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Abstract: Reinforced-concrete-frame buildings, particularly midrise multifamily condominium structures, experienced significant damage
in the 2009 LÕAquila, Italy earthquake. The most frequently observed damage was cracking and failure of nonstructural masonry infill walls,
but some buildings also experienced structural damage, including column shear failure and collapse. Fieldwork conducted approximately 3
weeks after the earthquake was used to collect data from approximately 483 concrete frame structures in LÕAquila, including building lo-
cation, characteristics, damage, and postearthquake occupancy. A second survey 1 year later investigated whether buildings had been repaired
or reoccupied. These results show that the building damage is correlated to height, usage, elevation irregularities in strength and stiffness, and
the ground-shaking intensity at each site. This information provides the basis for empirically derived fragility functions for this typology of
concrete frame. Approximately 0.2% of concrete structures collapsed. The study also shows that occupants of tall and older condominium
structures in areas north and west of the city center were particularly affected; single-family homes were less damaged and more likely to be
occupied during fieldwork. Damaged concrete buildings have led to significant disruption of the community and social fabric, causing the
temporary or permanent closure of small businesses, medical offices, restaurants, churches, and schools.DOI: 10.1061/(ASCE)NH.1527-
6996.0000047. © 2012 American Society of Civil Engineers.
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Introduction

The LÕAquila, Italy earthquake had a magnitude (Mw) of 6.3 and
occurred at 3:32 a.m. on April 6, 2009. Significant damage oc-
curred in the city of LÕAquila, located approximately 6 km from
the epicenter, and more than 20 neighboring towns, killing 305 peo-
ple and injuring at least 1,500 (Camata et al. 2009; Rossetto et al.
2009). The location of LÕAquila, which has a population of approx-
imately 73,000 (ISTAT 2009), is shown in Fig.1. As a result of the
earthquake, approximately 70,000 people were temporarily evacu-
ated from their homes and 30,000 people were left homeless
(Rossetto et al. 2009; Bazzurro et al. 2009). The LÕAquila event
is one of more than 10 major earthquakes in Italy since 1900, as
illustrated in Fig.2. Seismological evidence indicates that earth-
quakes of this magnitude or greater strike Italy approximately every
10 years (Boschi et al. 2009). Previous damaging earthquakes
shook LÕAquila and the Abruzzo region in 1315, 1349, 1461,
1703, and 1915 (Stuchi et al. 2009).

Bearing masonry structures in LÕAquilaÕs historic center and
surrounding villages incurred the most serious damage, including
failures of connections between walls, floors and roofs, out-of-
plane wall collapses, and shear failure of wall piers. Collapses
of masonry homes caused many of the fatalities, and a large number
of historic monuments were severely damaged or destroyed
(Camata et al. 2009; Bazzurro et al. 2009). The other prevalent

building type, reinforced concrete structures, experienced major
nonstructural damage and, in a more limited fraction of buildings,
significant structural damage. Particularly dramatic was the col-
lapse of portion of a five-story concrete LÕAquila University dor-
mitory, which led to a number of casualties (Rossetto et al. 2009;
Verderame et al. 2009). A wing of the concrete Duca DÕabruzzi
Hotel also collapsed, and the regionÕs primary hospital, San
Salvatore, experienced shear failures in columns, leading to the
temporary closure of that facility (Camata et al. 2009; Bazzurro
et al. 2009; Rossetto et al. 2009). Infrastructure systems, such as
bridges, roads, and gas and water pipelines, experienced localized
failures (Rossetto et al. 2009; Bazzurro et al. 2009).

This study examines the vulnerability of concrete frame build-
ings and their occupants in the LÕAquila earthquake. Physical vul-
nerability in spatial and typological patterns of seismic damage in
concrete frame buildings is specifically looked at. The study also
investigates the postearthquake effects of these damaged concrete
frame buildings on the cityÕs building stock, critical community
buildings, businesses, and building occupants by quantifying post-
earthquake occupancy, business activity, and repairs. This analysis
links the physical vulnerability and risks associated with concrete
frame buildings with social vulnerability, or theÒsusceptibility of
social groups or society at large to potential lossesÓ(Cutter 1996).
Understanding who is vulnerable in deficient concrete frame build-
ings is critical for developing effective policies for repair, rebuild-
ing, and retrofit that reduce seismic risk. Characteristics of affected
residents and businesses are analyzed through postearthquake
fieldwork. In addition, the study investigates census data related
to human factors that may contribute to social vulnerability, includ-
ing socioeconomic status and occupation, educational achieve-
ment, age, and home ownership (Cutter et al. 2003). LÕAquila
provides an important case study because the earthquake represents
a significant test of the performance of modern concrete rather
than vernacular construction. Concrete frame buildings dominate
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residential and commercial construction in urban areas in Italy
today, and their design, construction, usage, and deficiencies are
characteristic of a large number of buildings throughout the seis-
mically active Mediterranean region and elsewhere.

Concrete Buildings in L ÕAquila

The municipality of LÕAquila has more than 4,000 reinforced con-
crete buildings, making up approximately 29% of the residential
building stock (ISTAT 2001). Concrete frame buildings constructed
without seismic design and detailing principles or with poor
quality workmanship are known to be particularly vulnerable to
earthquake-induced damage and collapse. In Italy, as in the United
States, design procedures and seismic code provisions for these
buildings have gradually improved in the past 30 years to reflect
the importance of ductile reinforcement detailing and capacity de-
sign methods for avoiding brittle failure modes. The first simple

seismic design requirements were added to Italian building codes
in 1984 (G. Camata, personal communication, 2009). In 1996, seis-
mic codes introduced detailing requirements for closely spaced
transverse reinforcement, limits on longitudinal reinforcement,
and improved anchorage for reinforcing bars. The 1996 code was
the first to address nonstructural damage, with requirements in-
tended to prevent the expulsion of infill walls (Cosenza et al.
2009). Capacity design provisions, requiring stronger columns than
beams, and rules for beam-column joint design were added in
2003. However, many of these requirements did not become
compulsory until 2009 (Cosenza et al. 2009; G. Camata, personal
communication, 2009).

