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Collapse and damage to vernacular buildings induced by 2012 Emilia

earthquakes

Bovo Marco'", Barbaresi Alberto!, Torreggiani Daniele' and Tassinari Patrizia'

Abstract

In May 2012, two seismic events hit the Emilia-Romagna Region, in Northern Italy. The
earthquakes caused collapses and damage to traditional vernacular building heritage,
highlighting its seismic high vulnerability. The paper presents a wide collection of damage and
collapses observed in the aftermath field inspections on 22 historical vernacular buildings. It was
noted that few recurring structural typologies are present in the area hit by earthquake and
buildings of the same typology show similar damage mechanisms. Then, with the main goal to
identify the most typical damage affecting similar structures, the building stock has been
subdivided in different categories based on building plan distribution and intended use. The
principal collapse causes, based both on in-field observations and analyses, performed on local
and global finite element models, can be ascribed to poor connections between orthogonal walls,
lack of effective connections between floor elements and walls, excessive flexibility of floor
diaphragms and high slenderness of vertical elements. The outcomes in the present paper allow
identifying the vernacular building typologies most vulnerable to earthquake and can help to plan

the future retrofitting strategies for vernacular heritage.
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1. Introduction

More than 1,000 seismic events with magnitude bigger than 2.0 [1] hit, in May 2012, the Emilia-
Romagna, Lombardia and Veneto Regions located in the North of Italy. Two main earthquakes,
with very close epicentres (about 12 km of distance) characterized the sequence named Emilia
Earthquake. The first main shock of May 20 (epicentre latitude and longitude 44.89N and 11.23E,
respectively) had local magnitude equal to 5.9 and peak ground acceleration (PGA) of 258.80
cm/s? (i.e. 0.26g). For the second main shock of May 29 (epicentre latitude and longitude 44.85N
and 11.09E, respectively), the local magnitude was 5.8 and PGA=411.37 cm/s? (i.e. 0.42g) [2].
Figure 1 shows the shake maps extracted by [2] for the two close-range earthquakes.

The areas shaken by the earthquakes are moderately populated (from 50 to 300 inhabitants/km?).
They are characterized by small residential centres and medium-sized productive areas,
surrounded by rural landscapes. Headquarters of some of the most important Italian brands (food
production, automotive, etc.) are located in this area, making this region one of the most densely
industrialized and most productive of the North of the country [3]. Several collapses and
extended damage occurred, involving precast reinforced concrete (RC) industrial structures [4]-
[6], masonry monumental heritage [7]-[9] and historical rural buildings [10]-[11], highlighting
that vernacular buildings represent one of the most vulnerable categories of a region where the
agricultural activities play a fundamental role for the economy of the territory.

The first earthquake heavily damaged the areas of San Carlo di Sant'Agostino, Mirabello, Finale
Emilia, and San Felice sul Panaro (Modena and Ferrara Provinces, Emilia-Romagna). The
second main shock caused collapses in the areas of Mirandola, Medolla, Cavezzo, Novi di
Modena, and Moglia (Modena and Ferrara Provinces, Emilia-Romagna). In the aftermath of the
earthquakes, spread soil liquefaction phenomena have been observed close to epicentres. By
processing the outcomes of the building surveys activated immediately after the sequence, about
25% of residential buildings and 45% of industrial facilities turned out to be unsafe and were

condemned, due to the reported significant damage or failures [12].



The main reason of vernacular building collapses must be attributed to an incorrect design
philosophy, typical of past construction techniques in non-seismic zones, that consider
gravitational and wind loads only. The Emilia area, in fact, was considered non-seismic zone
until 2003, therefore most of the buildings hit by the earthquake were designed without seismic
details. Moreover, old rural buildings were often realized with poor construction techniques and
low-quality materials as emerged by the experimental tests widely described in several works
[13]-[16]. The commonly observed collapses were wall local mechanisms (i.e. single or complex
overturning, horizontal flexure and vertical flexure) and, in some cases, in-plane shear of flexure
failures. In few cases, the irregular distribution of masonry infill panels in between consecutive
masonry columns, anticipated the failure.

The failures must be ascribed to the lack of effective connections between orthogonal walls, poor
connections between floor elements and walls, excessive flexibility of floor diaphragms and high
vertical elements slenderness.

With regard to historical vernacular buildings, few recurrent typologies are present in the areas
hit by the earthquake. Moreover, buildings of the same typology showed similar damage
mechanisms. Therefore, even though every structure has its own features, it is possible to
subdivide the vernacular buildings of Emilia territories into few categories with same intended
use, and then connect the categories to recurrent damage mechanisms. This allows identifying
the most vulnerable building categories (or typologies) and, from the lesson learned after the
seismic events, to design the future strategies necessary to increase the safety of ancient rural
constructions. Under this light, some researchers focused their attention on the study of the
seismic vulnerabilities of vernacular buildings [17] [18] in order to address the most important
deficiencies [19] and to evaluate earthquake resistant solutions aimed at increasing the capacity
of these constructions [20]. Vernacular buildings, as much as historical monumental
constructions, currently represent a large cultural heritage, marking the architectural,

environmental and social features of landscape. On the other side, despite their importance,



specific laws or regulations aimed at their preservation are nowadays not in effect and several of
these buildings are abandoned and in advanced deterioration state [21].

The work presents and describes a wide collection of damage and collapses observed in the
aftermath in-field inspections on 22 historical vernacular buildings. During the building surveys,
the main features of the historical vernacular building heritage of the region were identified and
collected. Therefore, in order to define the damage mechanisms affecting similar structures, the
stock has been subdivided in five different categories based on plan distribution and use. In
general, the main damage/collapse causes can be ascribed poor connections between orthogonal
walls, lack of effective connections between floor elements and walls, excessive flexibility of
floor diaphragms and high vertical walls slenderness. In detail, for each structural category, the
collapse mechanisms are identified, and the main failures causes are discussed. In order to proof
the outcomes from the in-field observations, a comparison with the results coming from
numerical analyses performed on different (global and local) finite element models were set. The
analyses of the collapse described in the paper provide a better understanding of the seismic
vulnerabilities of vernacular buildings necessary to propose the most effective retrofitting

interventions.



