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Abstract. The 2012 Emilia (Italy) earthquakes struck a highly industrialized area including several thousands of
industrial prefabricated buildings. Due to the lack of specific design and detailing for earthquake resistance, precast
reinforced concrete (RC) buildings suffered from severe damages and even partial or total collapses in many cases.
The present study reports a data inventory of damages from field survey on prefabricated buildings. The damage
database concerns more than 1400 buildings (about 30% of the total precast building stock in the struck region).
Making use of the available shakemaps of the two mainshocks, damage distributions were related with distance from
the nearest epicentre and corresponding Pseudo-Spectral Acceleration for a period of 1 second (PSA at 1 s) or Peak
Ground Acceleration (PGA). It was found that about 90% of the severely damaged to collapsed buildings included
into the database stay within 16 km from the epicentre and experienced a PSA larger than 0.12g. Moreover, 90% of
slightly to moderately damaged buildings are located at less than 25 km from the epicentre and were affected by a PSA
larger than 0.06g. Nevertheless, the undamaged buildings examined are almost uniformly distributed over the struck
region and 10% of them suffered a PSA not lower than 0.19g. The damage distributions in terms of the maximum
experienced PGA show a sudden increase for PGA > 0.28g. In this PGA interval, 442 buildings were collected in the
database; 55% of them suffered severe damages up to collapse, 32% reported slight to moderate damages, whereas the
remaining 13% resulted undamaged.

Keywords: precast RC buildings; damages; Emilia earthquake; seismic retrofitting; peak ground
acceleration; pseudo-spectral acceleration

1. Introduction

Since Spitak (Armenia) earthquake in 1988, precast industrial buildings lacking of a suitable
seismic design have showed a unique behaviour, generally characterized by extended collapses of
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girders and roof elements (Yanev 1989). During that earthquake, multi-storey precast frame-panel
buildings showed poor performances, especially due to the low ductility of the connections (Hadjian
1988). Heavy damages strictly related to deficiencies of connections between precast members and
inadequate flexural reinforcement in precast RC columns were also documented after the 1999
Kocaeli (Turkey) earthquake (Saatcioglu et al. 2001). The results obtained from several non-linear
time history analyses of typical Turkish single-storey precast industrial buildings indicated that
flexural damages at the base of the columns should mainly be ascribed to near-fault earthquakes
(Yiiksel and Siirmeli 2010). Sezen and Whittaker (2006) categorized observational damage data
from Kocaeli earthquake according to a performance scale composed by five and four levels of
structural and non-structural damages, respectively. The effects of infill walls on the seismic
response of precast industrial buildings in Turkey was highlighted by Korkmaz and Karahan (2011),
who performed a series of non-linear analyses. In the presence of masonry curtain walls, the stability
and integrity of the precast structures resulted often to be enhanced, even if the stiffening effects of
the walls may lead to an increase of the earthquake actions. With regard to another, more recent
destructive earthquake occurred in Turkey, i.e. the 2011 Van earthquake, the effects of improper
design and detailing of connections in precast concrete structures under construction were reported
by Ozden et al. (2014). The strong vulnerability of totally or partially precast structures not designed
for the earthquake resistance was also highlighted after the 2008 Sichuan (China) earthquake. In
particular, many schools built using a hybrid structural system with unreinforced masonry walls,
cast-in-place concrete beams, and precast concrete floor elements suffered from a disproportionate
number of collapses (Miyamoto et al. 2008, China Earthquake Field Investigation Report 2008).
During the 2010 Haiti earthquake and 2011 sequence of events around Christchurch (New Zealand),
considerable damages occurred in numerous low-rise industrial buildings (Marshall and Gould
2012). In particular, many modern industrial structures, based on the use of load-bearing concrete
panels, or steel frames with concrete or unreinforced masonry cladding, suffered significant
structural and non-structural damages.

In Italy, the high vulnerability of precast concrete cladding panels in industrial buildings was
evidenced, probably for the first time, after the 2009 L’Aquila earthquake, that revealed the
inadequacy of typical steel connections between panels and main structural elements (Toniolo and
Colombo 2012). Recently, numerical models were developed to study the role of the wall panel
connections for different degrees of interaction with the precast structure (Biondini et al. 2013).

The 2012 earthquake sequence in Northern Italy (Emilia earthquake) is considered the most
severe seismic event in terms of damages and collapses suffered by precast RC industrial buildings.
The region struck by the earthquake mainshocks is one of the most productive areas in Italy, and is
characterized by medium-to-small clusters of industrial buildings located in the wvarious
municipalities. In the Emilia region, most of precast RC buildings have a single-storey structure,
typically composed of a series of basic portal frames. Each frame is constituted by columns clamped
in cast-in-place or precast pocket foundations, main girders simply-supported on corbels at the top
of the columns and precast slab elements also simply-supported in correspondence of the main
girders. Some buildings may have two floors, and others an intermediate floor in a portion of the
building, typically along one of the two short edges, where offices are located. Because the region
was not covered by seismic code requirements until October 2005, the beam-column and slab-beam
supports are typically friction-based, without any mechanical connection device.

