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Objective: update National Risk Assessment

2018 (Dolce et al., 2021)
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National risk assessment

rview of the potential major disasters in Italy:

ic, tsunami, hydro-geological/hydraulic and extreme
weather, droughts and forest fire risks

Risk components:

Tool: IRMA web platform,
developed by EUCENTRE

N

:__m_é © eucentre IRMA ,i\ :h\

O

« Seismic Hazard Model MPS04-S1 (INGV) and CNR-IGAG soil map (Vs)
« EXxposure: residential buildings at municipality level from ISTAT census

« Vulnerability: fragility curves derived/calibrated with observed damage

« Losses and consequence functions from L'Aquila reconstruction (2009)

Masi A, Lagomarsino S, Dolce M et al. (2021) 7owards the updated Italian seismic risk assessment: exposure and vulnerability modelling. Bull Earthq Eng 19

Dolce M, Prota A, Borzi B et al. (2021) Seismic risk assessment of residential buildings in Italy. Bull Earthq Eng 19



Classification - Residential buildings are distinguished according to the following taxonomy:
« Masonry / Reinforced Concrete

« Age: <1919, 19-45, 46-60, 61-70, 71-80, 81-90, 91-00, >2000

 Number of floors: 1, 2, 3, 4+

« Earthquake Resistant Design level

The combination of these tags gives: 52 Masonry types and 64 RC types

Exposure - At municipality scale, from the ISTAT census we know, for each building type:

» the number of inhabitants (useful for the assessment of expected casualties and displaced)
» the number of buildings (collapses) and flats (unusable apartments)
» the total surface area of the apartments (for the economic loss estimation)

Vulnerability - IRMA platform requires associating to each ISTAT-type the rates of buildings that
behave according to EMS-98 vulnerability classes (6 classes, from Ato F).

For each class, EMS-98 establishes a correlation between the macroseismic intensity and 5
damage states, but in IRMA the PGA is used as intensity measure, therefore one set of fragility
curves should be associated to each vulnerability class.
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Vulnerability Class — group of buildings characterized by a similar seismic performance.

Type of Structure

Vulnerability Class
A B CDEF

MASONRY

rubble stone, fieldstone
adobe (earth brick)

simple stone

massive stone

unreinforced, with
manufactured stone units

unreinforced, with RC floors

reinforced or confined

O
OH

HO

REINFORCED CONCRETE (RC)

frame without
earthquake-resistant design (ERD)

frame with moderate level of ERD

frame with high level of ERD
walls without ERD
walls with moderate level of ERD

walls with high level of ERD

Buildings belonging to a specific building
type may behaves differently, according
to different vulnerability classes.

This applies both to masonry and RC.

Buildings behaving as a given vulnerability
class may belong to different building types.

Masonry and RC buildings have sometimes
the same vulnerability.

Omnst likely vulnerability class; = probable range;
----- range of less probable, exceptional cases



Fragility curves
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DS1 DS2 DS3 DS4 DS5
Class PGAq, B PGA;, &
A B = D 2 [ G H | J K L
1 Livello di danno 1 Livello di danno 2 Livello di danno 3 Livello di danno 4 Livello di danno 5
2 | Classe | N.P. Mediana([g] Beta Mediana[g] Beta Mediana[g] Beta Mediana[g] Beta Mediana([g] Beta
3 Al k|
B I.:.: 2
5 3
6 Ad >=4
7 Bd 1
8 Bd 2
9 Bd 3
10 |Bd >=4
11 |Cd 1
Material Age Floors Vulnerability class rates
Excel sheets A B c D E F G H |
1 IMateriaIe Epoca N.P. |% Classe Ad |% ClasseBd % Classe Cd % Classe Dd % Classe Ed % Classe Fd
Masonry ; mu <1919 1 60 30 10
3 |mu <1919 2 65 30 5
. 4 mu <1919 3 75 25
Reinforced 5 |mu <1919 >=4 %0 10
C t 6 mu 1919 - 1945 1 70 30
O n C re e 7 mu 1919 - 1945 2 80 20
A B C D E F G H | 80 10
PP TEEE——— 80
1 Materiale Epoca N.P. % Classe Ad % Classe Bd % Classe Cd % Classe Dd % Classe Ed % Classe Fd
78 c.a. 1971 - 1980 1 40 40 20
79| c.a. 1971 - 1980 2 50 40 10 5 .
80 ca. 1971-1980 3 5 20 IRMA users can implement their
81 ca. 1971-1980  >=4 80 20 own fragility curves, labelling
82 |c.a.cl.sis 1971-1980 1 60 40 aMe
83 c.a.cl.sis 1971-1980 2 5 60 35 them as V_UInerablll!:y _Classesi
84 ca.clsis 1971- 1980 3 20 60 20 and associate to building types
85 c.a. cl.sis 1971 - 1980 >=4 30 75 5