2. Preliminary considerations on May 2012 earthquakes

In this section some aspects related to the ground motions shaking northern Italy in May of 2012
will be introduced. Table 1 reports some useful data on the main shocks recorded by some
accelerometric stations sited close to the epicentres. The positions of the stations are showed in
Figure 1, together with the epicentres and building stock under study in this paper. As stated in
Introduction, two earthquakes with analogous magnitude were recorded in a short time (i.e. 9
days) and short geographical distance (around 11.9km). This represents a very rare event, even
rarer considering that the event of May 29" is not on the same fault plane as the May 20™ event,
but seems just to have a seismic source with analogous characteristics. In fact, the analysis of the
slip model exhibited that the two shocks have distinct and separate slip sources with possible
separate fault planes [22]. Following the actual Italian seismic hazard map [23], the maximum
PGA value recorded for the second main shock (i.e. 0.42g) is comparable to expected value for
a very rare seismic event. The pseudo-acceleration response spectra, for both the events, are
showed in Figure 3, for records in a range of about 40 km. It is worth noticing that during the
second shock, a larger number of monitoring instruments was used, meaning that more stations
recorded the events. Thanks to this, a deeper comprehension of the near source effects on the
area was possible. In fact, high vertical acceleration and pulse-like characteristics can be
observed in a few records. These effects could play a relevant role in the damage state of
buildings in the proximity of an epicentre, since, typically, near-fault ground motions have bigger
destructive potential than far-fault [24]-[26].

The elastic pseudo-acceleration response spectra of vertical ground motion records are reported
in Figure 4. During the second event the station MRN, located 4.1 km far from the epicentre
position, recorded a PGAv of about 0.86g (i.e. 840.74cm/s?). The PGAv recorded 18 km far from
the epicentre was about 0.19g (i.e. 189.07cm/s? for the station SANO in Table 1), equivalent to
20% of the maximum recorded. A similar line on reasoning on PGAn leads to define a percentage

ratio of 57%, between the PGAn recorded 18km from the epicentre and the maximum value



registered. This confirms that also for the Emilia sequence the vertical acceleration has near field
features and, as expected [22], vertical acceleration attenuates faster over the distance than
horizontal one. Furthermore, the comparison between Figure 3 and 4 shows that spectral
amplifications in vertical direction involve short vibrating periods, resulting in accelerations
nearly negligible for structures with vertical periods longer than 0.3s. In a following Section, it
will be shown that vertical vibrating period of traditional rural buildings is typically longer than
0.3s, and probably the vertical accelerations played a marginal role in the seismic-induced
observed damage for this class of buildings. On the contrary, for existing precast RC buildings,
having shorter vertical vibrating periods ranging from 0.1s to 0.4s [27], the presence of vertical
accelerations resulted decisive to explain many collapses. Differently from the vertical ones, the
horizontal pseudo-acceleration spectra present the maximum ordinates in the typical range of
some vernacular building typologies studied here.

As for other features of the investigated sequence, it is worth to highlight that site response effect
proposed by Priolo et al. [28] was confirmed by Gallipoli et al. [29], explaining the large
acceleration demand showed by the spectra of the ground motions recorded on May 29" by the
station MIRO1, very close to the epicentre. Several damage observed on rural structures can be
strongly related to the peak acceleration response spectra since the peak is located exactly on the
vibrating periods’ range of some building categories studied in this work (see the next Section).
Furthermore, in addition to local site effects, some of the records of May 29" present near-fault
characteristics like directivity and pulse-like effects [30]. Then, as widely confirmed by literature
review, pulse-like seismic inputs lead to larger inelastic displacement demands if compared to
non-pulse-like ground-motions, and could cause greater residual story displacements on the
structures [31]-[32]. To this regard, the maps of Figure 5 show, for the investigated area, the
curves of the peak relative displacement for the two events as obtained by applying the records
on a single degree of freedom (SDOF) elastic system. In Figure 5a and ¢ the results for a SDOF

with period of 0.3s are presented, while in Figure 5b and d the period is 1.0s. For short periods



the displacement demand reaches maximum values of 5-6¢cm, while, for more flexible buildings,
values of 20-25cm were assessed in proximity of the epicentres. The considerable displacement
values, expected in case of flexible structures, could represent a cause of collapse. In fact, the
large displacements can activate wall local mechanisms and, in absence of devices able to
prevent the sliding of wooden beams from vertical elements typical of poor vernacular buildings

of the Emilia territory, induce the fall of roof elements due to the reduced support length.



3. Vernacular building heritage in the region

3.1 Main characteristics of the historical vernacular settlements

Currently, according to the last ISTAT census [21], in the municipalities of the area hit by the
earthquake, most of the structures are two-storey masonry buildings. Rural buildings represent a
relevant percentage of the whole stock of the Emilia-Romagna Region. The Po valley area,
stricken by the earthquakes, has similar vocations (mainly because of the local geography) and
most of the historical vernacular buildings have been built in a short time period of about 150
years (i.e. during the 19" century and the first half of the 20" century). In fact, most of the rural
dwellings built before the 19" century were made up with natural perishable materials (e.g. mud,
straws, wood, canes and raw bricks), and after World War II the modification of socio-economic
conditions soon imposed new building typologies and more efficient technologies (i.e. RC or
steel precast elements). Albeit every structure has its own geometry, dimensions, architectural
arrangement and inner distribution, the vernacular building heritage of the area is quite
homogeneous and constituted by few typologies [33]. Based on an historical research, Ortolani
[34] describes the typical rural courtyard of the area of Modena as depicted in Figure 6a. The
main buildings of a settlement are: (i) the residential house, having rectangular shape and basic
rooms (usually with kitchen, warehouse, and basement at the ground floor; bedrooms and a little
granary at the first floor), (ii) the stable-hayloft, and (iii) some buildings used for minor services
(i.e. toilet shack, garage, henhouse, etc.). This description is still valid and faithfully represents
the distribution of the rural settlements in the territory. Often house and stable-hayloft were built
one adherent to the other, with an internal common wall as separation. In other cases, maybe
more typical of the countryside surrounding the Reggio Emilia Province, the two buildings are
connected by a transition element, the “porta morta” (i.e. blind door). This characteristic element
is depicted in detail in Figure 6b. The “porta morta” represented a protected passage where the

peasants get undressed before entering the house, and sometimes was used to collect and dry



spices and little quantity of cereals. The volume was typically open with a masonry arch on the
front side, and closed by walls on the back, this giving the origin to the name. In some buildings
the “porta morta” is opened on both the fagades. Even in this case, from a structural point of
view, the two buildings are connected and then the dynamic behaviour of the whole system
depends from the characteristics of the connections between the walls of the “porta morta”
volume and the walls of the lateral bodies.

Typically, few smaller buildings were dedicated to minor services. The largest farms had some
further buildings, which in the past were used to store large quantities of hay, and more recently
were used to store agricultural tools and equipment. With reference to this last building class,
the most spread typologies are the “barchessa” and the “casella”. Following the traditional
definition in [34], the “barchessa” was vertically closed by perimeter walls on three fagades,
while the original “casella” has just one or two closed facades and is open on the others, where

columns are present. They appear as a wide portico sustained by very slender columns or walls.

