
Computer-Aided Civil and Infrastructure Engineering 30 (2015) 508–523

Simulation-Based Seismic Risk Assessment of Gas
Distribution Networks

Simona Esposito, Iunio Iervolino*, Anna d’Onofrio & Antonio Santo
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Abstract: The basic function of a gas distribution sys-

tem, essentially composed of buried pipelines, reduc-

tion stations, and demand nodes, is to deliver gas from

sources to end users. The objective of the article is to

discuss the evaluation of seismic risk of gas networks in

compliance with the performance-based earthquake en-

gineering framework adapted to spatially distributed sys-

tems. In particular, three issues are addressed: (1) spatial

seismic hazard characterization in terms of ground shak-

ing and permanent ground deformation; (2) analysis of

system’s vulnerability via fragility curves; (3) seismic per-

formance evaluation via computer-aided simulation. As

an application, the seismic risk analysis of L’Aquila (cen-

tral Italy) gas distribution network, a 621-km mid- and

low-pressure pipeline system was considered. The anal-

yses were performed with reference to the mid-pressure

part of the network, through an object-oriented software,

specific for risk assessment of lifelines, developed by

the authors. Results in terms of connectivity-based per-

formance indicators are presented and discussed, along

with a performance disaggregation analysis carried out

to evaluate the contribution of the components of the sys-

tem to the risk.

1 INTRODUCTION

Lifelines are those utility systems essential for commu-
nities; examples are the telecommunication, transporta-
tion, power, water, and gas networks. Disruption of life-
lines caused by earthquakes can have an impact both in
the short term, for emergency management issues, and
in the long term, for the effects on the economy and
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social stability of the served region. This explains why
the evaluation of seismic reliability of these systems has
attracted attention in recent years (e.g., Banerjee and
Shinouzuka, 2004; Pitilakis et al., 2006; Adachi and
Ellingwood, 2008, 2009; Wang et al., 2010; Cavalieri
et al., 2014).

The study presented in the following focuses on gas
distribution systems, to which past earthquakes caused
a significant amount of damage, especially to its main
component, that is buried pipelines (O’Rourke and
Palmer, 1996). The 1971 San Fernando earthquake (mo-
ment magnitude, Mw, 6.7) caused damage to under-
ground welded-steel transmission pipelines. The 1923
Kanto (Mw 7.9) earthquake caused several breaks to gas
pipelines in the Tokyo region. Damages to aboveground
support facilities have also been observed in past events
(FEMA, 1992), especially in the case of inadequate an-
chorage of equipment.

A gas distribution system comprises two main cate-
gories of components: (i) a number of point-like crit-
ical facilities (reduction stations and groups where
gas is pressurized/depressurized and/or measured); and
(ii) pipelines constituting the distribution network.

The causes of earthquake damage to components of
gas distribution systems include large permanent soil
deformations produced by fault displacements, land-
slides, liquefaction of sandy soils, associated lateral
spreading, and ground settlements, as well as ground
shaking associated with traveling seismic waves. The
latter case is often referred to as transient ground de-
formation (TGD), while the former is generally syn-
thesized as permanent ground deformation (PGD); i.e.,
the geotechnical hazard. These phenomena affect both
aboveground and buried components. However, in the
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case of buried pipelines, PGD is especially important
(O’Rourke and Liu, 1999).

Because this kind of system is extended in space, a
key difference with respect to seismic risk analysis of
point-like facilities is that the seismic hazard has to be
evaluated jointly for all the locations of the system’s
components. Moreover, the performance evaluation of
lifelines, related to the level of service, reflects their
spatially distributed and functionally interconnected na-
ture, which needs specific indicators.

Even if nonsampling-based approaches have been de-
veloped (e.g., Kang et al., 2008; Kim and Kang, 2013;
Duenãs-Osorio and Rojo, 2011), the listed complex-
ities and the need to account for all the uncertain-
ties involved in the seismic risk analysis of gas net-
works favor probabilistic assessment procedures based
on computer-aided Monte Carlo simulation (or MCS;
e.g., Jahani et al., 2014). In turn, MCS may be compu-
tationally demanding depending on the modeling of the
system of interest and/or on the order of magnitude of
the probabilities to estimate (e.g., Pinto et al., 2004).
These issues, motivating the study herein presented,
render the probabilistic seismic risk evaluation peculiar
and relatively less consolidated with respect to that of
buildings for which the performance-based earthquake
engineering (PBEE) framework was originally set. In
fact, the study aimed at evaluating the seismic risk of
a gas distribution network, following the principles and
objectives of PBEE and considering all the issues in-
volved, using as much as possible state-of-the art tools.
To this aim, the work includes the probabilistic char-
acterization of seismic input, the definition of vulnera-
bility of the network’s components, the analysis of the
system’s seismic performance measures, and finally the
probabilistic simulation for risk assessment.

As an illustrative, yet real, application, the mid-
pressure (MP) part of the L’Aquila (central Italy) gas
distribution system is considered. It is characterized by
three reduction stations connecting the network to the
high-pressure (HP) nationwide network, more than 200
km of pipelines either made of steel or high-density
polyethylene (HDPE) pipes, and about 200 reduction
groups (RGs). Detailed information about the system
was available for this network, including performance
in the 2009 Mw 6.3 earthquake (Esposito et al., 2013)
due to a partnership with its operator (Enel Rete Gas
s.p.a.).

For the purposes of seismic risk assessment, a sin-
gle earthquake fault, the Paganica fault (Pace et al.,
2006), is considered (and in this sense, the analysis is
conditional to this assumption). It is beneath the region
served by the network and it is believed to have gener-
ated the 2009 L’Aquila earthquake. The reason for such
a choice is twofold: (i) it is expected to dominate the

hazard for the gas system; and (ii) the study is method-
ological, more faults would not add to it.

Seismic risk is herein expressed in terms of probabil-
ity of exceedance of service disruption levels, measured
by connectivity-based performance indicators (PIs),
given the occurrence of an earthquake on the consid-
ered fault that may be converted in performance rate.
Indeed, the performance rate can be translated in mon-
etary terms, which is common in risk assessment, once
the expected loss given PI is available, yet this was out-
side the scope of the study.