5 Damage Grades

GRADE 1:
Negligible to slight damage

GRADE 2:
Moderate damage

GRADE 3:
=% Substantial to heavy damage

GRADE 4:
Very heavy damage

GRADE 5:
Destruction
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Macroseismic table, for the attribution of the intensity
after the macroseismic survey (Griinthal et al., 1998)

I D1 D2 D3 Dd D3
neghmble to slight moderate substantial to heavy very heavy destruction
5 Few A/B
6 | Manv AB Few C Few AB
7 Many B, Few C | Many A Few B Few A
B Many €., Few D) Many B, Few L Many A, Few B Few A
Q Many D, FewE | ManyC. FewD | ManyB. FewC | Manyv A Few B
10 Many E, Few F Many D, Few E | Many C FewD | Most A Many B,
Few C
1 Many F Many E, FewF | Most C, Many D, | Most B, Many C,
Few E FewD
12 M ;.'ﬁl.u'.E. I'!'Imt
D/EF, Nearty ALl C
| * few many most CIaSS A = DPM
55 D1 D2 D3 D4 D5
S0
T 06 1 V Few
2 04 1 VI Many | Few
g 02 - VIl Many | Few
=~ . VI Many | Few
0 10 20 30 40 50 60 70 80 90 100 % [ |x Many
R fcw
P many X Most
most NG x| All
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Macroseismic Vulnerability Model, implicitly contained in EMS-98, is defined through fuzzy set theory

Class A

1 2 3 4 5 §
\ Few §
Vi Many | Few :
Vil Many | Few
VIII Many | Few
IX Many
X Most
Xl All

Class A+ (upper bound)

1 2 3 4 5 He
\Y 10 1.6 0.2 0.0 0.0 0.25
VI 32.0 10 1.9 0.2 0.0 0.68
VI 22.4 35.6 27.6 10 0.8 2.18
VIII 4.1 17.7 34.2 33.9 10 3.30
IX 0.2 2.5 12.2 35.0 50 4.23
X 0 0 0 0 100 5
XI 0 0 0 0 100 5

1

0.8
0.6
0.4
0.2 A

0

a

few many most

(Lagomarsino and Giovinazzi, BEE 2006)

Binomial distribution

s

......... pk =
10 20 30 40 50 60 70 80 90 100 % | _ |
| k!(5-k)!
ST many
most
5
B++ Vulnerability| Curve V=0.86
= B+ | Vulnerability| Curve V=0.78
:e 4 B=——VuinerabilityCurve- V=07
B--| Vulnerability, Curve V=0.62
) B++ DPM
3 3 o B+ DPM
%) DPM
()
g
c 2
©
(@]
S
o 1°
= : -
g ; |
0 \
5 6 7 8 9 10 11 12

Up = 2.5-{1+tanh (

Intensity EMS-98

2.3

| +6.25-V, —13.1ﬂ
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Heuristic-Macroseismic Model, calibrated with observed damage (DaDO database)

O Within the MARS project, the model has been improved by the addition of a second free parameter Q, named
ductility index, which changes the slope of the macroseismic curve z4(1).

I+5V—038Q — 11.6)]
Q

» By increasing Q the mean damage grade is less sensitive to the increase of . This may be due to an increase
of the buildings ductility, but also to a higher dispersion of performance within the building type.

* The free parameter V and Q may be fitted for a specific building type by using the observed damage, if the
survey in the municipality subjected to different macroseismic intensities is complete. The method is robust
even in presence of a limited number of data, because fitting is referred only to one synthetic parameter,
the mean damage grade 4, instead of considering each single damage state.

= Reference values of V and Q have been obtained for each ISTAT type, both for masonry and r.c. buildings,
with observed damage in DaDO, for the Irpinia (1980) and LAquila (2009) earthquakes.