3.2 Classification criteria and description of the building stock

In the aftermath on-field damage surveys in the area hit by the earthquakes, the authors collected
the documentation of 22 historical vernacular buildings, damaged or collapsed during the
earthquakes. The main characteristics of the building stock of this paper are summarized in Table
2 and Table 3, while the position of each building (abbreviated bldg. in figure and table captions)
is reported in Figure 1.

For the classification and subdivision of the building stock of this study, two basic criteria were
adopted. The first refers to geometry and plan distribution of the building, the second to the
building use. Following the first criterion, buildings are considered isolated when structurally
not connected to other bodies (A), or composed, when made up of several structurally connected

bodies (B). According to the second criterion, we have: dwellings for residential use (1), stable-



haylofts (2), “barchessa” or “casella” constructions (3) and buildings used for other minor
services (4).

In the building stock, there are 17 isolated buildings (i.e. 6 A1 + 4 A2 +2 A3 +5 A4) and 5
composed buildings (i.e. 4 B1-2 + 1 B1-4). The epicentre-building distance lies in the ranges 5-
34 km for the first main shock and 3-29 km for the second shock.

During the inspections it has been observed that, typically, the buildings of category Al have
25-30 cm thick masonry walls made up with irregular raw bricks and poor hydraulic mortar
brickworks (see Figure 7a), 2.50-2.80 m net floor height and no more than three floors. The
intermediate floors are built with timber beams (e.g. see Figure 7b) poorly connected to the
perimeter walls, and pavement constituted by single layer wood plank resulting extremely
flexible and unsuitable to transfer seismic actions. Sometimes, cane panels supporting a thin
layer of plaster cover the beams (see Figure 7c). In other cases, there are steel beams with
masonry vaults as showed in Figure 7d. Most of the buildings in category A1l have rectangular
shape with openings aligned at the various floors. Generally, the partitions are irregular in plan
and elevation.

As far as the building category A2 is concerned, a typical and representative example of isolated
historical stable-hayloft is reported in Figure 8a-b. The need to achieve large volumes to store
hay and wheat without introducing inner structural elements led to the adoption of long and high
single leaf masonry walls 25-30cm thick. In other cases, masonry columns, with cross-section
ranging from 40x40cm? to 70x70cm? were realized and infilled by single course (12-15cm thick)
walls. The intermediate floor over the stable typically has masonry vaults supported by internal
columns, as in Figure 8c. Instead, the roof has wooden trussed structure with two or four pitches.
In several cases, along one fagade, the building has a portico adopted, in the past, to store grain
or to shelter the work tools (see Figure 8d). Due to the high slenderness of vertical walls and
columns (the height/thickness ratio reach values higher than 20) and the large distance between

masonry walls, the structure is expected to be very flexible. Moreover, as the ground floor plan
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view in Figure 8a underlines, the building results strongly asymmetric because of the presence
of the stiff walls of the stable. Therefore, torsional effects are expected, inducing an increase in
the displacement demand typically heavier on the elements of the flexible side [35]-[37] (in this
case on the columns of the portico).

The category A3, according to the nomenclature adopted in this paper, includes the “barchessa”
and “casella” structures. Even though a limited number of archetypes are nowadays present in
the Emilia territory, they represent a typical vernacular construction with specific characteristics.
In fact, in several cases, the original layout has been modified or enlarged in the years, while in
other cases the historic building has been demolished and replaced with a more modern structure.
Following the outcomes of surveys and literature [34], typically they are 4-6 meters high, with
in plan dimensions of 6-10m and 15-20m (respectively for transverse and longitudinal direction).
The small wall thickness (variable from 15 to 25c¢m) makes them very flexible. Two buildings
in the A3 group were detected (i.e. bldg. # 11 and # 22 in Table 2 and Table 3). The “barchessa”
appeared with its original features, while the “casella” was modified over the years: perimeter
brickwork walls, poorly connected to the original columns, was erected to close the transverse
facades and an intermediate floor was added to the building. Even for this category, the presence
of perimeter walls just on some facades of the building could introduce non-negligible torsional
effects. This aspect will be further commented in the following Section.

The most variegated category among those defined in this paper, is definitely A4, which collects
a mixture of different buildings, having just one or, more seldom, two floors, typically built with
very poor materials and technologies, since they were used for minor services (e.g. old water
closet, cellar, depository, pigsty, henhouse and oven) sometimes built with demolition wastes.
Usually, these buildings have limited dimensions (with in-plane edges from 3 to 5 m) and storey-
height varying from 2 to 2.5 m. The roof is double or single-pitched, constituted by wooden

beams and flat bricks (thick 2-3cm) sustaining the clay roof tiles.
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Two or more bodies with common structural elements and coupled dynamic behaviour compose
a significant number of buildings in the Emilia area hit by the earthquakes. The interaction
between different bodies represents a further source of building damage and then the composed
buildings were considered in a separate category (“B”) from the isolated ones (“A”). The most
widespread type of aggregation concerns house and stable-hayloft structures. The buildings
typically were built in the same period, so they have a common internal wall.

The following section describes, for each building category, damage and collapses detected in
the aftermath surveys carried out on the 22 rural structures investigated here. An overview of the

most frequent damage mechanisms is reported in Table 4.

12



4. Damage and collapses to vernacular buildings

4.1 Damage to building category Al

The damage observed for buildings in category Al (isolated dwellings) are typically mode II
mechanisms (i.e. mechanism in the wall plane [38]) to bearing and partition walls, as depicted
in Figure 9a-b. Due to limited length and height compared to thickness, the mode I failure wall
mechanisms (i.e. out-of-plane overturning, horizontal and vertical out-of-plane flexure) were not
observed, even if the connections between orthogonal walls are in general very poor, as showed
by the cracks in Figure 9c. Most of the damage must be attributed to the poor material properties
of the masonry [15], realized in many cases with irregular texture and poor strength mortar [13].
Moreover, the floor-wall connection is rather lacking since in many cases, it was observed the
sliding of beams from the masonry walls (see Figure 7b), or even the failure, due to loss of
support, as documented in Figure 9d. In few cases, also failure of lintels (see Figure 9¢) or
masonry arches (Figure 9f) have been observed, typically involving permanent settlements to

the horizontal structures of the floors.