Analyses were carried out with a purpose-made
object-oriented model of interconnected infrastruc-
tural systems (Franchin and Cavalieri, 2013), within
which the authors have specifically developed a pro-
totype software for the seismic risk assessment of gas
systems.

The article is structured such that Section 2 describes
the general framework for the probabilistic seismic
performance assessment of gas distribution networks.
Section 3 discusses the hazard characterization of the
region, the fragility selection, and the seismic perfor-
mance simulation procedure. Moreover, details on the
implementation of the prototype software are also pro-
vided. Subsequently, the analysis of the network is dis-
cussed (Section 4) and results in terms of PIs are finally
presented and discussed.

2 ISSUES IN THE PERFORMANCE-BASED

SEISMIC RISK ASSESSMENT OF GAS SYSTEMS

2.1 Seismic hazard characterization

This section describes the general process to character-
ize the seismic input (in terms of TGD and PGD) acting
on the components of a gas network. In particular, the
principal differences with respect to single-site systems
are pointed out for both phenomena and referring to
pipelines and stations, which are the main components
of the lifeline under study.

2.1.1 TGD. During an earthquake, wave propagation
causes transient vibratory soil deformations over a wide
geographic area. Ground motion effects are usually de-
scribed in terms of peak ground motion intensity mea-
sures (IMs); e.g., peak ground acceleration, PGA, or
peak ground velocity, PGV, that may be evaluated, con-
ditional to earthquake features such as magnitude and
source-to-site distance, using a ground motion predic-
tion equation (GMPE).

Since a gas system generally covers a large area, the
first aspect to consider in the seismic input modeling is
that the latter is composed of large vectors of ground
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motion intensities (for all sites in the region where the
system deploys). This means that seismic hazard has
to be represented in terms of random fields (e.g., Park
et al., 2007; Adachi and Ellingwood, 2009; Zerva, 2009;
Esposito and Iervolino, 2011). This is a peculiar feature
differing from the seismic risk analysis of point-like fa-
cilities. In fact, if probabilistic assessment of ground mo-
tion at two or more sites at the same time is of concern,
a spatial correlation model, accounting for the statistical
dependencies between IMs as a function, for example,
of intersite separation distance, is needed. This serves
to model the joint probability density function (JPDF)
of IMs at all locations. A common model (e.g., Jayaram
and Baker, 2009) assumes that the JPDF of the loga-
rithm of IMs at a number of sites is a multivariate nor-
mal distribution, the mean vector of which is provided
by a GMPE and the covariance matrix reflects correla-
tion of residuals (to follow).

Still on the TGD side, it has to be considered that
the performance of spatially distributed systems may be
conditional upon the failure of many different compo-
nents, each of which may be characterized by fragility
curves that are a function of different IMs. For example,
some elements of a gas system, such as regulator sta-
tions, have fragility curves typically expressed in terms
of PGA, while fragility of pipelines may be function
of PGV. Because IMs at the same site, generally, are
not independent of each other, this raises another issue:
the probabilistic seismic input representation has also
to account for the cross-correlation between the IMs.
To address this, the conditional hazard approach may
be considered (Iervolino et al., 2010). It consists of ob-
taining the conditional distribution of a secondary mea-
sure IM2 (e.g., PGV) at a site, given the occurrence of
a primary measure, IM1, at the same site (e.g., PGA),
f I M2|I M1

(im2 |im1 ). If the random field for IM1 accounts
for the spatial correlation, the random field condition-
ally obtained for IM2 also implicitly accounts for it. The
simplest application of conditional hazard requires site–
specific correlation coefficients between IMs and ac-
ceptability of the hypothesis of joint normality of the
logarithms of the primary and secondary IMs. There-
fore, for a generic system characterized by N sites and
two IMs, instead of characterizing the joint distribution
of all sites and ground motion parameters of interest,
it is necessary just to model the JPDF of IM1 and then
the conditional distribution of the secondary IM at each
site. The approach is shown in Figure 1, for a simplified
system deployed in three sites.

Note that this approach assumes that IM1 at a site
is sufficient (i.e., Luco and Cornell, 2007) for IM2 at
the same site, that is, IM2 is independent of any other
ground motion parameter given IM1 and that the de-
pendence of the variable IM2 on the variable IM1

Fig. 1. Sketch of the procedure to model the joint
distribution of cross-correlated IMs via conditional hazard.

is limited to the colocated primary variable (see also
Weatherill et al., 2014).

2.1.2 PGD. Buried components (i.e., pipelines) require
the consideration of PGD hazard. Although PGDs are
usually limited to small regions, their damage poten-
tial may be significant. The principal causes of PGD are
(Kramer, 1996): (i) coseismic fault displacement in the
near-fault area; (ii) liquefaction-induced lateral spread-
ing, and seismic settlement; (iii) landslides triggered by
seismic shaking.

The relative impact of the various earthquake-
induced PGDs on a pipeline system depends on the
morphologic, geological, and geotechnical conditions of
the subsoil. In general, fault displacement is often eval-
uated by means of semiempirical relations that corre-
late displacement to the magnitude of the earthquake
(e.g., Petersen et al., 2011), while for liquefaction and
landsliding, the amount of resulting displacement may
be evaluated through models relating a parameter rep-
resenting the latter to a ground motion intensity mea-
sure. In this context, the simple approach of HAZUS
(FEMA, 2004), requiring limited information about the
geotechnical characterization of the region, may fit the
purpose of the risk analysis of large systems, as gas net-
works are. According to HAZUS, the first step of liq-
uefaction hazard evaluation is the determination of liq-

uefaction susceptibility. The next stage is to determine
the likelihood that an earthquake will be able to initiate
the phenomenon (i.e., the probability of liquefaction).
Finally, given that liquefaction occurs at a particular lo-
cation, the amount of PGD (i.e., displacement) may be
predicted via models such as those by Youd et al. (2002).

Similar to liquefaction, the characterization of slope
displacement starts generally from the evaluation of
landslide susceptibility. It is related to the morpho-
logic and groundwater conditions of the area, as well
as to the geologic origin and the strength characteristics
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of soils. These factors contribute to the determina-
tion of the critical acceleration kc that is the minimum
shaking intensity required to overcome the slide resis-
tance of the slope.

