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Abstract:

Sustainability and resiliency analysis of cities is not
completed without considering the whole system of
interacting sectors. The purpose of this study is to
introduce an algorithm for assessment of overall seismic
resiliency increase of urban areas due to the reduction of
Intra- and Interdependencies between different sectors
and retrofitting infrastructures. The proposed method is
versatile, and different dimensions of resiliency, i.e.,
social, economic, technical, physical, institutional, and
security dimensions of resiliency are considered in the
study. In this research, the technical dimension, i.e., the
functionality of water and power networks are modeled
as an example, and some solutions to increase overall
resiliency of an urban district against earthquake is
investigated. The algorithm is based on the inoperability
input-output model, and the interaction between water
and power sectors in a metropolitan district is surveyed.
Based on the results of a number of Monte Carlo
simulations of different dependency scenarios, it is
quantitatively ~ shown that the decrease in
interdependency has a direct and great effect on the
increase in serviceability and overall resiliency indices,
but the pattern of this effect is different between various
earthquake scenarios. It is concluded that the reduction
of interdependency has an increasing effect on the
overall resiliency index. Thus, an optimum value for
interdependency reduction can be obtained to increase
resiliency index using the Pareto principle, and the
influence of reducing of interdependency on increasing
the resiliency of a region as a whole is investigated. The
proposed model may be used in system analysis for
other dependent sectors and for different disasters and
can also be considered as a helpful measure for decision-
makers in sustainability and resiliency enhancement
studies.
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Introduction

According to the Public Safety and
Emergency Preparedness Canada office
(PSEPC), lifelines are networks, facilities, and
physical and informational services related
together, and if they sustain damage in any
way; health, safety, security and economy of
society will be seriously affected (PSEPC,
2006). Lifelines determine urban resiliency
status in today’s modern world, and the
sustainability of society is strongly dependent
on them. These systems, depending on the
quality and quantity of their performance,
produce and distribute goods and services in
urban areas. Water, power, and gas networks
are in top priorities of these networks in the
context of disaster management. Considering
the need to sustainable and resilient cities, the
vulnerability of lifelines against disasters is of
great importance, because the damage to one
of them as a part of the whole society
infrastructures system can trigger other
disasters and hamper the recovery period.
“Resilience determines the persistence of
relationships within a system and is a
measure of the ability of these systems to
absorb changes of state variables, driving
variables and parameters, and persist
(Holling 1973).” Resilience is referring to the
ability of a system to return to a previous or
improved state following a disturbance. Urban
resilience is a concept of implementing
policies against challenges of development
and sustainability including major
components of climate adaptation,
environmental management, regional
economic development and strategic planning
(Caldarice et al., 2019; Davoudi et al. 2013).
In the current disaster management context, a
paradigm change from preparedness mission
to wvulnerability reduction is observed
(Normandin et al., 2019). The implementation
of resiliency enhancement policies may lead
to substantial changes in the underlying

social, political and economic drivers of
vulnerability influencing education, health,
cultural, environmental and infrastructure
sectors (Habitat, 2016; Sharma, 2019). City
resiliency has social, economic, technical,
physical, institutional, and  security
dimensions, which are interdependent and
interconnected (Ghasemi et al., 2019). They
must be considered in resiliency study of
cities.

Besides the direct wvulnerability of
infrastructures against disasters, another
phenomenon known as the network
interdependency can indirectly affect the
sectors. To explain this phenomenon, it can be
said there is a possibility that some parts of a
certain infrastructure which are not damaged
in a certain disaster may malfunction or stop
working due to their performance
interdependency to other infrastructures with
severe damages resulting low resilience index.
By evolution and improvement of
infrastructures, their interdependencies open a
new subject in network science. Therefore, in
the study of system sustainability and
vulnerability, a separate analysis of the parts
of one infrastructure network seems to have
misleading results and, in order to perform a
more  realistic  resiliency  evaluation,
considering the entire network along with the
other interdependent infrastructure systems
seems inevitable.

