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Abstract - Post earthquake site effect evaluation is a necessary step in any
reconstruction strategy. Although several approaches are available today, the time
required for a detailed microzonation is not usually compatible with the
reconstruction process. In this paper a probabilistic methodology able to estimate
seismic intensity at any building location from post-earthquake building type and
damage data, is proposed. The seismic intensity is evaluated by means of a
Bayesian approach that requires previously assessed vulnerability functions and
takes into account uncertainties in building type and building damage. An
application for the town of Fabriano, hit by the 1997 Umbria-Marche earthquake is
presented. Results are compared with the amplification of the ground motion
predicted by the detailed microzonation.

1. Introduction

Just after the main shock of the 1997 Umbria-Marche sequence, damage surveys in
epicentral areas and preliminary in situ tests (Capotorti et al., 1997) showed the importance of
the site effects on the local seismic intensity. Other recent Italian, European and world wide
earthquakes have confirmed the importance of the phenomenon.

At the end of the Umbria-Marche earthquake emergency, microzonation studies were
carried out in order to evaluate the amplification of the ground motion to be used in the design
to strengthen the buildings. However, the time required for the acquisition, harmonisation and
analysis of the geological and geotechnical data is not, usually, acceptable in relation to the
reconstruction process. The proposed solution for the Umbria-Marche reconstruction was a
“guick” site effect evaluation based on geological, geomorphologic, hydrogeological and
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seismostratigrafic conditions at village level and on a numerical analysis on a reduced set of
selected case¥he study regarded 465 centres and produced (CNR-IRRS, 2000), amplification
values ranging from 1 to 2 and, in 86of the sites, from 1 to 1.5A more detailed
microzonation concerned the historic centres of Fabriano, Nocera and Sellano (Marcellini et al.,
2001), two recently built districts of Fabriano and several localities near NoEeea.
microzonation was based on soil properties, evaluated by means of geological and geotechnical
data, and on seismic signal analysis. Damage to buildings was also taken into account by
comparing the damage map with the map of soil properties. In this comparison, the building
type is usually disregarded: the damaged buildings are just pinpointed on the map (Ambrosini et
al., 1986), considering the damage simply as a direct measure of the seismic motion. However
for the damage to be arfadtive measure of the ground shaking, it has to be filtered by building
type, since the vulnerability obviouslyfa€ts the damage leverhis has been done in the
Fabriano, Nocera and Sellano microzonation. By using the typological and damage data
collected in the post-earthquake survihe observed damage level was transformed into the
virtual damage level which was $erfed at the same site by a building of a reference typological
class, which, in this case, was the most vulnerable &Nessiow propose a ddrent approach,

where the macroseismic surveyed intensity in the analysed village is used as an initial estimate
of the local intensitydefined as the seismic intensity experienced by each building. Using
previously assessed vulnerability functions together with a Bayesian approach, the initial
estimate has been updated and the distribution of the local intefosity given surveyed
building type with a given damage level, evaluated. In the following, the proposed methodology
is described in detail and an application for the town of Fabriano, which was struck by the
Umbria-Marche 1997 earthquake is presented.

2. How to get seismic intensity fom building damage

In order to estimate seismic intensity from observed building damage, in other words to
estimate the cause (seismic intensity) that produced thet ébbserved damage), an inverse
problem should be solved. In the following, the building vulnerabiigpressed by means of
the observed damagéwhen building typeT is affected by seismic intensitg, (see the
explanation of the symbols ifable 1), will be supposed known and with the following
expression:

d=f(T,q) 1)

The functionf gives the form of the causefedt law and can be either a deterministic or a
probabilistic relationship. For simplicitgeismic intensity will be considered a discrete variable.
If detailed building data, according for example to Il or Ill level inspection forms, are available,
Eqg. (1) is sometimes a deterministic relationsHipis is the case of indirect vulnerability
methods (Benedetti and Petrini, 1984), whemepresents the vulnerability index. If Eq. (1) is
also a one to one relationship, it can be inverted, dniseknown, to obtairg. Generally
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Table 1- Symbols.

