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Abstract: Reinforced-concrete-frame buildings, particularly midrise multifamily condominium structures, experienced significant damage
in the 2009 KAquila, 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 approximatel
weeks after the earthquake was used to collect data from approximately 483 concrete frame stru@upeiainincluding building lo-

cation, characteristics, damage, and postearthquake occupancy. A second survey 1 year later investigated whether buildings had been reg
or reoccupied. These results show that the building damage is correlated to height, usage, elevation irregularities in strength and stiffness,
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 condominit
structures in areas north and west of the city center were particularly affected; single-family homes were less damaged and more likely to
occupied during fieldwork. Damaged concrete buildings have led to significant disruption of the community and social fabric, causing th
temporary or permanent closure of small businesses, medical offices, restaurants, churches, afdGich@B061/(ASCE)NH.1527-
6996.000004.7© 2012 American Society of Civil Engineers.
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Introduction building type, reinforced concrete structures, experienced major
. nonstructural damage and, in a more limited fraction of buildings,
The LAquila, Italy earthquake had a magnitudié,j of 6.3 and  sjgnificant structural damage. Particularly dramatic was the col-
occurred at 3:32 a.m. on April 6, 2009. Significant damage oc- |apse of portion of a five-story concret@\quila University dor-
curred in the city of (Aquila, located approximately 6 km from  mitory, which led to a number of casualti€ogsetto et al. 2009
the epicenter, and more than 20 neighboring towns, killing 305 peo-\erderame et al. 2009A wing of the concrete Duca ®bruzzi
ple and injuring at least 1,50Cgmata et al. 200Rossetto et al. Hotel also collapsed, and the reg®rprimary hospital, San
2009. The location of tAquila, which has a population of approx-  Salvatore, experienced shear failures in columns, leading to the
imately 73,000ISTAT 2009, is shown in Figl. As aresultof the  temporary closure of that facilifCamata et al. 200Bazzurro
earthquake, approximately 70,000 people were temporarily evacuet al. 2009 Rossetto et al. 2009Infrastructure systems, such as
ated from their homes and 30,000 people were left homelesspridges, roads, and gas and water pipelines, experienced localized
(Rossetto et al. 200Bazzurro et al. 2009 The LAquila event failures Rossetto et al. 200Bazzurro et al. 2009
is one of more than 10 major earthquakes in Italy since 1900, as This study examines the vulnerability of concrete frame build-
illustrated in Fig.2. Seismological evidence indicates that earth- ings and their occupants in th@quila earthquake. Physical vul-
quakes of this magnitude or greater strike Italy approximately everynerability in spatial and typological patterns of seismic damage in
10 years Boschi et al. 200p Previous damaging earthquakes concrete frame buildings is specifically looked at. The study also
shook l@quila and the Abruzzo region in 1315, 1349, 1461, investigates the postearthquake effects of these damaged concrete
1703, and 1915Stuchi et al. 2000 3 frame buildings on the ci@ building stock, critical community
Bearing masonry structures ilquila@ historic center and  buildings, businesses, and building occupants by quantifying post-
surrounding villages incurred the most serious damage, includingearthquake occupancy, business activity, and repairs. This analysis
failures of connections between walls, floors and roofs, out-of- links the physical vulnerability and risks associated with concrete
plane wall collapses, and shear failure of wall piers. Collapsesframe buildings with social vulnerability, or tiiBusceptibility of
of masonry homes caused many of the fatalities, and a large numbegocial groups or society at large to potential loS¢@stter 1998.
of historic monuments were severely damaged or destroyedunderstanding who is vulnerable in deficient concrete frame build-
(Camata et al. 200®Bazzurro et al. 2009 The other prevalent ings is critical for developing effective policies for repair, rebuild-
ing, and retrofit that reduce seismic risk. Characteristics of affected
IAssistant Professor, Dept. of Civil, Environmental and Architectural residents and businesses are analyzed through postearthquake
Engineering, Univ. of Colorado, Boulder, CO 80309 (corresponding fie|dwork. In addition, the study investigates census data related
author). E-mail: abbie.liel@colorado.edu to human factors that may contribute to social vulnerability, includ-

