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Chapter 17 INTRODUCTION

1.10BJECTIVE OF THE THESIS

Started in 2015, thRischio Implicito delle strutture progettate secondo NTC
project, hereafter RINTC projedil], aims to assess the seismic risk of
structures ideally located in different Italian sites. In thst finree years, the
project focused on the study of structures designed following the prescription
of the codes currently in force in Italy, i.&lorme Tecniche per le Costruzioni

del 2008[2] and its 2018 updating8]. One of the main results of tipeoject

was that the implicitly accepted risk in the design is not uniform on the national
territory regardless of the structure and site considered, although the design
adopts seismic actions characterized by the same return period. It has been
observed hat the seismic risk, evaluated in terms of the failure rate of the
structures, i.e. the mean annual number of earthquakes (mainshocks) that cause
structural failure, is strictly dependent on the construction site, and in particular
tends to grow with th@azard of the sitf4,5]. Two mainreasonsan explain

this phenomenon: the first concerns the minimum low limits which must be
respected in the design and which cause oversizing of the structures in low
seismicity sites; the second concerns a phenomehereby the earthquakes
expected beyond the project intensity relative to 475 years are proportionally
larger in sites with high seismicity (sp& for details).

The thesis also discusses the assessment of seismic risk at a different time scale.
The cédculation of the seismic risk can refer to a shorter time window than the
year taking into account information updated in real time. This requires that the
geographic region of interest is monitored by a network of accelerometers
whose data can be analyzé&u almostreal time. Basing on the Italian
Operational Earthquake Forecasting system, -@#lfF [7], an Italian
Operational Earthquake Loss forecasting (OELF) system, called MAKTIS

[8], has been developed. It provides the risk forecast in termpetted losses

in a short period, due to a seismic event. Losses are evaluated as the expected
number of damaged buildings, deaths or injuries.

OEFRltaly provides, at least every day, the rate of earthquakes expected in the
following week for a dense gridf point, treated as point seismic sources,
covering the entire national territory. From these rates it is possible to derive
the shortterm hazard for a generic site of interest. Otaly releases new rates

10



after each earthquake of a magnitude greasar ¢tih equal to 3.5 recorded, too.
For each new OERaly release, MANTISK provides the loss forecast. By
integrating information on shetérm hazard, vulnerability of the building stock
and exposure, MANTIK provides an estimate of the expected loseebe
week following the forecast.

1.20UTLINE OF THE THESIS

The objective ofChapter 2 is to quantify the seismic risk in terms of fatality
rates, i.e.to pass from the mean number of earthquakes that cause the structural
failure of code conforming buildingghat come fron RINTC projec) to the

mean number of seismic events in one year cause the death of an individual due
to structural failure. This rks index has two advantages: it summarizes
information on the different performance levels of the building and can be
compared with the risk that the same individual has of dying from other causes,
natural or not (e.g., diseases or road accidents). Alththighevaluation is
subject to assumptions and hypotheses, this comparison has shown that even in
the most dangerous sites, the death rates are (on average) lower than the
probabilities of death due to the other causes analyzed.

In Chapter 3, it is acknowedgedhat, sincaedesign codes of the design hazard
have had a relatively continuous evolution, following the international
development of earthquake engineeyingst of the existing building stock,
mainly composed of reinforced concrete or unreinforcadanry buildings, is

very slowly renovated, so that these structures are designed with now obsolete
or without any seismic provisiorConsidering that codes, even those at the
stateof-the art, do not explicitly control the reliability implied by desigme t
safety achieved by the progress in seismic design has not been quantified
systematically. This is the scope ostbhaptetthat, resourcing from the results

of a large research project, quantified the seismic safety, by means of fatality
rates computedccording to three different methods, following the changes in
codes in Italy. Although highly conventional and mainly useful for relative
comparisons, the results clearly show the improvement of safety achieved by
evolving seismic design, with the larg@screment attributable to the current
code, which is based on the same principles as Eurocode 8.

Chapter 4 still deals with the results of the RINTC project on the eode
conforming structures. In fact, as mentioned, RINTC chose for the risk

11



assessment few sites, differ for the seismic hazard level; these results were
extended to the whole country and ideal risk maps were producethaes
showing the risk to which structures in Italy would be subject if all existing
residential buildings ere replaced by buildings compliant with NTC.
Furthermore, this work was repeated for different hazard models: (i) the one
adopted in the definition of the designed seismic hazard in the NTC, i.e., the
so-called MPS04[9]; (ii) the new developed seismimzard model for Italy,
MPS19[10]; (iii) a hazard model that takes into account the occurrence of
seismic sequences (i.e., the possibility that the structural failure is due not to
the main shock but to one of tfalowing oneg[11]). The results cdirm the
RINTC ones, i.e., the namomogeneity of the seismic risk in the country and
show that the MPS19 and MPS04 models provide results in the same order of
magnitude; finally, if the occurrence of the seismic sequences is considered in
the hazard assa®ent, the seismic risk it increases up to 80%.

In Chapter 5, deals with the development afi updated version of MANTIS

K, called MANTIS V.2, currently under development within the Réak
earthquake risk reduction for a ReSilient Europe project, calig&. The main
limitation of the currently available system is that the possibility of observing
cumulative damage on structures is neglected. Especially in a seismic sequence,
it is possible that an aftershock finds a structure already damaged by the
mainshock or one of the previous shocks. The response of the already damaged
structure should be different from what it would have had if it had been intact.

It can be taken into account using thecsatled statedependent frailties as
demonstrated ij12]. The methodology illustrated ifl2] to consider the
accumulation of damage on a single structure was extended to building classes
and implemented in the new version of the forecasting system. The building
classes considered are those of the Europea\ $fedject (Seismology and
Earthquake Engineering Research Infrastructure Alliance for EJ®jeand

the statedependent fragilities were developed[b#] within the RISE project.
MANTIS V.2 is able to update the damage status of the building stibek

each recorded shock, in such a way as to have a forecast of the expected losses
in the following week that does not neglect the possibility of observing the
accumulation of damage on the buildingkis methodology was applied to a

case study. Inpat i cul ar, the 2009 LO6Aquila seque]l
sequence was also analyzed with the MANKISystem in order to compare

the estimate of expected losses, in terms of expected number of damaged
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buildings, considering or not the accumulation of dgearhe results show

that not updating the state of damage to the building stock leads to an
underestimation of losses, especially in the shocks follow the main one. In
particular, in the considered sequence, the mainshock was preceded by minor
events sohe predictions of MANTISK and MANTIS V.2 before the main
shock are not dissimilar. However, MANTFKS assumes that buildings are
undamaged when hit by aftershocks leading to a lower loss forecast than that
of MANTIS V.2.
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Chapter 217 SEISMIC SAFETY OF BUILDINGS AND OTHER
COMMON RISKS IN ITALY

The following paper have been derived from this Chapter:
1 lervolino I. and Pacifico A. (2021) How seismically safe is safe
enough? Earthquake Engineering and Structural Dynamics 50(11):
30833089.DOI: 10.1002/eqe.3472

2.1 INTRODUCTION

The Italian building codé5] is based orcapacity desigrand has design
seismic actions determined vigrobabilistic seismic hazard analysis
(PSHA)[16] It has its roots in Eurocodg1d] (EC8) and can be gendya
considered to be of statd-the-art level, even if it does not entail quantification
of the reliability implied by design, whose absence is commonplace in modern
seismic codes.

An extensive research program in ItdRischio Implicitol Norme Tecniche
per le Costruzionor RINTC[5] (20152017) evaluated the seismic structural
reliability of several codeonforming, residential and industrial, buildings
located at three sitekdt can be considered as representative of loig- and
high-hazard in Italy. Hundreds of buildings from these typologies, with various
configurations, were designed, modelled and analyzed. The seismic reliability
metric adopted is the expected humbeeafthquakes that, in one year, cause
a certain seismic performance that identifies failure; i.e.fdihgre rate Two
performances were considered, they are related to impeded usability and life
threatening failure. The computation of the failure rafebowed the
performancebased earthquake engineeri(@BEE) paradigifd 8], that entails
integrating the structurélagility wi t h t haeardsurvese 0 s

The most relevant result of the project was that the reliability systematically
tends todecrease as the hazard of the site can be considered more[Skvere
Further research attributed that to the effect of quescribed minima and
gravity-load design in low and possibly mighazard sites, as well as the impact
on the reliability of grand motions with return periods larger than those
considered in desigfiLl9]. This may spark concerns, as the law rationally
postulates homogeneous safety, measiufedexampld via fatality rates for

! An advancement to this approach is thealbed risktargeted design, which, however, yet has
to find its way in building codes
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similar buildings designed across the country. tlm other hand, it may be
argued that even spatially variable safety is still acceptable if compared to other
risks. To contribute to this debate, in the simple study presented in the
following, the fatality risk caused by the structural failure of cod&orming
buildings is computed in a simplified manner and compared to other risks that
building residents may be exposed to; e.g., some diseases or fatal accidents.
Because the assessment of the fatality risk for -coadorming buildings
requires signifiant working assumptions and a degree of conventionality, the
rates were computed following two alternative approaches. To evaluate the
other risks for the comparison, the death rates due to common causes were
derived from national and local data of tlsituto Nazionale di Statistica
(ISTAT).

