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Abstract  The paper describes the output of a survey carried out in the district of L’ Aquila,
Italy, in May 2009 after the April earthquake and later in January 2010, and the consequent
vulnerability assessment completed by the authors. Observations collected on site regard
masonry buildings of the historic centre of L’ Aquila and the towns of Paganica and Onna;
particular focus was given to a number of buildings of interest, which better represent two
locally recurrent building typologies: the mansion and the common dwelling. A description
of the main structural features and their influence on damage mechanism is provided, stress-
ing the importance of elements such as wall lay-out, quality of masonry and strengthening
interventions. The gathered information is used as input for the application of the FAMIVE
method (D’ Ayala and Speranza in Earthq Spectra 19(3):479-509, 2003), whereby feasible
collapse mechanisms and the associate failure load factors can be identified. The procedure
is briefly outlined and results are discussed from the point of view of the performance point:
push-over curves produced by statistical elaboration of FaMIVE’s output are compared both
with the demand spectra obtained from ECS8 and the response spectrum for the main shock
as recorded by the closest station to the town. Conclusions are drawn on the reliability of the
FaMIVE method with respect to its capability of predicting the damage mechanism identified
on site.
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1 Introduction

The earthquake of 6th April 2009 and its aftershocks have caused extensive damage to a large
historic urban area in Italy. Although previous events of the last two decades, Umbria and
Marche, 1997; Molise Region, 2002; Garda Lake, 2004, had severely damaged the Italian
historic building stock, they have not affected a major historic centre such as L’ Aquila, with
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a plan area of about 1.5 km? and a resident population within the city walls of at least 10,000
people.

The case of L’ Aquila is most emblematic and unique from both conservation and seismic
points of view, for a number of reasons: the city includes within its walls a building stock
up to 700 years old and varied in age and architectural styles; its heritage buildings are not
limited only to monumental or religious buildings, but constitute the urban fabric and resi-
dential stock; its history is marked by a number of previous destructive earthquakes and the
evidence of historic reconstruction and repairs is clearly visible.

Many of the existing historic buildings have undergone substantial re-adaptation and
changes to their structural system in the last 50 years to account for better exploitation
of space, insertion of modern residential comforts and limitedly to improve their seismic
performance. Therefore an assessment of their seismic vulnerability with relatively simple
methods is difficult due to the several uncertainties of behaviour associated with the present
construction characteristics.

The presence in literature of procedures for displacement based vulnerability assessment
of historic masonry is very modest. Among the methods available, those based on mecha-
nism identification are particularly suitable for use within displacement based performance
assessment (Lang and Bachmann 2004; D’ Ayala 2005, 2008; Lagomarsino and Giovinazzi
2006; Crowley et al. 2004; Bernardini and Lagomarsino 2008; Restrepo-Vélez 2003 ). This
type of model associates capacity curves to specific construction characteristics or building
typologies, which can be considered as having a homogeneous response to seismic hazard.
Capacity curves are usually defined assuming either in-plane or out-of-plane failure behav-
iour and quantifying strength and displacement by computing simple geometric parameters
(cross sectional area of walls at chosen levels, inter storey height, etc) and very few mechani-
cal parameters (such as characteristic shear strength or coefficient of friction and compression
strength) which can be inferred on the basis of the knowledge of the materials or by lim-
ited testing. The definition on the capacity curve of specific limit states (corresponding to
predefined displacement values) and correlation of these to damage states eventually allows
the distribution of different damage levels over a population of buildings (a mean damage
value and standard deviation) to be defined and hence the fragility curves for different levels
of shaking to be derived. One of the advantages of such approach is that since it allows
for evaluating the capacity of the structure as an analytical function of a modest number of
geometrical and mechanical parameters, it is possible to apply suitable procedures for the
uncertainty propagation (Pagnini et al. 2008). In recent years procedures to derive fragility
curves for building stocks in some European cities have been developed within EU-funded
projects such as RISK-EU (Spence and Brun 2006) and LESSLOSS (Spence 2007; Spence
et al. 2008). However, these procedures are often based on an empirical approach rather than
the analytical approach outlined above.

A robust analytical procedure needs extensive validation by correlating its damage esti-
mates with observed earthquake damage data, and verifying that the chosen parameters are
representative of the building stock, both in terms of hypothesis of structural behaviour (flexi-
ble versus rigid horizontal structures, out-of-plane versus in-plane resisting mechanism, etc.)
and actual numerical values.

The use of a procedure, proposed by D’ Ayala (2005), which can be considered as a devel-
opment of the N2 method for masonry structures (Dolsek and Fajtar 2004), is presented here,
to analyse the earthquake effects on the historic centre of L’ Aquila. It uses limit state analysis
with a mechanism approach to obtain realistic pushover curves for structural masonry com-
ponents and has been coded within the FAMIVE procedure (D’ Ayala and Speranza 2003).
Given the non standard nature of existing masonry buildings, the procedure is interfaced with
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Fig. 1 Historic earthquakes felt in L’ Aquila from year 1000 to 2002 (source: INGV Database Macrosismico
Italiano-2008, at http://emidius.mi.ingv.it/ DBMIO8/). Is is the Intensity at the site in MCS scale. (Stucchi et al.
2007)

adatabase from post-earthquake damage and construction surveys, which allows for correlat-
ing specific masonry construction details with seismic performance and damage states. The
procedure has been validated with empirical data from various seismic events and applied to
define risk scenarios in Europe and Asia (Bernardini and Lagomarsino 2008; D’ Ayala and
Ansal 2009).