For the industrial buildings struck by the 2012 Emilia earthquakes, Savoia et al. (2012) identified
two main categories of precast RC structures: 7) buildings constructed from 1970 to 1990 (Type 1),
with beam span length from 12 to 20 m, roof slab span length from 6 to 10 m, and masonry infills;



ii) more recent buildings (Type 2), approximately built after 1990, featuring significantly longer
spans of beams and roofing elements, and either horizontal or vertical prefabricated RC cladding
panels. These two building types approximately correspond to those identified by Casotto et al.
(2015). Analyses of the damages reported by the industrial buildings in Emilia were presented by
Savoia et al. (2012), Liberatore et al. (2013), Bournas et al. (2014) and Belleri et al. (2015).

In the present paper, the preliminary results obtained from field survey data on damages in precast
RC industrial buildings hit by the 2012 Emilia earthquakes are presented. The paper describes the
damage data collection process, and provides for the first time damage distributions in the area as a
function of epicentral distance or of Pseudo-Spectral Acceleration for a period of 1 second (PSA at
Is).

In the largest part of the territory, the maximum seismic intensity was recorded during the May
20" or 29™, 2012, earthquakes (Braga et al. 2014). Therefore, epicentral distances and PSA were
referred to these two events. A total of 1421 buildings were included in the study, corresponding to
approximately 30% of the industrial buildings in the struck area. Depending on the damage entity,
the buildings were classified into six damage levels, from no damage up to collapse, according to
the European Macroseismic Scale EMS-98 (1998).

2. The 2012 Emilia earthquakes

The earthquakes that struck the Northern Italy in May 2012 can be collected in two main
sequences, with the mainshocks of comparable energy. They occurred on May 20™ and 29", with
epicentral coordinates and local magnitude N44.889, E11.228, My = 5.9 and N44.851, E11.086,
M, = 5.8, respectively (Dolce and Di Bucci 2014). The first mainshock (May 20") was recorded
also from the station of San Nicandro Garganico, located in Southern Italy, at a distance from the
epicentre of about 500 km. The horizontal (subscript “h”) and vertical (subscript “v”’) Peak Ground
Accelerations (PGA) recorded on May 20" at Mirandola (epicentral distance Repyi = 12.3 km), the
only fixed station initially located in the epicentral area, were PGA; = 2.60 m/s? and PGA, = 3.00
m/s?. Peak Ground Velocities (PGV) were PGV, = 0.47 m/s and PGV, = 0.06 m/s (INGV 2012).
After the first mainshock, 10 additional real-time stations were positioned within few tens of
kilometres from the epicentre by the Italian National Institute of Geophysics and Vulcanology
(INGV), and 11 additional temporary stations were installed in the epicentral area by the Italian
Department of Civil Protection (DPC), see the paper by Cultrera et al. (2014). Therefore, the second
mainshock (May 29") was much better monitored than the first event. In this case, the strong motion
data obtained from the station of Mirandola, once again the closest to the epicentre (epicentral
distance Repi = 4.1 km), were PGA = 2.90 m/s? and PGV, = 0.57 m/s for the strongest horizontal
component, and PGA, = 9.00 m/s?> and PGV, = 0.28 m/s for the vertical component (INGV 2012).
Note the very high value of PGA,, typical of near-fault earthquakes.

The region struck by the earthquake was not covered by seismic design regulations until October
2005. Therefore, most of the buildings were lacking of proper design and detailing for earthquake
resistance. This circumstance undoubtedly represented the main cause of collapses in precast RC
industrial buildings (Savoia et al. 2012). In addition, acceleration and displacement response spectra
of the two mainshocks exhibited significant amplifications in the medium-to-long period range
typical of precast RC structures (1 s—3 s), due to the peculiar soil characteristics of the Po River
Plain, with the presence of very deep alluvial deposits (Dolce and Di Bucci 2014).



2.1 The area subjected to post-earthquake field survey

The May 20™ mainshock caused the collapse of several precast RC buildings in the industrial
areas of S. Agostino, Bondeno, Finale Emilia and S. Felice sul Panaro, whereas the May 29"
earthquake was particularly severe for industrial buildings in Mirandola, Cavezzo and Medolla (see
Fig. 1 reported by Liberatore et al. 2013). The first post-earthquake surveys indicated that, in some
industrial areas, almost 70% of precast RC buildings collapsed or were severely damaged (Savoia
et al. 2012). On 90% of the territory, the maximum seismic intensity was recorded during the May
20™ or 29", 2012, earthquakes. All other subsequent shocks were significant for the remaining 10%
of the struck area (see Fig. 4 reported by Braga et al. 2014). Five of these shocks occurred with local
magnitude My > 5.0, on an E-W oriented area wider than 50 km (Dolce and Di Bucci 2014).

After the earthquake sequence, the assessment of the seismic vulnerability became mandatory
before restarting working activities for the industrial buildings located in 52 municipalities in an
area extended up to 10 km from the epicentres of shocks with My > 3.5 (Legislative Decree No.
74/2012, Dolce and Di Bucci 2014).

In the present study, damage surveys on over 1400 industrial buildings are collected and analyzed.
All industrial buildings considered in the database are located in municipalities of Emilia-Romagna
region lying in the area where assessment of seismic vulnerability was mandatory, with a distance
from the closest epicentre lower than 37 km.