As a result, concrete frame buildings constructed before the
mid-1990s are expected to be especially vulnerable to seismic dam-
age. Approximately 83% of the concrete buildings in LÕAquila
(some 3,500 buildings) were constructed before 1991 (ISTAT
2001), such that they are unlikely to have the ductile design and
detailing features of modern seismic design. Although census data
indicate that most concrete buildings are in either excellent (45%)
or good (50%) physical condition, this evaluation does directly
consider seismic resistance and very few older concrete buildings
have been retrofitted (ISTAT 2001). Because there may be several
codes permitted for design in Italy at any given time, newer con-
crete buildings may also be at risk, depending on the code version
used and enforcement/quality control.

Research Questions and Methods

This study uses postearthquake investigations following the
LÕAquila earthquake to quantify the seismic vulnerability of
ItalyÕs concrete buildings, focusing on the effect of deficiencies
in seismic design and construction of concrete frame buildings on
LÕAquilaÕs residents and commercial, community, and government
institutions. Relevant research questions include: What are the
characteristics of damaged concrete buildings? What is the relation-
ship between ground-shaking intensity and damage severity?
What are the sociodemographic characteristics of people living

Fig. 1. Location of LÕAquila, Italy

Fig. 2. Earthquake magnitudes and fatalities since 1900 from Nichols and Beavers (2003), with data from major Italian earthquakes superimposed;
2010 Haiti and Chile earthquakes are shown for comparison; Italian fatality data are from a variety of sources and are approximate (reprinted from
Nichols and Beavers 2003with permission from the Earthquake Engineering Research Institute)
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or working in concrete buildings? What community and
government institutions or commercial activities occupy these
buildings? In addition, data were gathered on progress in
reconstruction documents for how long after the earthquake build-
ing functionality is interrupted.

Research methods combine postearthquake building inspections
and reconnaissance with collection of census and other available
data on building occupants and characteristics. Visual inspections
are used to document characteristics (e.g., location, height, and
irregularities) of damaged and undamaged concrete buildings to
assess the severity of damage and to evaluate the disruption in oc-
cupancy and usage of the structure, which affects occupantsÕability
to fulfill preearthquake economic, familial, and societal respon-
sibilities. A second survey was used to gather data on the status
repair work and building occupancy 1 year after the earthquake.
The study of undamaged and damaged buildings is essential to
characterize the critical risk factors contributing to building and
community vulnerability; undamaged buildings are rarely included
in traditional engineering postearthquake reconnaissance efforts.
Damage, repair, and occupancy assessments were assigned system-
atically by using rating sheets developed before entering the field.
The data collected provided the basis for the development of em-
pirically based fragility functions, which relate ground motion in-
tensity to the building damage state. Hypothesis testing is used to
identify the statistically significant characteristics of the most vul-
nerable buildings.

Data about the LÕAquila housing stock and socioeconomic char-
acteristics of building occupants are obtained from the 2001 Italian
Census with some 2009 updates. Building-related information in
the census relates primarily to residential construction and includes
building age, construction material, height, and condition. Other
data include the age, gender, education, and income level of
LÕAquila residents.

Building Database

The database of concrete buildings in LÕAquila was assembled
through fieldwork conducted between April 22 and 29, 2009. Data-
base information includes each buildingÕs location, recorded by us-
ing a global positioning system (GPS) device, and street address.
Building usage is characterized as single-family residential (SFR),
multifamily residential (MFR), multifamily residential with retail
or commercial activity (MFRR), i.e., mixed use, commercial or re-
tail (C/R), industrial (I), or public (P). Other building attributes
recorded include the number of stories, number of housing units,
observations of structural irregularities in plan or elevation, and the

type of masonry infill where apparent. The database buildings are
geographically distributed around the LÕAquila historic center,
which has predominantly unreinforced masonry buildings and was
not open to researchers at the time of fieldwork, and are expected to
be representative of concrete frame construction throughout
the city.

A total of 483 buildings were evaluated. These structures in-
clude an estimated 4,618 homes in whichÒhomeÓrefers to a house,
apartment, or condominium that serves as the residence of an indi-
vidual, family, or household. The distribution of database buildings
by height and function are shown in Fig.3. All buildings have con-
crete frame lateral resisting systems. Most database buildings have
nonstructural masonry infill between framing elements, such as the
example in Fig.4. Masonry infill typically consists of two wythes
of unreinforced hollow clay bricks (mattoni forati), although some
structures had brick fa•ades or infill consisting of brick, concrete
blocks, or masonry rubble. None of the structures examined had
apparent structural shear walls. Of 483 buildings, 115 were ob-
served to have torsional irregularities often because of anL, T,
or C-shape floor plan. Coincidentally, 115 buildings were also
identified as possessing vertical irregularities, such as a soft story
or overhang. Roof and floor systems varied, but a one-way system
of concrete joists and hollow bricks is common. In the buildings
surveyed, column spacing ranged from approximately 4 to 8 m.
Columns are typically square, measuring approximately 45Ð55 cm
in each dimension and beam depths are similar. A typical multi-
family residential condominium building has 3Ð4 stories with
garages at the ground floor level. This structural typology is
common throughout Italy and other seismically active parts of
the Mediterranean (Maffei et al. 2006).