Interactions among different sectors or
infrastructures play an important and basic
effect in economics, industrial and social
resiliency and sustainability. Not only the
active components of a system are linked
together, but also systems performances are
interdependent. Disregarding the
interdependencies and interactions of different
infrastructures or sectors in performance
assessment leads to an inaccurate estimate of
serviceability assessment (Rinaldi et al., 2001;
Peerenboom et al., 2002; NERC, 2004).
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According to the available studies, some

evaluation approaches used in

interdependency studies may be classified as:
o Network Model: One approach is
network approach; lifelines can be shown
as a set of nodes and links which are
connected together in a logical order.
Loss or damage of one node will affect
the others since they follow a logical
order (Moselhi et al., 2005). Thus, the
Graph Theory is a well-known concept
for modeling networks such as
infrastructures of a society with which
we deal in our everyday life (Watts and
Strogatz, 1998). By Graph theory, the
probability of removal of nodes or a part
of commodity path is determined not
only by fragility curves and failure rates
but also by considering the reduction or
stopping commodity flow, as input to
facilities.
o Petri net: The other approach based
on the Graph theory is Petri net. Petri net
is considered as a powerful tool in
modeling and analysis of network
properties. Petri net was introduced by
Carl Adam Petri in 1960s and has been
developed and improved by other
researchers since then (Peterson, 1981).
Guest and Derochers used Petri net to
identify the interdependencies between
lifelines presented by Rinaldi and his
colleagues in 2001 (Gursesli and
Desrochers, 2003; Rinaldi et al., 2001).
Omidvar and his colleagues used a Petri
net approach in failure risk assessment of
interdependent structures against
earthquake (Omidvar et al., 2014).
e Probabilistic techniques: probabilistic
methods such as Markov Chain, Fault
Tree Analysis, and Event Tree analysis
are very effective means to determine the
interdependency  of  infrastructures.

Nozick and his colleagues introduced a
mathematical framework for a network
of interdependent lifelines. In order to
determine the efficiency of
infrastructures, they wused algorithms
including Markov and semi-Markov
models (Nozick et al., 2004; Bao-Hua,
2004; Hwang and Chou, 1998; Ezell et
al., 2000).
e Input-Output model: Leontief input-
output model was introduced in
economics science by Leontief (Leontief,
1951a, 1951b; Leontief, 1986). Many
studies and research studies have been
launched on financial and economic
losses caused by infrastructure service
reduction, resulting from increasing
interdependencies  and interactions
(Chang et al., 1996). Haimes and his
colleagues expanded the concept of the
input-output model from financial
exchange between economic sectors to
operability dependency concept between
interdependent infrastructure  sectors
called inoperability input-output model
(11M) (Haimes et al., 2005a, 2005b).
This study investigates the interdependency of
water to the power network, in one of the
districts of a metropolitan district, to assess its
vulnerability and serviceability; as important
factors in resiliency concept; in the aftermath
of probable earthquakes. Then, a general
algorithm, combining the inoperability input-
output model with the flow model, is
presented for measuring the interdependency
impact between interdependent infrastructure
systems. The proposed model considers both
intra-dependency between the elements of
each infrastructure and inter-dependency
between the elements of different sectors, and
it may be used in quantitative performance
assessment of the other social sectors. In this
study, a combination of graph and
inoperability input-output and flow analysis
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theories are used to model the seismic
performance of water and power networks. To
do so, first, the networks are modeled by
graphs, and then the effects of their
dependencies are calculated by inoperability
input-output theory, 1M, and the performance
of the network is measured by IIM principles.
Monte Carlo simulationis used in the
considered scenarios to measure network
performance and resiliency. An overall
resilience index is then used to investigate the
resiliency of the sectors and to address the
efficiency of the wvulnerability and
interdependency reduction of the studied
infrastructures on resiliency enhancement.
The significance of the proposed model lays
in considering networks in a component-by-
component solution. Modeling the internal
interactions of each network, i.e., intra-
dependencies, along with those between the
networks in the component level, i.e., inter-
dependencies in the scale of a district of a
Metropolitan is the salient feature of the
proposed  algorithm  for  quantitative
performance and resiliency assessment of
interdependent sectors.

Methodology:

In this part, the proposed algorithm is
presented, and the theories applied in the
model are introduced.

Proposed Algorithm

In Figure 1, the steps taken in the proposed
algorithm are illustrated. Graph map module,
scenario development module, hazard analysis
module, vulnerability assessment module,
inoperability input-output module, damage
estimation, and network flow analysis
module, and performance measure
distribution module are the main parts of the
algorithm. Monte Carlo simulation is used in
order to simulate the performance of the
interconnected  infrastructures, and the
serviceability of each system is estimated

based on the results of Monte Carlo iterations
over all the considered earthquake,
dependency and retrofitting scenarios.

In the Graph map module, the networks
recognition process is done. First, lifelines are
modeled in a set of nodes and links. Then, the
adjacency matrix of the networks based on
earlier graphs is extracted. The accuracy of
generating this matrix guarantees the validity
of the procedure and its calculations, and due
to the possibility of a vast range of studied
components, large matrixes may be
developed.

