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Summary  

MANTIS -K is an operational earthquake loss forecasting (OELF) system developed for Italy. It 

provides seismic risk metrics (e.g., the expected values of collapsed buildings) at the municipality 

scale, combining, via a consistent approach, forecasted weekly  seismic hazard rates, vulnerability, 

and inventory models. The seismic hazard rates refer to a grid of point - like seismic sources cov-

ering the whole national area and some sea; they are computed by the Italian operational earth-

quake forecasting system (na med OEF - Italy) that provides the expected number of earthquakes 

exceeding magnitude four, in the week following the analysis. Vulnerability models provide, for 

defined structural typologies, the conditional probability that an undamaged structure reaches a  

damage level given the (macroseismic) intensity at the site. Finally, inventory models collect in-

formation, at the municipality scale, about the number of buildings in each structural typology. 

MANTIS -K, in its current version, does not update vulnerabili ty and inventory models after the 

occurrence of an earthquake and it is not able to account for seismic damage accumulation. These 

limitations may be relevant during seismic sequences, when earthquakes occur with a short in-

terarrival time. The presented deliverable  discusses an improved OELF system, MANTIS v2.0, in 

which the inventory is updated after each damaging event and possible damage accumulation is 

considered, profiting from a Markov -chain -based approach to structural reliability. The 2009 LôAq-

uila sequence is used to compare the losses forecasted by the original and the improved OELF 

system. The results indicate that damage accumulation can have non negligible effects, as ex-

pected, especially in the municipalities within the epicentral area of the e arthquakes of the se-

quences. The differences between the two systems are mitigated for loss forecasting that refers 

to larger areas, including municipalities far from the earthquakes . 

1.  Introduction  

Operational earthquake forecasting (OEF) is a recently deve loped branch of seismology that allows 

to constantly update the short time  estimates of seismicity in a region in which the earthquake 

activity is continuously monitored (Jordan et al., 2011) . Although the efficacy of the OEF for seis-

mic risk management and mitigation is currently under debate within the scientific community 

(e.g., Chioccarelli & Iervolino, 2021; Wang & Rogers, 2014 ), the possibility of using the infor-

mation provided by the OEF system for real - time risk assessment and mitigation is wort h of in-

vestigation.  

In Italy, because of the work of the Istituto Nazionale di Geofisica e Vulcanologia , a system for 

operational earthquake forecasting, named OEF - Italy (Marzocchi et al., 2014) , exists. It acquires 

information from the national monitori ng network that continuously records the seismic activity 

in the country. Such information is used to probabilistically forecast the weekly expected number 

(i.e., rates) and locations of earthquakes with magnitude above a threshold occurring in the mon-

itor ed area. On the basis of data provided by OEF - Italy, a system for operational earthquake loss 

forecasting (OELF), named MANTIS -K was developed (Iervolino et al., 2015) . MANTIS -K combines 

the weekly seismicity rates with vulnerability and inventory models  for the Italian building stock 

to obtain weekly forecasts of seismic risk (consequences) metrics, that is, the expected number 

of collapsed buildings, fatalities, injuries, and displaced residents. However, MANTIS -K has some 

limitations that may affect th e accuracy of the loss forecasting. The system, in its current formu-

lation, adopts vulnerability and inventory models that do not change in time, that is, OEF rates 

are the only input that change among the loss forecasting computed at different times. This  does 

not appear as an issue in peace conditions (i.e., when no earthquake has recently occurred in the 

area), but it may affect results right after the occurrence of a damaging earthquake (i.e., during 

a seismic crisis). Indeed, in such a case, MANTIS -K a ccounts for the fact that the estimated seis-

micity in the area increases (e.g., Marzocchi & Lombardi, 2009)  but it is not able to model that 

the structures in the area may have already been damage by previous seismic events. However, 

seismic crises are t he cases in which the social relevance of the OELF results is the highest. Thus, 

to overcome such limitations, an upgraded version of the system, named MANTIS v2.0, is cur-

rently under -development in the context of the ongoing research project RISE (Real - ti me 
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earthquake rIsk reduction for a ReSilient Europe). In particular, profiting from the structural reli-

ability model developed for accounting seismic damage accumulation on single structures (Iervo-

lino et al., 2016) , this document discusses how the MANTI S-K framework can be modified to 

account for evolutionary vulnerability models, that is seismic damage accumulation on the existing 

building portfolio.  