2.2 Parameters of seismic intensity adopted in the study

Neglecting the stiffening effect of non-structural curtain walls, precast RC buildings located in
the area typically show a fundamental period lying in the range 1-2 seconds (Bournas et al. 2014).
In fact, the presence of curtain walls provided with strip windows, generally located in
correspondence of the building perimeter, may lead to severe structural damages (see Section 5),
but, especially in buildings with non-rigid roof slab and a very large dimension in plan, does not
influence significantly the global behaviour in the direction orthogonal to that dimension. For a
typical building layout see for example Fig. 6 of the paper by Bournas et al. (2014).

In order to state a relationship between damages and ground motion intensity, the horizontal PSA
at 1 s with a 5% damping ratio was used (subscript “h” is dropped for simplicity of notation). The
vertical component of the ground motion was not considered in the present study, because it affects
particularly structures with very low natural periods.

The PSA data were obtained from the shakemaps published online by INGV (2012), and
computed using the ShakeMap software package (Wald et al. 2006). That software was implemented
by INGV to be used automatically in real time for Civil Protection purposes (Michelini e al. 2008).
For all earthquakes with magnitude My > 3.0, maps of macroseismic intensities in terms PSA (but
also PGV and PGA) are computed by INGV for the post-ecarthquake emergency management and,
with regard to the industrial buildings hit by the 2012 Emilia earthquakes, they were also widely
used to define the intervention strategies (Braga et al. 2014). Values of PSA were provided by INGV
only for the periods 0.3, 1, and 3 s. Then, the period of 1 s was selected in the present study as the
closest to the main vibration period of the buildings. Anyway, at least for the spectra of the records
collected during the second mainshock, PSA at 1 s represents a good approximation of the mean
value of the PSA in the interval 0.85-2 s (see Fig. 1).

Only the shakemaps of the two mainshocks (May 20" and 29") were considered in the present
study. In particular, for each building examined and included into the database, the value of PSA at
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Fig. 1 Horizontal PSA versus period for (a) the seismic station at Mirandola (first and second mainshocks),
and (b) those at San Felice sul Panaro and Moglia (second mainshock)

1 s corresponding to the nearest epicentre was retained. For comparison, also the maximum
experienced PGA was considered. Because the strong motion data provided by INGV are referred
to a dense grid with nodes spacing 1 km, according to the rule suggested by the Italian Building
Code (2008), PGA and PSA at a given location in the map were obtained as the weighted mean
values of the ground motion intensity measures at the four closest grid nodes, with the i-th weight
being the reciprocal of the distance between the location and the i-th node. Only 409 of the 1421
buildings included into the database are located closer to the epicentre of the first mainshock. For
the remaining 1012 buildings, the PSA at 1 s was that corresponding to the second mainshock.

The PSA of the two mainshocks presents some peculiar feature. For example, the PSA at 1 s
obtained from the records of the seismic station of Mirandola for the first and second mainshocks
was (INGV 2012) 5.50 m/s? (0.56g) and 3.70 m/s* (0.38g), respectively (see Fig. 1(a)). A value of
PSA 50% larger for the May 20" mainshock appears quite unusual for two reasons: (1) the second
mainshock was recorded at a much smaller epicentral distance, and (2) the magnitudes of the two
mainshocks were comparable and no significant site effect can be expected in the areca. With regard
to the spectrum of the N-S component recorded during the first mainshock (Fig. 1(a)),a PSA at1 s
approximately equal to three times the PSA at 2 s is observed. However, the heavy damages
observed in the area around Mirandola were caused mainly by the second mainshock.

Cultrera ef al. (2014) showed that the increase in the number of stations between the two
mainshocks led to a significant improvement of the ground motion estimates. Due to the small
number of recording stations available during the first mainshock, the shakemaps of PGA and PSA
at 3 s may be underestimated of about 0.20g and 0.14g, respectively, whereas, with the dense station
coverage for the May 29" earthquake, the error reduces to about 0.10g and 0.05g, respectively.
Underestimates of PGA were also underlined by Braga et al. (2015).

3. Recurrent damages and collapses in precast industrial buildings

The two mainshocks caused extended damages and collapses in prefabricated RC buildings. In



some industrial areas close to the epicenters (e.g., Mirandola Nord, S. Giacomo Roncole, Cavezzo,
Medolla), up to 70% of buildings were significantly damaged or collapsed. Most of the damages
were related to the absence of appropriate connections between precast elements assembled in
simply-supported conditions (slab-to-beam support, beam-to-column connection) and to the
insufficient steel reinforcement in the columns. The interactions with non-structural elements and
the rotational flexibility of foundations, when the precast pocket foundation technology was
adopted, were also important causes of collapses. Moreover, older buildings with masonry curtain
walls between RC columns (with the walls supporting most of the horizontal loading during the
earthquake) and more recent buildings with external RC cladding panels (where horizontal forces
mainly act on precast columns in clamped-free condition) exhibited very different seismic responses
(Savoia et al. 2012). Some pictures of the most frequent collapses and damages are reported in Figs.
2—-6 and described in the following.