C = binomial codfcient

d = observed building damage

dn = mean non dimensional damage

ds = damage to vertical bearing structures

d, = damage to infill walls

D = surveyed damage levels

e = surveyed damage extension

fer = relative frequency of building collapse

I = a posteriori macroseismic intensity in the examined area
lco = a priori macroseismic intensity in the area

lo = 1997 Umbria-Marche epicentral macroseismic intensity
lref = reference macroseismic intensity in the area

p (T0),g(T,l) = parameters of building vulnerability functions

q = seismic intensity

o = a priori seismic intensity experienced by one building

Oc = spatial average of the a posteriori seismic intensity in the qrea
Oco = spatial average of the a priori seismic intensity in the area
Oref = seismic intensity in the reference site

Qsb = a posteriori seismic intensity experienced by one building
n = number of damage levels

Niot = number of surveyed buildings in the area

T = building type

& = error term décting felt macroseismic intensity

£ = amplification of the seismic intensity

r = collapse distribution in vulnerability functions

E[] = expected value of []

P() = probability of ()

however Eg. (1) is not a one to one relationship, because deterministic models predict the
collapse (null damage) when buildings have experienced a seismic intensity greater than
(inferior to) a given level. From the observed damage it is then impossible to estimate seismic
intensities greater or less than the above mentioned limits. In other words, when the building is
undamaged, all the intensities less than the lower limit are admissible, whereas, when the
building has collapsed, all the intensities greater than the upper limit are admishible.
physical reason for the drawback described is that the instrument of measure, i.e. the building, is
not sensitive enough to small seismic intensities in relation to the quantity that needs measuring,
i.e. the observed damagknd, at the same time, the instrument saturates at high seismic
intensity when the building collapseshe upper and lower intensity thresholds clearly depend
on building typeA pre-requisite for a greater chance of estimating the seismic intensity from
the observed damage, is to have buildings witteidint vulnerabilities. Luckilyat least in Italy
earthquakes are not so destructive, while damage, due to high building vulneialfilig. So,
in many cases, the estimate of the seismic intensity from the observed damage featie\ef
performed, although, from a methodological point of vithe above-mentioned @dulties still
remain.

Going beyond the deterministic approach, the uncertainties in building behaviour are taken
into account in Eq. (1) by introducing a probabilistic vulnerability function, that gives the
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observed damage distribution conditional upon building type and seismic intefsy
approach is commonly used when classes of structures are considered and post-earthquake |
level typological and damage data are available. In this case, as seen in the inversion of Eq. (1),
the distribution of the seismic intensity thateafed the building can be obtained only with an
additional hypothesis.

A complete probabilistic approach also requires the introduction of uncertainties on building
type and observed damage. Generdllg building type can not be univocally determined, due
to the lack of data and/or to uncertainties in the attribution of a specific vulnerabilityThass.
damage classification can also be uncertain, in relation to the extension and to the intensity of
the observed damage in thefeient building components. Being all the possible damage levels
and all the possible building types a complete and disjointed set of events, making use of the
total probability theorem (Benjamin and Cornell, 1970), one gets:

P(@) =2r 24P (d/d, T) P(d) P(T) (2)

whereP(q) is the probability that a single building experienced a seismic integsityd
P(g/d, T) is the same probability when the building typd iand the observed damage level is
d. The uncertainties in damage and building type classification have been considered
independent. Being related to the generic building, the local intensity will be reportgg as
From post-earthquake data collection (Braga et al., 1982) or via numerical analysis (Masi et al.
2001), Eqg. (1) can be assessed as a probabilistic vulnerability function. It can be expressed as
P(g/d, T), representing the probability that building typesuffered damage levad when
seismic intensityg occurs. IfP(g/d, T) is obtained from a statistical analysis on surveyed data,
the survey should be complete at least in ternts Blildings with any damage level, including
null damage and total collapse, should be surveyed if belonging tortgpe subjected to
intensityqg. In practice, a suitable selection is made among the sites where the same igtensity
has been felt, in order to reduce the buildings to be surveyed, while completeness in terms of
andT is maintained.

Similarly, in order to obtairP (g/d, T), that is needed in Eq. (2), a complete survey at least
in terms ofq is required. Buildings of typ& that sufered damage level should be surveyed
in all the sites with dferent felt intensityg. The latter requirement is essential also in order not
to introduce any bias due to ¢gr building concentration in specific areas. Being a similar
survey almost impossible to perform, if vulnerability functl¢d/q, T) is known, a Bayesian
approach (Benjamin and Cornell, 1970) can be used to oBt@jfd, T). Because all the
possible seismic intensitieg, experienced by each building are a complete and disjointed set
of events, one has:

P (g/d, T) =P (diq, T) P(qo) / [ P (d/gj, T) P ()] ®3)

where the summation is to be performed overithd, ..., N, discrete values of the seismic
intensity introduced in the analysR(q,) is the a-priori probability that the generic building
experienced a felt intensitg, due to the earthquake and does not have, obvipasly
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hazard meaning. Being related to the generic building, it represents a local intensity
distribution, but as an a-priori estimate it can be confused with the distribution of the seismic
intensity in the whole analysed aréxq.,). Then, by inserting Eq. (3) into Eq. (2), for each
building one has:

P(Gsn) = 2427 P (d/dsp, T) P(d) P(T) P(aco) / [2i P (d/, T) P(Qeod] (4)

The previous equation maps one distribution, the a-priori felt intensity in the area, into many
distributions, the a-posteriori felt intensities, one for each buildihg. main drawback of the
present approach is that the spatial correlation of the ground motion is neglected.

In the case of deterministic building type classificati®(l) should be set equal to 1 in Eq.

(4) if T is the building type, while for deterministic damage classificaf¢a) = 1 if d is the
damage stiéred by the buildingThe expected local intensity for each building can be assumed
asE [as] = % g; P(ds,), Where, again, the summation is to be performed with respect to all the
j =1,..,Ny discrete levels of seismic intensity

3. The a-priori intensity distribution

The a-priori intensity distribution is an essential ingredient of the model and requires a deep
analysis. If the surveyed buildings arefwigntly uniformly, spatially spaced and if they can be
considered equally reliable, also the local seismic distributf{as,) are uniformly spatially
spaced and equally reliable. So the a-posteriori distribution of the seismic intensity in the area
can be assumed as the average distribution of the local intensities:

P(qc) = zb P(qsb) / Ntot (5)

where the summation is to be performed with respect tb thg, .., Ni,; buildings surveyed in
the centre. Substituting Eqg. (4) in Eq. (5) one gets:

P(Ac) = (1/ Ny 2 24 27 P(d/g, T) P(aee) P(d) P(T) / [Z P(d/q;, T) P(Qcod]

The relative difierence betweeR(q.,) andP(q,) is then:

[P (Gea) - P(00)] / P(Gea) = 1 - (IN) 2 24 27 P (d/g, T) P(d) P(T) / [Zi P(d/g;, T) P(0oi)]

It seems reasonable to sel®{f.,) to reduce the diérence between the a-priori and the
a-posteriori intensity distribution in the whole area as much as pod2{blg) should also take
into account the strong motion registrations available in the area or the felt macroseismic
intensity the latter if macroseismic intensity is used as a measure of the seismic interisity
case, the felt intensity in the centig, can be assumed as the mean of the a-priori intensity
distribution. The following integral constraint should be imposedRi{.,): E [0 =1 £ &,
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whereg is a possible error term associated td?(g.,) can then be evaluated as a solution for
the following non linear constrained optimisation:

Min (|[1-(INw)2p 24 21 P (d/g, T) P(d) P(T) / [2; P (d/g;, T) P(qeo)]1)

P(qcoi) > 0, Zi P(qcoi) = 11 E [qco] = Ic * &

4, Site efects evaluation

BeingP(qg,) the distribution of the local seismic intensity thdeetied the generic building,
it can be related to sitefetts. If g, represents the seismic intensity in a reference site (flat
homogeneous stitoil) the amplification of the seismic intensity in terms of seismic intensity
g, can be assumed directly as q.,/0.+. Being gy, @ random variable, alseis a random
variable. It can be characterised by its mean vatye; E [gy] / e, OF by its modal value,

M, =M [0 / Qrer. If @lSO Qs is considered a random variable, then the mean and the modal
amplification can be assumedras= E [Qs,/ Gred aNdM, = M [Qgp/ Ored-

It is important to point out the ddrence between the a-priori intensity, and the
reference intensity.+. Both refer to the examined area, but the former includes &ietseaind
it is used in the Bayesian approach to evaluate the a-posteriori intensifeeedufy the
buildings.The reference intensitpn the contrarydoes not include sitefetts and it is needed
only as a baseline in respect to which sifea$ are evaluated.