The deliverable  is structured such that MANTIS -K system is briefly recalled. Then the improved 

methodology at the base of MANTIS v2.0 is described together with the involved ground -motion 

and vulnerability models. It follows an application of the updated software to a ca se study, i.e., a 

past Italian earthquake sequence that allows to identify some of the differences between the two 

versions of the software. Final conclusions close the deliverable .  

2.  MANTIS - K 

The OEF - Italy system analyses, continuously in time ()t , the data of the recorded seismicity his-

tory of the country. Thus, referring to a grid of point - like seismic sources, it provides, for each 

source { },x y , the expected number per unit time ( tD , equ al to one week) of earthquakes above 

magnitude four, originating at the point of interest. These rates, indicated as ( ), ,t x yl ,  enable to 

retrieve the expected value of earthquakes per unit time that, in a given area (e.g., a municipality)  

identified by coordinates { },w z , making the building of a structural typology of interest, k , to 

reach some performance levels of interest, that is, k

jPL pl= . In fact, it is assumed that a finite 

number, say n, of performance levels can be used to discretize the damage conditions of the 

structure: 1pl  identifies the undamaged state, npl  the conventional collapse, jpl , with 2,..., 1j n= -

, the intermediate damages condition between the undamaged and the collapse state (increasing 
j , the level of damage increases). The sought rate of earthquakes causing a bui lding of the struc-

tural typology k , located in { },w z , on a soil class indicated as q, to reach jpl is ( ), , ,
j

k

PL pl t w zl q=  and  

can be computed via Eq. (1) :  

( ) ( ) ( ) (), ,

0 0

, , , , , , ,
j

k k

PL pl j MIM M R

x y im m

t w z t x y P PL pl im f m r f m dm dx dy
q

l q l q
+¤ +¤

=

= =

è ø= Ö = Ö Ö Ö Ö Öê úññ ñ ñ ,             (1) 

where M  is the magnitude of the earthquake, R  is the distance between the point - like seismic 

source { },x y  and the site of interest { },w z ; ()Mf m  is the probability density function of the mag-

nitude of the earthquakes (assumed to be independent and identically distributed among sources); 

( ), ,
, ,

IM M R
f m r

q
q  is th e probability density function (pdf) of the intensity measure, IM ,  at the site 

{ },w z  conditional to M m= , R r= , and the soil class q (or possib ly other covariates) ; 

k

jP PL pl imè ø=ê ú is the probability that a structure of the k- th structural typology reaches jpl  given 

that IM im=  at the construction site (such a probability is assumed independent on q). 
k

jP PL pl imè ø=ê ú can be retrieved by the so -called fragility functions  for the structural typology of 

interest. Finally, the integrals over x and y  in Eq. (1)  are extended to comprehend all the sources 

within a maximum distance from the { },w z  site; such a distance usually depends on the adopted 

ground motion propagation models providing ( ), ,
, ,

IM M R
f m r

q
q .  

If the local soil conditio ns are uncertain, the random variable representing the soil class at the 

site of the buildings of the structural typology can be considered defining its probability mass 

function, qP qè øê ú, with 1,...,q Q= , being Q  the number of soil classes. In such a case, the rate of 

earthquakes taking to jpl  a building randomly selected among those of the structural typology k  

and located in { },w z , i.e., ( ), ,
j

k

PL pl t w zl =  can be computed via  Eq.  (2) :  

( ) ( )
1

, , , , ,
j j

Q
k k

PL pl q PL pl q

q

t w z P t w zl q l q= =

=

è ø= Öê úä .     (2)  

