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Summary
Landslide and liquefaction, together with ground shaking, cause major damage on pipelines network during an earthquake. In 

the present work the simplified loss estimation methodology suggested by HAZUS was adapted and improved to account for Italian 

seismicity and local soil conditions, and then used to evaluate the effects of the 6th April 2009 L’Aquila earthquake on the gas network. 

The methodology was implemented in a GIS environment and applied on an area of about 550 km2 in the Aterno Valley. Key factors 

of the methodology are the earthquake scenario (seismic hazard), and the geological and the subsoil properties, that allow defining 

the seismic demand, as well as the inventory, the typology and the specific properties of the pipelines, that help to characterise the 

fragility functions of the elements composing the network. Seismic demand was evaluated taking into account both transient ground 

deformation caused by the propagation of seismic waves (ground shaking) and permanent ground deformation caused by slope in-

stability. The degree of damage was computed in terms of number of repairs per unit length of pipe associated to the seismic demand, 

expressed in terms of peak ground velocity, and permanent ground displacement, relevant to the 6th April 2009 earthquake event. 

Finally the predicted damage scenario was compared with that observed on a limited part of the network.

1. Introduction

Buried pipelines systems are commonly used to 
transport water, sewage, oil, natural gas and other 
fluids essential to the support of life. For such a rea-
son, these systems are often referred to as “lifelines”. 
Many disruptive earthquakes in the last years caused 
extensive damage to buried pipelines, resulting in 
major economic losses for systems utility operators 
and lengthy disruption of an essential service for 
whole communities. In the case of gas distribution 
networks, the damage experienced during earth-
quakes could induce further significant consequenc-
es, including triggering of fires, explosions and pol-
lution of waterways. Since all these consequences 
would have a severe impact on population and busi-
ness, a comprehensive risk analysis of a gas network 
should require a systemic approach, which allows 
for the estimation of the social and economic con-
sequences caused by reduced functionality of a dam-

aged gas distribution network [PITILAKIS et al., 2006, 
2010; ESPOSITO et al., 2012]. This comprehensive ap-
proach is implemented in various risk assessment 
methodologies as, for instance, the ATC13 [1985], 
the recent RISK-UE [2006] and the most widespread 
HAZUS [FEMA, 2003]. The above mentioned meth-
odologies were already applied to create earthquake-
risk scenarios in urban systems, such as Catania [FAC-

CIOLI et al., 2004] and Thessaloniki [PITILAKIS et al.,
2006, 2010]. Currently, within the SYNER-G Euro-
pean project [http://www.vce.at/SYNER-G/], fur-
ther efforts are being spent to elaborate updated 
(in the European context) methodologies and tools 
for systemic vulnerability assessment, accounting for 
all components (structural and socio-economic) ex-
posed to seismic hazard.

In this paper, the HAZUS approach was used to 
assess the gas network damage after the April 6th, 2009 
L’Aquila earthquake. The framework of the HAZUS 
method includes various modules: Potential Earth 
Science Hazard, Inventory, Direct Physical Damage, 
Induced Physical Damage, Direct Economic/Social 
Loss and Indirect Economic Loss [FEMA, 2003]. Mod-
ules are interdependent with output of some of them 
acting as input to others. In this study, the modular 
nature of the methodology was implemented to ana-
lyze the part of the loss estimation process up to the 
physical damage of the gas network; models and data 
of existing modules were modified and updated to 
adapt them to the Italian seismicity and to the local 
site conditions, without reworking the entire frame-
work. The methodology was implemented in a GIS 
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environment, in order to readily process input and 
output data on geo-referenced maps.

In the first part of the paper, the seismic demand 
related to the L’Aquila earthquake scenario was eval-
uated in terms of transient ground motion (TGD) 
due to ground shaking and permanent ground dis-
placements (PGD), due to co-seismic slope sliding.

Pipeline damage was then computed and 
mapped by using empirical correlations, able to pre-
dict the number of repairs per unit length of pipe, 
RR, as a function of either TGD or PGD.

Finally, the predicted damage distribution was 
compared with the data collected after the 6 April 
earthquake on a limited part of the gas network, to 
assess the reliability and highlight the limits of the 
adopted procedure.