4.2 Damage to building category A2

Several damage affected the A2 category of the stable-hayloft buildings. In fact, many collapses
or severe damage and consequent building demolition were detected for this category. The
typical structural physiognomy makes the stable-hayloft extremely vulnerable to seismic actions.
In fact, in general they are very asymmetric, due to the irregular wall layout; they have a flexible
roof at the top and very slender vertical elements. The principal causes of stable-haylofts collapse
are to ascribe to overturning of walls and vertical and horizontal out-of-plane flexure
mechanisms. A catastrophic example of collapse for overturning, involving a whole fagade from
foundations to roof;, is reported in Figure 10a. A similar scenario is showed in Figure 10b, but in

this case, the out-of-plane flexure collapse anticipated the overturning fagade because of the
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presence of some steel ties. Figure 10c shows the global collapse for horizontal flexure local
mechanisms of another traditional stable-hayloft for out-of-plane horizontal flexure mechanism.
Even if the behaviour of an existing masonry building subjected to moderate-strong earthquake
is almost certainly nonlinear, the analysis of the elastic vibration modes of the structure could
provide interesting information before severe damage or collapses occur [39]. As found in a wide
literature review (see for example [40]-[43]), linear dynamic analysis of large masonry structures
is always performed, prior to the application of more sophisticated approaches. In fact, linear
analysis allows a quick preliminary assessment of the adequacy of the structural models before
constructing more detailed models or local models of critical parts to be studied separately by
means of more complex analyses [44]. In order to better understand the dynamic behaviour of a
typical building of this category, the elastic finite element model (FEM) of the stable-hayloft
showed in Figure 8, collapsed during the event of the May 29", was realized. The global FEM
is showed in Figure 11(al). The walls in the FEM were modelled by means of 4-node Lagrangian
shell elements. The masonry columns with elastic beams. For the masonry, elastic properties
were selected the average values provided in [15] and obtained by the experimental in-situ tests.
They were a Young modulus E=2.6GPa and a Poisson ratio v=0.25. The rigid floor of the stable
area has been realized by introducing a Scm thick RC slab (measured during on-field survey).
The model was clamped at the base. As far as the roof is concerned, beam finite elements were
introduced in order to model the structural wooden members accurately considering the flexible
behaviour of the roof diaphragm. The elements have the cross-section dimensions detected
during the building survey and an elastic modulus E= 8GPa, typical for wood classes in the
investigated region, was considered. The wooden elements were considered pinned-pinned at
their extremities.

The study of the natural frequencies showed that first natural mode (with T1=0.54s) having
highest percentage of effective mass (around 32%) activates displacement in the longitudinal

direction (i.e. along the longer building dimension) of the building, by inducing an out-of-plane
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flexure of the walls in the transverse direction (i.e. along the shorter building dimension). The
deformed shape of first mode is showed in Figure 11(b1). As a further confirmation, the response
spectral analyses provide peak roof displacements around 45mm, compatible with those assessed
by the maps in Figure 5b for the area close to building #18. The principal stress contour depicted
in the Figure 11(c1) highlights that maximum values (black colour) are expected along vertical
edges of transverse walls. The estimated stress values abundantly overcome the masonry flexure
strength [45], thus developing a vertical cylindrical plastic hinge that anticipated the activation
of an out-of-plane flexure mechanism of the transverse walls producing the effects depicted in
Figure 11(d). The accurate on-field inspection revealed that also the inner transverse walls
collapsed, as assessed by the numerical model. This could be a reasonable, even though
qualitative, explanation of the activation of the collapse mechanism. As a further attempt to
explain the global collapse of the building as a series of partial local collapses, the authors
investigated the behaviour of the building after the removal of the roof and collapsed walls, thus
considering the updated FEM depicted in Figure 11(a2). Following an analogous procedure, it is
worth to note that the updated model has a first natural mode, again with the highest percentage
of vibrating mass (see Figure 11(b2)), involving the out-of-plane flexure behaviour of the
perimeter longitudinal walls, portrayed in Figure 11(e), actually collapsed. Then, further higher
vibrating modes predicted the failure of perimeter longitudinal walls on the other facade. As
already stated, the adopted linear FEMs are not properly suitable to study (quantitatively) the
behaviour of the building in a wide nonlinear range until collapse, however they can provide a
first attempt for a reasonable (qualitatively) explanation of the building failure. In order to
provide quantitatively results also in the nonlinear range the FEMs should be updated with the
introduction of further hypotheses on a wide series of aspects, e.g. inelastic properties and
behaviour of materials, behaviour of wall-wall and wall-roof beam connections, length of

support before unseating of wooden beams, since other information are not available at present.
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As the distance from the epicentre region increased, generally vertical walls did not collapse but
the buildings reported severe damage to roof elements and, in some cases, the main wooden
beams fell down. This can be probably attributed to beam-wall relative displacement, causing
unseating and loss of support of horizontal elements. In fact, due to the building asymmetry,
introduced e.g. by non-regular infills, non-symmetric walls, presence of portico and stable, two
different vertical elements could vibrate in asynchronous way, by imposing at the extremities of
horizontal beams, tensile force bigger than friction force and able to activate the sliding
mechanism. This particular situation is showed in Figure 10d, with pitched-roof collapsed
without any apparent damage to the vertical elements.

As already detected during the aftermath surveys on historical masonry buildings [46], the
unrestrained forces of the beams of a deformable pitched-roof, excited by the ground motion
component in the plane of the beams, can cause the overturning of a limited portion of masonry
panels close to the roof. This local damage mechanism, typical of historical churches [47], has
been detected in few cases also for historical stable-hayloft as depicted for instance in Figure
10e. In some cases (one of them is reported in Figure 10f) the slender columns bearing the hayloft
roof reported severe damage conditions in the proximity of their base (i.e. the roof of the stable),
because the horizontal seismic displacements at the building roof imposed a considerable
rotation at the base-section where they are clamped, originating an uncommon “plastic hinge”.
The principal causes of collapse of this building category has to be ascribed to the high
slenderness of the vertical walls or columns, coupled to the absence of a rigid floor diaphragm
able to prevent the relative settlements between different vertical elements and avoid the sliding
of roof beams from their seat. In some cases, the presence of steel ties avoids the overturning of
the walls, but these devices were not sufficient to avoid the above-described catastrophic

scenario.
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4.3 Damage to building category A3

The “barchessa” and the “casella” building types represent a very particular feature of the
historical vernacular building heritage of the Emilia area. In fact, this type of structure adopted
in past to store hay or grain was very widespread over the region, due to its natural vocation to
livestock farming and cereal cultivations. Currently, few original examples of these buildings
exist in this area, due to their modification or demolition, and the recent earthquakes caused the
loss of several of these vernacular architectural archetypes.