In the same hypotheses discussed in Iervolino et al. (2015) , if the number of building of the k- th  

structural typology at { },w z  site is available, ( ),k

BN w z , the expected number of buildings reaching 

jpl  in ( ),t t t+D, that is ( ), , ,
j

k

B plN t t w z+D , can be approximately computed via Eq. (3) :  
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( ) ( ) ( ), , , , , ,
j j

k k k

B pl B PL plN t t w z N w z t w z tl =+D º Ö ÖD.     (3)  

3.  MANTIS v 2 .0  

The upgraded version of the OELF system is formulated to account for the evolution, over time, 

of the structural damage conditions. This implies that loss forecasting must account for the pos-

sible structural damage accumulation due to the occurrence of mor e than one earthquake in the 

forecasting period. Moreover, the upgraded system has to estimate the possible damage due to 

the occurred earthquakes and, consequently, forecast the performance level of buildings that, at 

the time of computation, are already at an intermediate performance level. In the following, the 

loss forecasting referring to a building inventory constituted by already damaged buildings is dis-

cussed first. Then, the possible structural damage accumulation due to the occurrence of more 

than  one earthquake in the forecasting time window is analysed. Finally, the adopted strategy for 

updating the inventory to account for the damage evolution in the sequence is described.  

3.1  Loss forecasting referring to already damaged buildings  

In order to accou nt for damage accumulation, some hypotheses about the structural damage 

evolution over time have to be introduced. More specifically, it is assumed that, for each building 

of the considered structural typology, the probability to pass from ipl  with 1,..., 1i n= - to another 

(worse) performance level, jpl  with i j n< ¢, due to one earthquake does not depend on the dam-

age history of the structure, but it only depends on ipl  and on the intensity of the earthquake 

possibly causing the transition, that is im . This enables adopting a Markov -chain model, in analogy 

with Iervolino et al. (2016) , to compute the probability that a structure, located at the { },w z  site, 

passes from ipl  to jpl  ( )j i>  given the occurrence of a generic  earthquake (an earthquake of 

unspecified magnitude and location), indicated as ( ), , ,k

i jP t w z , is computed as per Eq. (4) :  

( )

( )

( )
( ) () ( )

,

, ,
1 0 0

, ,

, ,
, , ,

, ,

k

i j

Q
k

q j i q MIM M R
q im x y m

P t w z

t x y
P P PL pl pl im f im m r f m dm dx dy d im

t w z
q

l
q q

n

+¤ +¤

= = =

=

è øè ø= Ö = Ö Ö Ö Ö Ö Ö Öê ú ê úä ñ ññ ñ
.                  (4)  

In the equation, ,k

j iP PL pl pl imè ø=ê ú is the probability the structure makes a transition from ipl  to 

jpl  for a given value of IM . Such a probability can be evaluated, via Eq. , as the difference 

between two probabilities, both conditional on the value of the intensity measure and the perfor-

mance level ipl  in which the structure is before the earthquake occurr ence; such conditional prob-

abilities are those of reaching or exceeding jpl  and 1jpl + , respectively and are defined as state -

dependent fragility functions (Iervolino et al., 2016) . Finally, ( ) ( ), , , ,t x y t w zl n  is the probability 

that, given that an earthquake affects the { },w z  site, it is generated by the { },x y  source; ( ), ,t w zn  

is the rate of the earthquakes affecting the { },w z  site and can be computed as shown in Eq. (5) :  

( ) ( ), , , ,
x y

t w z t x y dx dyn l= Ö Öññ .     (5)  

A matrix collecting all the transition probabilities of the same structural typology at { },w z  site 

given the occurrence of an earthquake, ( ), ,kP t w zè øê ú, can be defined as in Eq. (6)  (for the sake of 

simplicity, the dependency on { },w z  and time is neglected for the terms within the matrix):  

( )

( ) ( )

1, 1,2 1,

2

2, 2,

3

1 , 1 ,

1

0 1
, ,

0 0 1

0 0 1

n
k k k

j n

j

n
k k

j nk
j

k k

n n n n

P P P

P P
P t w z

P P

=

=

- -

è ø
-é ù
é ù
é ù

-é ù
è ø=é ùê ú

é ù
é ù

-é ù
é ù
é ùê ú

ä

ä
.              (6)  
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The matrix has n n³  dimension and the element at row i  and column j  is the probability that, 

due to a generic earthquake, one structure of the k- th typology, that is in ipl  before the earth-

quake, goes to jpl  due to the earthquake occurrence. Thus, ( ), ,kP t w zè øê ú is an upper triangular 

matrix because the structure cannot lower its performance level due to an earthquake occurrence.  