= Fragility curves in terms of intensity are obtained analytically by assuming the binomial distribution:

Upx = 0.9k — 0.2 I = 11.6 — 5V + Q[0.38 + atanh(0.36k — 1.08)]

= By using a correlation I-PGA, the parameter V and Q may be fitted using shakemaps, and lognormal
fragility curves in PGA are obtained analytically:

Uup = 2.5 [1 + tanh(

Log(PGA) =al+b  PGA= c;c}™
[6.6—5V+Q[0.38+atanh(0.36k—1.08)]]

PGADR(V, k) = C1C2



The Heuristic-Macroseismic Vulnerability Model

S M GE pic 10209 Masonry buildings — 3 storeys — built before 1919
® /4y
4 V=1.01Q=3.3 1Befor'e 19 - St(_):e)_'_S #10209 DL1 1Befor‘e 19 - Storey 3 #10209 DL2 1Befor(‘e 19 - Storey 3 #10209 DL3 1Bel'org 19 - Storey 3 #10209 DL4 1Befon; 19 - Storey 3 #10209 DLS
P = . . i = ]
o PY » ¢ é $ 2 § — — — V=101 Q=33 fromT
B3l . 0.8 Ep‘ . 0.8 -t 0.8 N i 0.8 0.8 ¢  Empirical fragility
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5 M GE ple 3291 Masonry buildings — 2 storeys — built 1919-1945
® /[y
4 V=0.89 Q=33 | 19-45 - Storey 2 #3291 DL1 19 - 45 - Storey 2 #3291 DL2 19 - 45 - Storey 2 #3291 DL3 19 - 45 - Storey 2 #3291 DL4 19 - 45 - Storey 2 #3291 DLS
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5 CA GE pic 100
®
A V=0.73 Q=1.8 1 Before 61 - Storey 4 #100 l)Ll 1 Before 61 - Storey 4 #100 DL2
> -
3 ’ g
g 3t 0.8 / . 0.8 ,/
= / 4
=] £ 06 / £ 06 /
52 g |0 ! : /
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/ /
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5 Sk Gl 1272 Reinforced Concrete
@ Hy
4r | v=065 Q=274 | 62-81 -Storey 3 #1279 DL1 62 - 81 - Storey 3 #1279 DL2
[=]
E 3 0.8 ¢ 0.8
= £ 06 = ¢ o2 Z 06
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a E 0.4 5°: 0.4 |
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Reinforced Concrete buildings — =4 storeys — built before 1961

i Before 61 - Storey 4 #100 DL3 i Before 61 - Storey 4 #100 DL4 i Before 61 - Storey 4 #100 DLS

— — = V=0.73 Q=1.8 fromI
0.8 0.8 0.8 ¢ Empirical fragility
206 206 206
3 2 | 2
204} S04 / 204
=¥ =9 7/ o
7 ¢ ¢
0.2t 0.2 / 0.2
P 5 -~
K T
- e ‘
09— — 0 3 0 ——e
0 01 02 03 04 05 06 0 01 02 03 04 05 06 0 01 02 03 04 05 06
PGA [g] PGA [g] PGA [g]

buildings — 3 storeys — built 1961-1980

62 - 81 - Storey 3 #1279 DL3 62 - 81 - Storey 3 #1279 DL4 62 - 81 - Storey 3 #1279 DL5

1 1
V=0.65 Q=2.74 from I
0.8 0.8 0.8 @  Empirical fragility
Zo6t 206 206
2 2 2
g 0.4 | g 0.4 5 0.4
0.2 0.2 0.2
0ot o—ge . . | oloag o ot | 0
0 0l 02 03 04 05 0 01 02 03 04 05 0 01 02 03 04 05
PGA [g] PGA [g] PGA [g]



Refinement of vulnerability (when additional information are available)
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Estimation from observed damage of vulnerability modifiers, in order to consider the masonry typology,
the horizontal diaphragms and the structural details, as well as strengthening intervention (risk mitigation)

HMp

Vulnerability increase
AV>0

=

5 6 7 8 9 10 11 12

— V_all masonry = 0.685
—— V_Regular = 0.549
— V _rregular =0.742

Vulnerabilita decrease
AV<O

SO P N W b~ O

| (MCS)