Fig. 2(a) shows the falling of a precast beam from the column support due to the interaction with
the front masonry curtain wall. During the roof oscillation, the infill wall alternatively exerted an
additional constraint to only one of the two adjacent columns, leading to a significant increase in the
translational stiffness of that column. Therefore, most of the horizontal force was transferred to one
beam-column support only, overcoming the friction capacity of the support. This failure was very
common in buildings with strip windows between the precast beam and the curtain wall. Fig. 2(b)
shows an extended roof collapse in a modern precast building due to the absence of slab-beam
connections.

@ , : R T el ()
Fig. 2 Roof collapses in precast buildings: (a) partial collapse due to interaction with masonry curtain walls;
and (b) extended collapse in a modern prefabricated building

(a) (b)
Fig. 3 Collapse of (a) a masonry curtain wall not restrained by the RC structure; and of (b) RC cladding
panels due to failure of the steel channel profiles supporting them
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Fig. 4 Damages in precast RC columns: (a) rotation of external columns; and (b) large base rotation due to
formation of a plastic hinge with yielding and buckling of longitudinal steel bars

Fig. 3 shows the falling of curtain walls. In the case of Fig. 3(a), the collapse of the masonry
curtain wall was caused by the insufficient restraint exerted on the wall by RC columns and upper
beam, due to the presence of the strip window. Sometimes, before the collapse of the masonry infill,
column damages occurred because of the interaction with the wall: in Fig. 3(a), note also the short
column failure of the left column. Short column failure mechanisms were also documented in Figs.
11-13 reported by Liberatore et al. (2013), and in Fig. 10 reported by Bournas et al. (2014). The
picture of Fig. 3(b) illustrates the falling of RC cladding panels due to the damage of the retaining
systems, represented by steel channel profiles cast in the column concrete cover. These devices are
typically designed against horizontal forces acting perpendicularly to the panels and are not able to
support the large building displacements in the direction parallel to the curtain front during the
earthquake. This kind of collapse was common in precast buildings with horizontal cladding panels.

Rotations of precast RC columns not designed for the earthquake resistance due to damages at
the column base are shown in Fig. 4. In the case of Fig. 4(a), the rotation was caused by the formation
of a plastic hinge at the base. A detail of a plastic hinge, with yielding of longitudinal steel bars in
tension and buckling of bars in compression is shown in Fig. 4(b).

Local damages occurred frequently in columns due to the interaction with masonry curtain walls
(Fig. 5(a)), or in the forked supports at the column top (Fig. 5(b)), generally not designed to avoid
overturning of the beams during seismic excitations. Typically, these damages were repairable and
were restricted to some elements in the building only.

Sometimes, rigid rotations of columns occurred due to settlements at the foundation level or
failure of the precast sleeve footing. In few cases, very large column rotations occurred with very
extended collapses (Fig. 6(a)), probably due to the use of fully precast sleeve footings simply-
supported on the cast in situ RC foundation. This technology was often used in recent years in order
to speed up the construction, but this kind of foundation structure does not exhibit any overstrength
capacity when the external bending moment overcomes the stabilizing moment. In other cases, the
presence of a RC pavement avoided excessive column rotation and falling of the upper beam (Fig.
6(b)). With regard to the overturning failure of precast RC columns, an analysis was recently
presented by Kafle e al. (2015).
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Fig. 5 Local damages in precast RC columns: (a) failure mechanism due to interaction with masonry infills;
and (b) damage of the upper fork of a column due to flexural-torsional displacements of the precast beam

\

(a) _g (b)
Fig. 6 Damages in precast RC columns: (a) extended building collapse caused by large column rotation due
to foundation settlement; and (b) column rotation due to settlement at the foundation level, counteracted by

the presence of an industrial concrete pavement

4. Damage data collection and inventory

After an earthquake, the collection of damage data and their inventory represent an essential tool
for predicting the response of the buildings to future earthquakes.

The post-earthquake survey procedures usually adopted worldwide are rapid assessment
protocols for assisting the surveyors in making a decision about the usability of the buildings based
on the observed damages. In Italy, the official protocol was developed from the experience acquired
since the 1997 Umbria-Marche earthquake, and combines observational damage data with
information on possible sources of seismic risk. This procedure is based on AeDES inspection form
(Baggio et al. 2007) and is restricted to ordinary buildings. As far as the precast industrial buildings
struck by the 2012 Emilia earthquakes, designed in most cases without any seismic design criteria,
are concerned, this protocol was not applicable at all. In fact, the absence of mechanical connections
between the precast elements caused many very brittle failures, often without any preceding damage
indicating the possible vulnerability of the structure. This aspect became particularly evident after



May 29" mainshock, that caused heavy damages and collapses even to buildings which did not
suffer any damage during May 20" mainshock, even if the first earthquake was characterized by
comparable and even larger values of some macroseismic parameters (see Section 2.2).

As an example, two pictures of a single-storey two-bay industrial building with variable height
roof beams simply-supported in correspondence of the columns and perimeter masonry curtain
walls, taken after the first and the second mainshock, are reported in Fig. 7(a) and Fig. 7(b),
respectively. The maximum accelerations in that area were comparable, but the effects of the second
mainshock on many buildings were significantly heavier. In that building, May 20" earthquake
caused only the detachment of a masonry curtain wall on the front without any displacement between
beams and columns at the roof level. On the contrary, May 29™ earthquake caused the falling of the
two front beams with a mechanism analogous to that shown in Fig. 2(a).

