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overcome some shortcomings of the GMPEs, which: (i) are poorly constrained for large magnitude 
events and in near-source conditions that are of concern for the damage of structures; (ii) cannot 
account for the geological peculiarities of the area under study and the complex site conditions at local 
scale; (iii) cannot describe the spatial correlation and cross-correlation structure of ground motion. 
Referring to point (iii), it is recognized that risk and loss assessment of large urban areas with spatially 
distributed building portfolios and multiple interconnected infrastructural systems require an accurate 
description of spatial variability of ground motion intensity at regional scale as well as of cross-
correlation of ground motion across different intensity measures, such as response spectral ordinates 
across different periods (Park et al. 2007; Weatherill et al. 2015; Baker and Jayaram 2008).  
As regards damage assessment, state-of-the-art vulnerability models for interconnected infrastructural 
systems, as developed in SYNER-G (2012) project, were adopted. In particular, SYNER-G developed 
an innovative methodological framework for the assessment of physical as well as socio-economic 
seismic vulnerability at the urban/regional level. The built environment was modeled according to a 
detailed taxonomy into its component systems as close as possible to the European distinctive features 
of the construction practice, grouped into buildings, transportation and utility networks, and critical 
facilities. The framework encompasses all aspects in the chain, from regional hazard to fragility 
assessment of components to the socioeconomic impacts of an earthquake, accounting for relevant 
uncertainties within an efficient quantitative simulation scheme, and modeling interactions between 
the multiple component systems in the taxonomy. Fragility curves based on SYNER-G taxonomy 
were selected, developed and proposed for all elements at risk including damage scales, intensity 
measures and performance indicators (Pitilakis et al. 2014).  
The proposed approach was applied to the city of Thessaloniki, where an abundance of data is 
available, to estimate the physical damage and loss of performance for the water supply system. 
Seismic risk was evaluated for a set of physics-based ground shaking scenarios generated through a 
large-scale spectral element model including the extended seismic source, the propagation from the 
source to the site as well as the 3D basin. Numerical simulations were carried out by the high-
performance code SPEED (http://speed.mox.polimi.it/) described in Mazzieri et al. (2013). For these 
ground shaking scenarios, risk of the main water supply system of Thessaloniki was expressed in 
terms of probability of exceedance of service loss levels, measured by connectivity-based performance 
indicators. The variability of the expected losses within the urban area was also explored considering a 
set of different fault rupture scenarios. As an important outcome of this work, the SPEED-based 
damage and loss of performance estimates were compared with the ones obtained using a standard 
approach based on GMPEs, but accounting for the spatial variability of ground motion.  
 
2. SEISMIC HAZARD: 3D PHYSICS-BASED NUMERICAL SIMULATIONS  
 
3D numerical simulations of seismic wave propagation were performed using the Discontinuous 
Galerkin Spectral Elements Method (DGSEM) implemented in the open-source computer package 
called SPEED - SPectral Element in Elastodynamics with Discontinuous Galerkin 
(http://speed.mox.polimi.it/). SPEED can handle the simulation of large-scale seismic wave 
propagation problems including the coupled effect of a seismic fault rupture, the propagation path 
through Earth’s layers and localized geological irregularities, such as alluvial valleys (Mazzieri et al, 
2013). Based on a discontinuous version of the classical spectral element (SE) method, SPEED is 
naturally oriented to solve multi-scale numerical problems, allowing one to use non-conforming 
meshes (h-adaptivity) and different polynomial approximation degrees (N-adaptivity) in the numerical 
model. The code was optimized to run on multi-core computers and large clusters (e.g., Marconi at 
CINECA), taking advantage of the hybrid MPI-OpenMP parallel programming. Referring to 
earthquake engineering applications, the main features of the code include: i) different seismic 
excitation modes, from plane wave propagation to extended kinematic fault source models (as adopted 
in this work); ii) linear and non-linear visco-elastic soil materials; iii) different anelastic attenuation 
models with frequency proportional quality factor or frequency constant quality factor.  
 
2.1 3D computational model  
 
Referring to Smerzini et al. (2017) for further details, a large-scale 3D spectral element model was 
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Once values for the appropriate IMs at the surface are known at each site, the physical damage state of 
each component is sampled. This is done differently for point-like and line-like components, with 
fragility curves used for the former, and Poisson rates as a function of the intensity for the latter. The 
Poisson rate λ is usually employed to describe the rate of faults (leaks/breaks) per unit length, and is 
experimentally derived from repair rates obtained in post-earthquake damage surveys. In the WSS 
model within OOFIMS, only pipelines are considered as vulnerable to earthquakes and the fragility 
model is given in terms of two Poisson repair rates per kilometer, functions of peak ground velocity 
(PGV, in cm/s) and PGD (in m), respectively (ALA 2001):  
 

      (1) 

 
where K1 and K2 are functions of the pipe material, soil, joint type and diameter and λrepair is returned in 
km−1. The number of leaks/breaks, NL for the generic pipe is randomly generated using the highest 
repair rate as the mean of the Poisson distribution. If NL > 0, a number NL of standard uniform 
numbers is sampled and compared with the rupture probability (a function of λ). If at least one is lower 
than the rupture probability, the pipe is broken and removed from the network. Since in this study a 
connectivity-based WSS analysis was carried out, the water outflow from leaks/breaks was not 
retrieved. In OOFIMS it is possible to carry out a capacitive analysis on the WSS, with computation of 
flow in pipes and water head at demand nodes. 
 