MODIFIERS

AV _Regular =-0.136
AV _Irregular = +0.057

V =V, + AV,

DETTAGLI SOLAI NUMERO DI PIANI
LQD | HQD F-v F R R-RC L M
o IRR-LQD-F-V_| -0,004 | +0,000
=1 IRR-LQD-F | +0,000 | +0,003
z +0,013 | +0,034 | -0034 | -0,071
& IRR-LQD-R | -0,010 | +0,010
o o IRR-LQD-R-RC | -0,005 | +0,010
4 +0,059 & |+0,013| -0,037
o IRR-HQD-F-V_| -0,020 | +0,022
=4 IRR-HQD-F | -0,010 | +0,011
> +0,046 | +0,055 | -0025 | -0,075
= IRR-HQD-R | -0,019 | +0,015
IRR-HQD-R-RC | -0,014 | -0,042
A REG-LQD-F-V | -0,008 | +0,019
ut REG-LQD-F | -0025 | +0,044
& +0,059 | +0,028 | -0006 | -0,037
i REG-LQD-R | -0,012 | +0,027
0 0 REG-LQD-R-RC| -0,015 | +0,033
o -0,121 W | +0,039 [ -0,026
A REG-HQD-F-V | -0,007 | +0,009
24 REG-HQD-F | -0,010 | +0,016
& +0,092 | +0,044 | +0,011 | -0,014
i REG-HQD-R | -0,025 | +0,039
REG-HQD-R-RC| -0,009 | +0,015




mean damage grade
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Derivation of fragility curves in Intensity Fragility curves in PGA
A binomial damage distribution is assumed It is assumed the correlation PGA = ¢, ¢3 >
1

e (Cl 2SS A

T e Class B 0.5
e (| 255 C
Class D CLASS B 0.8
e Cl 3 E
} | =ClassF _ D1 W/
------- plausible range — -
2 7 - Eqn. (5) . — 0.B
____________________________ & ot ﬁ I:JIJ
1 14 =
.............................. — 5 = [} &
0 bt S50 = 0.3
0 2 4 6 8 10 12
macroseismic intensity o3 0.2
Given from the binomial the value of pg that ~ %* 0.1 PGA
provides the median value of the different DS, 2.1 0 A Dk
the correspondent intensity is obtained 0 i
0 2 4 6 8 10 12 U 2 4 b H 10
macroseismic intensity PGA [m/SZ]

lognormal fragility curve of damage Dk depends on 2 parameters: PGA, (V) and B, (Q)
5 damage states are considered (EMS98) — for each class: 10 parameters!!!

| | .
’ ?dpac'”% bet""ie”dDS_'I?' reg)u'ar PGApy = PGAp, e®® 2 | =1,.,5 3 parameters
epends on the ductility
« dispersion is assumed constant bo'_3|6 =a Sd0'66_| PGAp, (V) —a/ B (Q)
rittie uctile

(in order to avoid intersections)
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» each EMS-98 vulnerability class is represented by a value of PGA,,

Vulnerabilityclass | A | B | ¢ [ D | E | F | 09 |2
PGA,, [g] 0.11 0.19 0.32 0.54 0.92 1.57 0.8 A
0.7 —B
Note: In EMS-98, passing from one vulnerability class to the 5 e —c
following (best) one means that you need an increase of 1 ] 0.4 —b
of the intensity to get the same damage 0.3 E
0.2 _
PGH == Cl Cé_E CZ = 1.8 0.1 / -
0
0O 01 0.2 0.3 04 05 0.6 0.7 0.8 09 1
- . . ) PGA [g]
* two sets of fragility curves (brittle and ductile) are defined . e e
0.9 R e "::;
—- PGA_ /PGA 05 LRI S S
Vulnerability Class D1 D2 D4 _07 i ,-’ 1 /’ _e T
brittle = 0.36 070 1 1.43 2.05 2.95 = e ;.-;’ PR
o 0. 3 - 7 o
I 066 052 1 194 374 724 £.,. i, 57 .7 -
~ 03 N /’ i § S N S R
PGAp, = PGAp, e®k=2) 0.36 < a < 0.66 R
0.1 .:',,.,/,.-’: T Class B - b=0.65
0 RN SOOI T L L s
] ] o o ] 0.0 0.1 0.2 0.3 04 0.5 06 0.7 0.8 0.9 1.0
- the dispersion [3 depends on the building classification; PGA [g]
- [ [ AR D1-d ------- D2-d cece- D3-d cece- D4-d eeeee D5-d
for the ISTAT types 0.65 is a good value e e s



» Vulnerability models developed by the Research Units in MARS have been converted with the

proposed metric, based on EMS-98 vulnerability classes, and integrated altogether in a logic tree.
» For each ISTAT building type, the set of fragility curves (five Damage States) may be represented

as a weighted combination of four predefined sets, associated to two EMS-98 vulnerability class,
In the case of brittle and ductile behavior.
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A B C D E F G H J K L M
1 DS1 DS2 DS3 DS4 DS5
> Material |Age Floors | PGAD1 [g] B PGAD2 [g] B PGADs [g] B PGADa [g] B PGAbDs [g] B
3 Masonry |1981-1990 | 3 0,22 0,59 0,37 0,59 0,57 0,49 0,67 0,49 1,10 0,52
1
Three steps procedure: ol Cuveoriginall UR | =27
LAl — Conversione 3=0.65 | .-~~~

1.