The field surveys highlighted the following main sources of seismic vulnerability for the precast
industrial buildings, additional with respect to the cast-in-situ RC structures:

- the lack of connecting devices between precast monolithic elements, and in particular

between roof slab elements and main girders and between main girders and columns;

- the inadequacy of steel connections of precast RC cladding panels to the structural elements

(i.e., columns and beams);

- the presence of very heavy shelves without any bracing systems suitable for resisting

horizontal forces.

The aforementioned shortcomings being the cause of a huge number of partial or full collapses,
their removal, even for undamaged buildings, became mandatory after the second mainshock in 52
municipalities close to the epicentre, in order to allow for restarting the working activities
(Legislative Decree No. 74/2012). In particular, a two-phase intervention strategy was planned. In
the first short term phase, interventions aimed at removing the three mentioned vulnerabilities had
to be scheduled in order to re-obtaining the temporary usability of the buildings. The second long
term phase required seismic risk assessment and, if necessary, the design of structural retrofitting
interventions. According to Legislative Decree No. 74/2012 (2012), the retrofitting interventions
shall ensure a safety level not lower than 60% of that required for a new construction.

i i ‘ ; : il | ] ; S s (b)
Fig. 7 Industrial building in San Giacomo Roncole (Mirandola, MO): (a) the building after May 20™
earthquake, and (b) after May 29" earthquake




Table 1 Damage levels adopted in the present investigation and correspondences with definitions reported by
Emilia-Romagna Regional Decree No. 57/2012

Damage level DO Dl D2 D3 D4 D5

No Slight Moderate | Severe | Heavy | Collapse
damage | damage | damage damage | damage

Damage class according to
Regional Decree 57/2012 c b d e a
Local or distributed structural damages | - <20% | >20% - - -
to horizontal and/or vertical partitions
without collapses'
Severe structural damages to horizontal | - - - <15% | £30% | >30%
and/or vertical external surfaces with
collapses®
Residual column drift - - - atleastl | <20% | >20%
0 > 2%? column
Plastic hinges at the column base - - - - <20% | >20%
sections®
! Percentages referred to all horizontal and vertical partitions in the building
2 Percentages referred to all horizontal and vertical outer surfaces in the building, such as roof and curtain
walls
3 Percentages referred to the whole number of columns in the building

Table 2 Correspondence of the damage levels used in the present analysis with those introduced by E
MS-98 (1998)

Damage scale Damage level
Present DO Dl D2 D3 D4 D5
1 2 3 4 5
Non-structural - | Slight | Moderate Heavy Very | Total or
EMS-98 .
damage heavy partial
Structural damage - - Slight | Moderate Heavy | collapse

In the present study, in the absence of inspection forms dedicated to precast industrial buildings,
the damage data were collected from survey reports prepared by structural engineers charged of
estimating the damages as a preliminary phase for the design of retrofitting interventions. These
reports were also validated by a public in-house company charged of assessing the coherence of the
public economical contribution for the interventions. Of course, data collection was much slower
than using data from post-earthquake inspection forms, but its quality was significantly better.

Damage data were classified according to the six level damage scale reported in Table 1, from
the absence of both structural and non-structural damages (level DO) up to building collapse (level
D5). These levels substantially coincide with those introduced by EMS-98 (1998), reported in Table
2 for comparison. Furthermore, levels D1 (slight damage), D2 (moderate damage), D3 (severe
damage), D4 (heavy damage) and D5 (collapse) considered in the present analysis correspond to
damage classes “c”, “b”, “d”, “e” and “a”, respectively, established by Decree No. 57/2012 (2012)
of Emilia-Romagna region. In particular, the latter diversifies the damage classes according to the
percentage of damaged elements (i.e., slabs, roof, including the supporting beams, and cladding
panels) and damaged columns (Table 1).

Earthquake-induced foundation settlements are also considered by the recent updates of Regional



Decree No. 57/2012, but they do not appear explicitly in Table 1. As a matter of fact, rotations of
the pocket foundation at the column base, observed in some cases (Fig. 6), may be taken into account
in the form of a permanent column drift.

Regional Decree No. 57/2012 granted specific non-repayable funds to the manufacturing
companies for the interventions on damaged buildings. In particular, the funds dedicated to buildings
belonging to damage levels D1 and D2 covered the costs for local repair interventions and structural
strengthening, and could be increased to cover the seismic retrofitting. Funds for severely and
heavily damaged buildings (levels D3 and D4) covered all the refurbishment costs, including seismic
retrofitting. Funds for partially or fully collapsed buildings (level D5) covered reconstruction costs.
Finally, for undamaged buildings (Ievel DO0), financial support to realize short term interventions
(e.g., connecting devices at the roof or slab level to avoid sliding of monolithic elements), but also
for seismic retrofitting, was periodically made available (Emilia-Romagna Regional Decree No.
91/2013).