In the HAZUS procedure, the critical acceleration is
related to a 10-point susceptibility scale based on the
local lithology, the slope angle, and groundwater con-
ditions, without any reference to direct measurements
of the soil strength parameters. The groundwater con-
dition is divided into dry conditions (groundwater be-
low level of the sliding) or wet conditions (groundwa-
ter level at ground surface). Hence, in a susceptible
deposit and for a given earthquake, permanent displace-
ments either occur or not depending on whether the in-
duced peak ground acceleration at surface, PGAs, ex-
ceeds kc. Once the landslide occurs, the calculation of
the expected ground displacement may be carried out
via models such as that by Saygili and Rathje (2008).

As mentioned, the HAZUS approach is believed to
represent a base-level scale-compatible application of
geotechnical hazard characterization in the context of
probabilistic seismic risk analysis of spatially distributed
systems due to the limited data required. In fact, in the
case where more detailed geotechnical data are avail-
able for the region of interest, refined procedures could
be considered (e.g., Baker and Faber, 2008; Kramer,
1996). However, it has to be recalled that the geotechni-
cal hazard in probabilistic risk assessment of infrastruc-
tures is not a consolidated issue yet; see Weatherill et al.
(2014) for a discussion.

2.2 Vulnerability

To estimate seismic damage for a natural gas distribu-
tion system given ground shaking or ground deforma-
tion, earthquake intensity parameters have to be related
to the effects by means of fragility functions for com-
ponents. In particular, for point-like elements, these re-
lations typically provide the probability of reaching or
exceeding some damage state (DS) given the intensity.
This applies to the aboveground components of a gas
distribution network, while for pipelines, the fragility
models usually consist of a seismic-intensity-dependent
rate, providing the number of damages (e.g., leaks or
breaks) per unit length.

2.2.1 Stations. In a gas distribution system, three main
types of point-like facilities may exist:

1. metering/pressure reduction stations (M/R sta-
tions) that contain metering equipment for mon-
itoring and measuring the gas flow, and reduction
lines for reducing the gas pressure before its distri-
bution into the medium pressure pipe system;

2. RGs, where the gas pressure is reduced as required
to be delivered to the end user;

3. metering stations that are only flow measurement
points.

Considering that stations comprise the shelter and
the equipment inside, they may be classified with re-
spect to different aspects: building typology; anchored
or unanchored subcomponents; or electrical and me-
chanical components (Gehl et al., 2014).

Although in the literature, no fragility curves are
available for these components, some authors (e.g.,
Chang and Song, 2007) assume that at least the M/R
stations can be characterized with the same fragility fea-
tures of compressor stations, in terms of lognormal cu-
mulative distribution functions. DSs and fragility curves
for compressor stations (e.g., those in FEMA, 2004) are
usually a function of PGA, and sometimes PGD, if lo-
cated in liquefiable or landslide-prone areas.

2.2.2 Buried pipelines. As mentioned, buried pipelines
are sensitive to PGD, in addition to TGD due to seismic
wave propagation. Among the various seismic parame-
ters used to correlate the ground shaking effects to the
damage suffered by buried pipelines, PGV is often pre-
ferred (O’Rourke et al., 1998).

In the case of pipeline components, fragility curves
available in literature are usually based on empirical
data collected in past earthquakes. These semiempiri-
cal models are mostly based on the recorded number
of repairs collected from field crews (e.g., ALA, 2001;
Eidinger, 1998; O’Rourke and Ayala, 1993). Semiem-
pirical models do not explicitly discriminate all the pos-
sible failure modes of buried pipelines subjected to
transient and ground deformation, whereas it is ac-
knowledged that they may be related to shape discon-
tinuities of the pipelines as well as sharp variations in
strength and stiffness characteristics of the soil. As a re-
sult, all fragility relations for pipelines are given in terms
of the repair rate, RR, per unit length of pipe. The main
factors affecting the vulnerability of pipelines, usually
accounted for in the formulation of the repair rate, are
pipe material, pipe diameter, and pipe connection type.
Then, using a Poisson probability distribution and RR

as its parameter, one can assess the probability of hav-
ing any number of damages in a pipe segment, given the
local intensity.

According to HAZUS, two DSs may be considered
for pipelines: leaks and breaks. When a pipe is damaged
due to ground failure, it is assumed that the propor-
tions of leaks and breaks are 0.2 and 0.8, respectively;
whereas for ground shaking, leaks and breaks propor-
tions are 0.8 and 0.2, respectively.
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2.3 Performance

2.3.1 Gas network models and analyses. The seismic
performance analysis of a gas network (and of lifeline
systems in a more general sense) can be carried out at
two main levels:

1. connectivity-based, related to the existence of a
path connecting sources to demand nodes (in a sys-
tem where both links and nodes may fail) allow-
ing the assessment of serviceability in terms of, for
example, the number of distribution nodes that re-
main accessible from at least one supply node after
the earthquake;

2. flow-based, that considers the network’s ca-
pacity and takes into account additional fac-
tors/constraints in the assessment of serviceability;
e.g., the minimum pressure at each demand node.

Depending on the purpose of the analysis, different
methods and tools can be used for the evaluation of seis-
mic performance of gas networks. Connectivity analysis
requires a simple description of the system in terms of
a graph, defined as a collection of nodes (divided into
sources or stations, sinks or demand nodes, and joints)
and links (i.e., pipes) connecting nodes. Connectivity
analysis tools are limited to those of graph theory (e.g.,
Ching and Hsu, 2007). These algorithms are applied to
the network after removing the parts of the system that
failed after the seismic event.

In flow-based analysis, the network performance is
measured evaluating the actual flow delivered to end
users, as a function of the pressure at demand nodes.
For the purpose of calculating pipe flow and nodal pres-
sure before and after the seismic event, it is necessary to
consider flow equations (the application of flow equa-
tions is required for the calculation of the pressure drop
along the network) and a method to solve the network
analysis problem (see Osiadacz, 1987, for a discussion).
Also, in this case, the analysis should be performed on
the network after removing the damaged parts of the
system.