The database concrete frame buildings house eight schools and
three churches. Other building activities include two pharmacies;
dozens of medical and dental offices; at least 13 beauty salons;
three major supermarkets and specialty shops for bakeries, fish,
and vegetables; six convenience stores; 10 bars or cafes; 14 restau-
rants, banking, real estate, and insurance offices; five hardware or
carpentry shops; nine mechanics; five car dealerships; and other
offices, stores, sports facilities, a post office, a police station, a
funeral parlor, and several day care facilities.

Each structure was classified in one of five damage states on the
basis of an exterior inspection of structural and nonstructural com-
ponents in the building. Damage states are categorized as negligible
(N), insignificant (I), moderate (M), heavy (H), or collapse (C), as
defined in Table1 and illustrated in Fig.5. These classifications are
consistent with commonly used rapid visual assessment methods,
such as ATC-20, with modified definitions to reflect the specific

(a) (b)

Fig. 3. Distribution of database buildings by: (a) height (average of 3.9 stories); (b) usage; data labels show the number of buildings in each group
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types of damage observed in the field study. Damage assessments
for the LÕAquila concrete buildings are summarized in Fig.6. Most
(68%) of the buildings are classified as having negligible or insig-
nificant damage requiring primarily cosmetic repairs. One of the
483 buildings had collapsed (a collapse rate of 0.2%). The average
damage state of 1.97 is the insignificant damage state (DS! 2),
and the damage distribution approximately follows a lognormal
probability model (Porter et al. 2007).

Data on residential occupancy and retail/commercial activities
during fieldwork measure the loss of building functionality, provid-
ing a representation of postearthquake resilience and recovery. In
total, 14% of the database buildings were either occupied by res-
idents or had open shops at the time of inspection, approximately 3
weeks after the earthquake. Six buildings were undergoing
earthquake-related repairs. However, most of the concrete buildings
(57%) had fairly limited damage corresponding to damage states
N or I but were not occupied by either residents or retail and
commercial establishments. Although utilities were operational

Fig. 4. Construction photograph of typical building in LÕAquila show-
ing concrete framing system and hollow clay brick masonry infill (im-
age by Abbie Liel and Kathryn Lynch)

Table 1. Definition of Damage State Classifications for Database Buildings

Damage state Numerical value Description

Negligible (N) 1 No damage is visible, either structural or nonstructural. Because the inspection in this study is limited
to the exterior, some damage to contents and interior partitions may be observable inside the building.

Insignificant (I) 2 Damage requires only cosmetic repair. Repairs needed may include spackling of cracks.
Moderate (M) 3 Structural damage has occurred but it is repairable. Existing elements can be repaired in place

without substantial demolition or replacement. For nonstructural elements, this would include minor
replacement of damaged partitions, ceilings, or contents.

Heavy (H) 4 Damage is extensive and repair may not be feasible. For nonstructural elements,
this includes complete replacement
of damaged partitions.

Collapse (C) 5 Building has completely or partially collapsed.

Fig. 5. Database concrete frame buildings illustrating damage states: (a) negligible (building 431); (b) insignificant (building 84); (c) moderate
(building 191); (d) heavy nonstructural (building 214); (e) heavy structural (building 325); (f) collapse (building 372) (images by Abbie Liel
and Kathryn Lynch)
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within a day of the earthquake in the areas visited (Bazzurro et al.
2009), many of these structures were awaiting official inspection.

To validate database damage classifications, assessments are
compared with postearthquake inspections from the Civil Protec-
tion Department (Protezione Civile). The Civil Protection Depart-
ment evaluated building usability on the basis of structural,
nonstructural, and geotechnical risk factors following a methodol-
ogy that has been used in Italy for more than 15 years (Baggio et al.
2007). Because the objectives of the official inspections are focused
on usability rather than damage, a one-to-one comparison cannot be
made. However, inspection data reported in Dolce et al. (2009)
shows that concrete buildings found to beÒnot usableÓcorrespond
to heavy or moderate damage assessments in this study, those as-
sessed asÒpartially usableÓare found to have insignificant or mod-
erate damage here, andÒusableÓ buildings are classified in
negligible or insignificant damage states, indicating good agree-
ment between the two classifications.

Damage Observed in Concrete Buildings

The most common type of nonstructural damage was cracking or
brittle failure of masonry infill walls. In some cases, walls showed
x-cracking characteristic of infill shear failure, with cracks
often propagating from window openings in narrow wall piers. In
other cases, infill failure resulted from out-of-plane failure at the
connection between infill and structural elements. Moderate or

more severe damage to masonry infill occurred in 29% of database
buildings. Other nonstructural damage included cosmetic cracking
in plaster or brick fa•ade or detachment of fa•ades from the
structure.