If qis assumed equal to the macroseismic intengiy, and the amplification is required
in terms of strong motion parameters, e.g. PGA, we have to resort to conversion laws. For the
purpose of the present stydy seems reasonable to use M@ttini et al. (1987) local
relationship,log;, (PGA) = a + bl, whereb = 0.22. In this case one gets 10°® %) and
m, = E [10°@ %] |t s not pointless to note that the variance of the seismic intensity in the
centre,Var[q, is a measure of the variation of the seismic amplification in the analysed area.
When site dkcts are uniform in the area, the variance of the seismic intensity in the centre is
expected to be small, while, whenfdient amplifications of the ground motion occurred, the
variance of the seismic intensity in the centre is expected to be high.

The present methodology can also be applied to evaluate a unique value of amplification for
the whole centre. In this case the buildings do not even need to be geo-rifeereterage
value of the mean local intensity can be compared with the reference intamsitgter to get
€=(1/Nyp) Z, E[0sd / E[0ed, Where the use of a posteriori seismic intensity instead of the a
priori intensity improves the estimate of the intensity as a result of the building damage analysis.

In the above site &dct evaluation, the assessmentggf is reputed to be crucial. If one
assumes the reference intensity as the average value of the mean local intensities,
Oret = (1 / Nio) Zp E [0sd], One will inevitably get sites with amplification and others with
deamplification.This is evidently not realistic as a general rule. If one assumes the reference
intensity as the minimum of the mean local intensitigs= min (E [q]), one will get only
amplification factorsAgain, although sites able to amplify can be more frequently encountered,
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this result cannot be considered a general rule. Morgtiverefective amplification can be

totally different if the minimum intensity did not occur on a normal Jitee determination of

Ot @lso requires some consideration on the attenuation laws to be used together with the
amplification factors, at least in Italgince attenuation laws for macroseismic intensity are
evaluated without any consideration of site conditions. Being the amplification, in a mean sense,
already present in the attenuation laws, any evaluation of the f@t#sefvill consider them

twice. The situation becomes clearer when strong motion parameters are used, as attenuation
laws, in this case, are usuallyfdifent for bedrock and deep or shallow alluvium soil (Sabetta
and Pugliese, 1987). Due to drawbacks mentioned, in order to evgluate usually have to

resort to geophysical, geological or geotechnical considerations.

In the following application, the seismic intensity will be measured by macroseismic
intensity and, for the sake of simpligityhe distribution of the reference intensity;, will be
assumed as the one obtained by the probabilistic attenuation proposed by Magri et al. (1994):
P(l,ef/ 1o, D) = x/(1 + %), wherex = €*""®) D js the distance of the site from the epicentre and
aandb are parameters dependinglgpnandl,, reported irAlbarello and D’Amico (2000).

5. Vulnerability and damage assessment

In the following, the physical damage caused by an earthquake will be assumed as the
observed damage to the vertical bearing structures measured, according to the MSK 76
Medveder (1977) and EMS 98 Grunthal (1998) macroseismic scales, in a discrete scale ranging
from 0, the null damage, to 5, the collapse of the building. Buildings will be grouped into 4
vulnerability classesA, B, C; and C,, whereA, B and C, are representative of masonry
buildings of poormedium and good quality ari} is representative of RC buildings. Only the
approach in terms of macroseismic intensity will be developlee.damage distribution, given
vulnerability class and macroseismic felt intensityhas been assumed as:

P=k/T1)={C(nKp TN L-pTH"+ (K g(Th}/[1+g(T] (6)

wherek=0,..,n,n=5 T=AB,C,C, r={0 000 0 1},C(nk) =n!/[k (n-kD]. Eq. (6)

sums a binomial distribution and a collapse distribufidre latter is not a null distribution only

in the damage level that corresponds to the building collapsis. approach permits to
accurately represent the damage distributions observed after the Italian destructive earthquakes,
where the building collapse frequency is higher than the collapse frequency obtained from the
only binomial distribution fitted with the mean observed damage. From Eg. (6), the mean
damage in a scale ranging from 0 tadd, and the collapse frequendy, for the generic felt
intensity and building type, are:

A (T) =Sk PA=K/T) /n=[p (T +g(T,N] /[1+g(TN)]
(7)
for (T1) =P(ds/ T,1) = [p (T.)"+ g (T.N] / [1 + g (T.))].
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From the previous expressions it is possible to evaluate the two parameters of the damage
distribution, p (T,I) andg (T,l), once the mean damage and the collapse frequency are known.
The latter obtained by means of a statistical procedure based on the observed damage and
building type of more than 30,000 buildings inspected after the Irpinia 1980 earthquake (CNR-
PFG, 1980), are reportedTable 2.