2 . . .
Design Engineer, S.A. Miro Inc., Denver, CO 81237. . . . - . . )
Note. This manuscript was submitted on August 25, 2009; approved on'Ng socioeconomic status and occupation, educational achieve

January 12, 2011; published online on January 17, 2012. Discussion period"€Nt: 2ge, and home ownershiputer et al. 2008 L&quila

open until July 1, 2012; separate discussions must be submitted for indiProvides an important case study because the earthquake represents
vidual papers. This paper is part of tatural Hazards RevieyWol. 13, a significant test of the performance of modern concrete rather
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seismic design requirements were added to Italian building codes
in 1984 G. Camata, personal communication, 20091996, 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
e the first to address nonstructural damage, with requirements in-
Yo :"AQU’LA . tended to prevent the expulsion of infill wall€dsenza et al.
' 'J)E) 2009. Capacity design provisions, requiring stronger columns than
Nt 2 ’ beams, and rules for beam-column joint design were added in
357 2003. However, many of these requirements did not become
compulsory until 2009Cosenza et al. 200%. Camata, personal
" communication, 2009
o As a result, concrete frame buildings constructed before the
f' mid-1990s are expected to be especially vulnerable to seismic dam-
0 100 200 Kilometers age. Approximately 83% of the concrete buildings {@duila
L (some 3,500 buildings) were constructed before 19STAT
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
fiave been retrofittedSTAT 200J). 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.

Fig. 1. Location of I@Aquila, Italy

residential and commercial construction in urban areas in Italy
today, and their design, construction, usage, and deficiencies ar
characteristic of a large number of buildings throughout the seis
mically active Mediterranean region and elsewhere.

Concrete Buildings in L @quila

L . . Research Questions and Methods
The municipality of KAquila has more than 4,000 reinforced con-

crete buildings, making up approximately 29% of the residential This study uses postearthquake investigations following the
building stock [STAT 2007J). Concrete frame buildings constructed L@quila earthquake to quantify the seismic vulnerability of

without seismic design and detailing principles or with poor Italy@ concrete buildings, focusing on the effect of deficiencies

quality workmanship are known to be particularly vulnerable to in seismic design and construction of concrete frame buildings on
earthquake-induced damage and collapse. In Italy, as in the United @\quila® residents and commercial, community, and government
States, design procedures and seismic code provisions for thesestitutions. Relevant research questions include: What are the
buildings have gradually improved in the past 30 years to reflectcharacteristics of damaged concrete buildings? What is the relation-
the importance of ductile reinforcement detailing and capacity de-ship between ground-shaking intensity and damage severity?
sign methods for avoiding brittle failure modes. The first simple What are the sociodemographic characteristics of people living
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Fig. 2. Earthquake magnitudes and fatalities since 1900 from Nichols and Be20@3s ith data from major Italian earthquakes superimposed;
2010 Haiti and Chile earthquakes are shown for comparison; ltalian fatality data are from a variety of sources and are approximate (reprinted fre
Nichols and Beavers 2008ith permission from the Earthquake Engineering Research Institute)
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or working in concrete buildings? What community and type of masonry infill where apparent. The database buildings are
government institutions or commercial activities occupy these geographically distributed around théAhuila historic center,
buildings? In addition, data were gathered on progress inwhich has predominantly unreinforced masonry buildings and was
reconstruction documents for how long after the earthquake build-not open to researchers at the time of fieldwork, and are expected to
ing functionality is interrupted. be representative of concrete frame construction throughout
Research methods combine postearthquake building inspectionthe city.
and reconnaissance with collection of census and other available A total of 483 buildings were evaluated. These structures in-
data on building occupants and characteristics. Visual inspectionglude an estimated 4,618 homes in whibbmeOrefers to a house,
are used to document characteristics (e.g., location, height, an@partment, or condominium that serves as the residence of an indi-
irregularities) of damaged and undamaged concrete buildings tasidual, family, or household. The distribution of database buildings
assess the severity of damage and to evaluate the disruption in oy height and function are shown in F& All buildings have con-
cupancy and usage of the structure, which affects occjsdiltty crete frame lateral resisting systems. Most database buildings have
to fulfill preearthquake economic, familial, and societal respon- nonstructural masonry infill between framing elements, such as the
sibilities. A second survey was used to gather data on the statugxample in Fig4. Masonry infill typically consists of two wythes
repair work and building occupancy 1 year after the earthquake of unreinforced hollow clay bricksvattoni forat), although some
The study of undamaged and damaged buildings is essential t@tructures had brick fasades or infill consisting of brick, concrete
characterize the critical risk factors contributing to building and pjocks, or masonry rubble. None of the structures examined had
community vulnerability; undamaged buildings are rarely included gpparent structural shear walls. Of 483 buildings, 115 were ob-
in traditional engineering postearthquake reconnaissance effortsseryed to have torsional irregularities often because df, an
Damage, repair, and occupancy assessments were assigned Systegp-C-shape floor plan. Coincidentally, 115 buildings were also
atically by using rating sheets developed before entering the fieldjgentified as possessing vertical irregularities, such as a soft story
The data collected provided the basis for the development of em, overhang. Roof and floor systems varied, but a one-way system
pirically based fragility functions, which relate ground motion in- ¢ concrete joists and hollow bricks is common. In the buildings
tensity to the building damage state. Hypothesis testing is used t%urveyed, column spacing ranged from approximately 4 to 8 m.
identify the. st.atistically significant characteristics of the most vul- ~qjumns are typically square, measuring approximate§s6m
nerable buildings. , , , in each dimension and beam depths are similar. A typical multi-
Data about the@quila housing stock and socioeconomic char- family residential condominium building ha$ stories with
acteristics of building occupants are obtained from the 2001 'ta"angarages at the ground floor level. This structural typology is