Structural damage included shear failure of short columns,
anchorage failures, and compressive failure in columns, as shown
in Fig. 7, but was relatively limited in the database buildings, af-
fecting 47 of 483 structures. This damage was initiated by well-
known deficiencies in concrete frames with older nonductile design
features, such as insufficient anchorage of longitudinal reinforcing
bars and use of smooth (nondeformed) reinforcement, inadequate
shear strength of beam-column joints and column lap-splices, or
poor confinement in plastic hinge regions (Camata et al. 2009; Baz-
zurro et al. 2009; Verderame et al. 2009). Short columns were most
commonly found at the basement or garage level around window
openings or were created by infill configuration. Fig.7(c)illustrates
the detailing observed in one characteristic structure (likely built in
the 1980s), including widely spaced transverse reinforcement, 90¡
hooks on shear reinforcement, and insufficient development length
in beam reinforcing bars. This column also has poorly consolidated
concrete and large aggregate. Many structures also showed evi-
dence of water damage and corroded reinforcement that predated
and may have contributed to seismic damage.

In buildings with garages or retail at the ground level, most dam-
age occurred in the story immediately above the garage. In many
past earthquakes, damage in concrete framed buildings concen-
trated in soft-stories created by large openings for garage and retail
at the first story. However, it seems that in many of the database
structures, damage occurred above the garage because the garage or
retail level is strengthened by soil or basement walls on one or
more sides.

Predictors of Damage

Building Characteristics

Database building characteristics, such as height, function, and the
presence of plan or elevation irregularities, are correlated with dam-
age assessments. As illustrated in Fig.7, the damage assessment
tends to increase with building height, such that only 45% of build-
ings with six or more stories were classified in the lowest two dam-
age states compared to 90% of one to two story buildings.
Accordingly, the median damage state is 1.5 (N/I) for buildings
with two or fewer stories, 2.0 (I) for buildings with three to five
stories and 2.4 (I/M to M) for the tallest buildings (! six stories).

Fig. 6. Damage state assessments for database concrete buildings

Fig. 7. Structural failure mechanisms: (a) shear failure of short columns (building 344); (b) anchorage failure (building 372); (c) compressive failure
commonly at corner columns (building 325) (images by Abbie Liel and Kathryn Lynch)
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These differences in damage state probability distribution with
building height are statistically significant according to t-tests. A
t-test is a hypothesis test with the null hypothesis that the means
of the two population samples are equal. Here, t-tests are conducted
at a 5% significance level such that differences among the distri-
butions are statistically significant ifp-value< 0:05. The increase
in damage with building height is consistent with postearthquake
studies of concrete frame buildings following the 1999 Chi-Chi,
Taiwan (Tu et al. 2009) and Kocaeli, Turkey (Gur et al. 2009;
Hassan and Sozen 1997; Sucuoglu et al. 2007) earthquakes but op-
posite to the trend observed in Bhuj, India in 2001 (Jain et al. 2010).
In LÕAquila, damage seems to increase with height because taller
buildings are more flexible and undergo larger deformations, in-
creasing damage to drift-sensitive nonstructural components such
as infill walls. Because nonstructural damage dominates the
database damage assessments, it is unclear whether structural
damage is also more likely in tall buildings. As discussed in more
detail subsequently, alluvial soils at some LÕAquila sites may have
enhanced ground motion frequency content at longer periods, in-
creasing damage in multistory buildings (G. Camata, personal
communication, 2009).

Damage assessments are compared in Fig.8 for different build-
ing usage types. The SFR structures were much more likely to have
negligible damage than other buildings. In addition, a notable 51%
of the database SFRs were occupied or partially occupied at the
time of fieldwork, a higher percentage than for other structures.
It is difficult to separate the effect of building height and building
usage because 94% of SFR buildings have two or fewer stories.
However, the median damage state for SFR buildings of 1.2 (N)
is less than the mean damage state for all one or two story buildings
(1.5 or N/I), indicating that height does not fully account for these
trends. Of the multifamily residential structures, those with retail
activities had more damage than those that are purely residential,
with median damage states of 2.3 for MFRR and 2.0 for MFR.
Although these buildings have similar structural and nonstructural
systems, MFRR buildings tend to be taller, which may account for
the higher damage. Differences in damage states for the different
building usage types MFR, MFRR, and SFR are statistically sig-
nificant using two-sample t-tests.

Structures with strength or stiffness irregularities or discontinu-
ities in the load path can be particularly susceptible to earthquake-
induced damage. In this study, two types of irregularities are con-
sidered: (1) plan irregularities in buildings that are torsionally
asymmetric and (2) elevation irregularities in structures that have
soft or weak story or other discontinuities, such as a heavy over-
hang. Structures on a slope (i.e., having a partial level built into the
hill) were classified as irregular in elevation. However, buildings

with a first-floor retail or garage level were not taken to be irregular
because this condition existed in virtually all the structures consid-
ered. As Fig.9 shows, buildings having either plan or elevation
irregularities are more likely to be in the most severe (moderate
and worse) damage states. A t-test shows that elevation irregular-
ities are a statistically significant predictor of earthquake damage,
with p-value! 0:01. The trend with plan irregularities is not
statistically significant (p-value! 0:15). This result does not nec-
essarily imply that plan irregularities are not correlated with dam-
age but that the database observations did not definitively confirm
this relationship. Torsional irregularities are frequently observed in
heavily damaged buildings but can be difficult to identify from
exterior visual inspection.

Given the changes in seismic design and construction of con-
crete buildings in the past several decades, it may be expected that
older structures sustained more damage. Unfortunately, it is very
difficult to access information on construction year for specific
buildings. In lieu of these data, buildings were visually inspected
and classified as (a) relatively new, i.e., built in the past 10 years,
including 60 buildings or 12% of the database, or (b) older. This
classification was on the basis of architectural features that differ-
entiate newer construction. The buildings identified asÒnewÓhave
a median damage state of 1.4 (N/I) compared with 2.1 (I) for the
other buildings, indicating that year of construction is a potentially
powerful predictor of damage. However, more detailed information
is needed to confirm and quantify this relationship.