2. Seismic demand

Just like for every seismic risk analysis, in the pre-
sent work, the first step was the evaluation of the seis-
mic demand affecting the system. A particular earth-
quake scenario was assumed and therefore a Deter-
ministic Seismic Hazard Approach, DSHA [KRAM-

ER,1996] was followed. Whichever the hazard analysis 
approach, either probabilistic or deterministic, in the 
case of buried pipelines, the evaluation of the seismic 
demand is related to both wave propagation and per-

manent ground displacements [O’ROURKE and LIU,
1999]. Transient strains and curvature in the ground 
due to traveling wave effects (TGD) generally affect 
the whole pipeline network and cause low damage 
rate (in terms of breaks per unit length of pipe). On 
the other hand, permanent ground displacements 
(PGD) are associated to the site susceptibility to land-
slide and liquefaction, as well as to the presence of lo-
cal faulting. For this reason, PGD are usually signifi-
cant in smaller regions with respect to the transient 
ground motion, but they may induce very high dam-
age by imposing high deformation to pipelines. In the 
case of L’Aquila earthquake, the PGD were evaluated 
only referring to co-seismic landsliding, because very 
few liquefaction phenomena were recorded in the At-
erno Valley after the earthquake [MONACO et al., 2012], 
and the localization of surface faulting was uncertain.

2.1. Permanent Ground Displacement (PGD)

Figure 1 shows the flow-chart illustrating the pro-
cedure to estimate the seismic demand due to PGD 
induced by slope sliding. The first step was the eval-
uation of site susceptibility to earthquake induced 
landslide. Following the pseudo-static approach sug-
gested by WILSON and KEEFER [1985], the seismic 
landslide susceptibility was expressed in terms of crit-
ical acceleration, ac, as the minimum ground accel-

Fig. 1 – Flow chart of the procedure adopted for the PGD seismic demand evaluation.

Fig. 1 – Diagramma di flusso della procedura adottata per la valutazione della domanda sismica in termini di spostamenti permanenti (PGD).
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eration required to overcame the maximum resist-

ance of the slope to sliding.

The critical acceleration was evaluated adopt-

ing the HAZUS procedure, which relates ac to the 

local lithology, the slope angle and groundwater 

conditions, without any reference to direct meas-

urements of the strength parameters of the soils. 

The choice of this oversimplified procedure was 

induced by the unavailability of in situ and labora-

tory test data about strength characteristics. Even 

if an extensive subsoil investigation was carried out 

in the Aterno Valley after the 2009 earthquake, it 

was mainly aimed to soil characterization for seis-

mic microzonation and local site response: it there-

fore basically consisted of geophysical in situ tests 

and several laboratory cyclic shear tests carried 

out on fine grained materials to characterize their 

non-linear and dissipative behaviour. No laborato-

ry data were instead available about the strength 

characteristics of the Quaternary deposits locat-

ed in the Aterno Valley. They are mainly constitut-

ed by a depositional sequence of silt, sand, con-

glomerates and cobbles, as well as talus debris and 

debris alluvial fans covering the foot of the valley 

flanks: all granular hard-to-sample materials. Local 

field investigation practice mainly refers to DMT 

and CPT and some SPT; however, most of the data 

from such tests were available in flat areas.

Fig. 2 – Slope angle map.

Fig. 2 – Mappa delle pendenze.
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Starting from a topographic map (1:25000), 
a digital elevation model (DEM) of the studied ar-
ea was obtained, with a grid resolution of 40x40m 
and a height resolution of 7m. The DEM, in turn, 
allowed obtaining the slope angle map reported in 
figure 2, showing that in the city centre the gas net-
work is mainly located in flat areas, whereas in the 
surrounding small villages the network crosses very 
steep slopes.

A second element for the definition of landslide 
susceptibility is the lithological classification of the 
shallow deposits crossed by the network. Such clas-
sification was obtained by analyzing the geological 
map reported in figure 3a. This latter was obtained 
by assembling three different geological maps from 
APAT [2006] and merging the lithologies adopting 
a simplified model for the Quaternary formations.

The Quaternary deposits and the underlying 
Meso-Cenozoic formations were then grouped into 
three main subsoil classes (Fig. 3b) based on the lith-
ological description suggested by HAZUS. The sub-
soil classes are reported in table I. with the descrip-
tion of each class and the related suggested by HA-
ZUS [FEMA, 2003]. It is worth nothing that HAZUS 
assigns also indicative values of strength parameters 
to each class, but they are not taken into account ei-
ther to compute a static factor of safety or to evaluate 
the critical acceleration.