Different ~ scenarios  of  earthquakes,
interdependencies between components of
different lifelines and retrofitting strategies
are developed in the scenario development
module. The performance analysis is repeated
for all the possible combinations of these
three types of the considered scenarios.

The seismic intensity parameters for each
component of the considered lifelines are
calculated in the hazard analysis module. The
calculated parameters will be used as the input
of the vulnerability module in which based on
the relevant vulnerability functions and repair
rates the independent probability of failure for
each component is calculated. The failure
probabilities for water network are taken from
the availability fragility curves which are
modified to exclude implicit power effects
(Naemi  and  Omidvar, 2013) from
FEMA fragility curves (FEMA
1997) suspending their relations with power
network components in the correspondent
fault tree.

Next, the dependent probability of failure for
each component is calculated in Leontief-
based (inoperability) input-output module for
the considered dependency scenario based on
the related adjacency matrix. The method is
described in the next section.

In order to simulate the performance of the
considered systems, it is necessary first to
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know the damaged configuration of the
systems after the earthquake and then
calculate the serviceability of each damaged
lifeline. This process is done in the damage
and network flow analysis module. The
damage status for each component is
considered in a random manner based on its
dependent probability of failure calculated in
the previous module. Monte Carlo simulation
is used in this module to simulate the
performance of the damaged (reduced)
networks of lifelines. The algorithm of this
module is shown in Figure 2. To calculate the
network performance measure, the percentage
of each flow path out of total available flow in
the network is identified first. Then, knowing
the status of all the components, all the flow
paths that include damaged components are
eliminated. The flows passing on the
eliminated paths are subtracted from the total
flow, and the residual flow is determined in
the calculation of performance measure for
the modified network for each Monte Carlo
simulation. The networks are analyzed using
200,000,000 iterations for each combination
of earthquake, retrofitting, and dependency
scenario.

The network performance is described by
serviceability index (SI), i.e., the fraction of
delivered flow to the service (demand) flow. It
is of great importance to assess the effect that
removal of any element in the network has on
internal network functionality as well as its
impacts on end-users (Duefias-Osorio, 2005).
The objective in measuring service reduction
is to quantify the amount of service that does
not meet the demands. These demands are
directly related to the affected population, and
therefore, it is more meaningful for decision-
making efforts and selection of mitigation
strategies. This performance measure provides
the link between network performance and
potential social impacts. Its uniqueness relies

upon the combination of topological
information with feasible optimal flow
patterns (Duefias-Osorio, 2005).

The uncertainty of SI for each scenario
combination is investigated in the
performance  distribution module. The
probability distribution function of Sl is
studied, and the mean and variance of this
performance factor are calculated.

Leontief-Based Inoperability Input-Output
Model

The system is assumed to consist of a group
of n interacting sectors, where each ‘‘sector’’
produces one product (commodity). For the
proposed model, a system consisting of n
complex intra-connected and inter-connected
critical infrastructures is considered. The
output of this system is its risk of inoperability
that can be triggered by one or multiple
failures, while the input to the system can be
failures due to complexity, accidents, natural
hazards, or acts of terrorism.

Vulnerability is the potential of damage extent
determined by being exposed to one or more
sets of hazards. In other words, the
vulnerability of a sector means the failure
possibility of a sector facing a threat.
Moreover, for a special event, it can be
considered from 0 (no damage) to 100 percent
(complete failure). In fact, vulnerability is the
possibility of being failed or successful after
an attack to one component, or quantitative
resistance against a threat varying from zero
to one hundred percent (Lewis, 2006). With
regard to this definition, inoperability of a
system is assumed to be a continuous variable
evaluated between 0 and 100 percent, with 0
correspondings to a flawless
operable/sustainable system state and 100
percent corresponding to the system being
completely inoperable/unsustainable.



130 Omidvar & Tavakkoli: Assessment of Overall Resilience Index of Urban Areas against ...

Drawing map of components as nodes in the studied sector by Graph theory !
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Inputting inoperability matrix in I[IM and calculating the dependent failure probabilities

Calculating mean and variance of service reduction and calculating resiliency performance measures

Producing a new scenario with new hazard scenario and starting a
new analysis

Fig 1. Diagram of the proposed algorithm



Quarterly Journal of Environmental Education and Sustainable Development (Vol. 7, No. 4, Summer 2019) 131

Drawing a map of components as nodes in the studied network by Graph Theory
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Simulation is performed for 200000 iterations

Fig 2. Diagram of Monte-Carlo simulation
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Risk of inoperability (considered here as
failure probability) is used in the Leontief-
based infrastructure model, which is a
measure of both the degree of inoperability
and its failure probability (Haimes and Jiang,
2001).