2.3.2 PIs. Depending on the connectivity-based or
flow-based goal of the analysis, different PIs may be
evaluated. Moreover, PIs can refer to the component-
level or the system-level.

For a gas network, two possible system-level PIs
for connectivity analysis are the serviceability ratio

(SR) and the connectivity loss (CL). The former,
originally defined for water supply systems (Adachi and
Ellingwood, 2008), is directly related to the number of
distribution nodes in the utility network that remain
accessible from at least one supply facility after the
earthquake.

The latter index, defined by Poljanšek et al. (2012),
was considered for the purpose of this study and mea-
sures the average reduction in the ability of demand
nodes to receive flow from source nodes.

In each earthquake event, SR may be computed as
in Equation (1), where wi is a weighting factor assigned
to the distribution node i (i.e., the nominal flow of the
RG demand node), X i represents the functionality of
ith demand node, which is modeled as the outcome of a
Bernoulli trial (i.e., X i = 1 if the node is accessible from
at least one supply facility and zero otherwise), and n is
the number of distribution nodes.

S R =

n
∑

i=1

(wi · X i )

/

n
∑

i=1

wi (1)

CL is computed as in Equation (2), counting the
number of source nodes connected to the ith demand
node in the original (undamaged) network N i

source,orig

and then in the damaged network N i
source,dam, where 〈 〉

denotes averaging over all demand nodes.

C L = 1 −

〈

N i
source,dam

N i
source,orig

〉

i

(2)

For a more extended discussion on other possible PIs
for gas networks, see Esposito (2011).

3 PROCEDURE FOR SIMULATION-BASED

SEISMIC RISK ANALYSIS OF GAS

DISTRIBUTION NETWORKS

Due to the articulation of the general issues discussed
in the previous section, the seismic risk analysis of gas
networks is more profitably illustrated via its implemen-
tation. Therefore, although remaining on the method-
ological side, this section describes the steps of the
simulation-based assessment, considering all the aspects
described above, as applied to the MP portion of the
L’Aquila gas distribution system. Five principal steps
may be identified in the analysis:

1. probabilistic TGD characterization starting from
an event randomly originated on the considered
fault, and including spatial correlation of ground
motion;

2. probabilistic characterization of the PGD hazard
as a function of TGD, focusing on seismically in-
duced landslides (requires the geotechnical char-
acterization of the network area);

3. probabilistic characterization of earthquake dam-
age to each component within the network via
fragility models;
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4. system’s performance analysis via a connectivity
algorithm to integrate the damage of stations and
pipelines to evaluate the systemic damage;

5. probabilistic risk assessment via MCS.

The simulation was performed implementing the
application network in the object-oriented framework

for infrastructure modeling and simulation (OOFIMS)
software, developed according to the object-oriented

paradigm (OOP). The latter is commonly adopted in
engineering studies requiring numerical analysis and de-
sign of large systems (e.g., Chuang and Adeli, 1993; Yu
and Adeli, 1993; Hung and Adeli, 1994; Adeli and Yu,
1995; Karim and Adeli, 1999a, b; Jiang and Adeli, 2004;
Adeli and Kao, 1996), as it will be briefly discussed in
Section 3.3.

3.1 L’Aquila MP gas distribution system

In the L’Aquila region (central Italy), the gas is dis-
tributed via a 621-km pipeline network, 234 km of which
with gas flowing at mid pressure (2.5–3 bar), and the re-
maining 387 km with gas flowing at low pressure (0.025–
0.035 bar).

The MP distribution network is connected to the
HP transmission network (deployed at a national level)
through three M/R stations. These are cased in one-
story reinforced concrete structures hosting internal
regulators and mechanical equipment (heat exchangers,
boilers, and bowls), where the gas undergoes the follow-
ing processes: (1) gas preheating; (2) gas pressure reduc-
tion and regulation; (3) gas odorizing; and (4) gas pres-
sure measurement.

Pipelines of the distribution network are either made
of steel or HDPE. The latter pipes have nominal diam-
eters ranging from 32 to 400 mm, whereas the diameter
of the steel pipes is usually between 25 and 300 mm. Be-
fore 1990, steel pipes were generally characterized by
gas-welded joints, whereas, more recently, gas-welded
joints are used for diameter less than 250 mm and arc-
welded joints are used otherwise. HDPE pipes feature
fusion joints. Construction years of the analyzed net-
work range from 1968 to 2009 and the burial depth was
usually between 0.6 and 0.9 m before 1992, and equal to
1 m thereafter.

The transformation of the MP into the low distri-
bution pressure (LP) is operated via 300 RGs that
are buried, sheltered in a metallic kiosk, or housed
within/close to a building. Several demand nodes (re-
ferred to as IDU, impianto di derivazione utenza

in Italian), consisting of buried and aboveground pipes
and accessory elements, allow the supply of natural gas
to end users, from LP network. For large users, such as

Fig. 2. Application network (L’Aquila, central Italy).

industrial facilities, the demand node is located along
the MP network.

Collaboration with the network’s operator enabled
the characterization of the system via a geographic in-

formation system, developed for the purpose of the
study and reporting data on physical and operational
characteristics.

The MP portion of the system selected for the study
(Figure 2) includes the three M/R stations, 209 RGs, and
pipelines at mid pressure.

3.2 Procedure

As mentioned, a simulation-based connectivity analysis
was the object of this study. Considering that the func-
tion of a gas network at MP is to deliver gas to RGs, the
network performance was assessed evaluating the avail-
ability of end nodes (RGs) of the L’Aquila system.

Both TGD and PGD hazards were evaluated.
Pipelines and M/R stations were considered the
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vulnerable elements within the network, and the risk as-
sessment was performed in terms of two PIs.

In the following subsections, a description of the
adopted methodology and models is provided.

3.2.1 Regional seismic intensity simulation. The process
to compute the seismic input, in terms of TGD and PGD
in each simulation run, is essentially divided into five
separate stages:

1. sampling of the event on the considered seismic
fault;

2. sampling of the random field of the primary IM at
bedrock (PGAr);

3. conditional sampling of the secondary IM at
bedrock (PGVr);

4. amplification due to local site conditions to get
PGAs and PGVs that are the IMs at the surface;

5. sampling of displacement consequential to PGD
due to landslide.