The unit time transition probability matrix for the structural typology, ( ), , ,k

EP t t t w zè ø+Dê ú, collecting 

the transition probabilities from one damage state to another in tD , can be computed . Assuming 

that, in the unit time, the process of earthquake occurrence can be approximated by a  homoge-

neous Poisson Process, HPP, (in analogy with what was discussed for MANTIS -K), if ( ), ,t w zn  is 

small (i.e., the probability of more than one earthquake in tD  is negligible), the matrix 

( ), , ,k

EP t t t w zè ø+Dê ú can be approximated via Eq. (7) :  

( ) ( ) ( ) ( ){ }[], , , , , , , 1 , ,k k

EP t t t w z t w z P t w z t w z In nè ø è ø+D º Ö + - Öê ú ê ú ,             (7)  

where ( ), ,t w zn  approximates the probability of one earthquake occurrence in the unit time, 

( ){ }1 , ,t w zn-  approximates the probability of no earthquake in the unit time and []I , the identity 

matrix, accounts for the fact that, when no earthquake occurs, the building does not change its 

performance level.  

Once ( ), , ,k

EP t t t w zè ø+Dê ú is known, the expected number of buildings in each damage state at time 

( )t t+D can be computed knowing the number of buildings in each damage state at time t  (see 

Section 3.3 ). More  specifically, let us assume that ( ), ,k

B t w zN  is the vector collecting the number of 

the buildings of the k- th structural typology located in { },w z  at the time t ,  the expected number 

of buildings in each performance level at ( )t t+D, ( ), ,k

B t t w z+DN , is provided by as :  

( ) ( ) ( ) ( ){ ( )} ( )
1 2, , ,, , , , , , , , , , ,..., , , , , ,

n

k k k k k k

B E B pl B pl B pl Et w z P t t t w z N t w z N t w z N t w z P t t t w zè ø è øÖ +D = Ö +Dê ú ê úN .          (8)  

Indeed, in Eq. (8) , the transition probabilities from a starting damage state to an arriving one are 

multiplied by the corresponding number of buildings in the starting damage state. Eq. (8)  in MAN-

TIS v2.0 substitutes the corresponding Eq. (3)  implemented in MANTIS -K.  

 

3.2  Loss forecasting accounting for more than one earthquake  

Depending on the seismic history, the rates of OEF may result in a value of ( ), ,t w zn  that 

corresponds to a non -negligible probability of more than one earthquake in tD . In this case, the 

approximation introduced in Eq. (7)  is not acceptable, but the application of the described Mar-

kovian approach remains possible if the original unit time, i.e. one week, is partitioned into smaller 

intervals such that, in each of them, the probability of more than one earthquake is negl igible. 

Thus, the way in which the original tD  has to be partitioned depends on the distribution of the 

number of expected earthquakes over time. Once the length of the new time intervals is defined, 

Eq.  (7)  can be applied for each of them and the transition probability matrix referred to one week 

can be computed proofing of the Markov -chain properties . The resulting transition probabili ty ma-

trix will account for the possible damage accumulation due to multiple forecasted earthquakes in 

one week.  

 

3.3  Inventory update  

After the occurrence of each earthquake, it is important to update the ( ), ,k

B t w zN  vector to apply 

Eq. (8) . To this aim, let us assume that the  observed IM  at the { },w z  site, im*, is known; the 

probability that the building in the k- th structural typology passed from ipl  to jpl  due to im*, 

( )*

, ,k

i jP w z , can be derived by the already introduced state -dependent fragility functions, as 

,k

j iP PL pl pl im*è ø=
ê ú

.  