In addition, one such Leontief-based
infrastructure model may be used to evaluate
and measure social or economic consequences
in monetary terms, or the risk of inoperability,
failure probability or probability of damage to
property, production, service, or injury under
extreme natural and accidental conditions, or
due to acts of terrorism.

Assuming (I - A) is nonsingular, in which
matrix A is an inoperability matrix, the
Leontief-based equation can be solved for the
overall probability of inoperability of the
infrastructures as follows:

x=(—-A4)"1c 1)
Note that the monetary exchange in the
original Leontief economy model now assume
a drastically different interpretation as
operability dependency and ‘supply"” and
“‘demand" concepts are changed to some
extent in the Leontief-based infrastructure
model as independent and dependent failure
probabilities, i.e., ¢ and x vectors, respectively
(Haimes and Jiang, 2001; Haimes et al.;
2005a, 2005b).

In short, in this model for infrastructure
systems, i.e., inoperability input-output
model, failure probability is presented with a
new perspective based on the Leontief input-
output notion instead of monetary exchange
between different infrastructures.

Where  {ay;}constitutes  the  operation

dependency of component k of one
sector/infrastructure to component j of the
same/another sector/infrastructure, and vector
X contains dependent failure probabilities of
the  components of the considered
infrastructures/sectors.  The  inoperability

matrix A = {ay;} plays a central role in

problem-solving, which includes Intra- and
inter-dependency measures.

The vector c is a perturbation term that covers
all effects due to both the malfunction of the
components  of  subsystems  (internal
perturbation) and any external perturbation
from outside the system boundary. It is
considered here as the vector of independent
failure probabilities of the components of the
considered infrastructures/sectors. The threat,
which may be accidental events, natural
disasters, and intended attacks, is considered
an earthquake occurrence in the present study.
The dependent failure probability vector
(vector x) is obtained according to the
operability matrix A developed considering
Intra- and inter-dependency  measures.
Operability matrix (A) is calculated according
to the adjacency matrix and dependency and
dependency-reduction retrofitting scenarios.
The Interdependent failure probabilities of
components (elements of vector x) are
calculated using equation one based on
interdependency scenarios.

Calculating overall resiliency index
Resilience has various definitions, and there is
no comprehensive model for its quantitative
calculation. The conceptual model introduced
in (Ghasemi et al., 2019) for the resiliency of
cities against earthquakes is used here. The
conceptual model consists of social,
economic, technical, physical, institutional,
and security dimensions. The weight for each
dimension (D;) and related indices (I
calculated in (Ghasemi et al., 2019) were used
to quantify a resilience index (RI) as overall
resiliency index. This index covers various
dimensions affecting the resilience of the
systems under study. In the current study, the
amount of the effect of each intervention
strategy (retrofitting and interdependency
scenarios) on resilience improvement is
determined using the following equation.
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RI =D Y% R, + D, X072 LR +
ot Do X1 LR )
In which R; is a resilience index for
component i of the relevant dimension. In the
current study, the index for the technical
dimension is calculated using the proposed
algorithms shown in Figures 1 and 2. The
indices for the other dimensions i.e., social,
economics, physical, institutional, and
security dimensions for the studied region are
adapted from (Ghasemi et al., 2019).
Therefore, the effect of technical retrofitting
and interdependency reduction scenarios in
improvement and increase of overall
resiliency are measured and compared with
each other. It is assumed here there is a strong
correlation between serviceability index and
technical index. So the results of the
numerical simulation may be used in overall
resilience quantification considering all the
resiliency dimensions.

Case Study

Based on the proposed algorithm, a case study
is investigated to illustrate a close connection
between water and power sectors in a
municipality district of a Metropolitan
considering earthquake occurrence.

System Recognition

Power and water networks of the studied
district include 43 nodes (33 nodes of the
water network and ten nodes of power
network). Two water treatment plants (WTP),
three wells, eighteen storage tanks, and ten
pumping stations are considered parts of the
water network of the studied region. These
two WTPs are classified into the "large WTP"
category. The power network of the studied
region includes ten 63/20 KV substations.
They are classified into the "low-voltage
substation™ category. A schematic view of the
connections between the power network
(sector 1) and water network (sector 2) is
illustrated in Figure 3.

