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SUMMARY:
In this paper we describe the methodology develapeazhiculate real time damage scenario for a seiswent,

using a mechanical based method for the vulnetakilssessment of buildings, Ground Motion Predictio
Equations, exposure data and local site effects. Mmbthodology has been developed for rapid assessahe
regional scales, and is tested here by compariagesbults with real damage data collected aftel thAguila
earthquake. In the followings we compare the resafliscenarios obtained with information of differéevel of
detail and accuracy, from national exposure andl daia used in conjunction with first hand earthqua
information, to exposure data and site effects ognifom detailed survey that have become availablihe
months following the event.
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1. INTRODUCTION

The real time damage scenarios presented in thik @ developed by integrating a routine for
seismic risk assessment with a set of GMPEs whiolige the ground shaking information. The
routine evaluates the seismic vulnerability of dding in term of the probability to reach or exdes
certain level of structural damage for a given leveshaking. The building capacity is evaluated
through a mechanical based method called in teeatiire SP-BELA (Borzi et al., 2008), that requires
as fundamental data the height and structural ogyolof a building to perform a Monte Carlo
simulation and produce a set of pushover curves. ftilding capacity is then compared with the
level of shaking to evaluate the probability of d@®. The comparison is done in term of capacity and
displacement demand corresponding to the spectdihaie at the fundamental period of the
considered building. The degree of damage is ¢iedsin three level, namely light damage (SL1),
severe damage (SL2) and collapse (SL3). In thiskwa consider how better quality data affect the
calculated scenario, focusing in particular onweables influencing the level of shaking, suchhes
type of GMPE used, site effects, fault informatiand on the exposure data. We will discuss three se
of scenarios produced introducing increasing lefetomplexity in the data utilised, starting from
basic earthquake information and nationwide sifece$ and exposure data, to improved earthquake
information, finally adding detailed exposure anditnmezonation data for the L’Aquila historical
centre.

1.1. The L’Aquila earthquake

The damage scenario has been produced for the shaick of the L'’Aquila earthquake, which
occurred on the 6th of April 2009 in southern Italye epicentre was recorded at longitude 13.334,
latitude 42.3, at a depth of 8.8 km and had a mommgnitude of 6.3. The normal fault activated in
this earthquake was not immediately recognised,saveral hypotheses were done in the first few
days after the event. Therefore the data availiabthe first few days were the location of the dven
and the focal mechanism. The Department of Ciwviltéation in the following months carried out a



survey for the safety assessment of buildings,sglasg the damage in 6 classes, from A (safe
buildings with no damage) to E (unsafe for highutiiral damage), with a further class utilised for
buildings unsafe for external risk. The resultsttoé survey for the private buildings are shown in
Table 1.1

Table 1.1.Damage survey and safety assessment of privatirgs.

Percentage Number of buildings Safety class

A SAFE (Small damage can be present, but negligible

0,

oLo% 30997 risk for human life)

12,5% 9056 B SAFE WITH QUICK INTERVENTIONS
(temporarily unsafe)

2 7% 1958 C PARTIALLY SAFE (Only a part of the building can
be safely used )

2.4% 1741 D TEMPORARILY UNSAFE (to be carefully
reviewed)

26.4% 19151 E UNSAFE (high structural or geotechnical risk for
human life)

5% 3642 F UNSAFE FOR EXT. RISK (heavy damaged

adjacent buildings, possible rock falls, etc.)

To compare the results of this survey with the ll@festructural damage calculated by the real time
scenario we associated each level of structuralagenwith different classes of building safety, as
illustrated in Table 1.2

Table 1.1.Damage Correlation between structural damage gradesafety classes of the damage survey.

SL1 light damage B 9056 12.5%
SL2 severe damage C+D 3699 5.1%
SL3 collapse E 19151 26.4%

Class F is not associated to any structural danegd as it is not possible to know whether the
buildings unsafe for external risk where actualgméged or not, therefore the comparison of the
results will be biased by the 5% buildings fallinghis class.

1.2. Ground Motion Prediction Equations

We selected a set of Ground Motion Prediction Equnat(GMPE) based on their goodness of fit with
Italian data from the accelerometric network andisBang the following requirements: 1)
applicability in the first aftermath of the evenittwthe minimum information available, such as
earthquake location, depth and magnitude; 2) agipility of the site effects coefficients to thelitia
Building Code soil classes; 3) applicability toeenge of spectral ordinates and possibly calibraged
ground displacement. Based on the above requiraniemichosen equations are the Cauzzi & Faccioli
(2008), the Akkar & Bommer (2010) and the SabettRu&liese (1996). In the followings these will
be referred to as respectively the CF, AB and SP.