In fact, the value of im* is known if an accelerometric station provides the recorded ground 

motion at { },w z  site. If such a data is not available, it is possible to compute a distribution of the 

intensity measure of interest at { },w z  conditional to the earthquake magnitude, *m , the distance 
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between the earthquake and the site, *r , the soil class, qq , (and possibly information from ground 

motion  recorded at other sites), that is ( )* *

, ,
, , qIM M R

f im m r
q

q  (e.g., Wald et al. 1999; Worden et al. 

2020) . Thus, it is sufficiently general to assume that, although the im* value is unknown in { },w z

, ( )*

, ,k

i jP w z  can be obtained via Eq. (9) :  

( ) ( ) ( )* * *

, , ,
1 0

, , , ,
Q

k k

i j q j i qIM M R
q im

P w z P P PL pl pl im f im m r d im
q

q q
+¤

= =

ë ûî î
è øè ø= Ö = Ö Öì üê ú ê ú

î îí ý
ä ñ .           (9)  

A transition probability matrix given the occurrence of the earthquake of *m  magnitude and 
*r  

distance can be defined by collecting the values of ( )*

, ,k

i jP w z  for both i  and j  varying between 1 

and n , as per Eq. (10 ) :  

( )

( ) ( )

* * *

1, 1,2 1,

2

* *

2, 2,*
3

* *

1 , 1 ,

1

0 1
,

0 0 1

0 0 1

n
k k k

j n

j

n
k k

j nk
j

k k

n n n n

P P P

P P
P w z

P P

=

=

- -

è ø
-é ù
é ù
é ù

-é ù
è ø=é ùê ú

é ù
é ù

-é ù
é ù
é ùê ú

ä

ä
.           (10 )  

Moreover, if more than one earthquake occurs in the tD , say { }1,...,E En N= , a transition probability 

matrix per event can be defined, ( )* ,
E

k

nP w zè ø
ê ú, in accordance with Eq. (10 ) . The cumulative effect of 

the EN  earthquakes can be computed by multiplying the corresponding transition probability ma-

trices. Thus, the vector collecting the estimated number of buildings in each damage state, 

( ), ,k

B t w zN ,  can be obtained from the equivalent vector estimated in the previous time interval at 

the same site, ( ), ,k

B t t w z-DN ,  via Eq.  (11 ) :  

( ) ( ) ( )*

1

, , , , ,
E

E

E

N

k k k

B B n

n

t w z t t w z P w z
=

è ø= -D Öê úÔN N .             (11 )  

The computed ( ), ,k

B t w zN  is the one adopted in Eq. (8) , i.e., an input value for the operational 

earthquake loss forecasting as discussed in Section 3.1 . 

 

4.  CASE STUDY  

In this deliverable , LôAquila 2009 seismic swarm is retrospectively analysed by means of MANTIS 

v2.0. The characteristics of the seismic sequence are described hereafter together with the models 

adopted for MANTIS -  v2.0 implementation. The discussion of results is reported in Section 5. 

The mainshock (moment magnitude, M, 6.1) of the swarm struck the region at 01:32 a.m. of the 

06/04/2009 and, from January 2009 to June 2010, a sequence of twenty - four earthquakes with 

moment  magnitude larger than 4.0 occurred, within 50 km from the mainshock epicentre (Chioc-

carelli & Iervolino, 2010) . Among them, those with moment magnitude larger than 4.5 were eight 

(excluding the mainshock), all of them occurred after the mainshock is a s hort time interval rang-

ing between the 06/04/2009 and 10/04/2009. Table 1 reports the coordinates of the epicentres 

and the magnitude s of the mainshock  and of the eight M4.5 subsequent earthquakes.  

Table 1 . Earthquakes with moment magnitude larger than 4.5 identified by a progressive number (ID), latitude and 

longitude, in degree, and M.  