During on-field surveys, the authors detected a collapsed “barchessa” preserving its original
features. The masonry building has dimensions around 8.20mx17.88mx5.10m (BxLxH, where
B is the transverse in-plane dimension, L the longitudinal in-plane dimension, and H the average
height of the building). Plan and longitudinal vertical view are reported in Figure 12a-b. The
vertical walls are well connected and 25¢m thick. The columns have 50x50cm? as gross-section.
The collapse of the building is detailed in Figure 12c¢ as it appeared few days after the May 29
earthquake. Similar to some stable-haylofts of category A2, due to large slenderness of vertical
walls in absence of a rigid floor diaphragm, the out-of-plane flexure mechanism of a wall
produced the complete collapse of the roof. With the aim of better understanding the dynamic
properties of this class of buildings, two types of elastic FEMs have been adopted.

The first class of models, reproducing the whole geometry of building #22, is depicted in Figure
13. Three different assumptions, shown respectively in Figure 13a, b and c, have been made by
considering alternatively an infinitely flexible floor, an infinitely rigid floor, and the real stiffness
of the roof floor constituted by wooden beams. The walls were modelled by means of 4-node
lagrangian shell elements. The masonry columns were elastic beams. For the masonry properties
were selected the average values provided in [15]. They were a Young modulus E=2.6GPa and
a Poisson ratio v=0.26. The models were clamped at the base. As far as the case simulating the
real roof stiffness is concerned, beam finite elements were introduced in order to model the

structural wooden members. The wooden elements have the cross-section dimensions detected
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during the building survey and elastic modulus E= 8 GPa. The wooden elements were considered
pinned-pinned at their extremities.

The deformed shapes associated at the two natural periods having the highest percentage of
effective mass in X and Y directions (where X is parallel to the longitudinal direction and Y is
parallel to the transversal direction) are reported in the figure for the different hypotheses. As
expected, the flexible floor provides the longer periods and the deformed shapes are the local
vibrating modes of the various vertical elements with their tributary mass. The considerable in-
plane asymmetry, for seismic action component along longitudinal direction, do not produce
significant torsional effects, since the vibrating modes mainly imposed translational
displacements. On the contrary, the seismic response for the case of rigid floor hypothesis
(Figure 13b) show deformed shape imposing roof displacement mainly governed by torsional
vibrating modes. In this case, the natural periods are generally shorter than the previous and they
are associated to deformed shapes that change also the vibrating shape of local modes. It is worth
to note that the behaviour of the FEM with real floor (Figure 13c), have deformed shapes and
range periods more similar to those of the infinitely deformable floor FEM, thus indicating that
typical trussed wooden elements constituting the floors of historical “barchessa” are very far
from rigid floor assumptions. In general, the existent roof solution does not introduce significant
torsional effects. By the prospective of a seismic strengthening, in the design of the upgrading
interventions for this class of buildings, the introduction of a very stiff floor does not create
evident benefits, while it could even cause a worse global dynamic behaviour of the building. It
is important to highlight that the displacements assessed by means of dynamic response spectra
analyses are completely different for the case of the rigid floor (maximum expected displacement
of lcm), while are comparable for the real and deformable floor assumptions (respectively 19
cm and 23 cm). These values are in good agreement with those provided by the spectra in Figure
3d (about 13-21cm following the records of MIRO1 station for Ti=1.4s). In a first simplified

modelling attempt, the deformable floor FEM provided a conservative displacements scenario.
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Finally, due to the poor in-plane floor stiffness of the actual in-place wooden elements, local
models of single vertical elements could be adopted in order to obtain an approximation of the
vibrating periods involving element local modes.

With the main goal to obtain a realistic range of the first elastic vibrating periods of wall local
modes for the structure in classes A2 and A3, a second class of FEMs was considered. The period
value can result useful to achieve a rough, but very rapid, estimation of the maximum
displacement that a structure could have experienced during the recent earthquakes (for example
by considering the Figure 3¢c-d or Figure 5). The considered FEMs and the main results in terms
of first out-of-plane vibrating periods are reported in Figure 14. In the work, two different types
of walls (i.e. longitudinal and transverse) were considered, with two different constraints along
the supported edges (i.e. cylindrically hinged and clamped) and for different pairs of H and L
characterizing the walls (H: height; L: length). For H the most typical values equal to 4, 5 and
6m were considered; for L values of 15, 18 and 20m for longitudinal walls and 6, 8 and 10 for
the transverse have been considered. The masonry walls thickness has been set equal to 25cm.
Even in this case, the walls were modelled by means of 4-node lagrangian shell elements. with
Young modulus E=2.6GPa and a Poisson ratio v=0.26. The walls were restrained along three
and two edges, respectively for longitudinal and transverse models (as showed by the deformed
shape in Figure 14a). The Figure 14b, reporting the periods as a function of L/H ratio, shows that
typical first vibrating periods of the vertical walls range from 0.2s to about 1.2s. The knowledge
of the L/H ratio and the selected constraint condition, allows to evaluate the first vibrating period
of'a wall element, and the displacement experienced during the earthquake can be obtained from
Figure 3c-d. The frequencies evaluated by the authors via FEM analyses were compared with
the outcomes in [48] in order to check the validity of the models and their discretization. By the
comparison on the first frequency, performed for the available L/H ratio, a maximum difference

of 8% emerged, this value is widely acceptable for the scope of the work.
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The “barchessa” studied in the present work has L/H ratio equal to 3.50 and 1.60 respectively
for longitudinal and transverse walls. The comparison between vibrating periods of local and
global models, shows that the most suitable restraint hypothesis for the walls is the one
prescribing cylindrical hinge along the edges. In fact, the global models provide a vibrating
period of 1.02s and 1.05s, respectively for vibrating modes involving local modes of longitudinal
and transverse wall. The estimations of vibrating periods from local FEMs (with hinged edges)
result very close to those correct, providing the Figure 14b values of 0.92s and 1.08s, respectively
for longitudinal and transverse wall.

Due to reduced thickness, if compared to the other dimensions, the hinge restraint hypothesis
may appear suitable for most of the structures in the categories A2 and A3. By means of the
analysis of the displacements map of structures with first vibrating period around 1s, as the
“barchessa” investigated here, the evaluation of the maximum displacements suffered during the
event of May 29" provides values larger than 10cm for an epicentre distance of 15-20km (see
Figure 5b2). This high seismic displacement demand could explain the overturning mechanisms
observed in slender buildings, since in several cases it produced the exit of the vertical loads
resultant from the wall base section.

The “casella” building, shown in Figure 12d, was modified from its original configuration over
the years: the transverse (i.e. the shorter) facades were infilled by brickwork walls poorly
connected to original corner columns, and an intermediate stiff floor was added. In this building,
conversely to the “barchessa” response, the contemporary presence of strong asymmetry (for the
presence of perimeter walls just on three out of four fagades) and stiff intermediate floor probably
magnified the torsion effects. In fact, Figure 12e shows the most important seismic-induced
damage to the columns caused by the asymmetric behaviour of the building. Maybe due to
torsion effects, the corner columns were literally cut at the level of the intermediate floor, and
the residual settlements (of 2-3cm) highlighted in Figure 12e support this hypothesis.