WTP
B~

.
N =t
torage tank with pump . L J

Storage tank without pump %

Wells -

L.
o

Substation

ﬁ
P

Water Intra-dependency

Power Intra-dependency

Interdependency between

Water and Power networks

Fig 3. Schematic view of links between two sectors considered in the studied region
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Hazard Scenarios

Peak ground acceleration (PGA) is
considered as hazard index in the study, and
PGA is calculated in the location of each
network element. They are used in relevant
fragility curves. PGAs are set for earthquake
scenarios of three major faults of the region
using Campbell-Bozorgnia (Campbell and
Bozorgnia, 2003) and Zare’ and his
colleagues (Zare et al., 1999) attenuation
relation. Thus, six hazard scenarios (3 faults
and two attenuation relations) are considered
in this study.

Retrofitting Scenarios
Four retrofitting scenarios are considered in
the study. They are listed as the following:

1. Unanchored components in any of the
networks (current situation, labeled as
DN)

2. Seismic retrofitting and anchoring the
components of sector 1 (The
components of water network remain
unanchored). (labeled as S1)

3. Seismic retrofitting and anchoring the
components of sector 2 (The
components of sector one remain
unanchored). (labeled as S2)

4. Seismic retrofitting and anchoring of
both sectors. (labeled as S3)

Dependency Scenarios

The inoperability matrix is developed, based
on the inoperability input-output infrastructure
model and according to the adjacency matrix
of the networks. This matrix must be written
to cope with any dependency scenario. In this
study, seven dependency scenarios of water-
to-power network are considered:

1. Sector 2 is %100 dependent on Sector 1
2. Sector 2 is %80 dependent on Sector 1

3. Sector 2 is %60 dependent on Sector 1

4. Sector 2 is %40 dependent on Sector 1

5. Sector 2 is %20 dependent on Sector 1

6. Sector 2 is %0 dependent to Sector 1

7. Another scenario is considered in which
the components of sector two are assumed to
be independent of each other (without intra-
dependency) and from sector 1.

Thus, considering all the scenarios of
earthquake retrofitting and dependency, the
total of 168 scenario combinations are
developed in this study.

Monte Carlo Simulation

Monte Carlo simulation is used to
calculate the expected value of serviceability.
First, the entire inter-network flow paths in
sector two are determined by using UCINET
software, and the portion of each path is
calculated. In this regard, there were 35 flow
paths from feeding nodes (WTPs) to
consumption nodes (storage tanks). The
service flow for each scenario combination is
calculated based on the coefficient of
inoperability for that scenario. Each of 168
scenario combinations is analyzed 200,000
times (a total of 33,600,000 iterations). The
proposed algorithm is developed in the Math
lab environment.

Results

Due to a large amount of generated data, only
the results for those scenarios with moderate
and maximum damage are reflected here
labeled as “hazard scenario 17 and ‘“hazard
scenario 27, respectively. Figures 4 to 11
display the status of retrofitting and
dependency scenarios for both earthquake
scenarios.

Network performance measures for different
interdependency scenarios are shown in
Figures 3 and 6 for hazard scenarios 1 and 2,
respectively. According to the presented
results in Figures 4 and 5, by comparing the
retrofitting scenarios, it can be concluded that
retrofitting the sector 2 (S2) has the second-
highest effect on increasing the network
performance measures and sustainability after
retrofitting scenario of both sectors (S3).
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mDN mSl m=mS2 S3
0.535

0.530

0.525

0.520

0.515

Resilience Index (RI)

0.510 +———

0.505

0.500 +—

0.495 -

%100 %80 %60

%40 %20 Without without
interdependency interdependency

Interdependency Scenario and

intradependency

Fig 4. Network performance measure for different interdependency scenarios for hazard scenario 1

Fig 5. Network performance measure for different interdependency scenarios for hazard scenario 2

What is crystal clear is that various different
magnitudes of hazard scenarios will cause
different network performance patterns.
According to the network properties in small
scale earthquakes (hazard scenario 1), the
study results indicated that the first 20%
reduction of dependency affects service
measures more in an increasing manner
comparing to the other dependency scenarios

(Figure 4); however, such a claim is totally
reversed for the hazard scenario 2 (Figure 5),
and the last 20% reduction of dependency
affects service measures more. It may be
interpreted as in a large earthquake where the
damage states of infrastructures are high, and
they are  severely  damaged, the
interdependency must be totally eliminated to
increase the performance level. It may be said
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that the hazard intensity has a positive
correlation with interdependency importance.
So, the maximum increase rate in the sector
performance measures for hazard scenario 1
or the so-called moderate earthquake
damage scenario can be found in the first 20%
reduction of interdependency.