The results of two campaigns of survey of the historic centre of L’ Aquila are reviewed
in the next section, highlighting construction characteristics and corresponding damage pat-
terns. The gathered information is used as input for the application of the FAMIVE procedure,
whereby feasible collapse mechanisms and the associate failure load factors can be identified.
The procedure is briefly outlined and results are discussed in terms of performance points:
push-over curves produced by statistical elaboration of FAMIVE’s output are compared both
with the response spectra as obtained from ECS8 and the response spectrum for the specific
main shock, as recorded by the instrument closest to the city centre. Fragility curves are then
derived for different limit states, both in terms of lateral capacity and lateral displacements.

2 On-site survey
2.1 Construction characteristics

During two on-site visits to L’ Aquila and the villages of Paganica and Onna, the authors
carried out a detailed post-event survey of the historic centre of L’ Aquila focusing on unrein-
forced masonry (URM) structures. In particular, attention was paid to residential and ordinary
buildings, which form the historic fabric of L’ Aquila city centre. These have been erected
from the thirteenth century onward, with the largest portion being built after the 1703 earth-
quake, which, together with the 1349 and 1453 events, had a destruction potential comparable
to the 2009 event (Fig. 1).

Within the residential stock two main building typologies can be identified (Fig. 2):
common buildings, which nowadays are used as dwellings and small commercial activi-
ties, and small to large mansions, which have either residential or administrative functions.
Although sometimes substantially different in term of dimensions, the quality of materials
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Fig. 2 a Apartment building from late nineteenth century and b mansion from early 20th century

and construction is fairly homogeneous, with a high concentration of mansions in the historic
centre of L Aquila, where most of the wealthy families of the province used to reside.

Common buildings are from two (older and poorer) to four-storey high (mostly built in the
last 200 years), grouped in bulk-shaped blocks, formed by a relatively regular street grid (see
map in Fig. 15). Buildings within the blocks were in some cases built all at the same time,
as it is visible from the interlocking of the masonry work among common party walls, or in
other cases over time, with adjacent buildings having independent party walls and different
floor height, even though no space might have been left between the facades. In a small num-
ber of cases, reinforced concrete frame buildings are also present in adjacency to masonry
houses. This layout has direct implications on the seismic behaviour of single buildings and
clusters, and leaves some of them at severe risk of hammering, as indeed was observed.
A block is formed by four to eight buildings, usually arranged around small internal court-
yards, each with dimensions variable in function of the number of rooms, these normally
being a standard size of 3—4 x 4-5 m. Mansions tend to be larger and isolated, covering a
whole block, or arranged in less numerous clusters, showing regular plan layout. While no
high-rise structures exist in the city centre, buildings within a block might present variable
height, with differences up to two storeys.

The bearing system is composed by sets of orthogonal walls, the original alignment being
frequently compromised as a result of modifications brought to structures throughout the
years. Typical alterations to the original structure are the frequent addition of a storey above
the original roof level, and the inclusion of mezzanines in those cases where original storey
height was more than 4.5 m. The effect of this continuous remodelling of internal spaces,
sometimes leading to fusion of two or more buildings into new ones, can also be observed in
the masonry fabric: walls, which are from half to a meter thick, feature different quality and
typology of units and mortar, in some cases mixed together in the very same wall, sometimes
with additions of concrete blocks, steel beams and r.c. slabs replacing original floors (Fig. 3).

Masonry fabric typologies most frequently observed were rubble stone, roughly squared
stone blocks mixed with bricks, sometimes in regular courses, brick masonry, and dressed
stone blocks. Walls in a few cases appear to be massive, but most commonly are formed by
the so called “muratura a sacco”, namely two wythes of dressed stones poorly connected,
sometimes with a rubble infill. (Fig. 5a) Mortar is mainly lime mortar, but mud mortar was
observed in the village of Onna (Fig. 4). Large squared stone blocks are used for quoins
both in common buildings and mansions (Fig. 5b, c) but the overall quality of material and
workmanship is generally superior in the latter thanks to the use of courses of dressed stone
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Fig. 5 Examples of a ‘muratura a sacco’ and of b—c stone quoins. The photo on the right is of a building of
the XIV century in which two storeys have been added under and above the original roof line

alternating to courses of brickwork. It should be noted that, although an accurate case by case
study could not be conducted in this occasion, generally the quality of the masonry fabric
is related to the age of the building, with buildings predating the 1703 earthquake showing
better choice of stone units, regularly dressed and laid out in thin bed joints of good lime
mortar.