Theremainder of this note is structured so that in the next section the RINTC
project is briefly recalled, followed by a description of the approaches adopted
to evaluate the fatality rates. Subsequently, the rigke to some other death
causes in Italy is computed and compared to the seismic fatalitySioske
conclusions end the short paper.

2.2 THE SEISMIC RELIABILITY OF CODE -CONFORMING
STRUCTURES IN ITALY

As anticipated, a large set of buildings was designedrding to the Italian
current building code, modelled and analyzed to evaluate their seismic
reliability. In particular, five structural typologies were considered so as to
represent as much as possible residential and industrial standard modern Italian
constructions. As these structures were extensively discussed in dedicated
literature[20], here a brief summary is only given:

9 unreinforced masonry structures (URMpesidential buildings of two
and threestory made of perforated clay units wittortar joints varying
for the architectural configurations and wall thickness, either regular or
irregular according to the definition provided by the cfitig22]

1 reinforced concrete (RC) three, six, and ninestory moment
resisting frame buildingéMRF), regular in plan and elevation, with
different configuration (barérame or BF, infilledframe or IF, and
pilotis-frame or PF) with or without shear walls (SY23}];

9 steel (S)i one story rectangular industrial buildings featuring moment
resistingframes in the transverse direction and concentrically braced
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frames placed in the outer spans of the frame in the longitudinal
direction; four different configurations were considered varying,
transverse and longitudinal bay wid{R4];

1 precast reinfored concrete (PRQ) singlestory industrial buildings
that have precast columns fixed at the base and connected, at the top,
to longitudinal precast prestressed beams through dowel connections;
four different configurations were considered varying trarsvend
longitudinal bay widths and the story heid@];

1 baseisolated reinforceagtoncrete buildings (BlY six-story infilled
moment resisting frame building isolated considering three isolation
systems, that is, doubtmrvature friction pendulums (E¥, high
damping rubber bearings (HDRB), and an hybrid system made of
HDRBOs and s[k326lers (SLDR)

These structures were designed in three Italian sites characterized-py low

mid-andhighhazar d, that is at Mil anQ) MI ),

respectively Figurel, left) and for two different soil site conditions (i.e., A and
soil C according to the EC8 classificatién).

Design referredt o ¢ aahage and life-safety limit states, which
correspond to ground motion intensity with 50 and 475 yr exceedance return
period (Tr), respectivelyfable1, summarizes the structures analyZed.

The seismic reliability of these structures was assessed considering the two
performances levels, or damage states, defined in the project: usability
preventing damage (UPD) and global collapse (GC). Thetafi$)PD is based
on a multicriteria approach; if one of following conditions occurs the structure
is considered failed: (i) light damage in 50% of the main-stonctural
elements (e.g., infills); (ii) at least one of the nonstructural elements reached
severe damage level; (c) first attainment of 95% of the maximurrshase of
the structure. The GC criterion is based on the deformation capacity (the roof
displacement or the intestory drift ratio) corresponding &0% strength decay
from the nonlinar static capacity curves of the structural model.

2 The Italian code allows design URM of buildings even in high seismicity areas;
however, simplified design methods for URMNmot be used for buildings with the
number of story larger than three when the PGA with 475 yr return period is larger than
0.35g.

3 For some RC structures sailructureinteraction (SSI) and model uncertainty (MU)
was also considered, although it wasrfd that both have a relatively minor impact on
the reliability.
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Tablel. Structures for which seismic structural reliability has been evaluated in the
RINTC project.

AQT . NA i . MI i MIC i
soil A AQT soil € soil A NAT soil € soil A soil C
47 61 37 47 47 37
URM 2-st. ) ) ' ) ) )
Configs. Configs. Configs. Configs. Configs.  Configs.
317 417 61 417 417
URM st Configs. i Configs. Configs. Configs.  Configs.
RC 3st. IF, BF,
MRE - IF, BF, PF. - IF, BF, PF - PE.
IF, BF, PF,
RC 6-st. IF-MU, IF, BF,
MRF i IF, BF, PF. ) BF-MU, ) PF.
PFMU.
RC 9st. IF, BF,
MRE PE. - - IF, BF, PF. - IF, BF, PF
IF-SSI,
RC;\;&Vst. BF-SSI, IF, BF, PF. IFI’DEF’ IF, BF, PF. - IFI'DEF'
PF-SSI. ' '
S 47 47 47 47 47 47
Configs. Configs. Configs. Configs. Configs.  Configs.
Sw/ 47 47 47 47 47 47
cladding Configs.  Configs. Configs. Configs.  Configs.  Configs.
PRC 47 47 47 47 47 47
Configs. Configs. Configs. Configs. Configs.  Configs.
HRDB, HRDB,
BI FPS, FPS,
HDRB+SL HDRB+SL
DRS. DRS

The seismic structural reliability was quantified via the failure rafe,,

computed as:

/o0s= NHPEFsIM  x=gf ,Ox) dx.

D

where, PgF,¢|IM =x is the probability of failure corresponding to a certain

damage state (DS), whddS* GCor DS? UPD, given the value of a (nen
negative) ground motion intensity measuh)( that is, the seismic fragility of

the strature;n is the rate of earthquakes, above a minimum magnitude of
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interest, affecting the construction sité;, (x) is the probability density

function of the IM at the site, given the occurrence of an eartiegaaiong
those then rate refers to. It is useful for the following to acknowledge that the
integral in Eq(1) is just the failure probability (i.e., reaching or exceeding the
damage stat®S), given an earthquake among those theate refers to.

Indicating such a probability aBgFDS|E , the equion can be written as
/¢ os = NPEF|E . Itis also noted that the produetX,, () is the absolute

value of the derivativé multiplied by d (im)i of the hazard curve for the site,
computed via PSHA. The haxd curve provides, for any valueldf, sayx, its
annual rate of exceedanag, (X) [27].

The seismic response of the structures was compig@aulti-stripe nonlinear
dynamic analyses or MSA28] on threedimensional nonlinear structural
models. To this aim, the chosen IM was the pseudo spectral acceleration (with
five percent viscous damping) at a vibration period close to the one fundamental
of each structure; in fact them following periodE, were considered:

T ={0.153, 0.50s, 1.00s, 1.50s, 2.00s, C} The IM domain was discretized

consideringlM values taken from the hazard curve for the site at which the
structure is designed; in fact, thd values corresponding to ten exceedance
return periods (from *Qto 1° years) were considered; i.e., 10, 50, 100, 250,
500, 1000, 2500, 5000, 10000 and 100000 years. Twentyc(iwponents)
records for eachM level were selected according to tenditional spectrum
method29] as an input for MSA.

PGA

0.3 [g] ok
0275 0%
SAE\Y
025 10 N
0225 1073 0.
N
02 Fip® T
0.175 . i -l
015 10 Hinial T
-5 =~
0.125 10 i TREILE
0.1 10° = =
0 01 02 03 04 05 06 07 08 09
o
10,005 ’—-—AQ —=NA  ----MI —Tr=475yr‘

- o
Figurel. Left: Italian map of the seismic peak ground acceleration (PGA) on
rock, which is exceeded at any site on averagery 475 years (used by the
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code).8 Right: PGA (rock) hazard curves for the three sites at which the
structures are designed.

In the RINTC project the failure rates were computed with the fragility
evaluated by means of the Shome & Cornell appr{g@hand discretizing the
integral in Eq(1) at thelM values at which MSA was performed. Because the
integral was truncated at th® with 10° years return @riod, 16° was
conservatively added to the rate form the integration[Sef®r a discussion

on this issue. However, for the sake of the study herein presented (i.e., to
improve with respect to the described integration procedure), the failure rates
were recomputed. In fact, for each structure, a lognormal fragility functions
were fitted to the MSA results from the project via the FRAR[31] software.
Consequently, also the probabilistic seismic hazard had to be recalculated ad
hoc. Thus, the hazdrcurves,for the three sites were computed using the
REASSES softwaf82] implementing the branch 921 of hazard model that was
used to build the official Italian hazard m@&3] (i.e., that shown iirigurel).

The resulting failure rates are giverfigure?2 (left) for both the considered
performances. For representation purposes, for each typology, the rates are
shown in terms of average taken across the failure rates of the analyzed
buildings béonging to that typology. (In the figure, rates below® 1ere set
equal to 16, as low failure rates are based on significant extrapolation of
seismic hazard models.) One can see from the figure that the rates tend to
decrease with the decreasing haZardthe site. The reason is twofold: first,
the codeprescribed minimum design requirements and grdedyg design
tend to dominate in lowand possibly midhazard sites (i.e., Milan and Naples)
ensuring larger seismic reliability in comparison to tkesdi gn f or L OAQ
The second reason is that the structures were designed against seismic actions
with maximum return period of exceedance equal to 475 yr. However, it has
been established that ground motions intensity beyond 475 years is
disproportionay | ar ger at LOAquila with respec
so-called peakoverthreshold[6] that can lead to lower seismic reliability in
the highhazard site. This can be seen ifrigurel (right), where the PGA (on
rock) hazard curves show a significant difference in shape for return periods
beyond 475 years.
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Figure2. Left: average seismic failure rates for tomsidered codeonforming
buildings as resulting from the RINTC project. Right: annual seismic fatality
rates, computed with the HAZU8HZ) and the Zuccar€acacebased (EMS)
methods, in comparison with other risks in Italy. (Vertical bars provide the
range of rates for each typology.)