2. REAL TIME SCENARIO AT THE REGIONAL SCALE

2.1. Exposure data and site effects

Exposure data for this level of analysis come fiitwa national census data (ISTAT). This database
provides information on the number buildings présereach municipality subdivided by structural



type (masonry or Reinforced Concrete), number afegts and construction period in a range of ten
year. By using the information present in this date we can infer the vulnerability class of magonr

buildings, subdividing them in masonry of classBAand C for high, average and low vulnerability

respectively. For RC buildings we can assume sedaiyi designed and not seismically designed
buildings by comparing their construction periodhathe year in which the municipality they belong

to was assigned to a given seismic zone by thiartédw.

Site effects were considered by using a nationé&lmap at 1:100k scale produced by the INGV

(National Institute of Geophysic and Vulcanologyhat classifies soil type according to Italian

building code soil categories and provides also fieecentage of different soil type within the

inhabited areas of each Italian municipality, faling the methodology of Di Capua and Peppoloni
(2009). As it is not possible to know where thegirbuildings are within the municipalities and on

which soil type they are located, we evenly divilde masonry and RC buildings between the different
soil types and calculate the scenarios by usingctreespondent amplification coefficients of the

GMPE of interest. Where the amplification coeffii® are provided for different ranges of Vs30

rather than for soil categories, an average VsB@doh soil class is assumed (Michelini et al.2008)

2.2. Damage scenario with first-hand earthquake irdrmation

A first example is given here of rapid damage assest showing a scenario that can be calculated in
the immediate aftermath of the earthquake withfitise data available, that is epicentre locatiospith

and magnitude of the event. The calculated scemaaie for a fault of unknown type, and a
comparison is made between results on rock and soll

We produced different scenarios on rock and saiiguthree GMPESs, i.e. CF, AB and SP (the latter
available only on rock), and we compare the reswith the data for unusable buildings from the

damage survey. Unusable buildings are the onesiftdgsas agibility class E or F, and they can be
compared with buildings reaching or exceeding ttnactural limit state 2. Figure 2.1 shows the

comparison between the results obtained with theettGMPEs and the real data considering rock
condition (a), and soil amplification effects (b).
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Figure 2.1 Comparison between the real time damage sceoaniock (a) and soil (b) and the real data for
unusable buildings (class E + F) coming from thibitity survey. CF = Cauzzi Faccioli, AB = Akkar Bumer,
SP = Sabetta Pugliese

As it can be seen the real damage data fall bettveemean and maximum scenario results on rock
for the AB and SP equations, while they are highan the maximum of the CF data on rock. When
using soil amplification data the damage figuresttma ground are nearer to the mean values of the
scenario obtained with the CF and AB equationbpalgh they always fall above the mean. The type
of site amplification coefficients used in the SR2fuation does not allow its use with the kindaf s
information available in this work, and the resualte repeated in the graph only for completeness.
Although the figures from the simulation scenaniovide a good agreement with the damage data, the



spatial damage distribution is somewhat differéitie modelled scenario shows that 95% of the
damage reaching or exceeding limit state 1 occlitlsirv80 km from the epicentre. The real data
showed that that the municipalities reaching Intessgreater or equal to 6 of the MCS scale are as
far as 70 km from the epicentre, but the damageilalision is asymmetric and concentrated along a
narrow band elongated roughly WNW-ESE, east ofntlaén shock location (Figure 2.2), while west
of it the damage decrease rapidly within about 200k the epicentre. This feature is characteristic
the L’Aquila earthquake and is probably relateddiectivity and near fault effects that have been
recognised for this earthquake, effects that ateeasily modelled with the usual GMPEs.
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Figure 2.2 Damage scenario calculated with the CF on sxjilressed as percentage of buildings reaching or
exceeding SL1 (left) in each municipality. On tight the cumulative distribution of the percentagduildings
reaching or exceeding SL1 with respect to the waahage within 100 km from the epicentre

2.3. Damage scenario with fault data

In our second example we utilised the fault medranand geometry that has been defined in the
months following the earthquake event. The twonai@ion equations that utilise the Joyner-Boore
distance as metric are the AB and the SP, whiledhalts for the CF will remain the same as such
equation utilise the hypocentral distance and tsaffected by the fault geometry.

The graphs in Figure 2.4 show the comparison betwee real data and the scenarios produced with
the selected GMPEs for the median and plus or mones standard deviation of ground motion,
expressed as percentage of the total buildingsidenesl. The real data are obtained from the damage
survey carried out in the municipalities that expered intensities greater or equal to 6, displdged
Figure 2.2. The results of the scenarios obtainéd tve median of the GMPEs are lower then the real
data for light damage and especially for collapsedl the three attenuation equations, with better
results for the SP (in green) and CF (in blue).