The quality of design and construction of concrete buildings,
which accounts for material quality, detailing, and workmanship,
may have a significant effect on seismic damage. Evaluation of
building quality requires detailed review of design drawings, visual
inspection of detailing in the damaged building, or experimental
testing of material quality (e.g., Binda et al. 2009), which are be-
yond the scope of the exterior inspections in this study. Even so, it
is worth noting that, of the 25 database buildings that had severe
enough damage to expose design details in structural elements, 24
had deficient detailing and workmanship (see e.g., Fig.7), support-
ing the observation that severely damaged buildings tend to be of
poor quality. However, because the quality of design and construc-
tion in less-damaged buildings cannot be assessed, it is impossible
to say definitively whether poorly designed and constructed build-
ings were more damaged than others.

Ground Motion Intensity and Building Location

Ground-shaking intensity is estimated for each database building
site by using Italy ShakeMap (INGV 2009). ShakeMap ground
motion predictions for a 1.5-km grid are automatically generatedFig. 8. Relationship between building usage and damage state

Fig. 9. Relationship between identified structural irregularities in:
(a) plan; (b) elevation with damage state
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by interpolation between ground motion recordings. The LÕAquila
earthquake ShakeMap is on the basis of recordings from the
National Seismic Network, including four instrument stations near
LÕAquila (AQA, AQG, AQK, and AQV). Of these, AQK is the clos-
est to the database buildings. Acceleration response spectra for
these four stations are shown in Fig.10. Some of the spectra have
significant energy aroundT ! 0:5 s, which may contribute to the
damage in midrise concrete buildings with fundamental periods of
vibration in this range. Ground motion velocity time histories also
exhibit pulses from near-source effects that may amplify motion in
some buildings (Pacor et al. 2009).

In this study, peak ground acceleration (PGA) values are ob-
tained from ShakeMap and interpolated by using latitude and lon-
gitude to estimate the PGA at each building side. Instruments used
for ShakeMap are recorded on rock (AQG) and alluvium (AQA,
AQK, and AQV) (Stewart et al. 2009). This approach for estimating
ground motion intensity at each site cannot account for amplifica-
tion because of site-specific soil conditions that vary depending on
the soil layer thickness and other characteristics. In areas near
LÕAquilaÕs historic center, researchers found that soil amplifies fre-
quency content between 0.5 and 0.7 Hz and approximately 1.2 Hz,
in some locations increasing motions by a factor of 4 (Cultrera et al.
2009; Stewart et al. 2009). However, comprehensive seismic micro-
zonation studies are still ongoing (Dolce and Naso 2009). This
study also does not consider the large vertical component of ground
motion at many sites (G. Camata, personal communication, 2009;
Ameri et al. 2009). However, at this time, the ShakeMap predic-
tions represent the best available estimates of site-by-site variation
in ground motion intensity.

On the basis of this approach, the mean PGA at the database
building sites is 0.36 g, corresponding to a Modified Mercalli
Intensity of 8Ð9 (Camassi et al. 2009). The relationship between
PGA and building damage is used to generate fragility curves illus-
trated in Fig.11, which show the probability of having or exceeding
a given damage state as a function of ground motion intensity. Fra-
gility functions are assumed lognormal and fitted by the method
proposed by Porter et al. (2007), leading to a median PGA of
0.33 g for insignificant damage (! ln ! 0:17), 0.39 g for moderate
damage (! ln ! 0:12), 0.45 g for heavy damage (! ln ! 0:17), and
3.6 g for collapse (! ln ! 1:1) although the collapse fragility curve
is limited by insufficient data. Given the similarity in construction
practices throughout much of Italy and neighboring countries, these
fragility curves are expected to be applicable to concrete frame
buildings in many cities. Although a variety of other ground motion
intensity measures are available, PGA is used because it can be
related directly to seismology-based ground motion prediction
(attenuation) equations. The proposed fragility models may be
combined with probabilistic seismic hazard information in
performance-based engineering methodologies to quantify seismic
risk and evaluate mitigation strategies.

The geographic distribution of damage in database buildings is
illustrated in Fig.12. Concentrations of moderately and severely
damaged buildings are in the area north of Via Raffaele Paolucci,
marked A on Fig.12, and between Viale Corrado IV and Viale 25
Aprile (area B). Areas A and B are the regions with the highest
estimated ground shaking; the single surveyed collapsed building
is in area A. Inspected areas to the east (C and D; around Via Stri-
nella and northeast of Via Antonio Panella) experienced relatively
less damage. These neighborhoods were also more likely to have
residential buildings occupied or retail stores open.

Reconstruction and Recovery Progress

To investigate the long-term effect of damaged reinforced concrete
buildings, database buildings were visited again over a 4-day period
in April 2010, 1 year after the earthquake. The data collected quan-
tify progress in postearthquake recovery and reconstruction.
Specific information gathered includes (1) the status of repairs
and (2) occupancy of businesses and residences in database

Fig. 10. Response spectra from ground-motion recordings at stations
AQA, AQG, AQK, and AQV in both orthogonal directions

Fig. 11. Fragility functions for LÕAquila concrete buildings predicting
the probability of exceeding each damage state (DS) as a function of
ground motion intensity (PGA)
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buildings. As before, data were obtained from inspection of build-
ing exteriors.