2.3 SEISMIC FATALITY RATES

The fatality rates/ , for the structures discussed above, can be interpreted as

the expected number of earthquakes (above the minimum magnitude of
interest) to cause fatgli and can be seen as the product of the probability of

dying given the occurrence of the seismic eve'TgD|E , and the rate of

earthquake occurrence at the construction site. Applying the total probability
theorem, thdatality rate can be computed as:

;= NBRDIE g 78 © DS  PEOIN g
=n 8 PEOIDS d BE|E g P-B,|E) §
=& PoIDS o PO |E @ P R E)

=éP€D|DS @f,os ’If,Dsﬂ)

: )
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where n is the number of the considered damatges,PgD|DS is the

probability of death given the reaching of tta damage state, arl%lgDS| E

is the probability that the structure is in tikth DS given earthquake
occurrence, which can be computed as the diffaref the failure probability
related to theDS and DS, states. The last equality in H&) shows what the
computation is reduced to, by only considering the UPD and GC damage states

and with P@D|DS left to be determined. HereirPgD|DS has been
cdculated following two alternative methods.

2.3.1 Method 1

The first method is based dsang & Wenze]34] In this approacthD| DS

are taken equal to the fatality rates given structural damage obtained from
HAZUS[35] In particular, P@D|GC is computed considering that GC

corresponds teaomplete structural damag€SD), according to the HAZUS
terminology, and distinguishing betweeindoor (in) or outdoor (out)
probability of death:

PED|GC g P D&GG indoor (gindggr GC
+PgD|GC, outdooré@ P igdoar GC} a

In the equatiorPgndood GC the probability of being indoor at the time of

©)

failure, and it isassumed to be equal to 0.9. The probability of death being
indoor, is computer further splitting in the fact that GC leadsottapsé or
not:

P&D|GC, indoor g P BGC indoor collapse O colagse GC

4
+P gD|GC, indoor, nocollapseéf! -P gollapke G}: g )

chollapseie GC and P@D|GC, outdoor are taken from HAZUS, which

provides these probabilities as function of the structural typology. (In fact, the

4 Note that the collapsas per the HAZUS terminology does not coincide with the
global collapseaccording to the RINTC project.
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fatality rates for the Bl could not be computed because this typology is not
covered in terms of required fatality model.)

HAZUS considers fatality for different injury severity levels; herseverity
3, that is injuries that pose an immediate-ttieeatening endition if not treated
adequately and expeditiously aseverity 4 that isinstantaneously killear
mortal injure, were considered. Therefore:

P@DI|GC, indoor, collapseg P geveri8y GC indoor cqse -
+Pgseverit)4| GQC indoor coIIapS@

&D|GC, in nocollapse and P&D|GC, out

The same applies forP . Finally,

for P@D|UPD , the same approach is followed, with UPD corresponding to

moderate structural damage in HAZUS this caseP@coIIapseia UPDgO.

2.3.2 Method 2

The other method used to compute the fatality risk is based on the work of
Zuccaro & Cacac¢36] as adopted by lervolino et dB] in the context of
operational earthquake loss forecastithig this model, the casualty probability
given a DS is provided based on the vulnerability class the building is assigned
to in accordance with thEuropean Macroseismic Scdl@7] (EMS). In this
context, vulnerability class C and D were assigned to the URM and RC
buildings, respectively. Moreover, it is also needed to associate the UPD and
GC performances to those from EMS; in this case UPD was associated to DS3
and GC to DS5. (Because no indigdtbuildings or basésolated structures are
considered by EMS, it was not possible to apply this approach to STEEL, PRC
and BI structures.) Because, according to this model, zero fatality probability
is associated with damage levels equal to or lowar D@3, Eq.(2) can be
further simplified as

/4=P@gD|GC ¥ - (6)
where PED|GC can be expressed by Kg) assumingPgn|GC g0.65 and
P&D|GC, out gO.
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The fatality rates computed with these two methods are interpreted herein as
about equal to the annual probability ofiadividual continuously exposed to
failure of a building of a given typology at a specific Site.

2.4. OTERH RISKS IN ITALY

For comparison, the annual fatality rates associated with different causes of
death in Italy were also computed. To this diBT,AT data related to the 2012
2016 period were retrieved analyzed. The considered death causes are:
1 (IP)infectious and parasitic diseases (tuberculosis, HIV, viral hepatitis,
others);
T (T) tumors;
T (NS) diseases of the nervous system and sense organs (Parkinson's
disease, Alzheimer's disease, others);
1 (CS) diseases of the circulatory system (ischemic heasashs,
cerebrovascular diseases, others);
1 (RS) diseases of the respiratory system (flu, pneumonia, chronic
diseases of the lower respiratory tract, others);
1 (AF) accidental falls;
1 (RA) road accidents (in which car occupants or pedestrians died).
The fatalty rates were obtained by dividing the number of deaths inlfaty
a specific cause and year by the size of the resident population on January 1st
of the year in question. Because the results among the considered years of
analysis vary only mildly, dg those referring to 2016 are considered in the
following. These rates can be interpreted as the annual probability that a
random member of the population dies for the considered cause.
The comparison of the seismic safety and the risk due to other agseEs
in Figure2 (right). In the figure, the seismic fatality rates provided are simply
the arithmetic averages for the considered buildings, without any relative
weighting of the various configurations and possible occupancies. The
comparison is carried out in the hypothesis that a generic (random) individual
is continuously exposed to the causes of death the lines refer to in the very same

5 The legitimacy of such an assumption depends on the waycdhditional

probabilities are formulated and computed in the two methods considered and could
benefit from a refined modelling of individual exposure to building failure.

%1n fact, the analysis was also carried out at a local scale referring to thecgmowin

Mil an, Naples, and L6Aquila, but the resul
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way the same individud continuously exposed to the seismic risk, measured

by the seismic fatality rate for the (cedenforming) building typology

corresponding to a specific mark. Although this may be considered simplified

and conventional, it can be argued that the seigskds generally lower than

the other considered risks. This holds even if the fatality rates for the URM

buil dings at L6Aquila from the Zuccaro &
larger rates than those based on Tsang & Wenzel, are comparable to the lowes

rates from the other considered causes.

2.5 DISCUSSION AND FINAL REMARKS

This study compared the seismic safety of Italian emgorming buildings at

three different sites, by transforming the failure rates into fatality rates
according to two differemhethods. Because computed fatality rates depend on
the two performance levels for which reliability was available, the evaluation
of the fatality rates must be considered simplified, if not conventional, and
subject to the working assumptions; nevertheliésould be of interest, given

the bulk of the results from the RINTC project, about the reliability assessment
of code conforming structures. Moreover, the Italian code has large similarities
with the Eurocode 8 and can be considered of-stiatiee-artlevel. The results

show that the seismic structural safety of buildings tends to decrease as the
seismic hazard for the site increases. Therefore, the seismic risk tends not to be
uniform across the country.

This is a consequence of the minimum desigmireqnents dominating at
the low and midhazard sites, as well as the fact that the ground motion with
intensity larger than that considered in design is disproportionately larger at the
most hazardous sites with respect to-maidd low hazard sites. Neviheless,
the rough comparison with the fatality rates for some common causes building
occupants are also exposed to, shows that the seismic risk tendsfty bee
most of cases lower than the others, even at the most seismically hazardous
sites conslered.

Although the comparison between fatality risk due to structural failure and
those healthrelated requires must be done carefully, these results may
contribute to the discussion on whether the seismic safety achieved by current
standards can be codered acceptable and on the vision of the future of
seismic codes, which is going towards fiakgeted design.
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Chapter 31 DESING PROGRESS AND SEISMIC SAFETY
IMPROVEMENT IN ITALY

3.1 INTRODUCTION

The story of Italy is strewn with strong earthquakes that led, giedeeginning
of the XX century, to the continuous evolution of regulatory seismic design
codes. The landmarking event was the 1908 Messina earthquake (magnitude,
M, 7.1) which is estimated killed, in conjunction with a tsunami, some tens of
thousands of gople. The Italian seismic building code released in 1909
contained provisions about building height to be enforced in the areas hit by the
earthquake. (In fact, the seismic classification of the territory, a prodromic
design hazard assessment of the agumias been basédfor a large part of
the last century on requiring seismic design only in the areas where recent
earthquakes occurred.) The introduction of a design base shear was after the
1915 Avezzano earthquake (M7). Another major step was thés 19
introduction of the response spectrum concept, and the related dynamic analysis
as an alternative to the static om@.1996 the limit state design and some
indications to improve local and global ductility were introdudegaradigm
change occurrechi2003, after the S. Giuliano di Puglia earthquake (M5.7),
which caused the partial collapse of a school killing twesetyen children and
their teacher causing a major societal concern. The seismic code then
introduced followed the Eurocode 8 approfg8]. For the first time, theesign
hazard fothewhole country, excepted Sardinia region, was based on the value
of thepeak ground acceleratig@GA), on stiff soil, with an exceedance return
period of 475 years, evaluated by means of probabilissosehazard analysis
[16]. Most importantly the code was explicitly referring ¢apacity design
principles and theébehavior factor.Nevertheless, the 1996 code was still
applicable and it required tlonthe 2008
definitive enforcement ofperformancebased design criteria This code,
hereaftereferred to alNTC, had a revision in 2018et without changingts
main principles, and it is the one currently enforced. Many other steps, some
also not necessarilyepresenting progressharacterized the seismic design
evolution in Italy and the interested readan find details in a specific study
and referencetherein for a more comprehensive revi¢s9].