All three GMPEs perform better for the three damstgée when considering the 84th percentile of the
ground motion, with very good fit for the light dage, and slightly higher results for severe damage
and collapse. Using the 16th percentile of the GBIRfe results are always underestimated, except
for the light damage calculated with the SP equatibis to be noticed that while the AB and CF
ground motions are calculated using soil condititims SP is considered only for rock conditions.
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Figure 2.3.Real time damage scenario calculated using the ABJLGnd SP96 (b) GMPESs, on soil and rock
respectively, using the distance from the surfaogeption of the Paganica fault, recognised astheace of the
L’Aquila 2009 earthquake
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Figure 2.4.Results of scenarios obtained with three GMPEsgu$ia median (a), +1STD (b), - 1STD (c)
compared with the real data for the municipalitiéth | >=6, expressed as percentage of buildinggagncing
the damage states SL1, SI2 and SL3. Pink = CF, BI&B, Green = SP, Red = real data.

3. DAMAGE SCENARIOS AT THE LOCAL SCALE - HISTORICAL TOWN CENTRE

Detailed vulnerability data were collected for L'éita historical town centre by Tertulliani et al.
(2011) during a damage survey of L’Aquila downtogamried out after the 2009 earthquake. We used
these data to calculate a damage scenario atdhkdeoale and compared the results with the real da
coming from the cited damage survey. The scenage modelled using the AB GMPE, and site
effects coefficient were considered by taking iatcount both the national soil map and the resfilts

a recent microzonation study carried out by theadepent of civil protection (Gruppo di Lavoro MS—
AQ, 2010)



3.1. Buildings vulnerability

The vulnerability map available from the work ofritdliani classified masonry buildings in three
classes, A, B and C with increasing degree of tyyaind two type of Reinforced Concrete, classified
as vulnerability class C, for RC buildings withaurtti-seismic design and D, for seismically designed
RC buildings. These data were used to assign to leaitding the structural type required to calcelat
the capacity with SP-BELA: We used the vulnerapititap, together with detailed aerial photographs
available for the town, to digitise the buildingsdaassign them the structural type corresponding to
the vulnerability class, which is straightforwaat tlasses A, B and D. To assign a structural tgpe
the buildings belonging to the class C of Tertuililequired instead some assumptions, as both good
quality masonry and RC without seismic design dassified as “C”. We decided therefore to assign
the buildings of more than 5 storeys to the cla€sriet seismically designed, while the remaining
buildings with 5 or less floors would be consider@sl masonry. The number of storey for each
building was estimated by overlaying the vulneiigbibyer with the service ‘Edificato’ provided by
the Portale Cartografico Nazionale (PCN) for thaénmtalian towns, which has information on the
building height, and we calculated it by assumingraer-storey height of 3.4 metres for masonry and
of 3 metres for RC. The building distribution olpiedl by all these data is shown in Figure 3.1.

400
350
300
250
(7]
oo
£ 200
L)
3 150
[T
© 100
=
"l b1
0 - I | .
1 2 3 4 5 6 7 >=8
n. of storeys
BMaa EMab EMac BRCns MRCs

Figure 3.1.Building distribution in vulnerability classes andmber of storeys for the L'Aquila historical
centre. “Ma a” = Masonry - high vulnerability, “M#& = Masonry — average vulnerability, “Ma ¢ = Maspr
low vulnerability”, “RC ns” = Reinforced Concretetseismically designed, “RC s” = Reinforced Cotere
seismically designed.

3.2. Site effects

To consider local scale site effects we overlaid iBIS the buildings map with the national soil map
and with the microzonation map. When a regionalesseenario is performed, the information on the
location of single buildings is usually not avallgbbut only the number of buildings for each
structural class within a given area is known. i# tocal scale we can instead assign exactly tihe so
class for each building considered in the calcofatiFor each building we therefore assigned a soil
class and a Vs30 from the 100k map, called respgtsoil 100k and vs30_100k. The soil class was
derived directly from the soil map, while the Va88s inferred by using an average Vs30 for each soll
class, as described in §2.1.