Furthermore, the lack of corner column-infill walls connections produced the detachment of the
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walls during the seismic events (see Figure 12f). The structure was demolished few months after
the earthquake since was judged not reparable. The different dynamic response between the two
buildings and the main reasons of their severe damage could have been completely different, but
the consequences were catastrophic in both the buildings. In the hope of the authors, the
indications emerging from this lesson learned would be of help to define the most suitable
strengthening interventions for still standing buildings of the same category, which represent an

important cultural heritage of that region.

4.4  Damage to building category A4

The typical damage to building category A4 are very similar to those observed for residential
rural buildings of category A1, due to comparable geometries, but with amplified outcomes due
to the poorer materials and construction techniques. In fact, as depicted for example in Figure
15a with regard to warehouse #14, the collapse of roof elements is one of the most recurring
mechanisms, together with the in-plane failure of walls. Then, in many cases, the overturning of
the infill panels non-adequately connected to vertical masonry columns was observed. An
example is reported in Figure 15b. It shows a particular case of masonry infill collapse, where
the bricks closing off the original openings were laid in their own plane, creating a panel

extremely vulnerable to out-of-plane actions.

21



4.5 Damage to building category B

With reference to composed buildings (labelled as category B in this paper), it is worth to note
that damage mechanisms observed during on-field inspections are very similar to those observed
in isolated buildings, and the collapses can probably be ascribed to analogous causes. Moreover,
few additional damage sources, to be attributed to the interaction between adjacent bodies, must
be considered. In fact, due to the different use, the interacting bodies have often different storey
level, inner height and wall slenderness, especially for building in category B1-2, mainly
damaged by the 2012 earthquakes. As a result, in several situations, sliding and fall of roof beams
(see Figure 16a), corner opening between non-properly connected orthogonal walls (see Figure
16b) were observed. Despite their slenderness (if measured on the hayloft side), sometimes the
intermediate transverse walls reported X-shape cracks or bricks sliding typical of shear damage
mechanism and did not collapse in local way because of the restraint guaranteed by intermediate
storey on the other (i.e. home) side.

Among the observed seismic damage, it is worth to note those to non-structural elements. The
failure or fall of these elements, even if non-responsible of building collapse, can represent a
serious risk for people inside or nearby the building. In Figure 16¢ and d two typical examples
are shown. The first is related to the failure of non-structural ornamental elements, like the
“gelosie” (Figure 16c), holed infill walls typical of Northern Italy. The second refers to perimeter
masonry cornice (Figure 16d), typically built with good external texture masonry, internally
infilled by waste material with poor mechanical strength. Lastly, as mentioned above, in rural
buildings it is not unusual to find porticos and wooden sheds commonly supported by thin
masonry pillars. After the seismic events, some columns displayed cracking and damage at the
base due to the large curvature prescribed in proximity of their connection to foundation elements.
A typical crack pattern of the base portion is showed in Figure 16e. It is evident that the column

base-section results partially no-longer working since it is detached by foundation plinth.
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The presence on the Emilia territory of such a sensitive historical rural heritage to be preserved,
calls for a suitable design strategy, based on the most effective technical solutions. Obviously,
these solutions are not clearly identifiable if the actual vulnerability is not carefully understood
and known. The catastrophic seismic damage and collapses described and detailed in the present
paper should help to define the most suitable strengthening interventions aimed at reducing the

sensitivity of historical vernacular buildings.

5. Conclusions

In this paper, damage and collapses collected during surveys on rural historical buildings in the
aftermath of the 2012 Emilia earthquakes were presented and commented. In the area hit by the
earthquakes, few recurrent building typologies were found, and buildings of the same typology
showed similar damage mechanisms. Therefore, in order to define the most typical damage
affecting the different building typologies, the 22 structures of the building stock were classified
in different categories based on plan distribution and use of each building.

The main reason of the collapse of most of the vernacular buildings can be attributed to an
incorrect design philosophy, typical of old construction techniques in non-seismic zones,
considering only gravitational and wind loads. Moreover, old rural buildings typically represent
low quality constructions built with poor construction techniques and materials. The most
commonly observed collapses were walls local mechanism (i.e. single or complex overturning,
horizontal or vertical flexure), and in some cases in-plane shear of flexure failure. In few cases,
the presence of irregular distribution of the infill panels anticipated the failure. The failures must
be ascribed to a lack of effective connections between orthogonal walls, poor connections
between floor elements and walls, excessive flexibility of floor diaphragms. In many cases, the
buildings were demolished because of the severe damage reported.

The still standing historical vernacular buildings nowadays represent a huge cultural heritage,

preserving the architectural, environmental and social peculiar features of the Emilia landscape
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and history. The outcomes presented in this paper allowed identifying the building typologies
most vulnerable to earthquakes and, from the lesson learned after recent seismic events, to plan
the most effective planning strategies in order to increase the safety of historical rural
constructions by means of adequate repair and conservation interventions.

Of course, the strengthening interventions will need to be specifically defined for each category.
With specific reference to building categories A2 and A3, the most vulnerable as discussed in
the paper, the authors think that the following actions could significantly improve their
performance:

» upgrading the solidity of horizontal structures (floor and roof), without excessively increase

the storey mass and stiffness;

strengthening the connection between horizontal and vertical structures;

* increasing the thickness of structural walls and partitions, in order to reduce their slenderness;

* introduce further structural elements (walls or columns) in order to reduce the flexure span
length of long and high walls (i.e. perimeter longitudinal walls);

» removing irregularities (both in-elevation and in-plane) caused by infill panels layout;

» strengthening flexure capacity of columns base-section (e.g. with FRCM or FRP

interventions if is not mandatory to preserve the fair-face of masonry elements).
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Figure 1. Shake map of main shocks showing the PGA of the Emilia sequence for (a) May 20
and May 29 earthquake respectively (source [2]).
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Figure 2. Position of seismic stations (geen markers) ad buildings studied in this paper
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(red circles).
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Figure 3. Response spectra 5%-damped of both the two (i.e. North-South and East-West)
horizontal components of the ground motions for accelerometric stations closest to the
epicentres. Pseudo-acceleration for events of the (a) May 20 and (b) May 29 earthquakes and
pseudo-displacement for events of the (¢) May 20 and (d) May 29. See Fig. 3 for station locations.
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Figure 4. Pseudo-acceleration response spectra 5%-damped of the vertical components of the
ground motions for accelerometric stations closest to the epicentres of the (a) May 20 and (b)
May 29 earthquakes.