Date  

[dd/mm HH:MM]  
ID  

Latitude  

[°]  

Longitud e 

[°]  
M 

06/04 01:32  1 42.342  13.380  6.1  

06/04 02:37  2 42.360  13.328  5.1  

06/04 03:56  3 42.335  13.386  4.5  

06/04 23:15  4 42.463  13.385  5.1  

07/04 09:26  5 42.336  13.387  5.1  
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07/04 17:47  6 42.303  13.486  5.5  

07/04 21:34  7 42.372  13.374  4.5  

09/04 00:53  8 42.489  13.351  5.4  

09/04 19:38  9 42.504  13.350  5.2  

 

The results of the OELF procedure are discussed considering a time window of five days ranging 

from the 05/04/2009 (i.e., one day before the mainshock) to 10/04/2009. It is (arbitrarily) as-

sumed that earthquakes with magnitude lower than 4.5 produced negli gible damages of the ex-

isting buildings. Thus, the updating of the building portfolio is performed considering the same 

earthquakes listed in Table 1. The OELF results are computed for all the municipalities that are 

within 100km from the epicentre of the mainshock grouped in four sets characterized by increased 

distance from the mainshock. More specifically, as shown in Figure 1, the first set is constituted 

by the two municipalities within 10 km from the mainshock, the second set consists of 66 munic-

ipalities within 40 km; the third and the fourth sets are constitut ed by 283 and 598 municipalities 

that are within 70 km, and 100 km from the mainshock, respectively. In  Figure 1 the epicentres 

of the considered earthquakes are also  reported with the same ID defined in Table 1. 

 

Figure 1 . Map of considered municipalities  grouped for the increasing distance from the mainshock; the s tars repre-

sent the epicenters of the earthquakes  of Table 1 . 

4.1  Input models  

Models implemented in the development of MANTIS v2.0 are described in the following. In Section 

4.1.1  the adopted hazard models are reported; fragility and exposure models are discussed in 

Section 4.1.2 and Section 4.1.3, respectively;  Section 4.1.4  deals with the local soil model to 

evaluate the soil probabilities. Finally, in Section 4.1.5  the damage assessment model, involved 

in the inventory updated is explained.  

Moreover, these models will be involved in Eq. (1)  too  ( replacing those described in Iervolino et 

al., 2015) , in  an update version of  MANTIS -K, named MANTIS -K v1.1 , that will be used for com-

paring the obtained results .  

4.1.1  Hazard models  

The short - term hazard modelling relies on the OEF - Italy forecasted rates ( ), ,t x yl . The numerical 

values of the OEF rates released by OEF - Italy at midnight of the six days of interest are repre-

sented in Figure 2. As already discussed in literature  (Marzocchi et al., 2014) , rates from OEF 
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significantly increase right after strong earthquakes: in the considered cases, the maximum value 

of ( ), ,t x yl  in the region of the sequence at 05/04 and 06/04 is about 5E -3, whereas, at 07/04 

(i.e., the first forecasting after the mainshock) it increases up to 5E -2.  

For each point - like seismic source, the pdf of the generated magnitude, ()Mf m , is derived from 

the  Gutenberg ïRichter relationship (Gutenberg & Richter, 1944)  with unbounded maximum mag-

nitude and b -value equal to one . At the site of interest { },w z , the conditional distribution of the 

intensity measure ( ), ,
, ,

q
qIM M R

f im m r
q

q  is computed proofing of the ground motion prediction equa-

tion ( GMPE)  of Bindi et al. (2011) . 

To be consistent with the fragility models (described in the next section), the geometric mean of 

the pseudo -spectral accelerations , ()Sa T , over a range of spectral periods is chosen as intensity 

measure (Baker & Cornell, 2006) . Such an intensity measure, denoted as ()avgSa T ,  is defined by 

Eq. (12 ) :  

() ()
1

L

L
avg l

l

Sa Sa T
=

=ÔT ,                (12 )  

The vector T  collects the twenty - three vibration periods considered in Bindi et al. (2011)  GMPE: 

T={0, 0.04, 0.07, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.25, 1.5, 

1.75, 2, 2.5, 2.75}s, where ( )0Sa s  represents the peak ground  acceleration or PGA. Since the 

chosen GMPE does not directly provide the conditional distribution of ()avgSa T , the way in which 

such a distribution can be computed is discussed in  Appendix A . 

