probability of the asset for each
individual hazard is calculated from the fragility functions according to the corresponding intensities and then
the overall failure probability accounting for all hazard types is given by Eq. 2, which is the method adopted by
Hazus [21] and assumes that the failure probabilities due to ground shaking and liquefaction are independent.

P[ fail] =1-(1— P fail | PGA)x(1-max {P{ fail | PGDf, ]; P fail | PGDf, ]}) X

The functionality of the asset is then assigned by randomly sampling from a uniform distribution between 0 and
1, and comparing the sampled variate to the asset failure probability. The asset is assumed to have failed and
therefore be non-functional if the variate is less than or equal to the failure probability, and is assumed to be
functional otherwise. In the case of linear assets, the mean repair rate for a section of cable or pipe is calculated
from the relevant function. Assuming that the distance between repairs along a section of cable/pipe can be
modelled as a Poisson distribution [25] with rate parameter equal to the calculated repair rate, then the
probability of at least one repair occurring on the section is evaluated. For cables this is equivalent to the
probability of failure and functionality can then be assigned in the same way as for the nodes. For pipes this is
equivalent to the probability of damage, which can either be a break or a leak. Only a break causes loss of
connection and so the Hazus assumption is adopted that in areas of liquefaction, the probability of a repair being
a break is 0.8 and in areas where there is no liquefaction, the probability of a repair being a break is 0.2. The
probability of at least one repair on a pipe is multiplied by the relevant break probability to determine the failure
probability and functionality can then be assigned in the same way as for the nodes.

2.4 Loss and Interdependency Quantification

The loss metric adopted for both systems in this case study is the percentage of customers disconnected from the
network after each event. For the electric power network, each district/zone substations act has a defined supply
area and so each substation acts as a demand node. The population served within each supply area is determined
from night time population data from the 2013 Census [26]. The total population in the study area is 328,814.
Meshblocks are the smallest geographic unit for which statistical data is collected in New Zealand and there are
3,352 in the study area. It is assumed that a meshblock is supplied by a particular substation if the meshblock’s
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centroid falls within the substation’s supply area. In some locations the supply areas overlap, meaning that some
meshblocks can be supplied by more than one substation. After an earthquake, it is assumed that the entire
population of a meshblock is connected to the power network if at least one of its supply substations remains
operational, i.e. the substation is undamaged physically and there is an undamaged path between the substation
and at least one operational GXP.

. )

For the water supply system, a manual approach is required to create demand nodes since there is no
single feature like the district/zone substations that cover the full study area extents. Each booster pump is
treated as a demand node and demand nodes are also created at all network endpoints (i.e. where a 300mm
diameter pipe connects to a smaller pipe). To increase the resolution of the analysis, some additional demand
nodes are created at intermediate pipe junctions. These additional nodes are located subjectively based on factors
including population density and meshblock size so that there are more sinks in more densely developed areas.
In total 340 demand nodes are created. Each meshblock is assigned to a single demand node. Visual inspection
of the pipe layout downstream of each booster pumps allows the supply area of each pump to be easily
identified. A meshblock is assigned to either a booster pump demand node, if it falls within the supply area of a
booster pump, or otherwise it is assigned to the closest non-pump demand node. Each meshblock is only
assigned to a single demand node. The entire population of a meshblock is deemed to be connected to the water
network if there is an undamaged path between its assigned demand node and any operational well. Where a
meshblock is assigned to a booster pump sink node, the booster pump must also itself be operational.

To demonstrate the importance of lifelines interdependency a comparison is made between loss metrics
calculated with and without accounting for interdependencies. The loss metrics are calculated initially for each
system independently and then subsequently repeated for the water supply system to account for its dependence
on electric power. In the independent analysis, a pump is assumed to be non-operational only if it is directly
physically damaged. In the interdependent analysis, a pump can be non-operational if it is either physically
damaged or if it loses its networked power supply and does not have access to a back-up generator. To account
for this phenomenon, each pump is assigned to one or more district/zone substation. The case study tests two
different methods for assigning pumps to supply areas. The first and simplest method, used in studies such as
SYNER-G [5] is to assign each pump to the closest substation. This means each pump is only assigned to a
single substation with no power supply redundancy. The second method is to assign a pump to all substations
whose supply area it falls inside, which better reflects the real situation in terms of redundancy and actual system
inter-connection. Finally a value for the interdependency response metric is calculated for each event in the
10,000-yr catalogue and the distribution of these values in analysed using statistical regression techniques to
determine trends in the system interactions.