Extreme groundwater conditions were assumed, 
by considering either “dry” (groundwater below the 
depth of the sliding surface) or “wet” conditions 

(groundwater level at ground surface). Since very 
limited information were available about groundwa-
ter table, a “dry” state was attributed to the outcrop-
ping rock while “wet” conditions were assigned to B 
and C soil classes.

Once the distributions of slope angles, ground-
water conditions and lithological classes were known, 
it was then possible to assign the susceptibility cate-
gories (measured on a scale of I to X, with I being 

HAZUS
Local

lithology

Class Description

A Rock
Limestones -

Flysch-Debris

B Soft Rock
Pleistocene gravels 

and sands

C
Clay and Silty 

Soils

Holocene clay and 

silt Pleistocene 

alluvial sands, silts 

and clays

Fig. 3a) – Geological map (modified after APAT, 2006).

Fig. 3a) – Carta geologica (da APAT 2006, modificata).

Fig. 3b) – Simplified lithological classification following 

Hazus criteria.

Fig. 3b) – Classificazione litologica semplificata seguendo la 

metodologia HAZUS.

Tab. I – HAZUS subsoil classification vs. local lithology.

Tab. I – Classificazione dei terreni secondo la metodologia 

HAZUS e corrispondenza con i litotipi presenti nell’area.
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Slope angle (degree)

0-5 5-10 10-15 15-20 20-30 30-40 >40

Dry (groundwater level below failure plane)

A - - - I II IV VI

B - - III IV V VI VII

C - V VI VII IX IX IX

Wet (groundwater level at ground surface)

A - - III V V VI VIII

B - V VIII IX IX IX X

C - VII IX X X X X

Tab. II – Susceptibility classes (modified after WILSON and KEEFER, 1985).

Tab. II – Classi di suscettibilità (modificato da WILSON e KEEFER, 1985).

Fig. 4 – Critical acceleration map.

Fig. 4 – Mappa delle accelerazioni critiche.
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the least susceptible), following the HAZUS pattern 
reported in table II. Each susceptibility category was 
related to a threshold critical acceleration, as stated 
by HAZUS and reported in table III. The suscepti-
bility map was obtained by combining the slope an-
gle, groundwater and lithology class maps, and was 
finally transformed into the critical acceleration map 
shown in figure 4. The extended white colour corre-
sponds to the non-susceptible areas, i.e. character-
ized by a slope angle lower than 5°.

One of the main shortcoming of the HAZUS 
procedure is that it does not consider the static sta-
bility of the slopes, assuming all slopes to be stable, 
i.e. with a static factor of safety, FS, greater than 1.0. 
Using the shear strength parameters assigned by HA-

ZUS (i.e c’= 15 kPa ’=35° for class A; c’= 0 and ’=
35° for class B and c’=0 and ’= 20° for class C soil), a 
static slope stability analysis was carried out assuming 
an infinite slope scheme. The results are reported in 
figure 5 in terms of distribution of static safety factor, 
FS: almost 40% of the slopes have FS less than 1.0. 
Therefore, by comparing the two maps of figures 4 
and 5 it appears that slopes showing a static factor of 
safety less than 1 are able to sustain a ground motion 
acceleration before sliding. This result is unreason-
able and does not correspond to the existing land-
slide inventory for this area. As a consequence the 
strength parameters assigned to the HAZUS litho-
logical classes could not be adopted in this case to 
compute the critical acceleration.

Fig. 5 – Static safety factor map.

Fig. 5 – Mappa del fattore di sicurezza statico.
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The ac map may be intended as a “slope vulner-
ability” map, since, for a given earthquake, perma-
nent displacements either occur or not in a suscep-
tible deposit, depending on whether the induced 
peak ground acceleration at surface, PGAs, exceeds 
the critical acceleration, ac. To evaluate this occur-
rence referring to the 6th April 2009 earthquake, a 
map of peak ground acceleration at bedrock, PGAr

(Fig. 6), was first generated with the well known 
Shakemap procedure [WALD et al., 2006]. The dis-

Susceptibility category I II IV V VI VII VIII IX X

Critical acceleration (g) 0.6 0.5 0.35 0.3 0.25 0.2 0.15 0.1 0.05

NTC08 Soil class Vs30[m/s] HAZUS class

A >800 A

B 800 - 360 B

C 360 - 180 C

Tab. III – Susceptibility classes vs. critical acceleration [WILSON and KEEFER, 1985].