Repairs ongoing at the time of the fieldwork included painting,
removal and replacement of damaged infill walls, cleanup of build-
ing contents, and replacement of roof tiles or chimneys. Visible
signs of ongoing repair work were people working, scaffolding,
construction equipment, or materials on-site. Some buildings pro-
vided other indicators that repairs were about to begin, such as
signs advertising construction companies and debris chutes. These
structures were noted but not classified as repairs. Buildings that
had been structurally stabilized were also identified. Stabilization
methods primarily consisted of wooden scaffolding holding a wall
or door opening in place. In addition, pictures of database buildings
were compared with pictures from April 2009 to determine whether
any repair work had been completed before the 1-year field visit, as
shown in Fig.13. The definition of repairs in this study does not
distinguish between interventions that return the building to its

preearthquake condition and those that strengthen or otherwise im-
prove building performance.

Fieldwork also sought to establish whether the building was oc-
cupied or in use in April 2010. Residential buildings were identi-
fied as occupied if people were present or on the basis of other
indicators such as laundry hanging on clothes lines and recently
watered plants. Closed window shades, piles of mail, and extensive
construction works provided signals that residents were not living
in homes in the building. Commercial establishments were classi-
fied as occupied if stores were open, although this depended on the
actual day and time of the visit, and if store window displays had
changed since the previous visit. If even one business or apartment
was in use, the building was classified as occupied. When it was not
clear, the occupancy was listed asÒunknownÓ. The presence of
temporary structures outside database buildings, such as motor
homes, event tents, trailers, and small wooden huts, was also noted.

In total, 427 of the 483 original database buildings (88%) were
located during return fieldwork, as shown in Fig.14. The remaining
structures were omitted because of time and access limitations
(road construction). The smaller data set is not expected to have
any influence on the findings because the percent distribution of
buildings by usage, height, and other key parameters is virtually
unchanged from the original building database. Of the structures
revisited 1 year after the earthquake, 97 buildings (23.1%) had re-
pairs ongoing or completed; 4.3% of buildings (18.6% of the total
repairs) had already seen completed repairs. An additional 1.9% of
buildings had a sign advertising construction work, 2.4% had
debris removal activities, and 1.4% had a temporary stabilization
system in place but no other repair work. Only three structures (less
than 1%) had already repaired entire structural or nonstructural
components (e.g., an entire wall or column replaced). However,
the true number of repaired buildings may be slightly larger be-
cause some repairs are not visible from an exterior survey.

With regard to postearthquake occupancy, 53% of the 120 build-
ings classified as commercial, retail, industrial, or mixed use were
in use by retail/commercial establishments during fieldwork. A fur-
ther 13% had unknown occupancy. In most cases, however, not all
stores or businesses occupying a particular building were open. Of
the database buildings classified as residential or mixed use, 27%

Fig. 12. Damage patterns observed in database buildings; buildings
inspected were in newer suburban areas surrounding historic city center

Fig. 13. Photographs of database concrete buildings showing status of repair and reconstruction as of April 2010: (a) building 152 illustrating no
change; (b) building 12 illustrating repairs to nonstructural infill walls; (c) building 325 illustrating structural repairs (images by Abbie Lieland
Kathryn Lynch)
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had occupied residences in April 2010. However, an additional
12% were unclassified so as many as 39% may have been in
use. A total of 29 (6.8%) of buildings had temporary structures
nearby for either commercial or residential activities. Most of
the buildings under construction at the time of the 2009 earthquake,
including seven structures, were unfinished at the time of the return
visit; two had been completed.

Building Characteristics

Data on postearthquake occupancy and repairs illustrate important
differences in reconstruction progress depending on the character-
istics of the concrete frame building. As Fig.15(a)shows, P build-
ings were the most likely to be occupied, with 84% of the 19
database buildings in use. Schools were given priority in the Civil
Protection DepartmentÕs postearthquake inspections, and repairs
were intended to be completed before the beginning of the
2009-2010 school year in September (Dolce et al. 2009). Buildings
with purely commercial or retail establishments (C/R) also had a
high rate of occupancy of 75%. Among the residential buildings,
single-family homes were far more likely to be occupied. Residen-
tial occupancy rates of multifamily residential construction were
between 21 and 26%, approximately one-third of the rate for
single-family residential buildings and less than commercial activ-
ity rates for mixed-use structures (approximately 45% occupied).
Differences between occupancy rates for commercial and residen-
tial activities in MFRR and between SFR and MFR are statistically
significant at the 5% level using a standard t-test.

The progress of repairs in buildings with different usages is ex-
amined in Fig.15(b). Repair status is shown only for the 300 data-
base buildings that were classified in damage state (I) or above
because buildings with little damage (classified as N or N/I)
may not need repairs. Total repairs are highest in the public build-
ings, which included schools and government office buildings, fol-
lowed by commercial/retail buildings, of which 5% have been
repaired. Repair rates are similar and statistically indistinguishable
on the basis of t-tests for all types of residential construction. The

large number ofÒno repairsÓin SFR contrasts with the high occu-
pancy rates for these structures in Fig.15(a)and could indicate that
repairs were not visible, already finished, or not needed.

Other building characteristics, including height and number of
residential units, may also be important predictors of reconstruction
progress. Building occupancy rates 1 year after the earthquake de-
creased significantly with number of stories, ranging from 70% of
low-rise buildings occupied to only 14% of buildings with six or
more stories occupied, as shown in Fig.16. Similar trends were
observed in repair rates; 38% of damaged low-rise story buildings
had some repair activity compared with 24Ð25% of buildings
with three or more stories. These trends may be attributed to the
more severe damage experienced by taller buildings investigated
subsequently.