Modification of PGA, (for each DS) in order to be

coincident with the proposed curve in a relevant point
with the selected value of the dispersion 3

Least squares fitting of the other two parameters that

define the set of fragility curves, in order to minimize the

difference with the proposed curves: PGA, and o
Selection of the 2 reference EMS-98 vulnerability classes

and evaluation of the 4 weights (ductile and brittle sets)

- - == V=0.655- a=0.4

Probability
o
91}

ol E— Curve MARS e
A

Ly

0.4 0.5 0.6
PGA [g]

0.7

0.8

0.9 1



Percentage

MASONRY

Lagomarsino

_# |__RU___Coordinator _|____Method ____

Heuristic-macroseismic

I ductile

[N fragile |

da Porto Hybrid
PLINIUS Zuccaro Hybrid
UniPV Penna Empiric-observational
UniGEb Cattari Mechanic (analytic)
100 ‘mu | 1919 - 1945 | 2 piani
90 89.81
80
mu|1919-
| o 60
E 50
E 40
30
20
101.210.19
0
A
5 c . 3

T UniGE - dutt [ JPLINIUS - dutt [ JUniGEb - dutt [ JUniCH - dutt
I UniGE - frag [ ]PLINIUS - frag ] UniGEb -frag ] UniCH - frag

[ JUniPD - dutt [ JUniPV - dutt
[N UniPD - frag (I UniPV - frag

[ JUniNA -dutt [ JUniRM1 - dutt
[ UniNA - frag (I UniRM!1 - frag

REINFORCED CONCRETE
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_# | RU.__| Coordinator | Method

B uniGE
B uniBas

Lagomarsino Heuristic-macroseismic
Masi Mechanic (NLDA)
EUCENTRE Borzi Mechanic (analytic)
UniNA-PV  Penna-Verderame Empiric-observational
UniNA Verderame Mechanic (analytic)
100 c.a.| 1919 - 1945 2 piani

r.c. | before

Percentage

I ductile
I fragile |

W L . .

A B c D E F

[  UniGE -dutt [ JEUCENTRE - dutt [ JUniPR-SA - dutt
I UniGE -frag [ ]EUCENTRE - frag ] UniPR-SA - frag
[ JUnBAS - dutt [ ] UniNA - dutt [ JUnINA-PV EA-dutt [ JUniRM - dutt
[N UniBAS - frag I UniNA - frag I UniNA-PV EA - frag I UniRM - frag

[ JuniNA-PV EC - dutt
[ uniNA-PV EC - frag



Integration of different models with the MARS vulnerability metric

MASONRY /1946-1960 / 1 storey

UNIGE UNIPD UNIPV PLINIVS
0.8 0.8 1 0.8
m duttile m Seriel m Seriel B Seriel
0.6 m fragile 0.6 m Serie2 0.8 m Serie2 0.6 m Serie2
0.6
0.4 0.4 0.4
0.4
0.2 0.2 0.2 0.2 I
o | == — o | . e 0 _— S 0 e e
A B C A B C A B C A B C
UNIGE UNIPD UNIPV PLINIVS
1 1 1 - 1
0.8 0.8 0.8 0.8
0.6 0.6 0.6 0.6
0.4 0.4 0.4 0.4
0.2 0.2 0.2 0.2
0 0 0 0
0 0.5 1 0 0.5 1 0 0.5 1 0 0.5 1
PGA [g] PGA [g] PGA [g] PGA [g]

D1 D2 D3 D4 D5 D1 D2 D3 D4 D5 D1 D2 D3 D4 D5 D1 D2 D3 D4 D5




Integration of different models with the MARS vulnerability metric

MASONRY /1946-1960/ 1 storey

UNIGE UNIPD UNIPV PLINIVS
0.8 0.8 1 0.8
m duttile m duttile m duttile m duttile
0.6 m fragile 0.6 m fragile 08 m fragile 0.6 m fragile
0.6
0.4 0.4 0.4
0.4
o | - — o | == _— 0 o o 0 — —
A B C A B C A B C A B C
Masonry / 1946-1960 / 1 storey D3
MARS 1 1 —
0.8
m duttile 0.8 0.8
0.6 m fragile
0.6 0.6
0.4 —UNIGE
0.4 0.4 ——UNIPD
0.2 —UNIPV
- 0.2 0.2 —PLINIVS
0 —MARS
A B C 0 0
0) 0.5 1 0 0.5 1