Table 1 shows images of the typologies of masonry identified on site, classifies them
according to the FAMIVE procedure, and correlates them to the classifications proposed by
the Italian Gruppo Nazionale per la Difesa dai Terremoti, CNR-GNDT (Bernardini 2000) and
by the Italian code Ordinanza (OPCM) 3274 (Consiglio dei Ministri 2003). The CNR-GNDT
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Table 1 Mechanical properties of the surveyed typologies of masonry as referred by Italian seismic guide-
lines and codes. f;;; indicates the range of compressive strength, t;; indicates the range of characteristic shear
strength

Annex 2-OPCM3274
On-site survey and FaMIVE classification CNR-GNDT fm (N/mm?) | t , (N/mm?)

min-max min-max

6.0-9.0 0.2-0.32

Rubble random stone

masonry

C1: Rubble stone

11.0-15.5 0.35-0.51

B Roughly shaped stone
D2: Cut stones with randomly inserted bricks blocks, random bricks

e DI _1

S ey e om 15.0-20.0 | 0.56-0.74

Roughly shaped stone
blocks, with binding

brick courses

18.0-28.0 0.6-0.92

Brickwork

B1: Brickwork

classification includes a table of typical masonry layouts to be used during post-earthquake
surveys: each masonry type is subdivided in two categories depending on the type of fabric
and mortar, and the presence of binding brick courses and internal connections. The quality
of the fabric is directly correlated to the capacity to resist in-plane and out-of-plane collapse
mechanisms.

The masonry types identified by the CNR-GNDT classification can be related, through
their description, to typical ranges of compressive and shear strength suggested by Annex
2 of OPCM 3274, providing an initial characterisation of materials. It is worth noting that
the ranges are in some cases rather wide and overlapping, implying substantial difference in
performance.
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Fig. 6 Typologies of vault: a barrel vault built with roughly shaped stone with a thickness of about 0.25 m,
and b shallow brickwork cross vault, with bricks laid in folio and overall thickness of 0.06 m

Fig.7 a, b Brickwork in folio vaults introduced after the 1,703 earthquake as false ceilings, altered into load
bearing elements by the introduction of a wire net reinforced concrete screed in the late twentieth century

The original horizontal structures surveyed in L’ Aquila include both masonry vaults and
timber floors and roofs, replaced in recently refitted buildings by lightweight jack arches
on steel beams. Masonry groin and low-rise vaults are generally present at the ground floor
(Fig. 6), especially in mansions, over the main entrance and to support staircases. Decorative
groin vaults were introduced as false ceilings after the 1703 earthquake and are common
also at upper levels. Although these were not originally structural elements, they have indeed
been used for this purpose, by laying concrete screed floors with steel mesh on top of them
(Fig. 7). As in many other historic centres in seismic prone areas, cross-ties are a common
feature, introduced certainly since the 1703 earthquake, but in some case probably even
before. Traditionally made of timber with a iron end plate, more recently and commonly,
wholly of iron (Fig. 8), they are inserted longitudinally into the masonry, just below the floor
level or above the openings, with metallic plates or elements resting on the external surface
of the wall to improve the connection between sets of perpendicular walls or between walls
and floor joists. Many modern typologies made of stainless steel are also visible. The ties and
quoins have the aim of improving the box-like behaviour of the masonry cell. A qualitative
assessment of their performance is presented in the following section by way of analysis of
the observed damage.

2.2 Description of damage

The damage observed in L’ Aquila has been classified using the catalogue of mechanisms
originally developed for the FaMIVE procedure by D’ Ayala and Speranza (2002), with later
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Fig. 8 Traditional reinforcement: a timber tie, b wrought iron cross tie inserted in a quoin and ¢ twentieth
century steel tie with end plate

A D E
VERTICAL PARTIAL VERTICAL STRIP
OVERTURNING e OVERTURNING 1 OVERTURNING

Fig. 9 Out-of-plane mechanisms due to poor connections at corners: damage mechanism A, complete over-
turning of fagade; damage mechanism D, partial overturning along a diagonal, mechanism E, partial overturning
of the openings vertical strips

B B2 _
OVERTURNING WITH | OVERTURNING WITH| (s
1 SIDE WING 2 SIDE WINGS

Fig. 10 Effect of good connections at corners: damage mechanism B, overturning with side wing/s (left), and
damage mechanism C, corner failure (right)

additions and updates. While the actual proportion of each damage type, within the surveyed
sample will be presented in Section 3 and compared with the calculated damage mecha-
nisms, here a qualitative correlation between construction details and damage types from
visual inspection of a larger number of buildings is established. Both parameters relate to the
observed behaviour of the visible fagades, as most of the buildings were inspected from the
street only, given safety and security concerns. The partial or total overturning of the facade
is due to poor quality of connections between walls or part of them, as shown by photos
and sketches in Fig. 9. When the quality of the masonry fabric at the corner is enhanced
by the presence of quoins, the facade is not allowed to overturn and mechanism types B or
C will preferably develop (Fig. 10). The occurrence of one or the other of the two types
depends on the layout of the opening, on the spanning direction of the horizontal structures
and on the presence of internal load bearing walls normal to the facade and their connection
to it. However, the efficacy of cut stone quoins is limited when coupled with poor fabric or
internally unconnected masonry as walls don’t behave like rigid bodies but tend to become
loose. It should also be noted that in some cases the quoins might be only veneers inserted
for architectural rather than structural purposes.
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Fig. 12 Damage mechanism F—vertical arch (/eff) and damage mechanism G—horizontal arch (right)

When out-of-plane mechanisms of the types described above are prevented by efficient
connections among orthogonal walls then in-plane mechanisms, mainly activating the shear
capacity of the masonry, are likely to develop. Differently from what usually considered in
modern unreinforced masonry, the occurrence of regular diagonal X shaped cracks in the
spandrels or in the piers is not the most common case. This is due to various issues: firstly,
the irregular distribution and size of opening leads to uneven distribution of stiffness and
shear capacity among the piers so that some might be more vulnerable than others; secondly,
even when the opening layout is orderly and regular, if the floor structures are not rigid in
their plane, as it is the case with timber floors and vaults, the redistribution among piers of
the lateral actions will depend on their connections with internal walls and position of the
timber beams or groin of the vault.