The microzonation data do not classify the teryitor soil categories, but provide for each zone
recognised as characteristic a stratigraphic latp wt$ Vs profile, and the amplification factors FA
calculated with numeric analysis performed for ¢haracteristic profiles. As we cannot directly use
the FA with the chosen GMPEs, we decided to estinaatys30 from the representative profiles
defined for each zone. The L'Aquila town centre baen divided, in terms of FA, in two zones. The
first one, in the northern part of town, compride® zones with similar FA (Zs6 and Zs7),
characterised by 20 to 50 metres of breccias wigh=\V800 m/s, followed by less than 100 to 200
metres of silts with Vs of 600 m/s. The second ez(#s8) can be found mainly in the southern part of
town and is characterised by 20 m of silts with=/300 - 500 m/s, on 50 m of Brecce with Vs = 800
m/s, followed again by silts with Vs = 600 m/s. Aoding to the Italian building code (NTC 2008) the
soil category for Zs6 and 7 could be A (bedrockBpwhile Zs8 could be classified as soil E. Imier

of Vs30, this could range between 700 and 800 m&S6 and Zs7, and between roughly 380 to 570
m/s in Zs8. For the purpose of the real time danmsggnario we assigned a Vs30 = 700 m/s to
Zs6+7s7, and a Vs30 of 480 m/s to Zs8.
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Figure 3.2.Vulnerability of the L’Aquila town centre, presestudy, modified by Tertulliani et al. (2011), and
microzonation modified by Gruppo di Lavoro MS—-AQ(D).

The national soil map classified instead the nortipart of town, more or less corresponding to Zs 6
and 7 (Vs30 = 700 m/s in Figure 3.2) as soil C/evthie southern area was classified as soil B, more
in agreement with the Vs30 assigned in this work.



3.3. Damage scenario results

Damage scenarios for the historical town centreeveafculated using the AB equation for the median
of ground shaking, considering the extended fagddun § 2.2 and with soil information as described
above. The results are shown in Figure 3.3 andr€&igw, and compared with the real damage data
collected by Tertulliani. In Figure 3.3 we see sieenario calculated using the 1:100k soil mapifer s
effects. As we can see the buildings that expeei@amage grades 4 and 5 are less in number than
the buildings having a high probability (greatearitB0%) of reaching the limit state of collapse SL3
in the modelled scenario. Looking at the vulnergbimap of Figure 3.2 we can see that such
buildings are mostly masonry of class A, B and @jlevin the real scenario also a RC building in
class D collapsed.
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Figura 3.3. Left, damage scenario expressed in terms of pitityadf reaching the limit state of collapse (SL.3)
with site effects from the national soil map. Righe real damage data showing the buildings egpeirig
damage grade 4 and 5, classified by vulnerabilags(modified bye Tertulliani et al., 2011).

When using the more detailed information derivingnf the microzonation study to evaluate the site
effects the modelled scenario results are a baperoximation of the real damage data. In Figude 3.
we see in fact that even if we have still a highegree of damage, compared to the real data aidlect
there is a better fit in the damage distributiohe Duildings with high probability of reaching ShBe
mostly masonry of class A and B, with fewer C, whall RC buildings have a probability of reaching
SL3 lower than 20%.
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Figure 3.4. Left, damage scenario expressed in terms of pitityeof reaching the limit state of collapse (S1.3
with site effects from the microzonation study. Righe real damage data showing the buildings réeqpeng
damage grade 4 and 5, classified by vulnerabilags(modified bye Tertulliani et al., 2011).

4. CONCLUSIONS

We developed a routine to calculate real time dasgenarios that integrates a mechanical based
method for the vulnerability assessment of buildingxposure data, ground shaking information and
soil conditions and we tested it by comparing thsutts with the real damage data of the L’Aquila
earthquake of 6 April 2009.

We used three GMPEs, national scale exposure ddtaal information to produce two scenarios that
could be run in real time, with minimum information the event required. The results of a first test
run on rock and soil with the three GMPEs has shthah soil information, although with a low level
of detail as the ones available at the nationdéseae important to adequately quantify the dambage
fact the comparison done in terms of humber of ablgsbuildings displays a better fit with the real
data when producing a scenario taking into accsibmteffects.

Although there is a good agreement between sceaadoreal data in terms of general figures, the
spatial distribution of damage and the comparisdth ¥he municipalities that experienced damage
intensities equal or greater than 6 are quite wiffe even when introducing in the calculation the
extended fault and fault mechanism rather than trdyepicentral location available in the firstttes
The comparison with the municipalities with | >=osv the better fit for the scenarios produced with
the 84" percentile of the GMPEs.

The scenarios produced with more detailed inforomatin exposure and site conditions calculated for
the historical city centre has evidenced again ithgortance of good quality data for site effect

evaluation, as better results are obtained whargusicrozonation data. The comparisons have been
made for the limit state of collapse and the resale overestimated by the model, contrary to the



results obtained for the median of all GMPES fer tbgional scale scenarios.
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