In RC buildings, the damage to external walls usually occurs before the damage to vertical
bearing structures and it can be significant also when the latter one is null. It has been shown
(Masi et al., 2000) that the damage distribution to external walls in RC buildings is very similar
to the damage distribution to vertical structures in good quality masonry buildings, at least up to
an intensity of abou¥ll MSK. For higher intensities, the main parameter in RC buildings
description becomes the damage to vertical structi@sake into account the aforesaid
phenomenon, the following relationship has been introduced in case of RC buildings
P(d) = aP(d) + (1-a) P(dy), whered; is the damage to vertical structurdsis the damage to
external wallsThe proposed damage distribution represents a continuous shifting from the
damage distribution to external walls to the damage distribution to vertical structhees.
parametera, on which the shifting is based, should be, in principle, based on the seismic
intensity However being the damage a consequence of the seismic intghsitparameteqa
will be assumed a function of the damage to vertical structaregl.0 0.9 0.5 0.2 0.1 0.0]
whenE[d] =[0 1 2 3 4 5]. Consequentlalso the vulnerability function must shift from the
vulnerability of good quality masonry buildings to the vulnerability of RC buildifigss is
achieved assumin@(T=C;) = aandP(T=C,) = 1-a.

The building vulnerability classification has been based, according to Braga et al. (1982), on
the description and performances of the vertical and horizontal building comparemds. In
general, the classification is uncertain both for a non deterministic building classification once
vertical and horizontal components are known and for the frequent lack of information about the
building componentsWith this in mind, the probability that a surveyed building belongs to
vulnerability classI can be expressed as:

P(M=%,P(T/hv)P(hv) =%, P(T/hVv) P(h/v)P(v) (8)
whereT=A, B, C, or C, andP(T/ h,v) is the probability that a building with vertical component
v and horizontal componeiitbelongs to clasg. It will be assumed thaf; P(T/h,v) =1 for

every set ofv andh, and consequently alsb; P(T) =1, i.e. the building vulnerability
classification is a complete set of ever¢h,v) is the joint probability to observe, in a given

Table 2- Observed values af, andf,, (after the Irpinia 1980 survey).

O for
Class\ | VI )il VI IX \ \l VI IX
A 0,210 0,300 0,400 0,620 0,001 0,007 0,03z 0,210
B 0,120 0,200 0,270 0,360 0,000 0,004 0,006 0,037
C1 0,030 0,070 0,094 0,130 0,000 0,000 0,000 0,009
Cc2 0,023 0,061 0,091 0,163 0,000 0,000 0,0075 0,037
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building, vertical component and horizontal componerit. It has been expressed as
P(h/v) P(v), that is as the conditional probability to observe horizontal compbingnten the
vertical componeny, times the probability to observe vertical componenin this way
uncertainties can be reduced when only vertical components are known in a given building.
P(h/v) andP(v) can easily be obtained by simple statistical analysis on the post-earthquake
building component collected data. Obviou§lyv) is set equal to one when the vertical
component is really observed in the building afdh/v) is set equal to one when horizontal
componenth is really observed in the building, independentlyvoiWith the above
representationP (T/ h,v) is due to intrinsic uncertainty in vulnerability classification when
building components are known, whiR(h/v) andP (v) take into account the epistemic
uncertainty due to the lack of information.

6. An application to the municipality of Fabriano

The described methodology will be applied to the town of Fabriano stricken by the 1997
Umbria-Marche earthquake. In the Fabriano municipadibd in general in the whole Marche
Region, the 1997 post-earthquake damage and usability survey was performed with a
preliminary draft of the form at present used by the ltalian National Civil Protedtion.
completeness analysis concerning the whole building database is reported in Cherubini et al.
(1999). Considering only the Fabriano municipalitgarly all the buildings present typological
and damage data, while addresses or land register codes, required to georefer the buildings, are
almost nil. It must be noted that during the writing of this work, the updated, validated and
georeferred Fabriano database was not avail&bke analysis of the typological data has led to
typological distributionsP (v) andP (h/ v), reported inrable 3.

The observed damage to the vertical bearing structures has been argtgseesulting
mean damage for each of the vulnerability classes is quite high if compared with the values
obtained from other Italian post-earthquake surveys, e.g. Irpinia T®80result was already
pointed out in Dolce et al. (1999), although with reference only to the historical buildings. In that

Table 3- Building distribution in Fabriano, @/v) x 100.