The Italian building stock is mostly made of unreinforced masonry and
reinforced concrete buildings, with the lattasilt in the postWorld-War-1I
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period and the former being mostly older than that. Thezefmly a minority

of the building heritage reflects current seismic design technology. This, in
conjunction with a relatively high seismic hazard throughout the country, let
Italy be considered one of the most exposed nations to seismic risk in Europe.
On the other hand, none of the enforced codes, including the current one,
generally enabkethe designer to explicitly control the seismic reliability
implied by design.Therefore, a government funded large Italian research
programRischio Implicitoi NormeTecniche per le Costruzioni esisteati
RINTC-e [40].

This project followed one following especially on the current ceatel
named hereafterRINTC-n [5], the results of which enable® compute,
although in @ighly conventional manner, the seismic fatality rates implied by
statestateof-the-art seismic design, as a measure of seismic safety achieved
[41]. Among other results,t iwas found that for curremmtodeconforming
structures, even thedesign ground mati intensiy has the same return period
of exceedance at all sites in Italy, the resulting fatality rates tend to increase
when the hazard of the constructaeosite increase This is possibly due to:

(i) the oversizing effects of the cogeescribed rimima (including gravitjoad
design in lowto-moderate hazard regions), and (ii) the ground motion intensity
with return periods larger than that considered in design, which tends to is
disproportionately increase at the highzard sites with respect toid- and
low-hazard site§l9].

The objective of the study herein presented is to measure the eventual
improvement of seismic structural safety duech@anges irdesign codes in
Italy, via the results of the RINT€ project. To this ainthe remainder othe
paper is structured such that in the following section RINT@oject and its
results are briefly described. Then, the conventional methodology to compute
the fatality rates is illustrated. Finally, the fatality rates are mapped with respect
to the asign technology progress and compared with those referring to current
design. Some final remarks close the paper.

3.2 ASSESSING THE SEISMIC RELIABILITY OF CODE - AND OLD-
CODE-CONFORMING ITALIAN BUILDINGS

RINTC projects considered five structural typologiesreinforced masonry

buildings, URM; reinforced concrete buildings, RC; precast reinforced

concrete buildings, PRC; steel buildings, S; and {ssated reinforced
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concrete buildings, Bl (not considered in this work) as described in the
following. Becausghe RINTCh structures were already described in other
reference$41], the following mainly refers to the RINT€ project, being the

core of this study. The analyzed structures are supposedly located in five Italian
sites: LOAqui | aNaplea(@A), RonkdRMy and Milar( (G ) ,

in decreasing order of hazard as evaluated today and in previous assessment
during the last century.

Four main design epochs were identified for URM residential buildings (or
seismically upgraded) years: R5e2 0 -6 40520 8674, @H6stl n fact,
buildings considered in the project were real buildings that can be further
categorized ahistorical (e.g., stone or brick masonry for walls and vaults or
timber floors) and modern (e.g., with artificial block masonry for walls and
reinforced concrete floors) with three, four, five or seven story. For some of
these structures retrofitting according to ald code or NTC, was also
simulated42,43]

For RC residential buildings, three epochs were consideredi Pré , 670s,
08@90. RC structures are three or S i
configurations: infilled frame (IF)ilotis frame (PF) and bafeame (BF). The
design according to the old codes was simulated for all the sites considered.
The RC structures can be further categorized as grmatydesign and seismic
design, given that seismic design was not mandatory at all sites through the
desgn epoch$44].

PRC structures are single story industrial buildings four of designed at the
Milan site without accounting for seismic loads and referring to two relevant
design epochkH90.6Mhxesenckdctd8lctures are ¢
roof and cladding solution (precast elements with or without additional RC
topping and infilledframes or precast cladding panels, respectively) and
connection details (friction or dowel). Two of these buildings were also
relocated in Naples, while the others weredesigned adhoc in Naples.

Finally, the four buildingsweret@ e s i g n e d moneoverdrk gfuhbske a
was also ralesigned referringto Pi@ 7 0 €4p]Jo c h

S single story industrial buildings w
6090 in LOAquil a, Naples and Milan (th
extended to buildingsdesgned si nce the 0660s, to f ol

is a frame (hinged or restrained) in the transverse direction frames, while some
portals have a bracing system-ghaped or square hollow section) in the
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longitudinal direction. Three different confications were considered: bare
frame, trapezoidal sheeting cladding, and sandwich panels shigéing

Table2. summarizes the investigated configtion, each one corresponding
to a structural model, at all sites.

Table2. Summary of the analyzed structures per site, structural typology and design

epochs.
Typology  Epochs AQ CT NA RM Ml
Pre6 2 C 2Configs 2Configs 1 Config. 1 Config. -
6 284 £ 3 Configs - - - 1 Config.
URM 0 468 7 2Configs 1Config. 2 Configs - 1 Config.
Postd 8 ° - - - 4 Configs -
NTC 2 Configs - 2 Configs 1 Config. -
Pre6 7 C 6Configs 6 Configs 6 Configs - 6 Configs
RC 67 0s 6Configs 6Configs 6 Configs - 6 Configs
6 849 C 6Configs 6Configs 6 Configs - 6 Configs
Pre6 7 C 1 Config. - - - -
PRC 70s 2 Configs - 2 Configs - 2 Configs
6 889 C 2Configs - 2 Configs - 2 Configs
Pred 7 C - - - - -
S 670s - - - - -
6 849 C 12Configs - 4 Configs - 4 Configs

The seismic reliability assessment considered structural failure with respect to
two performance levels, thatusability preventing damadé&PD) andglobal
collapse(GC). In the RINCTn, the former is mainly related to the seismic
damage experienced bymstructural elements, such as infllings to reinforced
concrete frames, while the latter is generally related to the horizontal
displacement capacity corresponding to theifeycent drop of the base shear,
determined by means of nonlinear static anglyie the RINTCGe project the
same definitions apply for the performances, yet more typelagg design
epochspecific adjustments were needed to capture the failure modes-of low
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and precode buildings, such as brittle failures in RC frames. Detailsbean
found in the referenced specific papers.
The seismic reliability metric adopted by the RITNC project is the failure

rate (/f) or the mean number of earthquakes (i.e., mainshocks of seismic
sequences) that, in one year, cause failure

l¢= nPgFEE  @ffP BM & fig(%) ax ¢
IM

, 7
= fPeEIIM = 4o, X)| 0
IM

In the equationyis the rate of earthquakes above a minimum magnitude of
interest, whilePgF|E is the probability of failure given the occurrence of an

earthquake above the minimum magnitude. According topdréormance
based earthquake engineering (PBEE) framew/d®, PgF|E can be

evaluated as the integral of the failgm@bability conditional to the value of a
ground motion intensity measuféM ), PgF|IM = , that is thefragility

curve of the structure and the probability density function of IM in one
earthquakef,, . In fact,nCt, (x) H 4,(X)|, thatis, the absolute derivative of

thehazard curvdor the site[27].

To assess the seismic structural fragility msitipe nonlinear dynamic
analysis (MSA[47]) of 3D numerical structural models, werreed out. Ten
IM stripes, corresponding to ten exceedance return periods of the IM at the site
(from 10 to 100,000 years), were considered. For each structure, the iosen
is the pseudaepectral acceleration (with five percent viscous damping) at a
peiiod close to the firsinode vibration period. Real ground motion record, as
the analysis input, were selected according to a recent hazard consistent
procedurd48]. Finally, for each structure a lognormal fragility function was
calibrated on the MSAesults. The hazard curves for the considered IM at the
sites were computed based on probabilistic seismic hazard analysis considering
an authoritative seismic source model for Italy. Details on both hazard and
fragility are given in a dedicated refererjé8].
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3.3 FATALITY RATES EVALUATION

The fatality rate /4, can be defined as the expected number of earthquakes in
one year causing death due to the structural failure of the buildingen be
evaluatedasthe fatality probability given the occurrence of a seismic event,
P@&D|E , times the expected number of earthquakeme year

/4= nPgDEE ; s BYIPB ( tfup®? oﬁ(’:(C) P OGE +ck, (8)

The fatality rates computed in this stddifows a conventional approach where
considering that only two fatality rates are available from the RINTC project,
for the GC and UPD performances only, indicated/ag: and /¢ pp ,

respectively [41]. This yields to the rightmost hand side of .Eq
Errore. L'origine riferimento non & stata trovata., where PgD|GC and

P&D|UPD are the fatality probabilities conditional to the two structural

performances, which were determined according to three different methods.
Two of which were already used, for the RIN‘iGbuildings, inlervolino &
Pacificd41], where further details cdre found.

3.3.1 Method 1
In this method34] the fatality probabilitiesre taken equal to the fatality rates

given structural damage obtained from HAZ[BB]. PgD|GC is computed

considering G@nd UPDcorresponihg to complete structuralamaggCSD),
andmoderate structural damagim HAZUS, respectivelyBecause the fatality
probabilities depend on thstructural typologyor class the association of the
buildingsRINCT to the HAZUS classes is givem Table3.