Furthermore the piers might be failing in a combination of bending and shear, rather than
just shear (Casapulla and D’ Ayala 2006). For these reasons mechanisms H and H2 depicted
in Fig. 11 are calculated by identifying the weakest load path in the fagade leading to shear
failure, rather than simply using lateral capacity of the piers and assuming a rigid behaviour
of the spandrel. Cross-ties, which originally might have been introduced to counteract the
trust generated by vaults, also help to protect the fagades from out-of-plane damage in a
large number of cases. When the fagade is prevented from moving out at the roof level and
along the edges, it might behave like a constrained plate, with out-of-plane movement at
a lower level. When the mechanism fully develops is identifiable by the bowing out of the
walls (Fig. 12). However for the constraints to be effective the ties should be regularly spaced
over the facade and correctly anchored and connected through to the orthogonal walls or to
the floor structure. When this is not the case, and the unrestrained length of the facade is
considerable in respect to its thickness, then mechanism type G is likely to occur.
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Fig. 13 Examples of failed steel cross-ties: a material failure by tension of a timber tie; b punching shear
failure of the anchor plate through the masonry wall

‘ (b)

Fig. 14 Collapse of roof structures

Examples of poor performance of ties were observed, related to either material deteriora-
tion of the anchor (Fig. 13a), mainly in the case of timber, or lack of sufficient integrity and
shear capacity in the masonry to withstand the thrust generated at the anchoring plate by the
relative movement of the two orthogonal walls (Fig. 13b).

The quality of masonry dramatically influenced the level of damage: the difference is
between local or total collapse in the ordinary houses made of rubble or poorly squared
stonework, and damage limited mainly to cornices, lintels and other jutting elements, or
slight separation of perpendicular walls at the level of the spandrels, in the cases of better
built mansions. In many of the latter group the internal partitions suffered important shear
diagonal cracks and in a limited number of cases also separation from the orthogonal fagcade
walls, but in general collapse was prevented.

The quality of masonry was also a contributing factor for other associated failures
observed: indeed the partial or total collapse of floors and roofs recurred frequently, due
to the high deformations occurring in the walls, enhanced by the thrusting action of the hori-
zontal structures themselves, which caused the bearings to slip out of their positions (Fig. 14).

In summary, within the historic city centre of L’ Aquila the number of total collapses
observed was minor, while the proportions of partial collapses of the upper storeys was
perhaps greater than would have been expected given the level of shaking. In a minority
of cases total collapse of the facade was observed, and these were usually associated to
substantial alteration of the original structure. Although the number of masonry buildings
undamaged is very modest, the majority suffered either minor damage or structural repairable
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damage. This situation allows on one hand to identify and recognise collapse mechanisms,
on the other to better correlate ultimate capacity to strong motion characteristics, and hence
lends itself to a more detailed in situ survey and analytical assessment, as discussed in the
following section.

3 Vulnerability assessment procedure and collapse mechanism identification

3.1 Definition of sample and data collection

During two campaigns of survey, in the first week of May 2009 and in January 2010, a sam-
ple of ninety buildings was surveyed, recording geometric layout, construction and structural
details for at least two orthogonal elevations and floors and roof structures. The location of
the buildings was chosen to reflect the different typologies present and the different levels
of observed damage across the city centre. A minority of buildings (10%) was assessed only
from photographs.

The form used for the survey is shown in Fig. 25 (Appendix). Given the open-ended
approach of the FAMIVE procedure, the form is updated routinely when applied to a new site
in order to tailor the survey to the specific identified construction typologies, enriching the
FaMIVE database with new structural details, connections systems and masonry fabrics (see
for instance application to Nepalese and Indian building samples, in D’ Ayala and Yeomans
2004; D’ Ayala and Kansal 2004, respectively). These details are then interpreted in terms of
structural behaviour and their influence on the development of specific failure mechanism is
accounted for in the algorithms. For instance, given the substantial presence of vaulted struc-
tures at ground or first floor level in many buildings in L’ Aquila and their evident influence
on the overall seismic response, their geometry, type and setting is recorded in detail and
their effect on the load bearing walls accounted for, both in terms of mass and lateral trust.
The type of damage mechanism and level of damage observed are also recorded for each
elevation surveyed. Six damage levels from O to 5 are considered, broadly corresponding
to the EMS’98 definitions for masonry structures (Grunthal 1998). Because in the survey
the damage levels are recorded as associated to the mechanism believed to have caused the
damage (section 7 of the form) and, as more than one mechanism might have developed to
different extent, different levels of damage can be recorded for the same facade elevation.