Masonry
Irr egular layout, Regular layout,
Vertical structur es poor quality good quality

i.e. field stone i.e. bricks RC

Without With Without With

Floors ties and ties or ties and ties or

ring beams | ring beams | ring beams | ring beams

Vaults 11.1 13.0 12.5 15.6

Wodden 61.8 40.2 46.9 18.6

Steel and vaulted ma 9.6 8.6 16.7 8.5

Steel and masonry 7.1 11.8 9.1 8.9
RC. 10.4 26.4 14.8 48.4 100
Surveyed buildings 729 118 945 308 284
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case, on the basis of the mean damage index in Fabriano, an intensity greaterthaviSK
was assigned, significantly greater than the surveyed intehsityil-VIl MCS (Camassi et al.,
1997).

In order to obtain a reliable database, it has been considered fimeatto perform a new
survey rather than to complete and/or modify the post-earthquake ,stugyalso achieving
more homogeneous information. 883 buildings were surveyed (Larotonda and Dolce, 1999),
located in the Fabriano historic centre, where masonry buildings prevail, and in the districts of
Spina Serraloggia and By, where recent RC buildings prevaill the buildings have been
georeferred by means of the land register code. In the siswetjons 1, 3 and 4 of the 6.98
version of the Italian post-earthquake damage and usability form have been completed. In the
form, the vertical structures are classified as Masonry (regular layout, good quality and irregular
layout, poor quality), RC (frame, shear walls or both), Steel and MX&l.respect to the form
used in the post-earthquake survthe descriptions of the horizontal structures has been
replaced by their performance and the roof and the external walls have been included in
damageable components, while stairs have been excluded. Null damage has been introduced for
all the building components.

The inspections have been performed only from outside, due to the obvificistdibf
entering the damaged buildings a long time after the evdmns. aspect has in some way
underestimated the damage, as many wall separations can be observed only from inside, and this
has also been responsible for an incomplete floor identificafitten data were missing, the
typological distribution reported ifable 3 has been assumed.

The buildings where grouped into four féifent vulnerability classes, according to the
description of the horizontal and vertical structurBise building attribution to one of the
vulnerability classesP(T), is reported inTable 4.The damage distribution in each building,
P(d), has been assumed asTable 5, depending on the damage lefxdl,.., D5, and damage
extensiongl: e<1/3,e2: 1/3<e<2/3; €3: e> 2/3, observed in the buildingny non present
value in the damage distributionTable 4 is to be assumed null.

Table 4- Building attribution to vulnerability classes.

Masonry
Irr egular layout, Regular layout,
Vertical structur es poor quality good quality
i.e. field stone i.e. bricks RC
Without With Without With
Floors ties and ties or ties and ties or
ring beams | ring beams | ring beams | ring beams

Vaults without ties A=1.0 A=10 A=1.0 Q; 8:2

L A=05 A=0.8 B=0.8

Vaults with ties A=1.0 B=05 B=0.2 C,=02

) A=0.5 A=0.8 B=0.8

Flexible A=1.0 B=05 B=0.2 C,=0.2

Semi-rigid A=1.0 B=1.0 B=1.0 C;=1.0
Rigid g; 8:2 (':31':%_82 C;=1.0 C;=1.0 C,=1.0
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Table 5- Surveyed damage levels and damage distribution.

Level DO D1 D2-D3 D4-D5
Extens. el e2 e3 el e2 e3 el e2 e3
P(d) P(dy)=1 | P(dy)=1| P(d;)=1 | P(d;)=1 | P(dy)=1 |P(d,)=0.5 P(d3)=1 | P(d4)=1 |P(d4)=0.9 P(ds)=1
P(d3)=0.5 P(ds)=0.1