Tab. III – Classi di suscettibilità e accelerazioni critiche corrispondenti [WILSON e KEEFER, 1985].

Tab. IV – NTC soil classes vs. HAZUS geologic classes.

Tab. IV – Classi di sottosuolo secondo NTC e corrispondenti 

classi HAZUS.

Fig. 6 – PGAr shakemap at bedrock of the L’Aquila mainshock.

Fig. 6 – Shakemap di PGAr al bedrock per l’evento principale del terremoto dell’Aquila.
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tribution of PGA recorded by the RAN seismic sta-
tions during the mainshock was integrated by a 
dense grid (2x1,5 km) of ‘phantom stations’, in 
which the ground motion was analytically estimated 
adopting the AKKAR and BOMMER [2007] ground mo-
tion predictive equation, by assuming a finite fault 
geometry.

Site effects are usually implemented in Shakem-
ap through a stepwise stratigraphic amplification 
factor, Ss, depending on soil classification and PGAr.
The PGAs can be then obtained as follows:

 PGAs=Ss·PGAr (1)

The Ss factor is usually assigned on the basis of 
the national geological map 1:100.000 [APAT, 2006] 
sampled at a space interval of one minute (» 2 km). 
This represents the so-called ‘QTM map’ of the Ital-
ian territory, that assigns a fixed single value of VS30

to each gridpoint, according to the presence of Qua-
ternary, Tertiary or Mesozoic deposits [MICHELINI

et al., 2008]. In the present work, the empirical re-
lationships by LANDOLFI et al., [2011] were instead 
adopted for the evaluation of seismic amplification; 
they were conceived to account for non-linearity and 
calibrated on the Italian seismic data records (Fig. 
7). The procedure followed considered only strati-
graphic amplification and assumed the subsoil clas-
sification of the NTC [2008] as coincident with that 
adopted according to HAZUS (see Tab. IV). This 
last assumption was based on the results of the nu-
merous geophysical in situ tests carried out after the 
2009 earthquake, demonstrating a quite good agree-
ment between the HAZUS classification and that 
based on local measurements of shear wave velocity, 
as specified by NTC08. As an example, in figure 8a a 
detail of the HAZUS geological classification map is 
reported together with three Vs profiles (figure 8b), 
two of them measured at the RAN stations AQP and 
AQV (http://itaca.mi.ingv.it/ItacaNet/) and a third 
one relevant to a down-hole test carried out within 
the CASE project at Roio Piano [SANTUCCI DE MAGIS-

TRIS et al., 2013].

Fig. 7 – Coefficients of stratigraphic amplification (modi-

fied after LANDOLFI et al., 2011).

Fig. 7 – Coefficienti di amplificazione stratigrafica (modificata 

da LANDOLFI et al., 2011).

Fig. 8a – Detail of the HAZUS geological classification of Fig. 3b the location of Vs profiles; b) Vs profiles and related Vs30.

Fig. 8a – Dettaglio della mappa della classificazione geologica HAZUS di Fig. 3b con la localizzazione dei profili di velocità misurati; b) 

profili di velocità e determinazione dei relativi valori di Vs30.
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The resultant map of the simulated earthquake 
motion at surface, in terms of peak ground accelera-
tions at surface, PGAs, is reported in figure 9.

By overlying it with the susceptibility map in fig-
ure 4, the permanent ground displacements were es-
timated by adopting the empirical relationship sug-
gested by AUSILIO et al., [2007]:

 (2)

Equation (2) represents the upper bound sta-
tistical prediction of PGD (Fig. 10a) based on the 
results of a significant number of analyses of ho-
mogeneous slopes carried out by adopting the 
well-known NEWMARK [1965] method. AUSILIO et al.,

[2007] selected 15 seismic records on rock subsoil, 
14 on stiff soil and 12 for soft subsoil, within the 
Italian accelerometric database obtaining three 
corresponding upper bound prediction (99.5% 
probability of exceedance) relationships. The up-

perbound overall relationship was used for a con-
servative displacement estimate since it does not 
significantly differ from those relevant to the data 
sets referring to each class of subsoil (also report-
ed in Fig. 10a). The maps of PGAs and ac were pro-
cessed and the PGD map was finally generated us-
ing (equation 2) (Fig. 10b). In the evaluation of 
displacements, the acceleration vector was assumed 
as acting along the direction of maximum slope. 
The error implied by this assumption is negligible 
if compared to the level of accuracy of the adopted 
procedure. Moreover, experimental measurements 
showed that seismic ground motion on slopes can 
have a pronounced directional character with max-
imum acceleration amplitudes polarized along po-
tential sliding directions [DEL GAUDIO and WASOWS-

KI, 2011]. Note that significant displacements are 
expected at the toe of the mountain chains sur-
rounding the valley, where alluvial fans included in 
subsoil class C are often found.