However, we cannot acknowledge what is
claimed above for the -earthquake with
maximum damage rate i.e., hazard scenario 2,
and for the earthquake scenario with
maximum damage in the district, the focus
must be on the retrofitting the sectors to
increase performance measure effectively as
well as a high reduction of their
interdependency.

The overall resilience index is investigated
next. The values of the resiliency index for
hazard scenarios 1 and two are shown in
Figures 6 and 7, respectively. The weights of
social, economic, technical, physical,
institutional, and security dimensions were
adapted from Ghasemi and his colleagues for
the studied region as 0.198, 0.153, 0.136,
0.202, 0.151 and 0.159, respectively. The

EDN mS1 S2 S3

technical dimension was considered to be
increased equal to serviceability increase as
was discussed above. For hazard scenario 1
the resiliency index increases from 50.8% to
51.9% and from 52.9% to 53.0% by
retrofitting from DN to S3, for the case of
100% and 0% interdependency, respectively
On the other hand, in the case of seismic
retrofitting scenarios, the overall resiliency
index (RI) was increased from 44% to 47%
for the case of 100% dependency and from
50% to 52% for the 0% interdependency
scenario for hazard scenario 2. At the best
case, the RI is improved about 2.11% and
6.18% by retrofitting in the hazard scenarios 1
and two respectively.

In the case of improvement of technical
dimension based on interdependency
reduction, the overall resiliency index (RI) is
increased as can be seen in Figures 8 and 9 for
hazard scenarios 1 and 2, respectively. The
effectiveness of each 20% interdependency
reduction on resilience increase for retrofitting
scenarios is shown in Figures 10 and 11 for
hazard scenarios 1 and 2, respectively.
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Fig 6. Overall resilience index for hazard scenario 1
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The effectiveness of retrofitting is more in the
case of a strong earthquake, comparing it with
moderate earthquake results. Now it can be
concluded that there is a significant difference
in selecting the most effective prevention
strategy, including reduction of dependencies
and preparing seismic anchorage for hazards
with different damage levels. In this stage,
retrofitting scenarios of both networks

simultaneously as well as that of sector two
alone have a significant effect on increasing
performance and resiliency of this sector with
respect to retrofitting scenarios of sector 1. It
is necessary to say the damage reduction is the
first concern and interdependency reduction
strategy is the next one for hazard scenario
with  maximum damage for resiliency
enhancement.
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Conclusion

In this study, we focused on a modeling
algorithm, which is a critical element to
control and mitigate the impacts of natural
and man-made disasters on interdependent
infrastructures and sectors. Accordingly, the
infrastructure interactions of the past
experiences were discussed, and different
methods for modeling of interdependent
infrastructures were briefly introduced.

Then the developed algorithm for modeling
the interactions between infrastructures in this
study was introduced, and its steps were
explained. This algorithm was implemented to
investigate the interdependency of the water
sector to power sector in a Metropolitan
district and, finally, the dependent
performance of the sectors was assessed after
an earthquake and the effectiveness of some
management  solutions on  performance
measure and  resilience  index  were
investigated.

The followings scenarios were considered in
the study of the seismic performance and
resiliency assessment of the sectors:

6 Earthquakes as hazard scenarios: 3 faults
and two attenuation relations
4 Retrofitting scenarios:

Unanchored networks
Retrofitting and anchoring sector 1
Retrofitting and anchoring sector 2
Retrofitting and anchoring both sectors
7 Dependency scenarios: (i.e., 100, 80, 60,
40, 20, 0 percent dependency of sector 2 to
power network and independent components
of water network to each other (without inter-
and intra-dependency).
As a result, 168 scenario combinations of

hazard, retrofitting, and dependency scenarios
were investigated. In order to simulate the
performance and resiliency, each scenario
combination was analyzed 200,000 times
using Monte Carlo simulation.

The effects of inter-dependency on
performance and resiliency are sometimes
dramatic, but increasing the interdependency
have an increasing effect on the failure
probability of sectors in all cases, except in
those cases which the components have
neither intra-dependency (between
components in one network) nor inter-
dependency (between components of different
networks) whatsoever. Thus, the more
independent elements in a network, the better
the performance and resiliency conditions in
the case of earthquakes. So, the very first and
best solution is to enhance sector two
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performance and resiliency is using power
backup systems to reduce the negative effects

100.0

of inter-dependencies with sector 1 in the case
of strong earthquakes.
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The effect of interaction is numerically
significant in a small-magnitude earthquake
(Fig 8). In earthquakes with large-magnitude,
components of sector 2 (water network) are
severely damaged, and their interaction with
sector 1 (power network) is no longer
concerned (Fig 9).