4. RISK ASSESSMENTS FOR THE WATER SYSTEM OF THESSALONIKI  
 
4.1 Water Supply System of Thessaloniki 
 
The water supply system of the municipality of Thessaloniki includes 20 tanks with total capacity of 
91,900 m3. There is also a sedimentation tank of 8,000 m3 capacity and a fire-fighting tank with total 
capacity of 2,100 m3. The main transmission system has a total length of about 71 km, while the 
distribution network has a 1,284.1 km approximate length and a supply capacity ranging between 
240,000 - 280,000 m3/day. The supplied customers are approximately 420,000 and the total supplied 
population is about one million. The supplied area is approximately 55 km2; the elevation ranges from 
0 to 380 m, and the water pressure between 2 and 5 bars. 
For the needs of the present application and due to the complexity and oldness of the system, a 
simplified, yet realistic, model for Thessaloniki’s main WSS was used (Argyroudis et al. 2014). This 
network is comprised of 477 nodes and 601 edges (pipes) with total length of about 280 km. The 
nodes were subdivided into 445 demand nodes, 21 elevated tanks served by pumping stations and 11 
constant-head tanks (see Figure 4). Tanks were considered as water sources for the system. Pipelines 
have 24 different diameter values, ranging between 500-3,000 mm and their construction materials 
include asbestos cement, cast iron, PVC and welded steel. 
The soil formations of the study area were classified according to the EC8 classification scheme (i.e., 
A, B, C soil classes). The liquefaction susceptibility was defined following the method adopted in 
HAZUS (FEMA 2003) on the basis of deposit type, age and general distribution of cohesionless loose 
sediments.  
 



 
 

Figure 4

 
4.2 Perf
 
In order 
based an
performa
others ar
• Connec
in Eq. (2
(undama
demand 
 

 
• Conne
was adap
the sum,
the wat
methodo
at node i
and to 
disconne
 

 
• Upgrad
with SSI
expressio
system s
performa
number 
breakage
increase 

4. (a) The The
tanks and

formance me

to estimate t
nd SPEED-b
ance metrics
re local, i.e. r
ctivity Loss, 
2), counting 
aged) networ
nodes (<···>

ctivity-based
pted from a 
, over the n d
ter demands
ology, SSIconn

i and the wei
0 otherwise
ection of dem

de Benefit In
I, in a flow-
on was adop
serviceability
ance. It is de
of samples w
e given an ea
of SSIconn gi

essaloniki wat
d pumping sta

etrics 

the impact on
based) and 
s were used, 
referred to th
CL (global, 
the number

rk, Ni
source,orig

> denotes ave

 

d System Ser
flow-based o
demand node
s, Qi,0 (deli
n, ranging be
ight wi is set

e. Such wei
mand nodes f

 

ndex, UBI (l
-based analy

pted. UBI me
y, and is use
efined as in E
where the i-t
arthquake is 
iven that the 

ter supply syst
ations, (b) Soil

n the WSS p
to carry ou
two of whic

he single pipe
Poljanšek et

r of source n
, and in the 
erage). 

C

rviceability I
one, SSI (W
es, of the del
vered befor

etween 0 and
t to 1 if the i-
ght is used
from sources

S

ocal, Wang 
ysis. In this 
easures the im
d to identify
Eq. (4), wher
th pipe is int
significantly
i-th pipe is u

7 

  
 

tem used as c
l classification

performance 
ut a compari
ch are global
es. The metr
t al. 2012). C
nodes conne
damaged ne

CL1
Nsourc

i

Nsourc
i

Index, SSIcon

ang and O’R
livered water
re the earth

d 1, is defined
-th demand n

d to reduce 
s. 

SSIconn 
Q

i1

n
i

n

et al. 2010).
work, UBI 
mpact of the

y critical pipe
ere m1 is the 
tact. By “upg
y smaller than
upgraded. 