The database of parameters collected during the survey allows the provision of a first
statistical picture of the building stock in L’Aquila and of its damage state. The results
can be compared with the results obtained by the surveys carried out by the Protezione
Civile in collaboration with the Ministry of Cultural Heritage for selected mansions (Modello
B-DP PCM-DPC, Protezione Civile 2006), or with the AeDes survey for ordinary buildings
(Baggio et al. 2000), to obtain a more complete picture. Some of these results are discussed
in other papers within this special issue (Tertulliani et al. 2010, Binda et al. 2010).

The location of surveyed buildings is recorded on the map of Fig. 15, together with the
maximum level of damage and prevalent failure mechanism observed for each facade. Sam-
ples have been chosen to form small clusters in each of the Quattro Cantoni of the town,
typically around a square or religious building, and to cover buildings of different ages. An
almost equal proportion of buildings shows a maximum level of damage 2 (28%), 3 (32%)
or 4 (26%), with a minority showing damage 0—1 (5 %) or 5 (6%).

The sample has been divided into five categories classified by both masonry and floor
structure type, according to the catalogue developed for the PAGER project (D’ Ayala et al.
2010): brickwork (corresponding to B1 in Table 1) with flexible horizontal structures (UFB3)
or with stiffer horizontal structures (UFBS5), dressed stone (D1 in Table 1) with flexible (DS2)
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Fig. 15 Localization of the surveyed sample within the historic city centre of I’ Aquila. Mapping of observed
damage levels and collapse mechanisms of the fagades

or stiffer (DS4) horizontal structures, and poorly dressed (D2 in Table 1) and rubble (C1 in
Table 1) stonework (RS3). The FAMIVE procedure used to calculate the lateral capacity of
the fagades does not use the same strength parameters listed in Table 1, but a Coulomb-like
criterion (D’ Ayala et al. 1997) together with the geometry of the interlocking masonry units.
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Fig. 16 Distribution of structures types (RS3, DS2, DS4, UFB) and associated in-plane and out-of plane
failure mode by fagades, within the sample of 90 buildings surveyed with the FAMIVE procedure. For each
building typically one or two fagcades are analysed, depending on access

The FaMIVE procedure calculates the most likely mechanism to occur for a given facade
or elevation, with given connections to the rest of the structure, using a limit state anal-
ysis and lower bound approach. The procedure calculates first the collapse load factor
associated to all possible mechanisms for a wall, i.e. the mechanisms that can develop
given the constraint conditions surveyed (as given in Figs. 9, 10, 11, 12), then chooses
the “worst” in terms of the highest result of the product between the inverse of the collapse
load factor and the damage extent. However often two or more out-of-plane mechanisms
might have similar collapse load factors and extent, or the in-plane and out-of-plane vul-
nerability for a given wall might be of the same level. In this case FAMIVE chooses the
mechanism that has the most damaging consequences. Ultimately, the collapse load fac-
tor and the damage extent are computed to produce a score for each building which mea-
sure the vulnerability of the single buildings. Depending on this score the buildings are
divided in 4 normalised classes, low, medium, high and extreme vulnerability. (D’Ayala
2005)

The chart in Fig. 16 shows the number of facades elevations in each structure type, subdi-
vided into in-plane or out-of-plane failure, on the basis of the analysis’ results. The majority
of buildings are either made of poorly dressed stone (RS3, 42% of the sample) or dressed
stone with either timber floors (DS2, 21%) or steel joist and tiles (DS4, 5%). A third of
the building stock surveyed, of more recent construction, is made of brickwork with timber
floors or concrete slabs (UFB, 31%). According to the assessment, the majority of the stone
masonry buildings fail in an out-of-plane mechanism, while the brickwork buildings have a
majority of in-plane failures. As stated in the general description of damage in Sect. 2, the
occurrence of out-of-plane failure is hindered or prevented by presence of quoins or ties, if
these are well distributed.

3.2 Definition of capacity curves and identification of performance points
Besides calculating the ultimate lateral capacity associated with the most vulnerable mecha-

nism, in order to assess and predict levels of damage given a specific strong motion, it is essen-
tial to define capacity curves. Capacity curves for masonry have been proposed by various
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authors (Tomazevic€ et al. 2004; Lagomarsino and Giovinazzi 2006; Magenes 2006) based on
either experimental or empirical evidence. In the present study, on the basis of the observations
onsite, average capacity curves are developed for each of the building classes identified above.
The theoretical background to this approach is presented in D’ Ayala (2005). The procedure
adopted is summarised in the following. The first step is to calculate the lateral effective stift-
ness for each wall and its tributary mass. The effective stiffness for a wall is calculated on the
basis of the type of mechanism attained, the geometry of the wall and layout of opening, the
constraints to other walls and floors and the portion of other walls involved in the mechanism:
E¢ Lefr E;Aeir

+ ko

H e3ff Heg

Kefr = ki

ey

where Hegr is the height of the portion involved in the mechanism, E; is the estimated mod-
ulus of the masonry as it can be obtained from experimental literature, loff and Aefr are the
second moment of area and the cross sectional area, calculated taking into account extent
and position of openings and variation of thickness over height, k1 and ky are constants
which assume different values depending on edge constraints and whether shear and flexural
stiffness are relevant for the specific mechanism.