3.3.2 Method2
This method36] adops the European Macroseismic ScéiSM, [51]) that is,
vulnerability classefA to D, from the most vulnerable to the les®) to assign

the casualty probabilitgonditional todamage state§DS) . Herein UPD and
GC are consideredorresponghg to DS3 and DS5 respectiveljote that

becaus&SM deals with residential building only, it was ipaissible to apply
this approach to S and PRC RIN‘EGDuildingg41].
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3.3.3 Method3

The FIB bulletin no. 8052] also provides fatality probabilities in case of
structural failure. Those based on other technical a8k recommended to

be used for buildigs, are of interest to this study. The conditional fatality
probabilities are provided as function of the consequence classes of Eurocode
[54] with respect to the loss of human life. The RINTC industrial and residential
buildings were associated to C&2d CC1, respectively.

Table3. Fatality probabilities from HAZUS and association with RIN&Gtructures.

RINTC-e HAZUS ESM fib80 bulletin
structures | o Vuin. o Cons.| Cons. for
description Class | Description class Description class | life loss
Low-Rise
URM two-story .
buildings | URML Ur,'\;le'”forced B |\ Masonry | coq | Low
(Massive stone), asonry assive stong
Bearing Walls
URM two-story Low-Rise Ma;onry
buildings URML Unreinforced c Unr?/\l;lLorced ccl Low
(Manufactured Masonry manufactured
stone units) Bearing Walls .
stone units
URM with three Mid-Rise
(or more) story Unreinforced Masonry
buildings. URMM Masonry B Massive stong ccl Low
(Massive stone) Bearing Walls
URM with three Mid-Rise Ma_sonry
(or more) story Unreinforced Unreinforced
buildings. URMM C with CC1 Low
Masonry
(Manufactured . manufactured
. Bearing Walls .
stone units) stone units
RCframe
Low-Rise without
RCG thregstory CilL Concrete C earthquake | CC1 Low
BF buildings .
Moment Frame resistant
design (ERD)
Low-Rise RC frame with
REFS éﬂ;&ﬁt%ry CilL Concrete D moderate leve| CC2 Low
9 Moment Frameg of ERD
RC frame
. Mid-Rise without
RCG sbestory C1M Concrete C earthquake | CC1 Low
BF buildings .
Moment Frame resistant
design (ERD)
RG-S sixsto Mid-Rise RC frame with
BE buildin ;y CiM Concrete D moderate leve| CC1 Low
9 Moment Frame of ERD
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Low-Rise RCframe
RC-G threestory Concrete without
IF and PF C3L Frame with earthquake | CC1 Low
buildings URM Infill resistant
Walls design (ERD)
Low-Rise
RC-S threestory Concrete RC frame with
IF and PF C3L Frame with moderate leve| CC1 Low
buildings URM Infill of ERD
Walls
Mid-Rise RC frame
RC-G sixstory Concrete without
IF and PF C3M Frame with earthquake | CC1 Low
buildings URM Infill resistant
Walls design (ERD)
Mid-Rise
RC-S sixstory Concrete RC frame with
IF and PF C3M Frame with moderate leve| CC1 Low
buildings URM Infill of ERD
Walls
Low-Rise
Precast
. Concrete ;
PRC buildings | PC2L Frames with - ccC2 Medium
Concrete Shed
Walls
Low-Rise Stee
S buildings S2L | Braced Frame - CcC2 Medium
Steel

3.4RESULTS AND DISCUSSIONS

The resulting fatality rates are here presented and compared to tbasenf

codeconforming structurepll], when possible. It has to be noted that, in the
RINTC projects 1ED5 has been set as lowest possible values of the failure rates
to avoid significant extrapolations of hazard and fragility models, this has an

impad on the shown fatality rates.

In Figure 3 the results, for each structural typology, are given as the
arithmetic average (markers) of the rates computed for atlathiggurations at

all sites, as a function of the design epoch, while the vertical bars represent the
range of rates contributing to the corresponding mean. The red markers and

related bars represent results for the current gétle The evolution, that is,

the general improvement, of structural safety is evident, with a few exceptions.
For PRC industrial buildings, different plan configurations and design choices
n tH®O&06&Q@ructures

ma k e [45]hAs it pentams d
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to the conventional methods adopted: it appears that, for residential buildings,
RC and URM, that Method 3 and Method 2, provides lower and larger rates (up
to one order of magnitude), respectively. For the industrial buildings, PRC and

S, the lowst fatality rates are from Method 1.

For a deeper understandingigure 4 shows the fatality rates for each
considered structural typology, as a function of the desjgmch and the
construction site (only MI, RM and AQ are shown). To prevent the figure to be
too cluttered, considering that a similar trend is observed for all the methods
considered, only the results from Method 1 are reported.
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Figure 3. Arithmetic averages of the fatality rates as a function of the design
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Once again, the markers represent the averages, and the vertical bars are the

ranges of rates contributing to each mean. For URM and R@ t

L6Aqui |l a

Naples, the same trend Bigure 3. In Milan, this trend cannot be appreciated
because of the 185 limit on the failure rates values; in other words, the hazard
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is so low that the seismic safety in Milan is driven by gralgiad design, and
the failure rates, to be computed, require large fragility extrapolation, much
beyond the results of the dynamic analyses of structural mi@d@sls

3.5 FINAL REMARKS

This study presented analyzed the evolution of the seismic safety,ratasu
terms of fatality rates, corresponding to the development of design codes. The
fatality rates are based on the failure rates from a large research project,
computed for preand lowcode ltalian structures, residential and industrial
somewhat represiting the existing Italian building stockhe casualty
probabilities to pass from the failure to the fatalitgeswere derived in a

highly conventional manner, by means of three methodsor{é based on
HAZUS [34]; (2) onebased on EM$36]; (3) and onébased on fib8®ulletin

[52].

It is found that, as somewhat expected, the fatality rates decrease with the
development in time of the design technology, with the largest improvement
due to the enforcement of the current code. The three methodsleed
provide results ranging in one order of magnitude. Moreover, most seismically
hazardous sites, according to the current assessment, have larger fatality rates,
while unreinforced masonry shows the largest rates. This is generally
independent of #hdesign epoch, which confirms previous findings for current
codeconforming structures.

The fatality rates computed herein have the advantage to represent a
quantitative measure of structural safety; nevertheless, the way they were
derived herein is hidi simplified and conventional, such that these results are
mainly for comparison and should be used with caution otherwise.

3.6 ACKNOWLEDGEMENTS

The study presented in this article was developed within the activities of the
ReLUISDPC 20192021 research progms, funded by th@residenza del
Consiglio dei Ministrii Dipartimento della Protezione Civil@®PC). Note that

the opinions and conclusions presented by the authors do not necessarily reflect
those of the funding entity.

34



Chapter 47 SEISMIC RISK AT NATIONAL SCALE FOR CODE -
CONFORMING STRUCTURES IN ITALY

The following paper has been derived from this Chapter:
1 Pacifico A., Chioccarelli E., lervolino I. (2022) Residential code
conforming structural seismic risk maps for Italy. Soil Dynamics and
Earthquale Engineering 153. DOI:10.1016/j.s0ildyn.2021.107104

4.1 INTRODUCTION

The evolution of structural seismic design in Italy has been such that code
improvements were mostly motivated by seismic events causing serious losses.
The first document in which horiztal forces were considered for structural
design goes back to 1909 and was referred to the geographic area affected by
the magnitude (M) 7.1 Messina earthquake of 1908. In the following hundred
years, a number of structural design codes were enactedhamabrtion of
national territory associated to seismic actions slowly increasefb86]for

a comprehensive analysis). The whole Italian territory has been considered
seismically prone only since 20(057]. However, practitioners were not
obligedto design according to the new hazard classification of the sites until
2008, when the current ltalian building coddprme Tecniche per le
Costruzionior NTC08[2], was published. (An updated version of the Italian
building code, NTC183], was recery published but the hazard classification

of the territory was not modified.) It can be considered at the state of the art
internationally and is somewhat similar Bmrocode8 [17]. In the code, the
design seismic actions are derived from probabilstismic hazard analysis

or PSHA (e.g.[27]) for the constructiosite.