1. The Paganica fault (normal faulting style) was con-
sidered for the generation of characteristic earthquakes
of (fixed) moment magnitude equal to 6.3 and return
period equal to 750 years (Pace et al., 2006). Uncer-
tainty around the characteristic magnitude, if any, was
neglected. Also, the referenced study only provides a
single magnitude for the fault. Data on fault geometry
(Figure 2) used herein are those of Chioccarelli and Ier-
volino (2010). Given the magnitude, the simulation of
the event on the fault was in terms of epicentral loca-
tion, which was assumed as uniformly distributed. To
this aim, the fault was discretized as a lattice (see also
Weatherill et al., 2014).
2. The ground motion intensity for the primary IM was
evaluated using a GMPE on a regular grid of points dis-
cretizing the region covered by the gas network, as ex-
pressed in Equation (3):

log Ypj = log Ypj (M, R, θ) + η j + εpj (3)

where Ypj denotes the IM at a site p due to earthquake

j; log Ypj (M, R, θ) is the mean of its logarithm, con-
ditional to magnitude (M), source-to-site distance (R)
and other parameters (θ), η j is the interevent residual,
and εpj is the intraevent heterogeneity of ground mo-
tion. The interevent term, common to all sites, repre-
sents the systematic deviation of the specific earthquake
from the GMPE, and it is usually assumed as a normally
distributed random variable with zero mean and stan-
dard deviation σinter (again, from the GMPE model).
εpj is the remaining site-to-site variability of ground
motion, usually modeled via a multivariate zero-mean
Gaussian distribution with covariance matrix reflecting

correlation as a function of intersite distance (e.g.,
Jayaram and Baker, 2009).

For this case study, PGA, which is needed in the
fragility function for stations, was selected as the pri-
mary IM. The GMPE used as the basis for the Gaus-
sian random field (GRF) modeling of the logarithm of
PGA is that by Akkar and Bommer (2010). The corre-
lation model for intraevent residuals of PGA is that by
Esposito and Iervolino (2011), which was calibrated on
the data of same European strong-motion data set of
the Akkar and Bommer (2010) GMPE. The correlation
coefficient ρ as a function of the intersite separation dis-
tance, h, is given in Equation (4), where 13.5 is the range

and represents the distance (in km) at which intraevent
residuals may be considered uncorrelated.

ρ = exp(−3 · h/13.5) (4)

In each run (that is in each simulated earthquake on
the fault) and for each grid point, the mean of the loga-
rithm of the primary IM was calculated via the GMPE.
(In fact, given the assumption on magnitude, the mean
of logarithms is the same for all runs.) The interevent
residual (common to all sites) was sampled from a Gaus-
sian distribution with zero mean and variance provided
by the adopted GMPE. The intraevent residual was
sampled from a multivariate Gaussian distribution char-
acterized by the spatial correlation model expressed in
Equation (4) and by GMPE’s intraevent standard devi-
ation. The resulting ground motion intensities (PGAr)
are referred to as rock/stiff-soil conditions.

The regular grid that discretizes the region occupied
by the network was identified based on the correlation
structure of the primary IM intraevent residuals. A grid
size smaller than the range was chosen with the inten-
tion to represent correlation of IMs in one earthquake.
In this case, 1-km grid spacing was selected. The value
of the primary IM at all sites of the network (i.e., the
vulnerable elements’ sites) was obtained interpolating
the grid values at the four closest grid points (using as
weights the reciprocals of the distance of the site of in-
terest from those points).
3. Given the primary IM, the secondary IM for each
site of interest can be obtained via the mentioned con-
ditional hazard approach. Since fragility functions for
pipelines are expressed in terms of PGV, it was selected
as the secondary IM. To obtain the conditional distri-
bution of PGV, a GMPE for this IM is also required;
to this aim, the work of Akkar and Bommer (2010) was
considered again. Then, at each site, the realization of
the logarithm of PGVr (rock/stiff-soil conditions) was
obtained sampling a normal distribution whose parame-
ters are conditional to PGAr. To this aim, assuming the
joint normality between the logarithms of two IMs at
the bedrock, the correlation coefficient was specifically
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Table 1

Geological groups description for L’Aquila region

Class for Strength Local

GMPE Description parameters lithology

A Rock c′ = 15 kPa Limestones–
φ ′ = 35° Flysch–Debris

B Soft rock c′ = 0 kPa Pleistocene
φ ′ = 35° gravels and

sands
C Clay and c′ = 0 kPa Holocene silts

silty soils φ ′ = 20° and sands

estimated starting from the data set used for the Akkar
and Bommer (2010) GMPE.
4. To account for local site conditions, GMPE-based
amplification factors were considered. To this aim, each
site of the network was characterized according to
the site classification scheme adopted by the employed
GMPE, starting from geological analysis of the region
described in 5. This allows obtaining PGAs and PGVs.
5. Regarding PGD, the landslide potential of the
L’Aquila region, according to the HAZUS (FEMA,
2004) procedure was evaluated (no significant lique-
faction potential was found in the region, and co-
seismic surface ruptures were neglected). A landslide-
susceptibility map of the L’Aquila region, based on the
lithological groups, slope angles, and groundwater con-
ditions, was obtained for the purposes of this study start-
ing from the methodology formulated by Wilson and
Keefer (1985) and reported in HAZUS.

To this aim, more than 40 different outcropping litho-
logical formations were detected in the region of in-
terest starting from 1:50,000 scale ISPRA geological
maps (http://www.isprambiente.gov.it/). The quaternary
deposits and the underlying mesocenozoic formations
were then grouped into three main subsoil classes based
on the lithological description suggested by HAZUS.
The subsoil classes are reported in Table 1, with the de-
scription of each class and the related indicative values
of strength parameters (the cohesion, c′, and the friction
angle, φ′).