The tributary mass is calculated following the same approach and it is equal to the volume
of the extent of the wall times the masonry density plus the mass of the horizontal structures
involved in the mechanism. Effective mass and effective stiffness are used to calculate a
natural period, for an equivalent single degree of freedom oscillator. The mass is applied at
the height of the centre of gravity of the collapsing portion, with respect to the ground and a
constant acceleration distribution over the wall height is assumed. For out-of-plane mecha-
nisms the acceleration and displacement values defining the elastic limit, can be computed
as follows. The elastic limit acceleration Ay is identified as the combination of lateral and
gravitational load that will cause a triangular distribution of compression stresses at the base
of the overturning portion, just before the onset of partialisation. This can be calculated as:

Ip . . . A y
Ay = ——g with corresponding displacement A, = —T 2)
6h 472
where 1;, is the effective thickness of the wall at the base of the overturning portion, 4, is the
height of the overturning portion, and 7 the natural period of the equivalent SDF oscillator. For
in-plane mechanisms a similar equation is applied assuming a compressive strut in each pier
with #;, and h,, equal to the width of the strut and the inter storey height respectively. The next
point on the pushover curve corresponds to the conditions of maximum lateral capacity A,:
Ac
Ay =— 3)
o]
where X is the load factor of the collapse mechanism chosen, calculated by FAMIVE, and o
is the proportion of total mass participating in the mechanism. This is calculated as the ratio
of the total mass of the facade and sides or internal walls and floor involved in the mecha-
nism. The corresponding displacement at incipient collapse is identified by the condition of
loss of vertical equilibrium which, for overturning mechanisms, can be computed as a lateral
displacement of the top of the wall

Dy, =1,/3 “

with #;, wall thickness at the base of the overturning portion.
An intermediate point between (Dy, Ay) and (D, A,) can also be identified, which cor-
responds to the position of the resultant of stresses for the fully partialised cross section at
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lateral capacity

lateral displacement

Fig. 17 Normalised and linearised average capacity curves for each of the structure types in L’ Aquila city
centre

the base. If a parabolic stress block is assumed, the corresponding relative displacement of
the top to the base is Dgg =~ 1, /6. This results in a value of ductility m = D, /Dgg = 2, and
is conceptually equivalent to defining a ¢ factor.

The 3 points identified can be associated to corresponding state of damage as proposed
in Fig. 17 where the linearised and normalised curves for each structure type groups are
presented. For each curve, DL, damage limitation, corresponds to the elastic lateral capacity
(Dy, Ay), SD, significant damage, corresponds to the peak capacity (Dsq, A,) and NC, near
collapse, corresponds to incipient or partial collapse (D,, A,).

In Fig. 17 a point D, is also identified corresponding to the displacement causing total
collapse, assumed to be either ty/2 or 1/2, where 1 is the average length of the masonry units
(bricks or stones), depending on which of the two dimensions is critical for the specific col-
lapse mode identified. The average capacity curves for each structure type, shown in Fig. 17,
are normalised with respect to the DS4 curve. The line between NC and DC is shown as
dashed, as the actual path between these two points cannot be traced with the current model-
ling. It is noticeable that the DS4 group shows the higher stiffness and capacity, while DS2
has highest ductility, but lowest peak capacity. The rubble stone group is characterised by an
almost linear behaviour up to maximum capacity and a very modest post peak ductile range.

In Fig. 18 the average capacity curves are compared with the EC8 (ENV 2005, Eurocode
8) displacement response spectra (ADRS) having assumed a soil type B and the ADRS
obtained from the strong ground motion record closer to the city, AQK (download of the
corrected time histories from http://itaca.mi.ingv.it/ItacaNet/, last accessed 20/04/2010). For
both cases, besides the linear spectra also the non linear spectra obtained for a ductility 1 = 2
are shown in Fig. 18, this being the level of ductility calculated from the capacity curves.
It should be noted that when compared with the non linear EC8 spectrum the performance
point for UFB3, DS2 and DS4 falls in the range between SD and NC, while for RS3 the curve
falls short of it (Figs. 18, 20).

With respect to the nonlinear spectrum obtained from the record AQK longitudinal com-
ponent, the situation is slightly more complex, but indicates that, apart from the DS4 type,
the other three structure types would all have experienced substantial structural damage. It
is worth noting however that the curves shown are affected by the uncertainty associated
with the modelling, plus the uncertainty associated with the data collection. This is evaluated
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Fig. 18 Comparison of capacity curves for each structure type, including uncertainty range, with the EC8
linear response spectrum for soil type B; the nonlinear response spectra obtained from this by using a ductility
1 = 2; the response displacement elastic spectrum for record AQK longitudinal component; the corresponding
non linear spectra obtained for the same value of ductility. The non linear spectra have been derived using
Seismosoft ©

in terms of reliability of the data for each subsection of the form and is classified as high,
medium and low, depending on whether specific data could be measured on site or on draw-
ings, inspected on site, or attributed by photo documentation respectively. In Fig. 18, for each
structure type capacity curve, the range of minimum and maximum values of accelerations is
also marked for each damage point. The ranges show that only the best performing of build-
ings DS4 would be able to survive the earthquake within the threshold of structural damage,
while the other structural types even at their best performance would have to rely on ductility
and hence extensive cracking to survive the earthquake. This shows good correlation with
the proportion of maximum observed damage levels reported in Sect. 3.1.