The analysis has been limited to the following intensite$MI VII VIII IX] MCS. The
felt macroseismic intensity in Fabriano has been assumkd-34-VII MCS, with a possible
error of & = 0.25.The following a priori intensity distribution has been obtained as a result of
the constrained optimisatiof® (I.,) =[0.541 0.405 0.000 0.054], from whidb[l.] = 6.56
MCS. The distribution of the reference intensity in Fabriano has been evaluated by means of the
previously reported probabilistic attenuation law for the following paramdders25 km and
I, =VII-IX MCS. We obtainedP (l,) =[0.633 0.291 0.069 0.007], from whi@h[l,.] = 6.45
MCS. Making use of the above a priori intenslty, the macroseismic intensity felt by each
building was obtained. By comparison with the reference intentity increment of
macroseismic intensity was obtained for each building and then converted into PGA
amplification.The distribution of the mean amplification in terms Pi&Aeported in Fig. 1. For
93.3% of the buildings, the mean amplification is not greater than 1.5, maximum value assigned
in the Fabriano microzonation (Marcellini et al., 200he mean value of the amplification
turned out to be 1.20 and its variance 0.149, so @\t 32.2%. The analysis of the
amplification in diferent areas of Fabriano produced the following results: Historic core:
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Fig. 1- Distribution of mean value of PGa&mplification for the buildings.
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m,=1.16,CV=24.1% (816 buildings); Bayo m, = 2.15,CV=44.1% (8 buildings); Spina
Serraloggiam, = 1.80, CV=43.2% (59 buildings). In the detailed microzonation of Fabriano
(Marcellini et al., 2001) an amplification factéa = 1.5 was assigned to the new districts of
Borgo and Spina Serraloggia, while in the historic core amplification values ranging from 1.1 to
1.3 were assigned, depending on the local soil properties. In partisuldre SWpart of
downtownFa=1.1, while in the NE parfa=1.2. Fa=1.3 (Fig. 2) only along the riverbed.
Results from the damage analysis seem then in good agreement with the microzonation results,
especially in the historic core. But in Bor and Spina Serraloggia as well if one takes into
account the fact that a) not all the buildings in these districts have been surveyedFand b)
refers to a 475-year return period earthquake, while the present analysis refers to the Umbria
Marche earthquake, of moderate magnitdlaen buildings in the Fabriano historical core are
grouped according tBa values, one gets a) 350 buildings located in the area vidserel.1,

4
dhve

1.0

EEEE
[ ]10-115
1.15-1.45

> 1.45

Fig. 2- Map of the mean amplification factor in the Fabriano historic core and Spina Serraloggia Eésteétrs to
amplification factors as a result of the Fabriano detailed microzonation (Marcellini et al., 2001).
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m, =1.15 and b) 464 buildings located in the area whkare 1.2, m.;=1.17. Hence our model

does not predict any significant f#ifence inc within the Fabriano historical core. From Fig. 2 it

is also evident that spatial dispersion of the mean amplification does not permit to clearly select
areas with dierent amplificationsThese results can be due to the lack of spatial correlation in
the a priori intensity distribution as well as in building data inaccuratiesaverage value of
amplification on lage areas seems then to be more representative than the localMaikiean
redirect the analysis towards the definition of a non local intensity obtained with a proper spatial
averaging of the local intensities.

7.Conclusions

Post-earthquake sitefett evaluation is a necessary step in any reconstruction strategy
Although several approaches are available totiytime required for a detailed microzonation
analysis is not usually compatible with the reconstruction progesgethodology aimed at a
possible measurement of seismic intensity from collected data of post-earthquake buildings, is
then proposedlhe felt macroseismic intensity in the analysed area is used as an initial estimate
for the local intensitydefined as the seismic intensity experienced by each building. Using
previously assessed vulnerability functions together with a Bayesian approach, it has been
possible to update the initial estimate and to evaluate the distribution of the local intensity for a
given surveyed building with a given damage level. Uncertainties in building type and building
damage are also taken into account.

An application to the town of Fabriano, struck by the 1997 Umbria-Marche earthquake is
presentedThe historical town centre, where the older masonry buildings are located, and the
districts where reinforced concrete buildings have been damaged by the earthquake, have been
included in the analysis. Results are in good agreement with the amplification of the ground
motion predicted by the detailed microzonation recently performed.

As in all the Bayesian approaches, results depend on the a priori intensity distribution. In the
proposed methodologyhowevey the a priori distribution is not assigned by the user but
evaluated by the model, on the basis of the overall building damage and the felt macroseismic
intensity The evaluation turned out to be well constrained, giving reliable results.

On the other hand, the major drawback in the methodology seems the lack of any spatial
correlation in the a priori intensity estimages a consequence spatially averaged amplification
values are more representative than local values. Fitladlyproposed methodology would be
more reliable if uncertainties in vulnerability functions and/or in vulnerability classification
were significantly reduced.

333



Boll. Geof.Teor Appl., 45, 321-334 GoreTTiandDoLcE

References

Albarello D. and D’AmicoV.; 2000: Sviluppali metodologie innovative per il calcolo della pericolosita sismica del
territorio nazionale. Pate prima.Technical Report, Contract National Seismic Survey and University of Siena,
October 52 pp.