This simplistic approach may be justified consider-
ing the regional scale of the performed risk analy-
sis. In fact, it was adopted due to unavailability of in

situ and laboratory test data about strength character-
istics of the quaternary deposits located in the region
where the network deploys (i.e., the Aterno river val-
ley). They are mainly constituted by a depositional se-
quence of silt, sand, conglomerates, and gravels, as well
as talus debris and debris alluvial fans covering the foot
of the valley flanks: all granular hard-to-sample materi-
als.

The calcareous and flysch deposits, mesocenozoic in
age, forming the ancient and well-lithified bedrock were
put into class A together with quaternary cemented
breccias. Soils included in class A are assumed to be
characterized by c′ not lower than 15 kPa and by φ
′ higher than 35°. Class B comprises the quaternary
clastic deposits of the region. In particular: conglom-
erates, gravels, slope debris, sands, and locally clay
and silt. Following HAZUS indication, this class of
soil is characterized by a null value of cohesion but
by a rather high friction angle. Finally, in class C, all
the lithotypes (late Pleistocene-Holocene age), present
in the shallowest layers (10–15 m deep) of the cen-
tral part of the Aterno river valley, were included.
They are mainly made up of silts and clays; neverthe-
less, thin layers of sands and peats are also present.
The strength properties are surely worse if compared
to A and B groups so that this class was character-
ized by zero value of cohesion and friction angles not
exceeding 20°.

The slope angle map was generated from topo-
graphic data, and slope classes were defined: <5°,
5°–10°, 10°–15°, 15°–20°, 20°–30°, 30°–40°, >40°.
In particular, starting from a topographic 1:25,000
map (Istituto Geografico Militare; http://www.igmi.org/
prodotti/cartografia/carte topografiche), a digital eleva-
tion model (DEM) of the studied area was obtained
with a grid resolution of 40×40 m2 and a height reso-
lution of 7 m. The DEM allowed the obtaining of the
slope angle map, showing that in the city center, the gas
network is located in flat areas, whereas in the surround-
ing small villages, the network crosses slopes.

Bounding groundwater conditions were assumed ei-
ther dry or wet conditions. Since very limited informa-
tion was available during the study about groundwa-
ter table, a dry state was attributed to the outcropping
rock while wet conditions were assigned to B and C soil
classes.

Ten susceptibility categories (measured on a scale of
I to X, with I being the least susceptible) are considered
in the HAZUS procedure, as a function of slope angle,
groundwater conditions, and lithological classification.
Each of them is characterized by a value of critical ac-
celeration, kc, ranging from 0.05 g to 0.6 g. (The HAZUS
procedure does not account for the strength parameters
assigned to each class to compute a static safety factor
or to evaluate the critical acceleration.)

Overlying the slope angle, groundwater, and lithol-
ogy class maps, it was possible to draw a map of the
landslide susceptibility, which was finally transformed,
into the critical acceleration map shown in Figure 3,
where the white color corresponds to the nonsuscepti-
ble areas; i.e., those characterized by slope angle lower
than 5°.
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Fig. 3. Critical acceleration map for the Aterno river valley,
the L’Aquila region where the network deploys.

The kc map is to be intended as a slope vulnerability

map, since, for a given earthquake, permanent displace-
ments occur or not in a susceptible deposit, with prob-
ability P*land in those cases in which PGAs exceeds kc.
This twofold condition is to account for the conservative
nature of the Wilson and Keefer (1985) model, which is
used in the procedure to determine the extension of the
landsliding zone. In fact, the simplified approach used
herein does not allow the evaluation of the extension
of the landslide, but to associate, to each susceptibility
category, a percentage of map area having a landslide-
susceptible deposit, starting from the values proposed
by Wieczoreck et al. (1985). In the methodology used
herein, such values are used as probabilities of observ-
ing landsliding at a site, given that PGA at the site ex-
ceeds the critical acceleration (Weatherill et al., 2014).

In each run, the resulting displacement from PGD
hazard (indicated with the same acronym for simplic-
ity) in centimeters is finally calculated via the Saygili
and Rathje (2008) empirical model, expressed in Equa-
tion (5). Such an equation, providing the conditional

mean of the logarithms, is based on the computation of
rigid sliding block displacements expressed as a func-
tion of the ratio between the critical acceleration kc and
the expected acceleration at surface. The model is also
characterized by a residual with a standard deviation
σln(PG D).

ln (PG D)=5.52−4.43 ·

(

kc

PG A s

)

−20.39 ·

(

kc

PG As

)2

+

+ 42.61 ·

(

kc

PG As

)3

−28.74 ·

(

kc

PG As

)4

+ 0.72 · ln (PG As) (5)

3.2.2 Seismic vulnerability and performance assessment.

To estimate earthquake-induced damage, IMs were re-
lated to system component damage via fragility mod-
els. For buried pipelines, Poisson repair rates functions
of PGVS and PGD were selected in ALA (2001) for
each pipe typology (steel and HDPE) and diameter. In
fact, an analysis of the damages to the pipelines in the
L’Aquila 2009 earthquake led to conclude that these
models could be a viable option to model vulnerability
in the seismic risk analysis of the network; see Esposito
et al. (2013) for details.

The fragility relations are indicated in Equations (6)
and (7), where RR is expressed in 1/km, PGVS

and PGD are given in cm/s and m, respectively, and
K1 and K2 represent the modification factors according
to pipe material and diameter. At each location, and in
each event (i.e., run within the simulation), the rate is
taken to be the largest between that obtained for PGV
and PGD, and multiplied by 0.2 and 0.8, respectively,
because only breaks are considered in the connectivity
analysis.

RR = K1 · 0.002416 · PGVs (6)

RR = K2 · 11.223 · PG D0.319 (7)

Although the vulnerability of RGs was neglected
(also because no fragility curves are available in the lit-
erature to the knowledge of the authors), for the M/R
stations, lognormal fragility curves for unanchored com-
pressor stations (FEMA, 2004) were adopted. These
have median equal to 0.77 g and 0.65 standard devia-
tion (of the logarithms). Vulnerability to geotechnical
hazards of the M/R stations was not considered because
geotechnical analysis resulted in negligible susceptibil-
ity of the corresponding sites.

DSs to consider are strictly related to the objective
of the analysis. In this case, a connectivity analysis was
performed; i.e., the system is considered functional if
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Fig. 4. Simplified version of the class diagram implemented
in the OOFIMS software.