Fig. 9 – PGAS shakemap at surface.

Fig. 9 – Shakemap di PGAS in superficie.
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The predicted PGD distribution was compared 
to the field observations of ground failure collected 
by ISPRA after the earthquake. The comparison is 
reported in figure 10b: notwithstanding the strong 
oversimplification of the HAZUS procedure and the 
great degree of uncertainty on soil properties, there 
is a quite good match between predictions and ob-
servations except for few points corresponding to 
lateral spreading observations in flat areas.

2.2. Transient Ground Deformation (TGD)

In the methodology suggested by HAZUS [FEMA,
2003] transient ground deformations are not specifi-
cally quantified and the related seismic demand for 
lifelines is directly linked to a representative ground 
motion parameter. In this application, the TGD de-
mand was linked to the distribution of peak ground 
velocity, PGVs, associated to the considered seismic 
event. A map of peak ground velocity at bedrock-
rock, PGVr was first generated on the basis of the ep-
icenter coordinates and the magnitude of the refer-
ence event, by applying the PGV attenuation law by 

Fig. 10 – a) Analytical relationship used to estimate PGD 

(after AUSILIO et al., 2007).

Fig. 10 – a) Relazione analitica per la stima degli spostamenti 

(da AUSILIO et al., 2007).

Fig. 10b – Map of PGD distribution and ground failures observed after the 6/4/2009 earthquake.

Fig. 10b – Mappa della distribuzione degli spostamenti permanenti e fenomeni di instabilità osservati dopo il terremoto del 6/4/2009.
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AKKAR and BOMMER [2007] at a dense grid of phan-
tom stations. Since specific PGV-based empirical re-
lationships for the evaluation of site seismic amplifi-
cation were not available for the italian sismicity, site 
effects were implemented through the stepwise am-
plification factors by BORCHERDT [1994], which de-
pend on soil classification and PGAr. The reference 
peak ground velocity, PGVr, was directly multiplied 
for these amplification factors to obtain the corre-
sponding amplified value at surface, PGVs.

3. Evaluation of damage

To estimate the damage suffered by the L’Aquila 
gas network, it was preliminarily necessary to classify 
the pipe types. The inventory of the gas network con-
sisted of a geo-referenced database containing infor-
mation about material, diameter, length and operat-
ing pressure of each pipe. The resulting pipes classifi-
cation allowed evaluating the damage distribution 
along the network, by using literature fragility curves 
predicting, for a given pipe type, the number of re-
pairs per unit length as a function of the parameter 
representative of either ground shaking (PGVs) or 
permanent displacements (PGD). These empirical 
relationships are usually based on data from damage 
survey after past earthquakes and are expressed as a 
function of the pipe material and joint type [LANZANO

et al., 2012]. In this work, the fragility curves proposed 
by HONEGGER and EGUCHI [1992] were adopted for the 
estimation of damage due to PGD, while the relation-
ships by O’ROURKE and AYALA [1993] were chosen to 
assess the damage due to the wave propagation (Figs. 

11 a - b). By combining the maps of the gas network 
and those of PGD and PGVs, it was possible to esti-
mate the seismic demand to which each trunk of pipe 
was subjected, in order to obtain the damage in terms 
of repair rate, RR, expressed as number of repairs per 
unit length. By applying this procedure, each pipe k
of length lk of the network could be subdivided into n
trunks with length li, each subjected to a different 
RRik, related to a different value of PGD or TGD along 
the pipe k. It was then necessary to integrate the num-
ber of repairs RRik estimated on each trunk to finally 
evaluate the average break rate of the pipe, , adopt-
ing the following equation:

 (3)

The procedure was applied to evaluate the dam-
age due to both PGD and TGD demand. The results 
obtained are plotted in figure 12, which reports the 
percentage of pipes subjected to a given  due to ei-
ther PGD and TGD.