3.3 Correlation between observed and computed mechanisms and level of damage

In order to assess how realistic the capacity curves and performance points obtained for the
L’ Aquila samples are, a comparison is drawn between observed and computed mechanisms
and between relative position of NC collapse point and performance target, and observed
damage.

The second consideration relates to the fact that FaMIVE is set to establish the maxi-
mum vulnerability as the highest product of the inverse of the collapse load factor times the
proportion of building fabric lost for a given mechanism. However in reality a mechanism
with a lower load factor and smaller extension of collapse might take place in preference to
the FaMIVE lower bound choice. This is highlighted by looking at the correlation between
observed and computed mechanisms, mapped in Figs. 15 and 19, respectively.

To carry out this correlation the following assumptions have been made and summarized in
Table 2. During the on site survey up to three mechanisms might be associated to a given crack
pattern or might be coexisting on the same wall, typically a prevalent, a secondary or possible,
and/or a local mechanism (for instance overturning of the upper spandrel and in-plane failure,
etc.). For the FaMIVE procedure output, up to two possibilities are considered, corresponding
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Fig. 19 Mapping of calculated vulnerability levels and mechanisms of collapse for the sample of 90 buildings

to the instance that two mechanisms have very similar collapse load factors and pertain to the
same vulnerability class. With these assumptions, a score of 1 is given to the correlation if the
first FAMIVE choice matches the prevalent mechanism observed, a score of 2 if it matches
the secondary mechanism, and a score of 3 if it matches the local mechanism. If the FAMIVE
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Fig.20 Correlation between near collapse (NC) point and performance point for the EC8 B response spectrum
(u = 2) for each building by structure type

Table 2 Identification scoring criterion and occurrence

Observed Criterion Predicted | Identification | Occurrence '3 no correlation
mechanism Mechanism Score (%) B prevalent mechanism
0 possible mechanism
Prevalent = FaMIVE first 1 50 O local mechanism
meChaniSm Choice | FaMIVE second choice
Possible = FaMIVE first 2 12 L e
mechanism choice
Local = FaMIVE first 3 2
mechanism choice
Any of the = Alternative 4 27
above second
choice
Any of the # Any of the -1 9 008
above above Fig 21 Correlation

between observed and
computed mechanisms

second choice matches any of the observed mechanisms a score of 4 is given. Finally if there
is no matching a score of -1 is given.

Table 2 and Fig. 21 show that the prevalent mechanism is correctly predicted in 50% of
cases and the alternative worse in 27% of case, while possible and local mechanisms repre-
sent a minority, and no correct prediction represent 9% of cases. The results show that there
is high correspondence between the basic out-of-plane mechanism and the damage level and
the capacity of the programme to predict it correctly. For the in-plane mechanisms H and
H2, which account for almost 50% of the sample, the correlation is good.

The calculated mechanisms and vulnerability levels are shown on the map of the historic
centre of I’Aquila, in Fig. 19. The sample is evenly shared between medium level vulnerabil-
ity (45%) and high level vulnerability (48%). A small minority have extreme vulnerability
(4.5%) and low vulnerability (2.5%). These values correspond well in statistical terms with
the observed level of damage shown in Fig. 15, although with a slight shift towards a more
vulnerable scenario than actually observed, as highlighted in Table 3.

As far as the damage is concerned the comparison is catried out by looking at the level of
damage observed against the predicted position of the performance point with respect to the
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Table 3 Error in estimating the correct damage state for structure typology

Structure |Underestimate |Correct |Overestimate 1|Overestimate 2 |Overestimate 3 B underestmate 10S
type 1 damage state damage state |damage state |damage state ;zﬁggﬁﬂma,e 10S
timate 2DS
DS2 0.10 0.21 0.24 0.28 0.17 f EXZ:Z;:::(Z 208
DS4 0.14 0.43 0.14 0.28 0
0.3 0.29
RS3 0 0.25 0.35 0.30 0.10
UFB 0.05 0.27 0.32 0.32 0.04
Total 0.05 0.25 0.3 0.29 0.1
0.1
025 0.05

1
0.9 !
0.8 -
0.7 !
0.6 -
0.5 !
0.4 |
0.3 ‘ |
0.2 - :
0.1+ f 1
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ i |
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Mean response spectrum acceleration (%g)

cumulative damage

Fig. 21 Fragility curves based on lateral strength capacity for the whole sample

near collapse point for the acceleration-displacement EC8 response spectrum with ductility
n = 2. These are depicted in Fig. 20 for each building with reference to the structure type.
It can be seen that while most of the UFB and DS4 representative NC points are to the right
of the target performance point, for rubble buildings these mostly lie on the left, predicting
collapse. As the number of collapses observed is definitely smaller than that computed the
data is further analysed to quantify the error, as shown in Table 3.