(b1) (b2)
Figure 5. Map of the horizontal displacement attenuation (expressed in cm) assessed for the
earthquakes of May 20 for an elastic SDOF system with period (al) 0.3s and (a2) 1.0s and May
29 for an elastic SDOF system with period (b1l) 0.3s and (b2) 1.0s.
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Figure 6. Historical documentation on rural buildings in the Emilia region as extracted by
Ortolani [34]. (a) Plan view of typical rural courtyard in the area of Modena. (b) Vertical section
and (c) plan view of ground (left) and first (right) floor of typical building with “porta morta”
element between stable-hayloft and dwelling. In the figure the symbols means: C:
cucina=kitchen; ca: cantina=basement; ma: magazzino=warehouse; port: portico; p.m.: “porta
morta”; S: stalla=stable; 1: camera da letto=bedroom; F: fienile=hayloft.
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Figure 7. Details on materials and construction techniques of historical rural buildings. (a)
Different masonry wall texture. (b) Structure of a wooden floor; (¢) Cane panels protecting
timber beams. (d) Vaulted masonry floor.
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Figure 8. Typical stable-hayloft building (bldg. #18). (a) Plan view of ground and first floor; (b)
Lateral view and transverse section; (c) Inner view of stable. (d) External view of a portico of a
stable-hayloft supported by slender masonry columns (the structure elements did not report
damage during the seismic sequence).
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Figure 9. Main damage to building category Al. Example of in-plane damage induced by seismic

force on (a) partition walls (bldgs. #2 and #3) and (b) bearing walls (bldgs. #6 and #3); (c)

Cracking of corner between two orthogonal masonry walls (bldg. #1); (d) Loss of support of a
wood beams from the masonry walls (bldg. #2); (e) View of a lintel failed and (f) arch collapse
(bldg. #20).



Figure 10. Main damage to building group A2. Example of catastrophic stable-hayloft collapses
for (a) overturning of the facade (bldg. #1), (b) out-of-plane vertical flexure (bldg. #18), and (c)
horizontal flexure mechanism (bldg. #10). (d) Loss of support of the roof beams for the excessive
deformations of the building (bldg. #4). (e) Overturning of a limited portion of masonry panels
for the horizontal force transmitted by the beam elements of a flexible roof (bldg. #1). (f) Severe
damage on a slender masonry column (bldg. #4).



Figure 11. Comparison between observed damage and numerical assessment on building
#18. (a) Finite element models; (b) Deformed shape of the first natural vibrating mode; (c)
Principal stress contour on masonry walls. (1) Original structure; (2) Model updating after the
collapse of some walls. (d) Detail of wall collapse along transverse and (e) longitudinal direction.
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Figure 12. Main damage to buildings of category A3. (a) Plan view, (b) lateral view and (c)
collapse scenario of a “barchessa” building (bldg. #22); (d) Lateral view of a “casella” (bldg.
#11) with details of severe damage to (¢) masonry columns due to excessive shear force imposed
by torsion and (f) infill walls for detachment from the bearing columns.
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Figure 13. Finite element modelling of building #22. Deformed shapes, vibrating period (T),

percentage participating mass (I'), and displacement demand in the hypothesis of (a) flexible
floor, (b) rigid floor and (c) real floor.
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Figure 14. Analysis of the first vibrating periods of vertical walls in buildings with flexible floor.
(a) Finite element modelling and deformed shape for different types of restraint; (b) first out-of-
plane vibrating periods as a function of the L/H ratio, with L and H as reported in figure.
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(b1) (b2)

Figure 15. Main damage to buildings of category A4. Example of (al-a2) structure collapse with
loss of support of the roof structures (bldg. #21 and #14) and (b) overturning of masonry infill
walls due to the erroneous arrangement of the bricks (bldg. #17). Picture (b2) shows the
activation of the overturning mechanism but with no fall of the panel.
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Figure 16. Detail of damage to category B buildings and non-structural elements. (a) Fall of
timber roof beams from the intermediate wall in the composed bldg. # 8. (b) Shear cracks on a
wall (bldg. #8). (c) Failure of “gelosie”, typical holed infill walls (bldg. #5). (d) Fall of a portion
of the perimeter masonry cornice (bldg. #5). (¢) Cracking at the base of a masonry column portico
(bldg. #7); (f) Internal and (g) external view of the detachment of the infill panels from the

bearing columns due to a poor connection (bldg. #12).
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May 20" May 29"

S(t:it(llc;n Station name Iif]t L([)il]g' PGAx* PGAV' D' PGAy' PGA

[km] [cm/s?’] [em/s’] [km] [cm/s’] [cm/s?]
MIRO1 Medolla 4484 11.07 - - - 0.5 41137 361.54
MRN Mirandola 4487 11.06 16.1 25880 29730 4.1 288.63 840.74
MOGO Moglia 44.93 1091 - - 158 235.62 124.18
FINO Finale Emilia  44.82 11.28 - - - 17.5 23428 189.07
MODE Modena 44.62 1094 386 41.85 32.66 253 4409 4234
MDN Modena 1 44.64 1088 40.5 3624 28.67 257 5053 35.14
ZPP  Zola Predosa Piana 44.52 11.20 41.5 22.81 19.66 369 20.77 2231

 Distance from epicentre
1 Horizontal Peak Ground Acceleration
§ Vertical Peak Ground Acceleration

Table 1. Main information recorded by representative accelerometric stations close to epicentres
during the two main shocks of 2012.

Bldg.  Bldg. Lat. Long. Dz’  Dut o

#g ca teg(g)ry °N] [OE% km]  [km] Notes and building use
1 A2 44.892 11.102 10.13 4.75 Stable-hayloft

2 Al 44.895 11.101 10.13 4.76 Residential dwelling

3 Al 44.824 11.064 15.04 3.54 Residential dwelling

4 A2 44.825 11.063 15.05 3.54 Stable-hayloft

5 B1-2 44.823 11.069 14.69 3.36 House adjacent to stable-hayloft

6 Al 44.821 11.072 14.64 3.50 Residential dwelling

7 B1-2 44.869 11.037 1543 4.68 House adjacent to stable-hayloft

8 B1-2 44.831 11.273 7.45 14.66  House adjacent to stable-hayloft

9 A4 44.873 11.289 5.08 16.01 Warehouse

10 A2 44.589 11.144 34.07 29.27  Stable-hayloft

11 A3 44.839 11.383 13.40 23.26 Originally "casella" than infilled on transverse sides
12 B1-2 44.896 11.102 10.11 5.14 House adjacent to stable-hayloft

13 A4 44.895 11.102 10.11 5.12 Pigsty

14 A4 44.896 11.102 10.09 5.14 Warehouse

15 Al 44.892 11.107 9.70  4.85 Residential dwelling

16 B1-4 44.807 11.344 12.83 20.60 House between warechouse and vernacular chapel
17 A4 44.807 11.343 12.83 20.60  Warchouse

18 A2 44.831 11.376 13.24 22.69  Stable-hayloft

19 Al 44.828 11.338 10.96 19.73  Residential dwelling
20 Al 44.834 11376 13.04 22.64 Residential dwelling
21 A4 44.892 11.107 9.80 4.84 Warehouse-garage
22 A3 44.821 11.072 14.63 3.48 "Barchessa"

 Distance from epicentre of May 20™
I Distance from epicentre of May 29

Table 2. Main information on the building stock collected during the aftermath surveys.