In the simulated scenario the most serious dam-
ages are caused by PGD, while the effect of transient 
ground motion seems to be much less important. 
More than 60% of the pipes, mostly located in the 
historical city centre, were not subjected to PGD seis-
mic demand; and about 30% of the network suffered 
an average break rate not higher than 3 repairs/km, 
while very few pipes were subjected to an important 
damage (RR ≥10 repairs/km). The number of re-
pairs on each pipe is then expressed as follows:

 (4)

Fig. 11 – Fragility curves for a) TGD and b) PGD damage estimate.

Fig. 11 – Curve di fragilità per la stima del danneggiamento per a) TGD e b) PGD.
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Since the number of repairs on each pipe, NRk,
could assume a finite number of determinations, it 
appeared reasonable to model the damage distribu-
tion on a single pipe as a discrete random variable. 
Considering that pipe damages are stochastically in-
dependent, a Poisson probability distribution was as-
sumed with the number of repairs, NR, as character-
istic parameter. The probability of having n damages 
in a pipe segment can be expressed through the equa-
tion (5):

 (5)

Therefore, assuming that a pipe segment fails 
when at least one break occurs along its length, the 
probability of pipe failure can be expressed as:

 P(X 1)= 1 – P(X = 0) = 1 – e–NR (6)

Figure 13 shows detailed maps of the probabil-
ity of pipe failure along the gas network in the his-
toric city centre of L’Aquila. The map in figure 13a 

Fig. 12 – Estimated distribution of repair rate due to PGD 

and TGD.

Fig. 12 – Stima della distribuzione del numero di riparazioni per 

chilometro per PGD e TGD.

Fig. 13 – Probability map of at least one break due to a) PGD and b) TGD: detail of the historic centre.

Fig. 13 – Mappa della probabilità che si verifichi almeno una rottura per a) PGD e b) TGD: particolare del centro storico dell’Aquila.

a)

b)
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predicts a low degree of damage in most part of this 
area; an overall slight damage can, on the contra-
ry, be attributed to transient ground motion (Fig. 
13b). For both seismic demand parameters, the 
probability of pipe failure does not exceed 10%, 
except for the pipes lying at the toe of the hill on 
which the historic centre is settled.

Since the damage might be due to the combina-
tion of Permanent Displacements and/or Transient 
Ground motion, the probability of pipe failure was 
evaluated as the union probability ( i.e. damage to ei-
ther PGD or to TGD occurs) that is equal to the sum 
of probabilities minus the sum of their intersection. 
The results of the analysis are reported in figure 14 
through a histogram showing that only 2% of the 
network pipes exhibits probability of failure higher 
than 50% of one break event, while about 80% of the 
network shows a probability of failure not exceeding 
10%.

4. Predicted versus observed damage

The L’Aquila gas distribution network, consist-
ing of about 620 km of pipelines, suffered impor-
tant damage due to the April 6th, 2009 earthquake 
[ESPOSITO, 2011]. Immediately after the earth-
quake, the whole network was shut off to prevent 
explosions and gas leaks. The process to recover 
and reconnect the gas network started few days af-
ter the earthquake. In the historical centre, the net-
work was completely replaced without any check 
for functionality, while in the surrounding areas a 

rescue activity started some weeks after the event, 
aimed to verify the network functionality and the 
necessity to repair or replace pipes.

The technical reports describing the repair and 
replacement activities were gathered by ESPOSITO et 

al., [2012]. In the present work, the collected data 
were processed to derive the “observed Repair Rate” 
on the gas network after the L’Aquila earthquake, 
and to express them as a function of the estimat-
ed seismic demand. The damage data points were 
georeferenced along the network and overlapped 
with the maps of the estimated PGD and PGV. It 
was therefore possible to express the observed re-
pair rate as a function of either PGD or PGV esti-
mated in the area where the damage occurred.

Due to the low density of the observed damage, 
it was necessary to reduce the grid resolution of the 
shapefiles of permanent displacements and peak 
ground velocity from 40x40m to 300m x300m cells; 
the mean PGD and PGV values for each cell were 
then computed.

The map showing the PGD distribution with the 
localization of the recorded damage is reported in 
figure 15: on a dataset of 80 damage cases, 44 can-
not be apparently ascribed to earthquake-induced 
landslides, as they fall in non-susceptible areas; they 
can be probably related to transient ground motion. 
The statistical frequency of the damage due to per-
manent ground displacement was then inferred, ex-
cluding from the analysis the corresponding data 
points.