Comparing the code evolution with the construction age of the ltalian
building portfolio, some infer that most of the existing buildings are expected
to be designed with inadequate or absent seismic provigmgs [39])
resulting in significant seismivulnerability and risk (e.g58i 61]). However,
also the design according to current code exposes structures to some implicit
seismic risk[5]. Indeed, the probability that a structure exceeds a defined
performance (i.e., failure), in a given timedrval, is not explicitly controlled
by practitioners

On this basis, in 2014, a large ltalian national research prééesthio
Implicito delle Strutture progettate secondo le NOr@RINTC ([1,20]), had the
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goal of quantifying the annual failure rateuMmerically close to the annual
failure probability) of codeconforming structures in Italy. Among others,
residential fixeebased (FB) buildings considered in the project are reinforced
concrete (RC) buildings of three, six and nine storeys (w/o infd)ingnd
unreinforced masonry structures (URM) of two and three storeys. Moreover,
residential sixstorey RC basesolated (Bl) structures were also considered.
The structures are supposedly located in three ltalian sites chosen to be
representative of diffrent levels of design seismic hazard (low, medium, and
high) according to the most recent probabilistic assessig2htReferring to

each site and to specific soil conditions (to follow), each structure was first
designed in accordance with NTCOS8 (3r2018 update); then, the failure rate
was computed with respect to-adc defined performance levels. The results

of the project showed that, although the design seismic actions (i.e., design
ground motion intensity) have the same exceedance returrd pgrer the
country, the structural reliability significantly changes across the sites. This is
for reasons that further research showed attributable to inherent features of the
code and of the seismic hazard of the considered sites beyond the exceedance
return period of the seismic actions considered for dgdigh

The aim of the work described herein is to depict the seismic risk in Italy in
an ideal scenario where the existing (residential) buildings are substituted by
the codeconforming structuresfahe RINTC project. To this end, the seismic
risk is quantified, at the municipality scale, by the mean number of earthquakes
that in one year cause structural failure of a randomly selected building of the
municipality of interest; that is, still an araldailure rate leading to the annual
expected number of buildings experiencing structural failure in the considered
municipality. Thus, failure rate must be a function of the seismic hazard of the
site evaluated by means of PSHA (including the soil candi}, the seismic
vulnerability of the structural typologies and the proportion among different
structural typologies in the municipality, that is, the exposure.

Several maps of the municipality rates, which represent the result of the
study, arederived based on different options for hazard and vulnerability
characterization. In particular, three hazard models are considered: (i) the
current official hazard for Italy, that is, the one on which design actions in the
Italian code are based on (defthas MPS04[62]); (i) a morerecent model,
named MPS19, derived by a large research efid; (i) hazard computed via the
so-called sequenebased PSHA, SPSHAG3]t hat al so account s
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contribution, somethingeglected in classical hazard analysis (including both
MPS04 and MPS19). As pertaining to structural vulnerability, a substitution
criterion is defined to replace the existing residential buildings with fipeest
codeconforming URM and RC buildings, wittifferent number of floors and
architectural configurations. Moreover, an alternative scenario in which all the
existing buildings are all substituted by bésalated sixstorey RC buildings

is considered.

The remainder of this paper is structured sineh the buildings of RINTC
project are described together with the fragility functions that are derived for
the purposes of this study. Then, the methodology for the computation of the
failure rates at municipality scale is presented. After introducinthalinput
models required for risk assessment, results considering four scenarios are
discussed. The first two scenarios are those of PSHA based on MPS04 and
combined with structural vulnerabilities of FB and Bl structures. Then, results
associated to PSM based on MPS19 and structural vulnerability of FB
structures are provided. Finally, failure rates of FB structures are computed in
the case of SPSHA, referring to MPS04. Some final remarks close the paper.

4.2 FRAGILITY FUNCTIONS OF CODE -CONFORMING RINTC
STRUCTURES

In the RINTC project, a large set of residential buildings was designed
according to the current ltalian building cof@3], to be ideally located in a

few Italian sites: L6OAquil a (AQ), Napl
of high, medim, and low seismic hazard in the country, respectively. Different

soil conditions were considered at the sites: soil class A (rock) and C (soft soil)
according to the classification of the code. Each structure was designed
referring to damage and ligakty limit states as defined in NTC08. On the

other hand, structural reliability, was assessed in the project referring to two

different performance IeveI@DL) that are named usabilifyreventing damage

(UPD) and global collapse (GQ)PD is reached if one of following conditions
occurs: (i) light damage in 50% of the main retructural elements; (ii) at least

one of the nosstructural elements reaches a severe damage level leading to
significant interruption of use; (iii) attainmeat 95% of the maximum base
shear of the structure. GC, generally, corresponds to the deformation capacity
associated to a 50% pegstak deterioration of the total base shear of the
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building (some adjustments of these criteria apply to specific typologies
accounting for their peculiarities; s¢&64]).

In the RINTC project, for each building, multipéripes nonlinear dynamic
analyses, (MSA)65] were performed on thredimensional structural models

at ten ground motion intensity measufgM ) levels (i.e., values)

corresponding to ten exceedance return periods from 101 to 105 years. For each
IM value, twenty twecomponent horizontal records were selected according to
the conditional mean spectrum metH@@]. In particular, eaclanalysis was
performed associating the two horizontal components of each record to the two
main orthogonal directions of the structure and measuring the maximum
response (i.e., in terms of either the roof displacement ratio or the maximum
inter-storey drif ratio). ThelM adopted for the MSA is the largest (between

the two horizontal components) 5% damped pseymhetral acceleration at a
period, T, close to the first vibration period of each model; it is indicated

hereafter asSa( T).

In the following, the results of the dynamic analyses performed in the project
are used to compute, for each struct(s§) and for both the considered
performance levels, the probability that PL is reachedareded given a value

of IM, PgPI_(St)2 pllim , that is the lognormal fragility function of the

structure:
. &ln (im)-

PePL™ 2 pllim = E# : (9)
€ u 6 (s

Where{/ﬁﬂ), §St)} are parameters retrieved via the R&Rtware [31],

neglecting estimation uncertaint6]. In the following, the considered
structures and their fragilities are describfedther details are given jd9].

4.2.1 ReinforcedConcrete Structures

RC structures are moment resisting frame buildings of three (RC3) and six
storeys(RCG6) characterized by regularity in plan and elevation. While in the
RINTC project bare pilotis-, and infilledframes are designed, modelled, and
analyzed23] (Figure5), hereafter only the infilled configurations of thread
six-storey are considered; i.e., the most common configuration. Such structures
are all designed for class C soil at the three sites. Fragility functions, modelled
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as per Eq9), refer toSa(0.159 for the RC3 andSa(0.59 for RC6. InTable

4, considered RC structures are listed and, for each of them, the parameters of
fragility functions are reported for both performance levels.

Figure 5. RC6 buildings:bareframe (left), infilledframe (center); pilotis
frame (right). (Adapted frorfi])

In Figure®6 the fragility functions are represented: blacle$irefer to GC and
gray lines to UPD. (Although somi values in the figure may appears
unlikely, they are given to completely represent the curves and it should be
noted that their effects on results of this study are negligibleSectiod.5.1)

Table4. Parameters of RC fragility functionsgM in g)

UPD GC
Site N. of storeys
m s m s

AQ 3 -0.44 0.41 1.79 0.66
AQ 6 -0.33 0.39 1.50 0.67
NA 3 -0.08 0.51 1.41 0.32
NA 6 -1.11 0.49 1.33 0.23
MI 3 0.06 0.51 0.30 0.32
MI 6 -0.55 0.29 0.40 0.31
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Figure6. Fragility functions of (a) RC3 and (b) RCS6.

4.2.2 Unreinforced Masonry Structures

For the three considered sites, tvamd threestorey URM buildings (URM2

and URM3, respectively) made pérforated clay units with mortar joints were
designed, modelled, and analyzed, within the RINTC prd22}. While
buildings with both regular and irregular plan configurations were studied, here
only those regular, according to the NTCO8 criteria,camesidered. They are
characterized by different architectural configurations: the buildings associated
to a letter E are examples of real modern URM buildings while those identified
by a C are conceived as structural variations of regular wall arrangertrent
both C and E classes, different thicknesses of structural walls are considered: C
buildings are represented by six structural configurations from C1 to C5 and
C7; E buildings are four, named as E2, E5, E8 and E9[24édor further

details).
Figure7 shows the different plan views of the URM structures considered
herein. Thetwest or ey buil ding in L&Aquila has

configurations whereas, in the same site, three configurations for the three
storey building are considered. In Naples, the-stavey and threstorey
building have two and four configurations, respectively. Finally, in Milan, three
and four configurations arassociated to the twstorey and threstorey
building, respectively.
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Figure7. Plan view of the URM buildings. Figures from (a) to (f) represent the
ACO conf i ¢ wndartréspeatisely)( wthile figures from (g) to (I)
represent the AEO configurations (2, 5

All the considered URM buildings were designed on class C soil (not to be
confused with one of the configurations) apart from the thteesy buildings
of L6Aquila for which design for C soi
architectural configrations) were substituted by the buildings designed on
class A soil (the RINTC project has shown that the seismic vulnerability does
not change dramatically with the soil cl4S}).

Fragility functions are computed for each architectural configuratibus,

considering thé-th architectural configuration pertaining to a given structural
st,K)

typology, the conditional failure probability?gPL( 2 pI|im , is computed

via Eq.(9). Then, the fragility function for each structural typology at a specific

site, PgPI_(St)2 pl[im , is computed combinin@’gPI_(St"‘)2 pl|im , as per Eq.
(20):
PEPL™ 2 pllim 5&% P PEY p|im wd, (10)

where w,, , weighs how much a specific architectural configuration is

representative of the actual building portfolio (assuming that these
configurations completely cover the building stock). Indeed, a valwe, pf

was associated to each URMnfiguration basing on expert judgement (S.
Cattari, personal communication) so that the sum of the weights for all the
architectural configurations of the same structural typology equals to one.
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The first vibration period of all the URM structures is clés®.15s, thus the
adoptedIM for fragility functions is Sa(0.15$. Table 5 shows, for each
considered URM sticture, them and s parameters for both performance

levels, along with the assigned, ,. Figure8 shows the URM fragilities.

Table5. Parameters of URM fragility functionsM in g).