Census with some 2.009 _updates_. Bui_Iding-reIated_ information incommon throughout Italy and other seismically active parts of
the census relates primarily to residential construction and |nclude§he MediterranearMaffei et al. 2008

building age, construction material, height, and condition. Other
data include the age, gender, education, and income level Ofthr
L@quila residents.

The database concrete frame buildings house eight schools and
ee 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

The database of concrete buildings i@\duila was assembled  carpentry shops; nine mechanics; five car dealerships; and other
through fieldwork conducted between April 22 and 29, 2009. Data- offices, stores, sports facilities, a post office, a police station, a
base information includes each build®pcation, recorded by us-  funeral parlor, and several day care facilities.

ing a global positioning system (GPS) device, and street address. Each structure was classified in one of five damage states on the
Building usage is characterized as single-family residential (SFR)basis of an exterior inspection of structural and nonstructural com-
multifamily residential (MFR), multifamily residential with retail ponents in the building. Damage states are categorized as negligible
or commercial activity (MFRR), i.e., mixed use, commercial or re- (N), insignificant (I), moderate (M), heavy (H), or collapse (C), as
tail (C/R), industrial (1), or public (P). Other building attributes defined in Tabld and illustrated in Figh. These classifications are
recorded include the number of stories, number of housing units,consistent with commonly used rapid visual assessment methods,
observations of structural irregularities in plan or elevation, and thesuch as ATC-20, with modified definitions to reflect the specific

Building Database
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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 grot
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types of damage observed in the field study. Damage assessments
for the L@\quila concrete buildings are summarized in Bigvlost
(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 staté (PS
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

Fig. 4. Construction photograph of typical building i@Nquila show- earthquake-related repairs. However, most of the concrete buildings
ing concrete framing system and hollow clay brick masonry infill (im- (57%) had fairly limited damage corresponding to damage states
age by Abbie Liel and Kathryn Lynch) N or | but were not occupied by either residents or retail and

commercial establishments. Although utilities were operational

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 (1) 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.

= 1n
[T

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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e more severe damage to masonry infill occurred in 29% of database
buildings. Other nonstructural damage included cosmetic cracking

L0 in plaster or brick fasade or detachment of fasades from the
structure.
80% Lo 178 oo 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-

30% +
fecting 47 of 483 structures. This damage was initiated by well-

% of Buildings

\ 102 known deficiencies in concrete frames with older nonductile design
20% 1 B e features, such as insufficient anchorage of longitudinal reinforcing
50 bars and use of smooth (nondeformed) reinforcement, inadequate
10% B B shear strength of beam-column joints and column lap-splices, or
l 1 poor confinement in plastic hinge regio@aMmata et al. 200Baz-
. : zurro et al. 2009Verderame et al. 2009Short columns were most