 
Figure 2 . OEF- Italy weekly rate release from 05/04/09 to 10/04/09 . 

4.1. 2  Fragility models  

In a recent European research project, SERA (Seismology and Earthquake Engineering Research 

Infrastructure Alliance for Europe ), a building taxonomy and the corresponding structural models 
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representative of the European existing structures was developed (Romão et al., 2019) . They 

consider four main characteristics: (i) primary construction material (e.g., reinforced concrete  

(CR), unreinforced masonry  made up by clay brick masonry (CL99), dressed stone masonry 

(STDRE) , rubble stone masonry (STRUB),  confined masonry (MCF) , steel, etc.) ,  (ii) typology of 

the lateral load resisting system (e.g., wall, moment frame, infilled frame, etc.) ,  (iii) height ex-

pressed in terms of number of stories , (iv)  seismic capacity - related properties (e.g., ductility 

and/or design later force), which depend on the evolution of seismic design in the country . Here-

after, the models associated to th e Italian residential buildings are considered; that is, ten unre-

inforced masonry structures characterized by three sto ne typologies, five reinforced masonry 

structures , and eighteen reinforced concrete infilled frame structures with design lateral force 

coefficient , a, equal to 0 or 5 . Masonry building typologies are characterized by a number of stories 

between one and five, whereas the height of reinforced concrete structures varies between one a 

six stories. Further details about the structural configura tion are provided in Appendix  B. 

Each structural typology is modelled via equivalent single -degree -of - freedom systems or ESDoF 

(e.g., Suzuki & Iervolin o, 2019 ) characterized by piece -wise linear backbone curves and a pinched 

hysteretic behavior exhibiting degradation of strength and of (unloading and reloading) stiffness 

under cyclic loading . Moreover, four damage thresholds were also defined in the SE RA project on 

the basis of Villar -Vega et al. (2017)  and Lagomarsino & Giovinazzi (2006)  identifying five perfor-

mance levels: undamaged, slight damage, moderate damage, extensive damage and collapse. 

Finally, Orlacchio et al. (2021)  developed fragili ty functions and state -dependent fragility functions 

for each structural typology and performance level; the adopted intensity measure is ()avgSa T  as 

defined in Eq. (12 ) . Resulting state -dependent fragility functions are lognormal distributions , []F

,  with h and b parameters, as per Eq. (13 ) :  

( )( ), lnk

j iP PL pl pl IM im im h bè øè ø² = =F -ê ú ê ú.                (13 )  

The values of h and b parameters for all the structural typologies are reported in Appendix  B. 

4.1.3  Exposure models  

SERA project provides, for several European countries, the composition of the residential building 

stock at municipality scale. Thus, for each Italian municipalities, the number of the buildings  of 

the k- th structural typology, k

BN  of Eq.  (8) , is available . 

Figure 3 depicts the composition of the building stock of the considered sets of municipalities. As 

it regards the CR structures, they have been divided according to the value of the design lateral 

fo rce coefficient, thus aÍ0 and a=0 denote the absence or the presence of the seismic design, 

respectively. Residential buildings of the two municipalities within 10 km from the mainshock, are 

15373; 63% of them are STRUB structures, 27% are CR structures wi th seismic design, 8% are 

MCF structures and there are no CR structures without seismic design. If the municipalities within 

40 km, 70 km and 100 km are considered, the total number of residential buildings is 85458, 

274445 and 685898 respectively. The per centage of the STRUB structures remains quite constant 

for all the considered municipalities, equal to about 75%; on the other hand, the percentage of 

RC structures with seismic design for municipalities within 40 km, 70 km and 100 km is 18%, 

15%, 11% resp ectively. Referring to the set of 598 municipalities, 9% of the residential buildings 

is constituted by RC structures without seismic design, while this structural typology represents 

only 3% of the building portfolio when municipalities within 70 km are c onsidered. Finally, the 

percentage of RC structures without seismic design becomes negligible when municipalities within 

40 km are considered. In other words, the figure shows that, as expected, a large majority of 

Italian residential buildings are masonry  buildings and RC structures are mostly located in the 

largest towns that, in the considered area, are represented by LôAquila. 
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Figure 3  Composition of the building stock according to the construction material . 