The purpose of the classification reported by Regional Decree No. 57/2012 was to provide for
objective elements for the evaluation of damages, being the damage level strictly connected with the
funding plateau. However, establishing the damage level of buildings according to Table 1 may
result in unconservative damage evaluations. For instance, damage levels D3, D4 and D5 depend on
the number of columns whose permanent drift is greater than 2%, but it can be verified that, for
precast buildings, this value is too large to be related to a damage condition measured at the end of
the seismic event. In fact, for RC columns, a drift of 2% is a typical value usually provided (see
Table C1-3 of FEMA 356 2000) to illustrate the overall structural response associated with a Life
Safety Structural Performance Level, and is therefore related to the maximum drift attained during
the seismic event. Thus, a value of the residual drift lower than 2% should be used for identifying
the damage level at the end of the seismic event. For example, taking second order effects into
account according with the nominal curvature method (CEN 2004), it is possible to show that precast
RC columns of industrial buildings typical for the struck area, and not designed for the earthquake
resistance, can collapse under permanent loads in the presence of a residual drift of approximately
1%. Such a drift value should then be considered as a very heavy damage. Hence, as far as damages
related to residual column drifts larger than 2% are concerned, damage levels D3, D4 and D5 defined
in Table 1 can be considered as substantially equivalent.

5. Damage data analysis

In the present study, the damage data for the 1421 buildings examined were processed to obtain
correlations between damage level and epicentral distance or, alternatively, PSA at 1 s. In particular,
with reference to the earthquakes occurred on May 20™ and 29%, the distance from the nearest
epicentre and corresponding PSA at 1 s were considered for each building. Table 3 shows, for each
of the 5 damage levels, the number of buildings included into the database. About 96% of these
buildings (1358 over 1421) are located at no more than 30 km from the nearest epicentre and, in
such range of epicentral distances, they represent approximately 30% of the whole number of precast
industrial buildings struck by the seismic sequence. For epicentral distances larger than 30 km, the
data reported in the database are not significant because only few buildings were subjected to survey
so far from the epicentres.



Table 3 Number of buildings included into the database for each damage level

Damage level DO Dl D2 D3 D4 D5 DI+...+D5
No. of buildings in the database 801 196 125 82 54 163 620
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Fig. 8 Map reporting the locations of 299 severely damaged to collapsed buildings (damage levels D3, D4
and D5, black data points) and of epicentres of the two mainshocks (red stars)
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Fig. 9 Cumulative frequencies of buildings belonging to damage levels D3 (dashed lines), D4 (line with
symbols) and D5 (solid line) versus (a) distance from the nearest epicentre, and (b) corresponding PSA at 1 s

The locations of the industrial buildings belonging to damage levels D3, D4 and D5 are reported
in Fig. 8, where the highest concentration is observed around the epicentre of May 29" earthquake
(Mp = 5.8). Several buildings with heavy damages are also located at South-East of May 20™
earthquake (M = 5.9) epicentre. The cumulative frequencies of buildings with damage levels D3,
D4 and D5 are reported in Fig. 9(a) and Fig. 9(b) versus epicentral distance and PSA at 1 s,



respectively. For each damage level, the cumulative frequency is referred to the total number of
buildings belonging to that level and included into the database, i.e, 82, 54 and 163 buildings for
damage levels D3, D4 and D5, respectively (see Table 3). All collapsed buildings are located at less
than 19 km from the nearest epicentre, and for 80% of them the epicentral distance does not exceed
9 km (D5 in Fig. 9(a)). Moreover, 80% of the collapsed buildings experienced a PSA larger than
0.26g (D5 in Fig. 9(b)). It is worth noting that, in Fig. 9, the curves corresponding to damage levels
D3 and D4 are very close to those corresponding to damage level D5, so confirming the difficulty,
for the technicians charged of preparing the damage reports, of distinguishing between the three
damage levels. This behaviour justifies the grouping of the three damage levels into one single
damage class, as will be carried out in the following.

The locations of the buildings with slight to moderate damages (levels D1 and D2) are reported
in Fig. 10, where they appear scattered over the struck area, with the highest density in the Modena
county. For the same buildings, the plots of the cumulative frequencies versus distance from the
nearest epicentre and corresponding PSA at 1 s are reported in Fig. 11(a) and Fig. 11(b), respectively.
The cumulative frequencies for damage levels D1 and D2 are referred to 196 and 125 buildings,
respectively (Table 3). All buildings with moderate damages lie at an epicentral distance not larger
than 26 km, and 20% of them are located at less than 5 km from the nearest epicentre (D2 in Fig.
11(a)). Moreover, 20% of the buildings with moderate damages experienced a PSA larger than 0.28g
(D2 in Fig. 11(b)). Finally, for 20% of the buildings with slight damages, the minimum epicentral
distance does not exceed 7 km (D1 in Fig. 11(a)), and the experienced PSA at 1 s is larger than 0.27g
(D1 in Fig. 11(b)).

The 801 undamaged buildings included into the database (Table 3) are indicated in the map of
Fig. 12, where they appear almost uniformly distributed within the counties of Reggio Emilia,
Modena, Bologna and Ferrara, and then also close to the earthquake epicentres. Note that only
buildings lacking appropriate connections between precast elements and located in the struck area
of Emilia-Romagna region were considered in the database.
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Fig. 10 Map reporting the locations of 321 slightly to moderately damaged buildings (damage levels D1 and
D2, black data points) and of epicentres of the two mainshocks (red stars)
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Fig. 11 Cumulative frequencies of buildings belonging to damage levels D1 and D2 versus (a) distance from
the nearest epicentre, and (b) corresponding PSAat 1 s
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Fig. 12 Map reporting the locations of 801 undamaged buildings (damage level DO, black data points) and
of epicentres of the two mainshocks (red stars)

The data reported show that even though six damage levels have been identified, the
classification in one level or another may depend on the subjective judgement of the inspector.