RGs remain accessible from at least one M/R station.
To this aim, it was assumed that a pipe segment can-
not deliver gas when the segment has at least one break,
while for the supply node, it was assumed that it loses its
connectivity when it is in extensive DS, according to the
adopted fragility model.

3.3 Object-oriented software for risk analysis of

lifelines

The described models were implemented in the object-
oriented OOFIMS software developed by the authors
(Franchin and Cavalieri, 2013) for the seismic risk as-
sessment of interconnected infrastructural systems.

According to the OOP, the risk assessment is de-
scribed as a set of objects that interact with each other.
Objects are instances (i.e., concrete realizations) of
classes (i.e., templates for all objects with the same set
of properties and methods). Each class is defined by its
attributes (properties of all objects from the class) and
methods (actions that objects from the class can per-
form).

Figure 4 shows a simplified version of the class dia-
gram implemented in the software where each class is
represented with two boxes: the first one for the name
and the second one to list all methods of the class (in
the figure, since the number of methods for each class is
large, the second box is left empty).

Fig. 5. Class diagram for the gas distribution network.

The first class, Analysis, is the generalization of all
possible analysis methods (i.e., it is an abstract class).
In this case, it generalizes the Simulation and NonSimu-

lation abstract classes. The implemented portion of the
model includes only the Simulation class, which is the
generalization of two subclasses, MCS and ISS, the lat-
ter acronym standing for importance sampling simula-
tion (e.g., Pinto et al., 2004).

An analysis is carried out on the Environment that is
where Hazards act upon the Infrastructure. The Hazard

abstract class is the generalization of the Natural class,
containing environmental hazards such as the seismic
one.

The Seismic hazard, in turn, is modeled as the compo-
sition of three classes: one class for seismic sources char-
acterization (SeismicSource), one for the description of
the seismic event in terms of magnitude and hypocenter
(SeismicEvent), and one for evaluation of the seismic in-
put in terms of TGD and PGD (LocalIntensity).

The Infrastructure class is made up of three classes:
the Region class, the CriticalFacility class, and the Net-

work class, that is generalization of all types of networks
(Directed and Undirected).

For the purpose of this study, the model was en-
hanced with the GAS class that is considered a subclass
of the Undirected abstract class because the gas distri-
bution system is modeled as an undirected graph. The
GAS class (Figure 5) is the composition of the GASedge

and GASnode abstract classes, the first of which is the
generalization of the PipeGAS class, while the second is
the generalization of the GASdemand, GASsource, and
Joint classes.

The Joint class represents all nodes used to reproduce
the geometry of the system, the GASsource class repre-
sents M/R stations that are used to connect the distri-
bution MP network to the HP transmission lines, and
the GASdemand is the generalization of IDU class and
RG class. The IDU class represents the node directly
connected with end users in the low-pressure network,
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while the RG class represents RGs that are considered
final nodes when only the MP network is analyzed.

To evaluate the state of the network and of each com-
ponent of the gas system, for each class methods and
attributes were defined. Attributes refer to properties
that describe the whole system and each component.
Possible attributes for the GAS class are, for example,
the number of links and nodes present in the system, as
well as the list of sites where vulnerable elements are
located. Attributes for links and nodes include, among
others, geographical coordinates, site class, material,
and other data necessary as an input to compute fragility
and component performance measures. Methods, on
the other hand, refer to functions used to evaluate the
state of the network or of each component of the sys-
tem. For example, methods include functions to evalu-
ate the accessibility of demand nodes, based on the net-
work damage for the generic event.

For the implementation of the network into the soft-
ware, it was decided to simplify the analysis reducing the
amount of data, without compromising the nature of the
study; i.e., the application to a real case. In fact, to com-
pletely reflect the actual geometry of the network, more
than 1,000 joint nodes should be implemented into the
network model. This would have resulted in large com-
putational demand impairing feasibility of MCS. There-
fore, a data reduction process was carried out consider-
ing: (i) removal of all dead ends (i.e., pipes that are not
carrying gas to stations or end users); (ii) simplification
of the geometry merging adjacent pipes with the same
geometrical and material properties. The resulting net-
work is composed of 602 nodes (3 sources, 209 RGs, and
390 joints) and 608 links.

4 ANALYSIS AND RESULTS

According to the flowchart of Figure 6, the simulations
were carried out to evaluate the statistics of the cho-
sen PIs, given the occurrence of an earthquake on the
fault. The number of runs of the simulation (2,000) was
defined to yield stable estimates of the mean for all con-
sidered PIs and also to observe at least 10 occurrences
in each of the 10 intervals considered for the PIs (i.e.,
10 bins equally spaced and ranging from 0 to 1). Results
indicate that the expected value of CL given the occur-
rence of an earthquake is 0.66; i.e., it is expected that
the average reduction in the ability of demand nodes
to be connected to M/R stations is 66% when a Mw 6.3
event occurs on the Paganica fault. For the SR indicator,
it is expected that 68% of demand nodes receive gas ac-
counting for the importance level related to the nominal
flow of the demand nodes.

Start iteration i

Computation of Joyner -Boore distance (Rjb)

for the regular grid

Interpolation of log(PGAr) at the vulnerable

sites

Sampling of epicenter location
Uniform PDF

on the Paganica fault
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μlog(PGAr)|Mw,Rjb
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,
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Fig. 6. Flowchart of the ith run in seismic risk analysis via
MCS.
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Fig. 7. Complementary cumulative distribution of CL and
SR, and frequency histogram of CL with indications of

clusters.