4.1.4  Local soil models  

To apply Eqs. (2)  and (4) , the 
qP qè øê ú probability has to be computed, at the municipality scale, for 

each soil class. More specifically, such a probability is computed referring to the urbanized areas 

of each municipality. They are derived by the data of the Italian Istituto Na zionale di Statistica  

(ISTAT) that classifies the Italian municipalities in four classes: city centres, built areas, industri-

alized areas and sparse buildings areas. The first two are considered as urbanized area (an anal-

ogous procedure was adopted in Pacifico et al., 2022) . To compute qP qè øê ú, the grid of soil classes 

provided by Forte et al. (2019)  is superimposed, in area of interest, to the map of urbanized areas. 

Thus, for each municipality, defining the total number of points within the urbanized areas, urbN , 

and the number of points of a specific soil classes, 
q

Nq , qP qè øê ú is computed  as per Eq. (14 ) , where 

1 2 3 4, , ,q q q q correspond in turn to soil classes A, B, C, D of Bind i et al. (2011)  GMPE: 

{ }, 1,...,4
q

q

urb

N
P q

N

q
qè ø= =ê ú .                (14) 

In Figure 4 the values of qP qè øê ú are reported per municipality. In accordance with the findings of 

Pacifico et al. (2022) , soil class B is the most representative of the urbanized areas. A medium -

to - low percentage of soils C and A is computed , whereas  soil class D is generally low.  
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Figure 4  Soil probabilit ies in the municipalities within 100km fro m LôAquila 2009 mainshock. 

4.1. 5  Damage assessment models  

To update the building portfolio as per Eq. (11 ) , the ground motion intensity of the occurred 

earthquakes is required for all the sites of interest { },w z . The required IM  is the ()avgSa T  defined 

as per Eq. (12 ) . Although the latter is usually not directly available (it can be directly computed 

only if an accelerometric station recorded the effect of the earthquake in the site of interest), this 

inf ormation can be retrieved from ShakeMaps (Worden et al., 2020)  that, starting from the data 

recorded by the Italian seismic network and the source type model of (Wald et al., 1999) 1, pro-

vides the expected values (and sigma) of some sIM  ( PGA, ( )0.3Sa s ,  ()1Sa s , ( )3Sa s  and peak 

ground velocity, PGV )  for a grid of points covering a large area around the earthquake source.  

As an example, the ShakeMap in terms of PGA, ( )0.3Sa s  and ()1Sa s , released  after the mainshock 

of the LôAquila sequence and available at http://shakemap.ingv.it/shake4. 

Indeed, it is possible to  demonstrate that, in each point of the grid, ShakeMap data can be used 

to retrieve the mean, and standard deviation of the logarithms of the avgSa  evaluated over the 

periods T , conditioned to the occurrence of  the avgSa  evaluated over the periods { }0,0.3,1=*
T s 

(i.e., the data of the ShakeMap) , ( )ln avgSa c=*T . The mean, () * *ln | , , ,avgE Sa m rq cè øê úT , depends on the 

magnitude of the occurred earthquake  *m , the Joyner -Boore distance 
*r ,  the local soil condition 

q and c; the standard deviation, ()ln |avgVAR Sa cè øê úT , only takes into account for the avgSa  eval-

uated over the periods of the vector 
*T  (see Appendix A  for further details).  

Assuming a lognormal distribution, for each grid point of the ShakeMap, the conditional probability 

( )* *

, , ,
, , ,qIM M R

f im m r
q

q c
C

, can be computed. However, in accordance with Eq . (9) , a transition prob-

ability  for the each municipality, ( )*

, ,k

i jP w z , is required. To obtain such a value, assuming that 

 
1 It has to be highlighted that the soil characterization provided by the ShakeMap are consistent with Forte et al. (2019). Indeed, 

the latter is an upgrade of the work of Istituto Superiore per la Protezione e la Ricerca Ambientale (Wald et al., 1999), ShakeMap 

are basing on. 




