The statistical difference between observation and prediction of the damage scenario can
be explained by means of the variability of the strong ground motion within the city centre,
and hence with the uncertainty implicit in using only one record. However uncertainties are
also associated to the process of observing and estimating damage. In the first case damage
can be underestimated because the street survey cannot take into account damage which
occurred within the building, such as detachment of vertical structures from floors and from
internal load bearing partitions, as this is not readily visible from the street. This, if accounted
for, would likely shift the level of damage from D2 to D3 in some cases. Moreover for the
small portion of the sample assessed by photographic documentation, again damage can be
overlooked or underestimated, depending on the quality and orientation of the photo, espe-
cially for the lower damage grades. On the other hand the estimate of the damage state as
defined is very sensitive to relatively small variation of the ductility value. For instance, an
increase in ductility of 15% from 2 to 2.3 for all structure types would lead to an increase
of the estimate of correct state of damage to 36% from 25%, while the overestimates would
reduce to less than 50% overall.
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Fig. 22 Fragility curves based on displacement at damage limitation

3.4 Fragility curves

The assessment of structural vulnerability of classes of buildings is particularly useful if
fragility curves can be derived which are useful to predict such classes’ behaviour in differ-
ent shaking scenarios. However when analysing the damage data of one specific event, only
one point of one fragility curve for a given structure type can be obtained. For this reason
fragility curves are derived either empirically, using statistical analysis of observed damage,
or analytically by randomly generating parameters’ values to feed to a given model. In the
present study fragility curves are derived both in terms of lateral capacity and displacement
on the basis of the distribution of performance points of each capacity curve for each wall
of the given sample (Fig. 22). For lateral capacity, curves are produced for the whole sample
using the average capacity curve performance points and the cumulative standard deviation.
Typically fragility curves for lateral capacity are derived either in terms of PGA or in terms
of Pseudo Spectral Acceleration (PSa). The latter has physical meaning if undamped linear
systems are considered, as it is defined as the product of the maximum spectral displacement
times the natural frequency of the SDOF oscillator. In the current application the average
value of the natural frequency within the sample is used for each damage state.

For damage limitation DL, the calculated Ay, i.e. the lateral capacity at the elastic limit is
used. For structural damage SD, the value of A, corresponding to this performance point for
each element in the sample is used, and for NC, near collapse performance, the peak value
of the smoothed capacity curves are used. However the definition of the collapse fragility
curve is more complex, because, as stated in Sect. 3.2, on the basis of the modelling assumed,
there is no clear definition of the path from near-collapse capacity to collapse. Hence the col-
lapse fragility curve is derived from the near-collapse fragility curve by assuming its central
value is equal to the central value of the near-collapse curve plus 1 standard deviation of the
near-collapse distribution, i.e.

D. = Dy¢ + bpc 3
and same standard deviation, so that the cumulative fragility curve can then be derived as
n
1 D,
F(D,) = —In{— 4
(De) Zl 5 ( 5. )
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Fig. 23 Fragility curves based on displacement at structural damage
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Fig. 24 Fragility curves based on displacement at collapse

where F(D,.) is the cumulative distribution for collapse, D, is the acceleration triggering
collapse damage state, §. = J, is the standard deviation of the collapse distribution, S, is
the spectral amplitude, the sum is calculated over the sample. Curves are shown in Fig. 21. It
can be seen that the central value for the SD curve (i.e. 50% of the cumulative distribution),
is reached for a value of 0.20 g, while state C would be reached for 0.35 g. Comparing this
values with the observed damage further highlights the importance of considering ductility
and non linear spectra and of deriving fragility curves in terms of displacement.

In order to calculate the fragility functions in terms of displacement, D, is used to calcu-
late the fragility functions corresponding to damage limitation DL, A, is used for significant
damage SD and A, is used for collapse. The curves obtained are shown in Figs. 22, 23, 24
for each structure type.

It can be seen that the greater standard deviation and ductility of the structure type DS2
clearly results in a less steep fragility curve especially at collapse. The poor performance of
rubble masonry is also clearly highlighted at collapse. However for the limit state of structural
damage the difference between RS3, DS4 and UFB3, is modest.

4 Discussion and conclusions

A limit state analysis of a sample of buildings in the historic city centre of L’ Aquila has been
conducted with the aim of assessing their seismic capacity and defining their damage patterns.
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Such type of analyses is useful to ascertain the weaknesses and vulnerabilities of different
buildings, following an earthquake to help defining repair and strengthening strategies. The
definition of capacity curves and performance points allows an assessment of the historic
building stock using the same methodology and parameters as for modern engineered struc-
tures. In particular the derivation of fragility curves both in terms of lateral strength capacity
and lateral displacement is useful to extend the results to the rest of the building stock and to
quantify and prioritise intervention in relation to expected seismic risk. The FAMIVE proce-
dure shows good agreement in terms of both predicted levels of vulnerability and predicted
collapse mechanisms, indicating that the correct simulation of connections and boundary
constraints for the facades is a necessary but also sufficient condition to predict their failure
behaviour with a limit state analysis. This allows inexpensive numerical assessments to be
conducted on relatively large numbers of buildings, even though the values of their mechan-
ical parameters are not known with any certainty. The evaluation of the correct collapse state
is highly sensitive to the level of ductility assumed. The use of values typically recommended
in codes of practice leads to overestimates of damage.
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