(a)

ase study; ele
n in the study 

due to the co
ison between
l, i.e. referre

rics are defin
CL, ranging 

ected to the 
etwork, Ni

sourc

ce,dam

ce,orig i

 

nn (global, C
Rourke 2008
r flows after 
hquake). In 
d as in Eq. (3
node is conn
the total d

Q
i ,0
w

i

Qi ,01

 

 This metric
was comput

e upgrade of 
es that signif
total number
grade” it is m
n its value be

ments can be 
area accordin

onsidered haz
n them, fou

ed to the who
ed as follow
between 0 a
i-th demand 
ce,dam, and the

 

avalieri et a
), which is d
an earthquak
the curren

3), where Qi,0

nected to at le
delivered wa

 

c was first de
ted with SSI

f an individua
ficantly affec
r of simulati
meant that th
efore upgrad

pipes, deman
ng to EC8. 

azard models
ur connectiv
ole system, w

ws: 
and 1, is com
d node in the
hen averaging

  

al. 2014). Th
defined as th
ake, Qi,s, to th
nt connectiv

0 is the water
east one sou

ater flow in

  

efined for ap
Iconn, but the
al pipe on th
ct the system
ion runs and 
he probabilit
de. UBIi is th

 

d nodes, 

(GMPE-
vity-based 
while the 

mputed as 
e original 
g over all 

(2) 

his metric 
e ratio of 

he sum of 
vity-based 
r demand 

urce node, 
n case of 

(3) 

pplication 
e original 
he overall 
m seismic 

m2 is the 
ty of pipe 
he percent 

(b)



8 
 
 

 

  

UBI i 
E SSI

conn
| pipe i  upgrade   E SSI

conn
 

1 E SSIconn
 



1

m2

SSIconn, jj1

m2 
1

m1

SSIconn,kk1

m1

1
1
m1

SSI
conn,kk1

m1
   (4) 

 
• Damage Consequence Index, DCI (local, Wang et al. 2010). Like UBI, this metric was first defined 
for application with SSI, and here it has been computed with SSIconn, while keeping the original 
expression. DCI is a measure of the impact of a pipe breakage on the overall system serviceability. It 
is defined as in Eq. (5), where m1 is the total number of simulation runs and m3 is the number of 
samples where the i-th pipe is broken. DCIi is the percent reduction of SSIconn given that the i-th pipe is 
broken. 
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4.3 Results and discussion 
 
Four Monte Carlo simulations were carried out, to allow the combinations of the two considered 
ground motion scenarios (Volvi and Anthemountas, see Section 2.2) and the two different hazard 
models (SPEED-based and GMPE-based). To investigate the sensitivity of results to the spatial 
correlation of IMs, two more simulations were added, one per scenario, employing the GMPE-based 
model in which the spatial correlation of primary IM values was disregarded. In the GMPE-based 
case, the IMs of interest (i.e., PGV and PGD) were computed by the procedure outlined in Section 3 
(and implemented in OOFIMS). On the other hand, when defining the hazard by means of physics-
based simulations, PGA and PGV were provided by the offline SPEED broadband computations (see 
Section 2.3). Note that liquefaction-induced PGD is not provided as an output by SPEED and hence it 
was retrieved by the OOFIMS geotechnical hazard module in which it is derived based on the PGA 
estimates from SPEED using empirical relationships. All simulations consisted of just 1,000 runs each, 
given the reduced uncertainty in the hazard models: in fact, the IMs from SPEED are constant in all 
simulation runs, while in the GMPE-based approach magnitude and hypocenter were fixed, so that 
only the epistemic uncertainty in the motion attenuation, amplification and geotechnical hazard was 
considered. The epistemic uncertainty associated with vulnerability assessment is also present (see 
Section 3), and is the same for all the simulations. 
Figure 5 shows the comparison between the Cumulative Distribution Functions (CDFs) of CL and 
SSIconn, from the SPEED-based simulation, for both events. It is noted that, although in the Volvi 
scenario more significant directivity effects were found to occur, the Anthemountas scenario results to 
be the most damaging, in terms of both connectivity loss and serviceability, owing mainly to the 
higher magnitude and smaller source-to-site distance.  
Results were also retrieved at the component (i.e., pipe) level, using the two local performance metrics 
adopted, namely UBI and DCI. Due to page limit, only the results in terms of UBI are reported here, 
given the more relevance of this index compared to DCI: in fact, UBI is the primary index in seismic 
mitigation, and critical links are pipes with relatively large UBI values (Wang et al. 2010). Figure 6 
shows UBI maps, from the SPEED-based simulation, for both events. UBI values exist at pipe 
centroid sites. Instead of interpolating and extrapolating values, both figures are presented as Voronoi 
diagrams, in which each pipe is assigned a uniformly colored Voronoi cell, collecting all points for 
which the centroid of that pipe is the closest point. In this representation, UBI values for a pipe are 
extended to its entire Voronoi cell: moreover, adjacent cells with the same color are merged. The maps 
indicate the presence of critical links, meaning pipes that result to be damaged in the simulation and 
whose upgrade will benefit more the system serviceability. Looking at the maps, it appears clear that 
the Anthemountas scenario causes more pipes to be damaged and thus attain a UBI value larger than 
zero (see Figure 6(b)). It is also noted that most damage is expected towards south-east of the city, 
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