The residual 36 cases are reported in Figure 
16a in terms of observed repair ratio, RR, versus 

Fig. 14 – Histogram of the probability of at least one break due to either PGD or TGD.

Fig. 14 – Distribuzione della probabilità che si verifichi almeno una rottura per PGD o TGD.
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mean estimated PGD. It is worth noting that since 
more than one damage point is related to the same 
value of PGD, only 9 point appear in the plot in-
stead of 36. The data points are compared with 
the pipeline fragility curve for steel pipes suggest-
ed by HONEGGER and EGUCHI [1992], adopted in 
this work for the damage prediction, and with that 
specified by ALA [2001] for the same pipe materi-
al. It must be noted that L’Aquila gas pipelines are 
made of steel and HDPE, and that for this latter 
material no empirical fragility curve has been de-
veloped specifically in current literature. It should 
also be emphasized that these literature curves re-
sult from the analysis of damage detected on un-
derground pipes (ALA refers to pipes for water ad-
duction) associated to permanent displacements 
mostly caused by liquefaction phenomena and lat-
eral spreading, while the damage observed in this 
study was totally attributed to permanent deforma-
tion due to sliding.

Figure 16a shows that the observed damage is 
mainly associated with relatively low estimated values 
of permanent displacement. At PGD lower than 15-
20 cm, the data points fall below both fragility curves 
plotted in figure 16a, showing the conservativeness 
of the literature relationships with respect to the ob-
served damage. At higher PGD values, the observed 
damage is somehow underestimated by the fragility 
curve by HONEGGER and EGUCHI [1992], adopted for 
the predictions, as described in Section 3. Despite 

the limited number of data and their non-uniform 
distribution, an empirical fragility curve was tenta-
tively fitted adopting a power function (grey line in 
Fig. 16a). Such a curve may result, however, into an 
underestimation of damage at the highest PGD. A 
piecewise linear function, such as that sketched in 
figure 16a, might better capture the threshold na-
ture of the fragility, which shows a sudden increase as 
the displacements trespass the range considered al-
lowable for most above-ground structures (0-15 cm) 
and reach the values corresponding to extended soil 
damage and failure.

Adopting a similar procedure, the density of 
observed damage was also correlated to the PGV 
Shakemap of the mainshock, assuming this time that 
all pipe failures were caused by the transient ground 
motion.

The results of these analyses are shown in fig-
ure 16b, where they are compared with the fragil-
ity curves proposed in the literature: despite the 
semi-logarithmic scale, the majority of the points 
is located well above the fragility curves and the 
empirical relationship used for the damage esti-
mate seems under-conservative with respect to the 
behavior exhibited by the network. It is worth not-
ing that, in this case, it was not possible to exclude 
from the analysis the damage data not ascribable 
to transient ground deformations; this could par-
tially explain the significant difference between 
prediction and performance. Notwithstanding 

Fig. 15 – Map of PGD due to landsliding estimated for the L’Aquila earthquake vs. damage observed on the gas network (so-

lid dots).

Fig. 15 – Mappa degli spostamenti permanenti per frana stimati per il terremoto dell’Aquila e del danneggiamento rilevato sulla rete del 

gas (simboli pieni).
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the limited extent of the survey, on the basis of 
the comparison between the two damage analyses 
it seems possible to infer that the observed loss is 
more realistically associated with phenomena of 
permanent displacement, since the performance 
of the network seems better predicted by using 
the fragility function suited for PGD; on the con-
trary, more detailed analyses are needed to evalu-
ate the damage associated with transient ground 
motion.

Conclusions

In this paper a large scale analysis was carried out 
to assess the level of damage suffered by the gas net-
work of L’Aquila, after the 6th April 2009 Abruzzo 
main shock.

The widespread HAZUS [FEMA, 2003] meth-
odology was implemented into a GIS environment 
and several updates were introduced into the con-
ventional approach. A deterministic ground motion 
scenario was simulated by ShakeMapTM in terms of 
peak velocity and acceleration, based on updated 
non-linear site amplification coefficients. The sub-
soil properties were reproduced by geo-referenced 
maps of topography, lithology and groundwater ex-
treme conditions. The seismic demand was evalu-
ated in terms of both permanent ground displace-
ments and transient ground deformations.