Moreover, for moderate earthquakes, a small
reduction of inter-dependency has a
significant effect on increasing performance
and resiliency. Fig 10 shows that the first 20%
reduction of inter-dependency has its utmost
increasing effect in the overall resiliency
measure. Thus, an optimum value for
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interdependency reduction to increase the
overall resiliency can be obtained using the
Pareto principle.

Connecting the components of sector 2 (water
network) to only one component of sector 1
(low-voltage substation) is the reason of high
inter-dependency of sector 2 to sector 1 and
failure of sector one will cause major impacts
on the components of sector 2 in the district.
In order to deal with and manage this
problem, connecting components of sector 2
to two or more components of sector 1,
instead of connecting to only one, can solve
the problem.

Thus, as expected in retrofitting strategies for
upgrading the seismic performance of sector
2, retrofitting the sector shows a better
efficiency due to its direct effect comparing to
the sector one retrofitting. This is ranked as
the first strategy for strong earthquakes.
Besides, inter-dependency reduction, in any
way, causes the reduction of failure
probability, but it is ranked second for the
case of strong earthquakes.

REFERENCES

Bao-Hua, Y., Li-Li, X. & En-Jie, H. (2004). A
comprehensive study method for lifeline
system interaction  under  seismic
conditions. Acta Seismologica Sinica,
17(2), 211-221.

Caldarice, O., Brunetta, G. & Tollin, N.
(2019). The Challenge of Urban
Resilience: Operationalization. In Urban
Resilience for Risk and Adaptation
Governance (pp. 1-6). Springer, Cham.

Campbell, K. W. & Bozorgnia, Y. (2003).
Updated  near-source  ground-motion
(attenuation) relations for the horizontal
and vertical components of peak ground
acceleration and acceleration response
spectra. Bulletin of the Seismological
Society of America, 93(1), 314-331.

Chang, S. E., Eguchi, R. T. & Seligson, H. A.

As it is shown in Figures 10 and 11, overall
resiliency improvements in the district are
achieved more by interdependency reduction
strategy for moderate earthquakes and by
seismic retrofitting strategy for maximum
earthquakes. However, a single strategy
cannot be considered as an optimal one.
Choosing an optimal strategy for a city is
related to various factors and dimensions.
Only a technical or solution cannot guarantee
the success of resiliency improvements.

Developing the proposed model is one of the
important steps to know more about the
sectors, their interrelations, and enhance our
knowledge on the issue of sectors
performance  and overall resiliency
considering social, economic, technical,
physical, institutional, and  security
dimensions of resiliency. The proposed
method may be used for any set of sectors i.e.,
economic, technical, governance, institutional,
social, and physical dimensions of resiliency
for natural and unnatural incidents in a GIS
database platform.

(1996). Estimation of the economic impact
of multiple lifeline disruption: Memphis
light, gas, and water division case study.

Davoudi, S., Brooks, E. & Mehmood, A.
(2013). Evolutionary resilience and
strategies for climate adaptation. Planning
Practice and Research, 28(3), 307-322.

Duefias-Osorio, L. A. (2005). The
interdependent response of networked
systems to natural hazards and intentional
disruptions (Doctoral dissertation, Georgia
Institute of Technology).

Ezell, B. C., Farr, J. V. & Wiese, |. (2000).
Infrastructure risk analysis model. Journal
of infrastructure systems, 6(3), 114-117.

FEMA. (1997). HAZUS Technical manual.
National Institute of Building for the



Quarterly Journal of Environmental Education and Sustainable Development (Vol. 7, No. 4, Summer 2019) 141

Federal Emergency Management Agency,
Washington (DC).

Ghasemi, R., Omidvar, B. & Behzadfar, M.
(2019). Study of the Effectiveness of

"Technical-Physical" and "Socio-
Economic™ Strategies in Improving Urban
Resilience against Earthquakes,

Geographical Urban Planning Research,
Accepted for publication.

Gursesli, O. & Desrochers, A. A. (2003,
October). Modeling infrastructure
interdependencies using Petri nets. In
Systems, Man and Cybernetics, 2003.
IEEE International Conference on (Vol. 2,
pp. 1506-1512). IEEE.

Habitat, U. N. (2016). Habitat Il Policy Paper
8— Urban Ecology and Resilience. UN-
Habitat.

Haimes, Y. Y. & Jiang, P. (2001). Leontief-
based model of risk in complex
interconnected infrastructures. Journal of
Infrastructure Systems, 7(1), 1-12.