For instance, the distinction between the distributions of buildings with damage levels D3, D4
and D5 is not clear (see Fig. 9).

Sometimes, also the distinction between damage levels D1 and D2 may be difficult. On the
contrary, the distributions of groups of damage levels D3 to D5, D1 to D2, and DO are clearly distinct
(see Figs. 8, 10 and 12). Therefore, in the further analyses, the damage data were grouped into three
main classes, i.e., the class of the undamaged buildings (D0), that collecting the buildings with slight
to moderate damages (D1+D2), and, finally, that of the severely damaged to collapsed buildings



(D3+D4+D5). The corresponding cumulative frequencies, referred to 801, 196+125=321, and
82+54+163=299 buildings, respectively (see Table 3), are reported in Fig. 13 versus the distance
from the nearest epicentre. It can be noted from Fig. 13 that 90% of the severely damaged to
collapsed buildings (D3+D4+D5) lie within 16 km from the nearest epicentre. Moreover, for 90%
of the buildings with slight to moderate damages (D1+D2), the minimum epicentral distance is less
than 25 km.

Finally, the undamaged buildings are almost uniformly distributed over the struck area,
confirming the result reported on the map of Fig. 12. In fact, the red curve reported in Fig. 13,
substantially coincident with the frequency-distance plot for the undamaged buildings, represents a
quadratic function of the form:

FDO(chi) =Cmn chi2 (1)

following from the assumption of uniform building density. In Eq. (1), Repi = generic epicentral
distance in km; and C = 3.25 x 10~*is a constant obtained from data fitting. Of course, very close to
the epicentres a smaller number of undamaged buildings, and a deviation of Eq. (1) from the data,
can be expected. Nevertheless, the circumstance that also quite close to the epicentres there is a
significant number of undamaged buildings indicates that some precast building typologies did not
suffer damages also in the presence of large ground accelerations.

The data are presented in an alternative form in Fig. 14, to underline the percentages of buildings
with different levels of damage as a function of their epicentral distance. In particular, the cumulative
sum of buildings investigated is reported in Fig. 14(a), whereas the percentage distribution of the
buildings belonging to the three damage classes is reported in Fig. 14(b). The 1358 investigated
buildings with Repi <30 km are distributed among the three damage classes according to the
following percentages: 22% (D3+D4+DS5), 23% (D1+D2) and 55% (DO0). The buildings with severe
damages up to collapse (D3+D4+D5 in Fig. 14(b)) are 62% of all buildings in the range 0—5 km,
and about one half of the total stock for epicentral distances up to 10 km. Nevertheless, it is worth
noting that 19% of the buildings within 10 km from the epicentre did not suffer any damage (DO in
Fig. 14(b)).
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Fig. 13 Cumulative frequencies of the three classes of damage levels plotted versus the distance from the
nearest epicentre
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Fig. 15 Cumulative frequencies of the three classes of damage levels versus (a) PSA at 1 s corresponding to
the nearest epicentre, and (b) maximum experienced PGA

The cumulative frequencies of the buildings belonging to the different classes of damage levels
are reported in Fig. 15(a) versus the PSA at 1 s corresponding to the nearest epicentre. It can be



observed that 90% of buildings with severe damages up to collapse (D3+D4+D5) experienced a
PSA larger than 0.12g and 10% of them was subject to a PSA larger than 0.29g. Moreover, 90% of
buildings with slight to moderate damages (D1+D2) experienced a PSA larger than 0.06g.

Distributions of the damage classes D1+D2 and D3+D4+D5 similar to those reported in Fig.
15(a) are finally presented in terms of the maximum experienced PGA in Fig. 15(b). It is worth
noting that these curves show a sudden slope change at PGA ~ 0.28¢g, with a significant increase of
the number of damaged buildings for PGA values greater than that value. In particular, the 442
buildings subjected to a PGA > 0.28¢ and located at epicentral distances lower than 12 km are
distributed among the three damage classes according to the percentages reported in Table 4,
showing a clear predominance of class D3+D4+D5 (severe damage to total collapse).

This circumstance would suggest the possibility that, for PGA >0.28g, some damage
mechanisms can be activated, depending on parameters not strictly related with the building
characteristics: one of these causes can be the falling of the roof elements, or even main girders from
their support (see Fig. 2(a)), which is related to the overcoming of the friction resistance at the
support level. Actually, the slope changes shown in Fig. 15 are a consequence of the non-uniform
distribution of buildings and of the spatial distribution of the parameters of seismic intensity. Only
for the uniform distribution of the undamaged buildings (D0) the slope change is absent.

That said, the falling down collapse mechanism was very frequent in the epicentral areas,
especially when the interaction between precast columns and non-structural walls took place.