Plan Number Max . Roof Walls
Bldg. . . . Floors materials- . .
4 dimensions of height techniques materials- materials-
(m) floors (m) q techniques techniques
Steel beams with Main+secondary  Fired bricks
! 20.7x17.0 2 1.1 vaulted holed bricks timber beams t=30cm
2 185x114 3 10.3 Timber beams ~ Maintsecondary  Fired bricks
timber beams t=30cm
3 15.2x11.2 3 7.90 Timber beams Main+secondary  Fired bricks
timber beams t=30cm
Steel beams with Main+secondary =~ Raw bricks
4 19.9x16.6 2 9.70 vaulted holed bricks timber beams t=30cm
Main+secondary . . .
5 13.5%29.7 2/3 11(175%/ timber beams/ Vaulted Mt?;l];zeﬁzzgfsry Fli(; (l)acr;;ks
) floor with RC slab
6 9.10x19.0 3 970 RC beams' with holed Mg1n+secondary Flrid bricks
bricks timber beams t=30cm
RC beams with holed Fired bricks
7 35.3%9.10 32 8.30/ brllcks / Steel beams Mg1n+secondary .t=350r.n/
8.20 with vaulted holed timber beams Fired bricks
bricks t=30cm
8.30/ RC beams with holed Main+secondary =~ Raw bricks
8 21.43x18.27 212 9.75 bricks timber beams t=30cm
RC beams with holed  RC beams with Raw bricks
0 6.50x17.6 2 8.90 bricks holed bricks t=30cm
10 16.6%14.0 2 9.30 RC slab Maintsecondary  Fired bricks
timber beams t=30cm
1 8.70%5.30 1 6.40 ) Mglm—secondary Flrid bricks
timber beams t=25¢cm
RC beams with holed Fired bricks
10.4/ bricks/ Steel beams  Main+secondary t=30cm/
12 12.2x21.0 22 10.9 with vaulted holed timber beams Fired bricks
bricks t=30m
13 6.15%8.05 I 3.80 . Timber beams | oo Dricks
t=25m
14 14.0%6.90 ) 795 RC beamg with holed Mglm—secondary Flre_d bricks
bricks timber beams t=15m
Main+secondary Main+secondary  Fired bricks
15 25.0x10.8 3 8.20 timber beams timber beams t=30m
16 14.6x8.60 ) 790 RC beamg with holed M§1n+secondary Fired bricks
bricks timber beams t=30m
17 12.9x3.40 2 5.10 Timber beams ~ Maintsecondary - Raw bricks
timber beams t=25cm
Steel beams with Main+secondary  Fired bricks
18 15.3x13.5 2 8.20 vaulted holed bricks timber beams t=25cm
Main+secondary Main+secondary  Fired bricks
19 13.7x12.3 2 8.00 timber beams timber beams t=30m
20 15.5%5.40 3 790 RC beamg with holed M§1n+secondary Flre_d bricks
bricks timber beams t=30m
21 19.6x133 2 7.30 Timber beams ~ Miaintsecondary  Fired bricks
timber beams t=30m
2 820%5.15 1 6.60 ) M§1n+secondary Flre_d bricks
timber beams t=25m

Table 3. Main geometrical/materials information on the building stock collected during the

surveys, where: RC: reinforced concrete.
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Rural

building Damage / Collapse mechanisms Bulflng Deficiencies / Causes
category
A (isolated building)
DAMAGE
- cracks for in-plane wall flexure 3,6,20
- X cracks for in-plane wall shear 2,15,19,20 - flexible interstorey diaphragm
Al - wall-wall corner cracks 2,3,6 - ﬂexi.ble roof '
(dwelling) cracks on partition walls 2,3,6,15 - lacking floor-wall connections
- floor beams sliding 2,3,6,19 - lacking wall-wall connections
COLLAPSE: - poor materials strength
- floor beams fall down 2
- lintels / arches 20,3,6
DAMAGE: - flexible roof
- floor beams sliding 1,4,10 - slender walls
A2 - wall cracks 1,4,18 - distance between vertical walls
(stable- COLLAPSE: . _ - lacking roof-wall connecti.ons
hayloft) wall overturning 1. m. 1 - lacking wall-wall connections
- out-of-plane wall flexure 1. m.} 10,18 - in-plane asymmetry
- flexure-shear columns failure 1,4 - non-regular infills
- roof beams fall down 1,4,18 - in-elevation irregularity
DAMAGE: .
. - flexible roof
A3 - permanent settings 11
. . - slender walls/columns
(barchessa - cracks on column-infills connections 11 - Jacking roof-wall connections
and COLLAPSE: .
casella) - out-of-plane wall flexure 1. m. 22 - in-plane asymmetry
- roof beams fall down 22 - non-regular infills
DAMAGE:
Ad - cracks for in—plane wall flexure 9,13 _ flexible roof
. - X cracks for in-plane wall shear 13,14 . .
(minor . " - lacking roof-wall connections
services cracks on infills/partitions 13,14,17 - non-regular infills
building) COLLAPSE: - poor materials strength
- roof beams fall down 9,13
- overturning of infills 9,17
B (composed building)
DAMAGE:
- X cracks for in-plane wall shear 8,12
- wall-wall corner cracks 5,8,12
B1-2 - cracks on partition walls 7,8,12 - same as for Al
(dwelling- - floor beams sliding 8,12 - same as for A2
stable- - base column cracks 7 - interaction between adjacent
hayloft) = COLLAPSE: bodies
- floor/roof beams fall down 5,8
- infills failure 5
- cornice fall down 5
B1-4 DAMAGE:
(dwelling- wall-wall corner cracks 16 - same as for Al '
minor - cracks on partition walls 16 - interaction between adjacent
services) COLLAPSE: bodies
(Not observed)

1. m. : local mechanism

Table 4. Summary of the main damage and collapse mechanisms observed for the various rural

building categories.
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