PGA [g] PGA [g]
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* Influence of building age and height on the EMS-98 vulnerability classes (epistemic uncertainty)

# Piani

# Piani

MASONRY REINFORCED CONCRETE
<1919 1919-45 1961-70
40-@ : : 4100—0Q00—0— : . 40— | ' ® UniGE
® UniGE ® UniBAS
® UniPD EUCENTRE
3 o PLINIUS | 1 3¢ @ ¢ : Rl ® UniNA
® UnPV % UniPR-SA
UniGEb £ ® UniNA-PV(ea)
: I+ UniNA-PV(ec)
2 epe o Eﬂgﬁd 127 ¢ | 21 ® UniRMla
® UniRMIb Media |
m— Media
| L —clee - 1 sl — : : | V——0 : :
A B C D E F A B C D E F A B C D E F
1946-60 . . . . 961-70 Sism, " 98 -}ﬂﬁ Sism.
3 ¢ 3 o0 13t o o0\ o
g !
8 |
A |
12} o 0@ o : *91 0 ) Y
40 : 1 ] — l 9
C D E F A B E F A B C D E F A B C D E F




REINFORCED CONCRETE
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. . 2 . .
REINFORCED CONCRETE T PopuI.a.tlon Built area [m?] Number.o.fflats N. bull‘d‘mgs
32 Milions 1269 1076 12,9 Milions 4,3 Milions
Human loss Economic loss Unusable flats Buildings
Research groups Fragility model casualties injured (ME€) short term long term collapsed
UniGE (Lagomarsino) Originali 41 155 591 € 6971 2757 23
UniBAS (Masi) Original FCs 332 1147 1006 € 11581 5957 269
EUCENTRE (Borzi) Original FCs 50 177 403 € 3815 896 30
UniNA (Verderame) Original FCs 1063 3219 1161 € 4257 3244 1059
UniNA-PV (Verderame-Penna) |Original FCs (model 1) 313 1119 1535 € 15329 9486 231
Original FCs (model 2) 566 1782 1483 € 14961 8725 486
Fragility model casualties injured | economicloss | unsuable s.t. unsuable I.t. collapsed
Soil map (CNR-IGAG) 247 870 1253 € 14230 8075 152
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MASONRY
. ) 2 . .
MASONRY SremEr Popula?t-lon Built area [m?] Number.o‘fﬂats N. buﬂ‘d.mgs
26,7 Milions 1127 10”6 11,1 Milions 7,9 Milions
Human loss Economic loss Unusable flats Buildings
Research groups Fragility model casualties injured (M€) short term longterm collapsed
UniGE (Lagomarsino) Original FCs 175 624 956 € 11636 6653 440
UniPD (da Porto) Original FCs 479 1667 1586 € 15378 11880 1182
PLINIUS (Zuccaro) Original FCs 387 1349 1537 € 14944 11526 1039
UniPV (Penna) Original FCs 1141 3834 2130 € 12344 16358 3245
UniGEb (Cattari) Original FCs (no DS5)
Fragility model casualties injured | economicloss | unsuable s.t. unsuable I.t. collapsed
Soil map (CNR-IGAG) 375 1297 1473 € 16584 10433 950
REINFORCED CONCRETE
Fragility model casualties injured | economicloss | unsuable s.t. unsuable I.t. collapsed
Soil map (CNR-IGAG) 247 870 1253 € 14230 8075 152
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REINFORCED
 The MARS vulnerability metric allows to characterize a set CONCRETE
of fragility curves by only three parameters:
o the position between two EMS-98 vulnerability classes
o the “ductility” (spacing between DSs)

o the dispersion

 The MARS vulnerability metric is a useful tool to compare
and integrate fragility models developed by different
approaches: empirical, hybrid, macroseismic, mechanical
(analytical or NLDA)

* The heuristic rationale inside the model allows to correct
small inconsistency that may implicitly derive from the
possible limitations and drawbacks of the original models.

expected annual number
of collapsed buildings
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