3. Results

The application of the seismic hazard model generates 14,428 events of My > 5 for the 10,000-yr catalogue,
although in 2,278 years there are no events. The seismic risk assessment shows that the electric power network
only suffers a loss of performance in 228 of the events. Whilst there are some additional events in which damage
is observed amongst electric power assets, the provision of redundancy in the network means that this damage
does not result in any customers being disconnected. The distribution of the loss metric for the 228 performance-
affecting events is shown in Fig. 3. In the majority of these events, the disruption to customers is relatively low
(<25%), although there are a small number of events that do cause major disruption to the system. The reliability
demonstrated by the electric power network can be explained by two factors. Firstly, following observations of
damage to substations caused by the 1987 Edgecumbe earthquake, substations in Christchurch have been
seismically reinforced [27]. This means that very high accelerations are needed to cause sufficient damage to
induce failure. Secondly, only buried cables are considered to be vulnerable to earthquake damage, and even
then, they are only considered to be susceptible to damage caused by liquefaction, which in turn requires high
accelerations. Damage to substations and buried cables are therefore only likely to occur due to high magnitude
earthquakes or moderate magnitude earthquakes close to the city. The water supply system is less reliable than
the electric power network, since every event causes some loss of performance even when interdependencies are
not taken into account. The median values for the fragility functions for water supply system nodes indicate that
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in general very high accelerations are needed to cause damage to these assets. The main cause of vulnerability in
this system is therefore likely to be the pipelines, in particular because they are susceptible to ground shaking as
well as to liquefaction and so are inherently more vulnerable than buried cables. This vulnerability was observed
in the Canterbury earthquake sequence and is reflected in the repair rate functions derived for this study. On
average, compared to independent system analysis, modelling interdependency by supply area increases the loss
metric by 7.7%, whilst modelling interdependency by proximity increases the loss metric by 5.2%. Fig. 4
presents risk curves for each system, which plot the annual exceedance probabilities corresponding to different
values of the loss metric. To calculate the probabilities, the distribution of loss metrics is annualised by taking
the maximum occurrence in each year of the catalogue. In the insurance sector it is more common to identify the
loss metrics corresponding to specified return periods [4]. The dots on each curve in Fig. 4 represent the
following return periods, measured in years: 5, 10, 20, 50, 100, 200, 500, 1,000, 2,000, 5,000 and 10,000.

. )
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Fig. 3 — Distribution of loss metric for events that affect the performance of the electric power network

The EP curves confirm that for this case study the difference in loss metrics between the three
interdependency modelling scenarios is small and almost negligible at low return periods (< 100 years). The
curves also highlight that whilst the electric power network is generally very reliable, significant disruption is
expected for high return period events. The interdependency response metric, I, has been calculated for the 228
events in which interdependency was a factor. In 166 of the events the metric is less than 0.1 and in a further 32
events it is less than 0.2. The index exceeds 0.5 in only two of the events, which indicates that in general the
effect of electric power interdependency on the water supply system is low. Potential trends in the value of the
interdependency response metric have been investigated by plotting the calculated indices against the loss metric
for the electric power network and the loss metric for the water supply system without interdependency analysis.
The plots are shown in Fig. 5. Both plots show a trend for the degree of interdependency increasing as the loss
metric increases as expected, although visually there appears to be more scatter amongst the data points in the
plot for the water supply loss metric, suggesting there is a greater correlation between the interdependency
response metric and the electric power loss metric. Linear regression has been applied to both plots to derive
predictive functions for the interdependency response metric based on the loss metrics and the R-squared values
for the fitted models further indicate that the electric power model has a better fit. The electric power loss metric
explains approximately 80% of the variance compared to just over 60% for the water supply loss metric. The
intercept of the electric power function is very close to zero, which follows the network logic since the
interdependency response should be zero if there is no loss of performance in the electric power network. A
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consequence of this is that the gradient of the best fit line can therefore be interpreted as a measure of the
expected interdependency response in the water supply system when there is total failure in the electric power
network. This is an objective metric for quantifying the resilience of the water supply system to power outages
as a single value that is independent of any specific event and is therefore useful for high-level risk management
and emergency planning purposes.
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Fig. 4 — System risk curves for Christchurch electric power and water supply systems
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g. 5 — Plots of observed interdependency indices against electric power network (left) and water supply system
(right) performance metrics
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4. Conclusions

. )

This research applies an existing seismic risk assessment framework for lifelines to a case study of the electric
power and water supply systems in Christchurch, New Zealand. The application focuses on the problem of
interdependencies and proposes a metric to evaluate the effect of interdependencies. The risk assessment has
shown that for this specific study the electric power network is very reliable and able to maintain good
performance levels after most events. The assets are primarily affected by earthquakes that cause high ground
shaking and less than 3% of earthquakes in the catalogue cause performance issues. The water supply system is
less reliable since pipelines are more susceptible to damage induced by ground shaking. Analysis of
interdependencies has been constrained by the limited number of events in which the electric power network
experienced loss of performance. Whilst the occurrence exceedance probability curves show that analysis of the
water supply system without interdependencies underestimates risk at high return periods, there is little
difference between the supply and proximity modelling methods, although this conclusion is currently specific to
this case study and cannot be extended to other case studies without further research. An equation for measuring
the degree of interdependency between two systems based on loss metrics has been proposed and has been
applied to the events in the simulation, showing that in most events the effect of interdependency is evident but
low. Regression analysis of the calculated values confirms that the performance of the electric power network is
a good indicator for the degree of interdependency in an event and that a linear function provides a good fit. The
gradient of the linear function also provides a more general event-independent measure of the relationship
between the two systems. Two further pieces of analysis are required to build on this work. Firstly to determine
whether this functional form is more generally applicable to any two interdependent systems, A and B, where B
is dependent on A; and secondly, whether it is possible to develop a more efficient method for deriving the
function that does not require a full seismic risk assessment. This case study has shown that whilst seismic risk
assessment can be used to quantify interdependency, the analysis can be computationally intensive and yield
only a small number of observations, particularly at high values for interdependency index and loss metric. It is
at these high values that the effect of interdependency is most significant and so a more efficient method would
be beneficial, particularly in cases where interdependency quantification is the primary objective and
probabilistic risk assessment is not necessary.
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