Permanent displacements were estimated adopt-
ing the upper bound simplified relationship pro-
posed by AUSILIO et al., [2007], for the Italian seismic-
ity. The maps obtained by the above methodology 
were used as seismic demand for damage predictions 

extended to the entire gas network. Through litera-
ture fragility curves, the expected damage per unit 
length on each pipeline trunk was estimated deter-
ministically, and a probabilistic simplified approach 
was also derived from the same input data and em-
pirical relationships.

The adopted procedure is expected to be over-
conservative in the demand estimation in terms of 
PGD: this appears due to both the roughness of 
the evaluation of landslide susceptibility and the 
choice of an upper bound relationship for dis-
placement prediction. A geotechnical characteri-
sation of the studied area could give more realis-
tic estimation of the landslide susceptibility of the 
area.

The GIS and computerized databases set up for 
this pilot study can be helpful to store and update 
the large amount of information continuously gath-
ered in the Aterno valley after the earthquake. As 
site and laboratory investigations will progress in the 
future, the ensuing information can be added to the 
existing databases to improve soil characterization 
and then, seismic demand estimation.

The collected damage data, although few, when 
plotted as function of the seismic demand due to 
permanent displacement, show an abrupt increase 
in the repair rate, RR, as the displacements exceed 
the value of 20 cm, prescribed as admissible for most 
of the above ground structures by the national build-
ings code. The observed trend seems to suggest that 
a “threshold fragility curve” would better capture the 
brittle behaviour exhibited by the pipeline-soil sys-
tem.

It seems possible to conclude that the methodol-
ogy adopted in this loss estimation analysis can defi-

Fig. 16a – Observed damage versus fragility curves for PGD.

Fig. 16a – Confronto trail danno osservato e le curve di fragilità 

per PGD.

Fig. 16b – Observed damage vs. fragility curves for TGD.

Fig. 16b – Confronto tra danno osservato e curve di fragilità per 

TGD.
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nitely be a good starting point to implement more 
accurate predictions of damage of pipelines.

Due to the strong oversimplification of the as-
sumed model site-specific, estimate can be crude 
and have a high degree of uncertainty; it is likely ap-
propriate for planning purposes and for initial loss 
estimates to determine where more detailed analyses 
are warranted.
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Il danneggiamento della rete del gas 

dell’Aquila durante il terremoto del 

2009: confronto tra lo scenario previsto e 

quello osservato

Sommario

I fenomeni di instabilità e liquefazione, insieme con lo 

scuotimento sismico, costituiscono la causa più significativa 

di danneggiamento delle tubazioni di una rete di adduzione 

a seguito di un terremoto. In questo articolo la metodologia 

HAZUS per la stima semplificata dei danni causati da un 

terremoto è stata opportunamente modificata e adattata per tener 

conto della sismicità italiana e delle peculiari condizioni di sito, 

e quindi applicata per la stima del danneggiamento della rete di 

distribuzione del gas nell’area aquilana a seguito del terremoto 

del 6 aprile 2009. La metodologia è stata implementata in 

ambiente GIS e applicata su un’area di circa 550 km2 nella Valle 

dell’Aterno. Elementi chiave per la stima del danno sono, da un 

lato, lo scenario sismico di riferimento (pericolosità sismica) e la 

caratterizzazione geologica e geotecnica dell’area, che concorrono 

a definire la domanda sismica e, dall’altro, tutti i dati che 

consentono la caratterizzazione delle tubazioni costituenti 

la rete (dati geometrici e materiali) e quindi la definizione 

delle curve di fragilità. La domanda sismica dell’area è stata 

valutata sia in termini di deformazioni transitorie dovute alla 

propagazione delle onde, sia in riferimento agli spostamenti 

permanenti indotti da fenomeni di instabilità connessi all’evento 

sismico considerato. I danni alla rete sono stati stimati in 

termini di numero di riparazioni per unità di lunghezza. 

L’intersezione tra la domanda e la capacità sismica della rete di 

adduzione del gas, espressa in maniera semplificata in termini 

di curve di fragilità, ha consentito la redazione di mappe di 

danneggiamento della rete associate ai fenomeni di propagazione 

delle onde e di instabilità. Infine lo scenario di danno simulato 

è stato confrontato con i dati di danneggiamento rilevati su una 

porzione limitata della rete.