N. of  Architectural UPD GC
Site Wst,k

storeys configuration m S m s

2 E2 0.20 -004 021 060 034

2 E5 0.20 -0.32 0.26 056 043
AQ 2 ES8 0.20 -0.25 020 0.61 0.32

2 E9 0.20 -0.11 0.18 0.28 0.26

2 C3 0.20 -055 031 051 0.28

3 E2 0.33 -0.24 0.42 042 053
AQ 3 E8 0.33 -0.26 038 047 0.51

3 (0%} 0.33 -1.05 0.22 0.23 0.46

2 C1 0.44 -0.72 024 095 042
NA

2 C4 056 -057 031 095 0.35

3 E2 0.27 -0.06 057 088 024

3 ES8 0.27 -0.12 051 0.86 0.32
NA

3 C3 0.27 -0.87 0.28 0.69 0.45

3 C5 0.20 -0.86 024 073 0.42
Ml 2 E2 041 006 0.16 030 0.12
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2 C1 0.18 -1.16 0.09 0.45 0.08

2 C7 0.41 -0.83 0.13 -0.18 0.08
3 E2 0.27 -0.38 0.20 -0.41 0.08
3 ES8 0.27 -0.64 0.15 -0.39 0.13
MI
3 E9 0.27 -0.76 0.10 -0.63 0.094
3 C2 0.18 -0.86 0.31 -0.06 0.12
@ 1 P =] (b) o
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Figure 8. Fragility functions of two storeys URM buildings (left column) of
L'Aquila (top row), Naples (mid row), and Milafbottom row) and of three
storeys URM buildings of the same sites (right column).
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4.2.3 Baselsolated Structures

Forthe midand highhazar d sites, that is Naples

residential sixstorey infilled RC, basesolated, buildings were alstesigned

on class C soil. Indeed, it was assumed that Bl structures are unlikely in low
seismic hazard class. Three isolation systems were studied: (i) eoumddure
friction pendulums (FPS); (ii) higdamping rubber bearings (HDRB); (iii) and
hybrid g/stem of HDRB and sliders (HDRB+SId).

The UPD failure criteria are the same of RC FB structures, whereas for GC
needs to consider failure of both the isolation system and the superstructure.
The superstructure failure criterion is the same of the RC hg#diwhile the
failure of the Dbase isolation was
responses described[BV].

For each isolation system, fragility functions were computed according to
Eq. (9). The resulting curves at the same site were combined viél8qgn
which the alternative isolation systems wereated as the alternative
architectural configurations of URM buildings. To this end, the weight of each
isolation system was computed on the basis of the reconstruction data following
the 2009 LO6Aquila earthquake §6EWwebe. 3) ;
isolated with these three systems in the following percentages: 2% with HDRB,
41% FPS and 57% HDRB+SId (D. Cardone, personal communication). Thus,
the weights adopted in E(LO) are 0.02, 0.41 and 0.57, for HDRB, FPS and
HDRB+SId, respectively.

All the BI structures are characterized by first vibration periods close to 3s,
thus the selectetM is S&3.09). Table6 reports the fragility parameters for

both performance levels together with the weight associated to each isolation
system. IrFigure9 the fragility functions of AQ and NA are represented.

Table6. Parameters of Bl fragility functiondNl in g).

Isolation UPD GC
Site Wy i
system m S m S
FPS 0.57 -1.51 0.37 -1.44 0.25
AQ
HDRB 0.02 -1.77 044 -1.21  0.29
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HDRB+SId 0.41 -1.55 0.35 -1.31  0.19

FPS 0.57 -1.43 0.18 -1.47 0.09
NA HDRB 0.02 -1.54 0.17 -1.22 0.14
HDRB+SId 0.41 -1.61 0.2 -1.5 0.24
@ el (b) (77 UPD
=0.8 / FPS
< i HDRB+SId
fi 0.6 f HDRB
;F 0.4 ” i m GC
§ 0.2 L Aquila / Naples i:l))SRBJrSld
0 / ‘ AL HDRB
0 02 04 06 0.8 1 0 02 04 06 08 1
Sa(3s) [g] Sa(3s) [g]

Figure9. Fragility functions of Bl buildingsof () 6 Aqui | a and ( b)

4.3 METHODOLOGY FOR COMPUTATION OF FAILURE RATES

This section describes how fragility functions computed by the results of the
RINTC project are used to derive ideal risk maps for Italy; i.e., assuming that
all structures are code mimrming. PSHA allows computing the rate of
mainshocks (i.e., the maximum magnitude earthquake within each sequence)
causing the exceedance b =im for a known soil class, that i§; ,,, . The

plot of / versus the possiblien values is the sealled hazard curve. For

E.imjg
a building of a given structural typology and located on a known soil class, the
rate of mainshocks causing the building to fail, that is, to reach or exceed a

performance leve{PL2 pl), /. .., can be computed via E(11) in which
it is assumed that the fragility is not dependent on the soil condition of the

construction site ah‘d/E]mq(z)‘ is the absolute value of the differential of the

hazard curve atM =z:

o= [P 2912 40003 .

If the site is representative of a municipality (e.g., the center of its area) and the
fragility function represents the structural typology the building belongs to, Eg.
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(12) can be (approximately) applied to compute the failure rate of the buildings
of the municipality belonging to the considered structural typology. The soil
condition at the base of each builgirshould be known, but usually this

information is not available. However, it may be possible to comB{Mp] :
that is the probability that a generic building of the considered structural

typology is located on each possible soil dtad, i . Applying the total
probability theorem, it results:

e =8 [ FPEPL 2z 0L, (3] LHG
 Tim vy oo (12)

If the probability that a building of the municipality belongs to a given structural
typology, P[st] , can also be computed, the rate of earthquakes causing the
generic building (i.e., randoly selected) to reach or exceed a performance
level, /¢ ,, can be computed via E§13), where it is assumed that soil

condition and stictural typology are independent random variables:
/E,pl :a é,pl\st B[St] =

st
(13

-8 grPel wplz go., () bHd €4

The rate computed in the previous equation is a risk metric that, with a
probabilistically consistent approach, accounts for several sources of
uncertainties related to: (i) earthquake source and propagation, (ii) soil site
conditions, (iii) building struwral typology, (iv) structural damage given
ground motion intensity. Moreover, according to the classical hypotheses of
performancebased earthquake engineer[d§], /¢, approximately leads to

the expected number of failed builds in the municipality in a small time
interval (t,t+ B), EgN,, (tt+ B :

EgN, (tt+ D) g™, /.Q t, (14

in which Ng is the total number of buildings of the municipality. (The

computed rate, practically, has not any other meaning that its use in this last
equation, that is, to compute tegpected value of damaged buildings.)
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In fact, earthquakes are typically clustered in both time and space and, for
each cluster, the mainshock is typically defined as the largest magnitude
earthquake. Factually, PSHA neglects the hazard contributiorrtbfjgakes
preceding and following the mainshock within each cluster, that are identified
as foreshocks and aftershocks, respectively. On the other hand;dhkedo
sequencéased PSHA, SPSHA11] allows to quantify the seismic threat
accounting forhe effect of aftershocks in PSHA. SPSHA allows to compute
the rate of mainshoe#ftershocks sequences that cause at least one exceedance
of the choseriM  threshold for the soil class and the site of interggf,. Such

a rate can be used to replatg, . in Eq.(13), so that it provides the rate of

imlg
sequences causing the generic building to reach or exceed a performance level,
that is/ . (In this context, seismic damage accumulation on the structures is

neglected; sef 2] for a discussionmthis topic.)

4.4INPUT DATA FOR NATIONWIDE CODE -CONFORMING RISK
ASSESSMENT

4.4.1 Probabilistic Seismic Hazard Analyses Based on MPS04

The current official probabilistic hazard assessment (also at the basis of the
design seismic actions in the current Italiandiog code) considers thirsix
seismic source zones for the country (except Sardinia Island) as described in
[9] (seeFigure 10b) and adopts a logiree constituted by sixteen branches
[62]. Among them, the branch named 921, is the one adopted herein because it
provides close results to those of the whole kgge. Such a branch defines

the seismicity of each seismic zone via the mean annual nafntp@inshocks

per magnitude bins, the salled activity rates (e.g[63]), and requires the
implementation of the ground motion prediction equation (GMPEB&]}f The

IMs for which PSHA is implemented here are the psespkxtral accelerations

adoped for fragility functions, that i ={0.15,0.5,3 , and the peak

ground acceleration, PGA. Being the three seconds spectral period outside the
definition range of the chosen GMPE, when such a period is of concern, the
GMPE of[69] is adopted. (All these modelling choices are in accordance with
the hazad evaluation involved in the record selections for nonlinear dynamic
analyses in RINTC project.)
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For each municipality, PSHA was performed according to the described
models (i.e., reproducing branch 921 of the MPS04 model); the resulting hazard

curves aradentified hereafter a$‘E)f‘im‘ ,» 1o distinguish from results obtained

when the MPS19 model is adopted; consequently, the failure rates are identified
as/ ,‘E’f‘pl . Hazard analyses were performed via the REASSESS soffire

An example of the hazard curves computed for each municipality is reported in
Figure 10a referring to PGA and rock soil conditions. In the sdigare, the

hazard curve computed for Mil an, Napl es,

with the exceedance rate corresponding to a return pé’F,i()obqual to 475

years Y¥r): this is a reference value for design of new structunesis also
involved in the definition of the substitution criterion of existing structures
discussed in the following sectioRigure 10b shows the seismic zones[8f,
the location of the reference cities, and the values of PGA on rock
corresponding, for each municipality, © =475yr, that is PGA.,. Both

figures provide results of the PSHA fol tile municipalities, except Sardinia
(i.e., 337 municipalities) that, according to the source model, is outside the
definition range of the GMPE.