Building Damage State

Occupancy and repairs as of April 2010 in database buildings may
also be related to the level of damage the building experienced dur-
ing the earthquake (Fig.17). Buildings in the insignificant damage
state (I or I/M) were the most likely to have repairs completed or
ongoing during fieldwork, with 29% of these buildings having
some repairs. The smaller percentage of repairs in the least dam-
aged buildings (N or N/I) probably indicates that some of these
structures did not need the repair or the repair was not visible.
The fraction of surveyed buildings that had completed repairs
was much less in moderate or more severe damage states (less than
2%) than the lighter damage states (approximately 6%). However,
these differences are not statistically significant. Although not
shown, postearthquake occupancy rates also decrease for buildings
with more damage state classifications, with commercial occu-
pancy rates ranging from 68% in the negligible damage state to
25% in heavy damaged buildings and residential rates varying from
58% for the least damaged buildings to 0% in the 42 buildings clas-
sified as heavily damaged.

Fig. 14. Repairs in database concrete building as of April 2010
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People and Businesses Occupying L ÕAquila Õs
Concrete Buildings

The database buildings make up 3.2% of LÕAquilaÕs residential
building stock, including approximately 14% of the municipalityÕs
homes and housing approximately 11,000 people (ISTAT 2001).
The study buildings are representative more generally of the overall
effect of seismically vulnerable concrete buildings on LÕAquila and
its residents. Assuming the database distribution of building height,

usage, and ground-shaking intensity is typical of that throughout
the city, results can be extrapolated to estimate that approximately
32% of concrete residential buildings experienced moderate or
heavy damage. These severely damaged buildings house approx-
imately 38% of all LÕAquilans living in concrete structures because
the tall buildings that incurred the most damage (Fig.18) also tend
to have a larger number residential units. In addition, the
reconstruction data illustrate the longer-term effect of the damaged
modern concrete buildings in LÕAquila. Although approximately
75% of dedicated commercial and single-family homes were in
use in April 2010, approximately 25% of multifamily residential
buildings had occupied residences and 45% of mixed-use buildings
had open business activities. The percentage of homes and busi-
nesses in use was actually less given that oftentimes only a few
residences or retail establishments in a building were occupied.

The demographic and socioeconomic characteristics of resi-
dents and users of now-damaged concrete buildings in LÕAquila
provide insights into who is affected by the seismic vulnerability
of these structures. These characteristics may represent indicators
or causes of social vulnerability (Cutter 1996). The population of
the municipality of LÕAquila has grown at a rate of 6% between
2001 and 2009 to a current population of approximately 73,000

Fig. 15. Relationship between building usage and (a) occupancy rates and (b) repair status 1 year after earthquake; data in (b) include all buildings
originally classified damage state I or worse

Fig. 16. Relationship between building height and postearthquake occupancy

Fig. 17. Relationship between building damage state and repair status
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(ISTAT 2009). This increase is notable, given the population de-
clines in much of Italy. LÕAquilaÕs population has more women
(52%) than men and is slightly older than Italy as a whole, with
a mean age of 44 years in LÕAquila compared to 43 years elsewhere
(ISTAT 2009). More interestingly, the residents of LÕAquila tend to
be fairly well-educated; 14% of residents 6 years and older have a
university degree and 35% have a secondary school diploma com-
pared to 7.5% and 26% in Italy nationally (ISTAT 2001). Similar to
the rest of country, 38% of the population is employed (ISTAT
2001). However, a higher percentage of LÕAquilaÕs workforce is
employed in health, education, and other social services and public
administration and defense, and relatively fewer work in agricul-
ture, manufacturing, and tourism. The median income reported
in 2008 of! 22;969 is more than the average for the surrounding
Abruzzo region but close to the national value (Comuni-Italiani
2008). Most homes in LÕAquila (75%) are owner occupied (ISTAT
2001).

Concrete frame buildings have been the predominant form of
construction in new urbanizing and suburban areas in LÕAquila
for several decades. Because the census data are aggregated at
the province or municipality level and not by census tract or neigh-
borhood, specific information on the income, age, education level,
or gender of the people residing in the most damaged buildings
could not be obtained. Past research has shown that low-income
households may be particularly vulnerable to earthquakes and other
disasters in part because they occupy structures that are older, of
lower quality, or less well-maintained. The data gathered here sug-
gest that the people residing in high-rise condominium buildings
are most at risk because of deficiencies in concrete construction.
These residences are mostly owner occupied but vary from rela-
tively modest to more extravagant homes such that their occupants
likely represent a broad spectrum of LÕAquilaÕs population in

income and other factors. To the extent that wealthier families tend
to live in single-family homes, which suffered less damage and
were more likely to be occupied in the weeks and months after
the earthquake, these households would be less affected. Census
data also indicate that renter-occupied properties are not as well-
maintained (ISTAT 2001), although data to investigate what this
means in earthquake-induced damage are insufficient. This study
suggests that many physical and social factors contribute to choices
about living in vulnerable concrete structures including, but not
limited to, income and other sociodemographic characteristics.
The effect on local businesses is also critical because of the preva-
lence of retail and commercial activity encompassing a variety of
services including shops, medical offices, and government agen-
cies, especially in the taller and more damaged buildings. Consid-
eration of sociocultural characteristics, practices, and technical
expertise is an essential component of a successful risk mitigation
plan.