Haimes, Y. Y., Horowitz, B. M., Lambert, J.
H., Santos, J. R., Lian, C. & Crowther, K.
G. (2005b). Inoperability input-output
model for interdependent infrastructure
sectors. I: Theory and methodology.
Journal of Infrastructure Systems, 11(2),
67-79.

Haimes, Y. Y., Horowitz, B. M., Lambert, J.
H., Santos, J., Crowther, K. & Lian, C.
(2005a). Inoperability input-output model
for interdependent infrastructure sectors.
Il: Case studies. Journal of Infrastructure
Systems, 11(2), 80-92.

Holling, C. S. (1973). Resilience and stability
of ecological systems. Annual Review of
Ecology and Systematics, 4(1), 1-23.

Hwang, H. H. & Chou, T. (1998). Evaluation
of the seismic performance of an electric
substation using an event tree/fault tree

technique.  Probabilistic
Mechanics, 13(2), 117-124.

Leontief, W. W. (1951a). Input-output
economics. Sci Am, 185(4), 15-21.

Leontief, W. W. (1951b). The structure of the
American  economy, 1919-1939: an
empirical application of equilibrium
analysis (No. HC106. 3 L3945 1951).

Leontief, W. W. (1986). Input-output
economics. Oxford University Press on
Demand.

Engineering

Lewis, T. G. (2006). Critical infrastructure
protection in homeland security: defending
a networked nation. John Wiley & Sons.

Moselhi, O., Hammad, A., Alkass, S., Assi,
C., Debbabi, M. & Haider, M. (2005,
June). Vulnerability assessment of civil

infrastructure  systems: A network
approach. In 1st CSCE Specialty
Conference on Infrastructure

Technologies, Management, and Policy,
Toronto, Canada.

Naemi, M. & Omidvar, B. (2013). Calculation
of Electric Power Effect on Water Network
Case Study: Tehran, District 6. Journal of
Emergency Management. 1(2), 17-33. [In
Persian]

National Institute of Building Sciences and
Federal Emergency Management Agency
(NIBS and FEMA). (2003). Multi-hazard
Loss Estimation Methodology, Earthquake
Model, HAZUS® MH Technical Manual.

Normandin, J. M., Therrien, M. C., Pelling,
M. & Paterson, S. (2019). The Definition
of Urban Resilience: A Transformation
Path Towards Collaborative Urban Risk
Governance. In Urban Resilience for Risk
and Adaptation Governance (pp. 9-25).
Springer, Cham.

North American Electric Reliability Council
(NERC) (2004). Gas/Electricity



142 Omidvar & Tavakkoli: Assessment of Overall Resilience Index of Urban Areas against ...

Interdependencies and Recommendations.
Princeton, NJ: North American Electric
Reliability Council.

Nozick, L. K., Turnquist, M. A., Jones, D. A.,
Davis, J. R. & Lawton, C. R. (2004,
January). Assessing the performance of
interdependent infrastructures and
optimizing  investments. In  System
Sciences, 2004. Proceedings of the 37th
Annual Hawaii International Conference
on (pp. 7-pp). IEEE.

Omidvar, B., Malekshah, M. H. & Omidvar,
H. (2014). Failure risk assessment of
interdependent  infrastructures  against
earthquake, a Petri net approach: case
study—power and water distribution
networks. Natural hazards, 71(3), 1971-
1993.

Peerenboom, J. P., Fisher, R. E., Rinaldi, S.
M. & Kelly, T. K. (2002). Studying the
chain reaction. Electric Perspectives,
27(1), 22-35.

Peterson, J. L. (1981). Petri net theory and the

modeling of systems. Prentice-hall.

PSEPC (Public Safety and Emergency
Preparedness office) (2006). Corrections
and Conditional Release Statistical
Overview-Annual Report.

Rinaldi, S. M., Peerenboom, J. P. & Kelly, T.
K. (2001). Identifying, understanding, and
analyzing critical infrastructure
interdependencies. IEEE Control Systems,
21(6), 11-25.

Sharma, V. R. (2019). Perspective on
Resilient ~ Cities:  Introduction  and
Overview. In Making Cities Resilient (pp.
1-9). Springer, Cham.

Watts, D. J. & Strogatz, S. H. (1998).
Collective dynamics of ‘small-world’
networks. nature, 393(6684), 440-442

Zare, M., Ghafory-Ashtiany, M. & Bard, P. Y.
(1999). Attenuation law for the strong-
motions in Iran. In Proceedings of the third
international conference on seismology
and earthquake engineering (Vol. 1, pp.
345-354).