(a)
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municipalities adopting MPS04, (b) map BGA . together with the thirsix
seismic zones 0of9], (c) hazard classification according RGA_. of each
municipality.

4.4.2 Hazard Classes and Buildirigeplacement Criteria

For the purposes of this work, RINTC data are incomplete in the sense that the
studied sites and structural typologies cannot be directly representative of the
whole Italian territory and building portfolio. Thus, some criteria toaepthe
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existing buildings with the codeonforming structures from RINTC are
adopted.

The Italian municipalities were first grouped in three arbitrarily defined
hazard classes, i.e., higimid-, and lowhazard. The value dPGA,, of each

municipality Figure10b) was chosen for such a classification. The values of
PGA,; of Naples (i.e., 0.15g) and Milan (0.05g¢me taken as the limits of the

classes, and sites characterized @A, lower than Milan were defined as
low-hazard, sites witHPGA_, lower than Naples (and larger than Milan) were
considered a mithazard and s with PGA,. larger than Naples were high

hazard. The resulting classification is representedFigure 10c: the
municipalities h low-hazard class are about 16% of the total (excluding
Sardinia), whereas those in midnd highhazard are about 47% and 36%,
respectively.

Following such a classification, it was assumed that the RINTC buildings
designed i n L6&AGguiwera reprddentativeec puildemgsd Mi |
designed in any municipality belonging to the hjghid- and lowhazard class,
respectivelylt should be noted that, among the high hazard class, few lItalian
municipalities (259 over more than 8000) are characterizeB®#,. larger

than the one computed for LOAquila, t
sites were in fact computed for structures designed for a site with lower

PGA,.
Data on the existing residential building stock were retridoyeddRMA [71].

They include, for each municipality, the number of reinforced concrete and
masonry buildings of one, two, three, or more than three storeys. To be able to
substitute the existing building typologies with the available one, some simple
criteria were adopted: the RC buildings with three storeys, or less, are
substituted by RC3, while RC buildings with more than three storeys are
substituted by RC6; the masonry buildings with one or two storeys are
substituted by URM2, and the thrsrey masiory buildings are substituted
by URMS3. Finally, masonry buildings with more than three storeys are
substituted by RCS6; i.e., assuming that ra@gign URM buildings with more
than three storey are unlikely.

The probability that a new building belongs to omiethe considered

structural typology P[st] from Eq.(15), wherest corresponds to RC3, RC,
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URM2, URMS3, is computed as the number of buildings of that structural
typology (N,) divided by the total number of buildings in the considered

municipality (N;or):

P[sf] =l\'|\'—st, st ¥RC3, RC6, URM2, URM3]. (15)

TOT

Figure 11 shows, for each municifity and for each structural typology, the
values of P[st] after the application of the described substitution criterion. As

shown, the probability associated to URM2 is, generally, the largest whereas
the one associated to RC6 is tbwest, with significant values concentrated in
the major ltalian cities. RC3 and URM3 have non negligible probability with a
scattered distribution over the country.

Regarding the substitution with cedenforming BI buildings, the analyses
only refer tomedium and higthazard classes being, as previously mentioned,
Bl buildings considered unlikely for the lelazard class. Moreover, according

to the available fragilities (see Sectibd), the substitution criterion is that each
existing building, regardless the construction material or the number of the
storeys, is replaced by a storey Bl building.

P[RC3] P|RC6] P[URM2| P[URM3|
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Figureli. Probability of eaclstructural typoﬂlogy per municipélity.

4.4.3 Local Soil Classes at a Municipality Scale

In[72]itis provided a database of local soil characterizations for a grid of about
one million points covering the whole Italian territoRar each point, the soil
class(from A to D) according to NTCO8 is defined. The latter can be converted
into the soil classes of the GMPESs considered in the analyses. Inded68poth
and[69] GMPEs refer to three soil classes that are rock, stiff and soft soil. Soll
conditions tlat, according to the Italian code, are identified as A correspond to
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the rock category, whereas soil conditions B correspond to stiff soil and soil
conditions C and D correspond to soft soil class of the GMPEs.

To quantify the probability that the buildingf a given municipality is
located on a specific soil class, required by #8), soil data can be combined
with the data provided by the ltalidstituto Nazionale di StatisticdISTAT)
that identify the urbanized areas (see Be#a sourcessection for further
details) of each municipality, intended as the areas associated to city centers
and built areas (other areas are classified as productive sites and sparse houses).
More specifically, the grid of soil classes frofii2] was superimposed to the

map of the urbanized areas and, in each municip&?ii;y,] was computed as
the number of grid points of a given soil clab, , dived bythe total grid

points within the urbanized areas,, :
N :
Plg]= N‘* , g # rock, stiff, sof} . (16)

urb

The resulting probabilities are reportedrigure 12. The largest probabilities
are associated to st#bil in most of the municipalities; soft soil covers a-on
negligible number of urbanized areas and is predominant in the-eastérn
municipalities and along the coasts; finally, rock soil is significant only in a few
areas (the effect on results oflsmnditions is discussed [i73]).

Plrock] P[stiff] P[sofi]

Figure 12. Soil class probabilities in the urbanized areas of Italian
municipalities.

51



4.4.4 Alternative Hazard Models

4.4.4.1 Probabilistic seismic hazard analyses based on MPS19

A recent hazard modelfdtaly, MPS19, was developed by a large community

of researchers, led by thstituto Nazionale di Geofisica e Vulcanologia
(INGV) [10]. MPS19 entails a fairly complicated logic tree composed by about
six-hundreds branches. To facilitate the reprodligibiof the results, a
weighted average griseismicity model was provided [i#4]. It is a grid of

about eleven thousand posdurces covering and surrounding the whole
country. For each point of the grid, the mean annual number of earthquakes per
magritude bin (i.e., the activity rates) and a probabilistic distribution of the
style-of-faulting is provided. In the following, the hazard curves computed via

PSHA and based on the gsdismicity model from MPS19, that }’%gmq » will

be used to compute the corresponding failure raﬂﬁﬁ,. It should be noted

that, in this case, the adopted GMPE is thd{76f, which entails a different
definition of the IM with the respect {68], adopted in MPSO04. Indeed, the
latter refers to the largest (horizontal) spectral component, while the former
provides the geometric mean of the two horizontal spectra components. Since
in RINTC project, fragility functions were derived in terms oé tlargest
component, when MPS19 substitutes MP308] conversion was adopted to
convert the hazard curves from geometric mean to largest component; this
allows to consistently combine hazard results and fragility functions.

Moreover, due to the hazardodification, when/ é?pl is of concern, the

substitution criteria described in Sectidrt.2 was reapplied in accordance
with the new hazard results. Since the RINTC structures were designed
according to MPS04, the value BIGA,, of Naples and Milan computed with

MPS04 were maintained as limits of the hazard classes. The difference with
respect to the previousase is that the value #GA_, computed in each site

and identifying its hazard class is derived by MPS19. The resulting
classification is reported iRigure 13a, which shows minor differences with
respect to the equivalent classification Eifjure 10c. The percentage of
municipalities classified in lovihazard reduces from 15% to 7% when the
source model changes from MPS04 to MPS19; the number of the sites falling
in the midhazard class oreases from 48% to 65% while the sites associated
to the highhazard decrease from 37% to 28%tgure 13b shows the hazard
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curves in PGA computed impteenting MPS19 together with the hazard curves

of L6Aquila, Naples, and Milan comput e
AQ%, NA% MI% respectively). The black horizontal line represents the 475

years exceedance return period (i.e., the one adoptbdZard classification).

As shown, the hazard curves derived by the grid model are comparable with

those from MPS04 in the range of low and medium return periods (i.e., up to

about 509r). Major differences appear when the return period increases. (It is

also to note the systematic lower heterogeneity of the curves when passing from
MPS04 to MPS19.)

Figure13. (a) Hazard classification of the Italian municipalities according to
MPS19; (b) PGA hazard curves eoputed via PSHA adopting MPS19.

4.4.4.2 Sequencdased probabilistic seismic hazard analyses based on
MPS04

As early mentioned, SPSHA1] includes the effect of aftershocks, along with

that mainshocks, in the hazard assessmeifi63the hazard increments due

to SPSHA with respect to PSHA were computed referring to the MPS04 source

model, showing that, for a given return period, theugabf the intensity

measure computed via SPSI—(ImSPSHA) can be up to 30% larger than the

corresponding value computed via PSI(IAIPSHA) . Herein, still referring to

the MPS04 source model, the SPSHA/PSHA comparison isnaet to
structural risk.

Because SPSHA requires a larger effort than PSHA, it was decided in this
studyi as an approximationt o per form SPSHA only for
Naples, and Milan, to compute the hazard increases for these sites, and to adop
such increments to increase the PSHA hazard curves at the all the other Italian
sites.Figurelda s hows the hazard curveawdcomput
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