As an example, consider a typical precast building with one single beam span and columns of
height 4. A general frame of the building is outlined in Fig. 16(a). According to Fig. 1(a), for a site
which experienced a PGA of about 0.28g—0.30g, and a natural period between 1 s and 2 s, PSA =
og, where a is about 0.4. If M indicates the upper mass (due to the presence of the roof slab elements
and precast beam), the dead load acting on the two beam-column supports is F,i = F\2 = Mg/2. The
horizontal force due to the seismic excitation is then Fj, = M PSA = aMg, and is equally divided
between the two columns, i.e., Fi = Fip = aMg/2. It can then be verified that the supports are
perhaps able to support the horizontal forces by friction, being Fii/Fyvi = Fio/Fy2o = oo = 0.4, which is
a typical value for the concrete-to-concrete friction coefficient (Tassios and Vintzéleou 1987). With
an illustrative example considering a friction-based beam-column connection typical for the struck
area, Liberatore et al. (2013), showed that, if no vertical component of the ground motion is
considered, a friction coefficient a = 0.4 is sufficient to avoid relative displacements between beam
and column. Conversely, sliding may occur in some case due to the combined effect of horizontal
and vertical components of the ground motion.

As a second case, consider a front frame with a masonry infill wall and a strip window on the top
of it, whose height is 41 = h/3 (see Fig. 16(b)). When the roof is oscillating due to the seismic
excitation, the two columns exhibit different lateral stiffnesses because of the interaction with the
infill: under the assumption that the left column has a deformable length equal to /i, and thus
behaves as a cantilever with the fixed cross-section located at 4~—h; = (2/3)h from the base, the lateral
stiffness of the right column is K = 3EI/i*, whereas that of the left column is 27 times greater. Hence,
almost the whole horizontal force will be carried out by the left column (Fig. 16(b)), i.e., Fi = aMg
and F1/Fy1 = 2a. = 0.8. Though ignoring the possibility of a short column failure for the left column,
such a ratio between horizontal and vertical forces, certainly greater than the concrete-to-concrete
friction coefficient, indicates that the falling down of the beam from the column is to be expected.
In the pushover curve of Fig. 2.4 reported by Casotto et al. (2015), the collapse due to connection
failure is reached before the attainment of the flexural strength in the columns.



Table 4 Distribution among the three damage classes of the buildings affected by a PGA > 0.28¢g

Damage class DO DI1+D2 D3+D4+D5 Total
No. of buildings 57 144 241 442
Percentage [%] 13 32 55 100
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Fig. 16 Single-storey single-bay precast frame (a) without masonry infill and (b) with an infill wall provided
with a strip window between precast beam and wall
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6. Conclusions

The results obtained from the analysis of damage data concerning 1421 precast RC industrial
buildings hit by the 2012 Emilia seismic sequence are presented in the paper. About 96% (1358
buildings) of the buildings examined are located in the struck region at epicentral distances not larger
than 30 km and represent about 30% of the total stock of industrial buildings in the area. The strong
motion data used in the study were obtained from the shakemaps of the two mainshocks that
occurred on May 20" and 29", with My = 5.9 and 5.8, respectively. In particular, for each building,
three parameters were considered to establish the earthquake intensity, i.e., distance from the nearest
epicentre, PSA at 1 s associated with the nearest epicentre, and maximum experienced PGA.

A six level damage scale, substantially corresponding to those given by EMS-98, was defined.
The first level (DO0) corresponds to undamaged buildings, whereas damage levels D1 to D5 refer to
increasing levels of damage, from slight damages on non-structural elements up to partial or full
building collapse. Then, on the basis of some correlations observed, the damage data were grouped
into the three classes D0, D1+D2, and D3+D4+D5.

It was found that approximately 90% of the buildings of damage class D3+D4+D5 included in
the study are located within 16 km from the epicentre and experienced a PSA larger than 0.12g. For
10% of the severely damaged to collapsed buildings, the PSA was larger than 0.29¢g. Finally, a
quadratic relationship was shown to fit accurately the cumulative frequency of undamaged buildings
versus distance from the nearest epicentre, indicating that these buildings are almost uniformly
distributed over the struck region. Indeed, 44% of the 801 undamaged buildings considered are
located within 20 km from the epicentre, and this percentage is very well approximated by the area
ratio 41/4> = 0.44, with 4, = © 20%, and 4> = 7t 30? being circular surfaces with radii Repi = 20 and 30
km, respectively, centred on the epicentre. It is worth observing that approximately 20% of the
buildings that experienced a PSA > 0.20g were nevertheless undamaged. The circumstance that also
close to the epicentres a significant number of buildings resulted undamaged indicates that some



precast building typologies present a relatively low seismic vulnerability.

The damage distributions in terms of the maximum experienced PGA are characterized by a
sudden increase in the number of damaged buildings for PGA > 0.28g. This slope change is a
consequence of the non-uniform distribution of the buildings included into the database and of the
spatial distribution of the PGA.

Since very heavy damages and collapses were observed in a significant number of buildings up
to about 15 km from the epicentres, and moderate damages affected buildings located up to 25-30
km from the epicentres (Fig. 13), future developments of the present investigation will be dedicated
to a deeper analysis of the most common typologies of precast buildings, in order to put in evidence
all possible sources of seismic vulnerability.
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