Ambrosini S., Castenetto S., CevolaniBi Loreto E., Funiciello R., Liperi L. and Molin D.; 198Risposta sismica
dell’area urbana di Roma in occasione delrénoto del Fucino del 13 Gennaio 1915. Risultaéliprinari.
Mem. Soc. Geol. 1t35, 445-452.

Benedetti D. and PetrinY.; 1984:Sulla vulnerabilita sismica di edifici in muratura: un metodo di valutazione
L’'Industria delle Costruzionil.49, 66-78.

Benjamin J.R. and Cornell C.A.; 197Probability, statistics and decision for civil engineeringcGraw-Hill, Inc.
N.Y., 683 pp.

Braga F, Dolce M. and Liberatore D.; 198&:statistical study on damaged buildings and an enswngew of the
MSK-76 scaleln: 7 ECEEAthens, pp. 65-84.

Camassi R., Galli.PMolin D., Monachesi G. and Morelli G.; 199Rilievo macosismico peliminare del teremoto
umbio-marchigiano di SettembkerOttobe 1997 Ingegneria Sismica, XI|\B, 22-26.

Capotorti F; Monachesi G., Mucciarelli M., Saro andTrojani L.; 1997:Danneggiamento ed effetti di sito nel
terremoto umbw-mairchigiano di SettemberOttobe 1997 Ingegneria Sismica, X|\8, 12-21.

CherubiniA., Cifani G., Corazza L., Martinelh.., Di Pasqualé\., Orsini G. and Spuri C.; 199%he performance of
the damage swey and safety evaluation form in Mae egion In: BernardiniA. (ed), Seismic Damage to
Masonry Buildings, Balkema, Rotterdam, pp34119.

CNR-IRRS; 2000La miciozonazione sismica speditivelativa ai teremoti del 1997-8 in Umbridn: Pegalani F,
PetriniV., Romeo R., Pugliese (eds),Tipolito Visconti, Terni, 231 pp.

CNR-PFG; 1980Bozza di istuzione per la scheda di rilevamento dar8tato Maggiore Difesa, Roma, 12 pp.

Dolce M., GorettiA. and MasiA.; 1999: Damage to buildings due to 1997 Umbria-Mhe eathquake In:
BernardiniA. (ed), Seismic Damage to Masonry Buildings, Balkema, Rotterdam, pp. 71-80.

Grinthal G. (ed); 1998European Macoseismic ScaleChaiers du Centre Europeen de Geodynamique et de
Seismologie\ol 15, Conseil d’Europe, Luxembayr99 pp.

LarotondaA. and Dolce M.; 1999Descrizione del danneggiamento: Marcellini A. and Tiberi P (eds), La
microzonazione sismica di Fabriano, Biemmegraf srl, Piediripa di Macerata,1pp121

Magri L. Mucciarelli M. andAlbarello D.; 1994:Estimates of site seismicity rates using ill-defined wsgismic
data PureAppl. Geophys.143 617-632.

Marcellini A., Daminelli R.,TentoA., Franceschina G. and Pagani M.; 200he Umbria-Mache micozonation
project: outline of the mject and the example of Fabrianesults Italian Geotechnical Journ&l, 28-35.

Margottini C., Molin D., Narcisi B. and Serva L.; 198ntensity vs. acceleration: Italian datén: Proc.Work. on
Hist. Seismicity of Central-eastern Mediterranean Region, Rome, pp. 213-226.

MasiA., GorettiA. and Dolce M.; 2000Analogie nel compdamento sismico di edifici in muratura di buona qualita
e edifici in c.a,. Ingegneria Sismica, X\2, 15-22.

MasiA., Vona M., Dolce M. Telesca RR. and GorettA.; 2001: Resistenza sismica di telai in Calativi ad edifici
esistenti con e senza tamponatun: Proc. X Nat. Conf. on Seismic Engineering in lt&gptenza-Matera 9-13
SeptembeAbstract, pp. 43.

Medvedev S.\V 1977:Seismic Intensity Scale MSK. @eophys. PolAcad. Sc. Inst. PublA-6 8117, Warsaw 95-
102.

Sabetta Fand Puglies@..; 1987:Attenuation of peak horizontal acceleration and velociynfitalian stong motion
recods Bull. Seismol. SocAm., 77, 337-352.

334