More insight can be gained inspecting the probabil-
ity of exceeding a predefined level u of performance
that is the complementary cumulative distribution func-
tion (CCDF) of the chosen PIs; Figure 7. (These dis-
tributions, multiplied by the rate of occurrence of the
simulated earthquakes, provide the annual rate of ex-
ceedance of the PIs, a measure of seismic risk for the
infrastructure.) It may be observed from the “steps” in
the CL curve that the CL is characterized by a mul-
timodal distribution (confirmed by the frequency his-
togram shown in the same figure, highlighting the four
modes), yet not exhibited by the corresponding SR
curve. This different behavior is due to the different def-
inition of the two PIs and the network configuration spe-
cific to the application case. Both CL and SR are aver-
ages weighted overall demand nodes (the RGs), but for
each node, CL is discrete (depending on the number of
sources connected to each node), while SR is an average
of continuous values (the nominal flows) and whichever
is the number of sources connected, as long as it is
higher than zero, the indicator function X is equal to
one. Further, the specific network configuration is such
that performance loss in terms of number of connected
sources to each node (which strongly influences CL but
is much less relevant to SR) happens in clusters. Indeed,
the 2,000 damage maps from the simulation were ana-
lyzed with a clustering algorithm. Among the available
algorithms, ranging from spectral to kernel-based (e.g.,
Ahmadlou and Adeli, 2010) to evolutionary ones, the

Fig. 8. Closest damage map to the centroid of each cluster.

k-means (MacQueen, 1967) has been used in this work.
It is a supervised clustering algorithm that partitions a
set of observations into a number (defined by the an-
alyst) k of clusters, such that the Euclidean distance
(measuring the dissimilarity) between the observations
within the same cluster is minimized. Since in this case,
as already said, four modes are clearly observed, k has
been set to 4, thus identifying four clusters. It is inter-
esting to note how the maps in each cluster correspond
very well to the portions of the frequency histogram
around each of the four modes.

To better understand the reason of the multimodal
distribution, Figure 8 shows a representative map in
each of the four clusters (the closest to the cluster cen-
troid): circles represent demand nodes, the inner dark
circle can have zero, 1/3, 2/3, and 3/3 diameter, corre-
sponding to the number of connected sources. One can
see how cluster one (lower damage and associated CL
values) is characterized by the central denser portion of
the network being fully connected (the circles are com-
pletely filled). Representative maps from clusters two,
three, and four (in order of increasing CL) show clearly
that is “again” damage to the central denser portion that
contributes more to the value of the CL indicator.

To evaluate the influence of accounting for correla-
tion between intraevent residuals of IMs, the risk assess-
ment was also performed considering intraevent residu-
als of PGA as uncorrelated. Results of this analysis, not
shown here, yet available in Esposito (2011), indicate
negligible influence of spatial correlation on the CCDFs
of the considered PIs. However, this is not a general
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Fig. 9. Relative frequency of the number of damaged M/R
stations conditional to CL (top) and SR (bottom).

conclusion, as the effect on risk of modeling spatial cor-
relation in random fields of ground motion intensity
depends also on a number case-specific factors (see,
for example, discussions in: Adachi, 2007; Adachi and
Ellingwood, 2009; Esposito and Iervolino, 2011).

4.1 Disaggregation of gas network performance

To evaluate the contribution to the risk of components
of the system considered vulnerable, a disaggregation

analysis was performed. It consists of evaluating the
probability distribution of a random variable (X), con-
ditional to PI belonging to an interval between u1 and
u2, Equation (8).

P [X = x |u1 < P I ≤u2]=
P [X = x ∩ u1 < P I ≤ u2]

P [u1 < P I ≤ u2]
(8)

Fig. 10. Relative frequency of the number of broken pipes
conditional to CL (top) and SR (bottom).

In particular, the distribution of the number of bro-
ken pipes and damaged M/R stations, conditional to the
occurrence of the two PIs in 10 intervals (equally spaced
and ranging from zero to one) are shown in Figures 9
and 10. Note that in the figures, the first row in the
abscissa label is the marginal probability distribution of
damaged M/R stations and broken pipes.

The distribution of damaged M/R stations conditional
to large losses (high values of CL and low values of SR)
results as somewhat peaked toward a large number of
damaged M/R stations. The distributions of number of
broken pipes, conditional to the performance of the net-
work, is somewhat more flat, with several specific num-
bers of breaks with comparable contribution to the PIs’
intervals.
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5 CONCLUSIONS

This study focused on feasibility of simulation-based
seismic risk assessment of gas distribution networks,
employing as much as possible state-of-the-art tools for
all issues deemed relevant for this kind of system, in
compliance with the PBEE framework.

The simulation procedure was developed and imple-
mented in an object-oriented software for the risk anal-
ysis of civil infrastructures. Moreover, to deal with the
issues rising in a real case, the work focused on the MP
part of the L’Aquila gas system for which detailed in-
formation was retrieved.

The principal result of the risk analysis is the prob-
ability of exceeding a number of performance levels,
given the occurrence of a characteristic earthquake on
the fault beneath the region where the system deploys.
In particular, earthquakes were generated considering
the Paganica fault and characteristic earthquakes of mo-
ment magnitude 6.3. In each run, the primary ground
motion intensity measure (PGA) was evaluated through
a European GMPE and a European spatial correlation
model; since fragilities of gas pipelines are often ex-
pressed in terms of PGV, the latter was selected as the
secondary IM. For each site, the secondary IM was de-
termined, in a probabilistically consistent manner, via
the conditional hazard approach. To account for local
site conditions, GMPE-based amplification factors were
considered.

Regarding geotechnical hazards, resulting in the most
effort-demanding issue in these kinds of problems, the
landslide potential of the L’Aquila region was evaluated
according to an HAZUS–like procedure. This approach
appeared only feasible in consideration of the scale of
the analysis and the real case study.

To estimate earthquake-induced damage, IMs were
related to components’ damage via fragility models. For
buried pipelines, repair rate functions of TGD and PGD
were selected for each pipe typology and diameter. For
the M/R stations, a lognormal fragility curve for unan-
chored compressor stations was adopted, while the vul-
nerability of RGs was neglected.

A connectivity analysis was then performed; i.e., the
system is considered functional if demand nodes con-
tinue to provide gas after the earthquake. To this aim,
two connectivity-based PIs (SR and CL) were consid-
ered.

Results of the analyses indicate that the expected
value of CL for the considered system, given the occur-
rence of an earthquake on the considered fault, is 0.66.
For the SR indicator, it is expected that 68% of demand
nodes receive gas accounting for the importance level
related to the nominal flow of the demand nodes.

Finally, to investigate the effect of number of pipe
breaks and damaged M/R stations, a disaggregation
analysis of the performance was carried out.
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