It remains to be seen how long these buildings will be out of use.
Recovery and reconstruction subsequent to the April 2009 earth-
quake has followed the trajectory shown in Fig.19. In the emer-
gency phase, the Department of Civil Protection was praised for its
response, including quick establishment of temporary housing and
implementation of building inspections (Bricker-Ford 2010). The
federal government also funded the CASE Project, which built
185 seismically isolated buildings with 4,600 apartments for ap-
proximately 12,000 displaced people. These structures are intended
to be repurposed as student dormitories for LÕAquila University
within 5 years (Calvi and Spaziante 2009). The process of repair
and rebuilding of damaged structures began with inspections
organized by the Department of Civil Protection, which prioritized
schools and buildings with solely industrial and commercial activ-
ities and continued with residential construction (Dolce et al. 2009).
According to ordinances 3778 and 3779, these classifications will
be used to determine the amount of government funds building
owners will receive to make repairs. However, it is unclear how
much funds will be expected from citizens and, as a result, imple-
mentation has been slow (Bricker-Ford 2010).

Conclusions

This study investigates the vulnerability of concrete frame build-
ings in the 2009 LÕAquila, Italy earthquake and the effects of
the damage and building closure on the LÕAquila population. Re-
sults are on the basis of postearthquake field work to develop a
database of building characteristics, damage state assessments,
and observations of postearthquake occupancy and repairs for more
than 400 buildings.

Fig. 18. Relationship between building height and damage state in da-
tabase buildings

Fig. 19. Timeline of postearthquake reconstruction (image by Abbie Liel and Kathryn Lynch)
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On the basis of an exterior inspection of the database buildings,
68% of LÕAquilaÕs concrete structures were classified in the neg-
ligible or insignificant damage states, whereas 32% were moder-
ately or heavily damaged. The findings of this study suggest
that seismic damage in this typology of building increases with
height. Multifamily residential construction incurred significantly
more damage than single-family homes. In addition, mixed-used
and multifamily buildings were less likely to be repaired or occu-
pied in April 2010. Residents and businesses in older midrise
condominium structures are therefore particularly vulnerable to
seismic damage in concrete frame buildings. The analyses also
showed that buildings with strength and stiffness irregularities were
more damaged. Despite the crude nature of the ground-shaking es-
timates used at each site (neglecting site amplification effects), the
database was used to develop fragility functions relating the esti-
mated ground-shaking intensity at each site to building damage,
providing a much-needed predictive tool for future seismic risk as-
sessments.

Although database buildings and characteristics are specific to
LÕAquila, the study provides insights into the risk posed by con-
crete frame-type structures and the potential community effect
of these deficiencies that are applicable in many Mediterranean
cities in which a large number of similar buildings exist. In doing
so, this work expands on traditional engineering understanding of
the problems with nonductile concrete construction by examining
societal and physical consequences of seismic deficiencies. Key
contributions for LÕAquila and other communities are as follows.
First, the findings here suggest that simple screening procedures
looking at building height, presence of irregularities, probabilistic
predictions of ground shaking, and building age could be used to
identify the highest-risk concrete structures without complex analy-
ses or inspection. Because the most vulnerable concrete buildings
are mixed-use condominium structures, repair, retrofit, or rebuild-
ing efforts will necessarily need to engage a diverse group of own-
ers and stakeholders with divergent interests. Technical expertise in
reconstruction and risk assessment are insufficient. In addition, the
database shows how systematically collected observations after an
earthquake accounting for crucially both undamaged and damaged
buildings can be used in conjunction with ground-shaking intensity
estimates such as those in ShakeMap to quantify building seismic
fragility. These empirically derived fragility functions provide im-
portant input into performance-based analyses to assess and miti-
gate seismic risk in urban areas in which this building typology
exists. Finally, the database reveals common deficiencies, notably
damage to masonry infill wall panels. An integrated approach to the
design of structural and nonstructural components is a central con-
sideration in reconstruction efforts to reduce future vulnerability.
The experience in LÕAquila examined here quantifies the economic
and human effect of current methods of construction.
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34. Et al. is only to be used in the Reference List if there are seven or more authors for a reference. Is this correct for the Maffei 2006
reference? If not, please supply names of all authors. Please also include the publisher's location.

35. DOI could not be found. Please check and edit appropriately.

36. Et al. is only to be used in the Reference List if there are seven or more authors for a reference. Is this correct for the Pacor 2009
reference? If not, please supply names of all authors.

37. This query was generated by an automatic reference checking system. This reference (Pacor, F., Paolucci, R., Ierovolino, I.,
[2009]) could not be located in the databases used by the system. While the reference may be correct, we ask that you check
it so we can provide as many links to the referenced articles as possible. Please provide volume.

38. Et al. is only to be used in the Reference List if there are seven or more authors for a reference. Is this correct for the Rossetto 2009
reference? If not, please supply names of all authors. Please also include the publisher's location.

39. Et al. is only to be used in the Reference List if there are seven or more authors for a reference. Is this correct for the Stewart 2009
reference? If not, please supply names of all authors. Please also include the publisher's location.

40. DOI could not be found. Please check and edit appropriately.

41. Et al. is only to be used in the Reference List if there are seven or more authors for a reference. Is this correct for the Stucchi 2009
reference? If not, please supply names of all authors.
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42. This query was generated by an automatic reference checking system. This reference (Stucchi, M., Meletti, C., and Rovida, A.,
[2009]) could not be located in the databases used by the system. While the reference may be correct, we ask that you check it so
we can provide as many links to the referenced articles as possible.

43. Please check whether the author should be queried for publisher.

44. Et al. is only to be used in the Reference List if there are seven or more authors for a reference. Is this correct for the Tu 2009
reference? If not, please supply names of all authors.
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