0% . : ;
NorN/l lorl/M MorM/H  H ¢ commonly found at the basement or garage level around window
openings or were created by infill configuration. Fig)illustrates

Sthe detailing observed in one characteristic structure (likely buEin
the 1980s), including widely spaced transverse reinforcement, 90j
- . . hooks on shear reinforcement, and insufficient development length
within a day of the earthquake in the areas ."'S'W?”"F’ et al', in beam reinforcing bars. This column also has poorly consolidated
2009, many of these structures were awaiting official inspection. .o rate and large aggregate. Many structures also showed evi-

To validate database damage classifications, assessments afgce of water damage and corroded reinforcement that predated
compared with postearthquake inspections from the Civil Protec-;, 4 may have contributed to seismic damage

tion Department (Protezione Civile). The Civil Protection Depart- 1y jjildings with garages o retail at the ground level, most dam-
ment evaluated building usability on the basis of structural, age occurred in the story immediately above the garage. In many
nonstructural, and geotechnical risk factors following a methodol- past earthquakes, damage in concrete framed buildings concen-
ogy that has been used in Italy for more than 15 y@aggio etal.  trated in soft-stories created by large openings for garage and retail
2007). Because the objectives of the official inspections are focusedy; the first story. However, it seems that in many of the database
on usability rather than damage, a one-to-one comparison cannot bgyctures, damage occurred above the garage because the garage or

made. However, inspection data reported in Dolce e2aD9 retail level is strengthened by soil or basement walls on one or
shows that concrete buildings found to@®et usabl®correspond more sides.

to heavy or moderate damage assessments in this study, those as-

sessed a@artially usabl®are found to have insignificant or mod-

erate damage here, ar@sabl®© buildings are classified in  predictors of Damage
negligible or insignificant damage states, indicating good agree-
ment between the two classifications.

Fig. 6. Damage state assessments for database concrete building

Building Characteristics

Database building characteristics, such as height, function, and the
Damage Observed in Concrete Buildings presence of plan or elevation irregularities, are correlated with dam-

age assessments. As illustrated in Figthe damage assessment
The most common type of nonstructural damage was cracking ottends to increase with building height, such that only 45% of build-
brittle failure of masonry infill walls. In some cases, walls showed ings with six or more stories were classified in the lowest two dam-
x-cracking characteristic of infill shear failure, with cracks age states compared to 90% of one to two story buildings.
often propagating from window openings in narrow wall piers. In Accordingly, the median damage state is 1.5 (N/I) for buildings
other cases, infill failure resulted from out-of-plane failure at the with two or fewer stories, 2.0 (I) for buildings with three to five
connection between infill and structural elements. Moderate orstories and 2.4 (I/M to M) for the tallest buildings gix stories).

(b)

Fig. 7. Structural failure mechanisms: (a) shear failure of short columns (building 344); (b) anchorage failure (building 372); (c) compressive failur:
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 significantgfvalue< 0:05. The increase

in damage with building height is consistent with postearthquake 40% 7~
studies of concrete frame buildings following the 1999 Chi-Chi, 30% -
Taiwan (Tu et al. 2009 and Kocaeli, TurkeyGur et al. 2009 20% -
Hassan and Sozen 19%ucuoglu et al. 20QZarthquakes but op- 10% 1
posite to the trend observed in Bhuj, India in 2004irf et al. 2010 %R MFRR | SRR p O/R
In LA\quila, damage seems to increase with height because taller Usage

buildings are more flexible and undergo larger deformations, in- BNorN/IBlorl/MBMorM/HOHBC
creasing damage to drift-sensitive nonstructural components such . ) ) » ) .
as infill walls. Because nonstructural damage dominates the 19 9. Relatlonsh!p be_tween identified structural irregularities in:
database damage assessments, it is unclear whether structul@ Plan: (b) elevation with damage state

damage is also more likely in tall buildings. As discussed in more

detail subsequently, alluvial soils at son&duila sites may have

enhanced ground motion frequency content at longer periods, inWith afirst-floor retail or garage level were not taken to be irregular
creasing damage in multistory buildings.(Camata, personal because this condition existed in virtually all the structures consid-
communication, 2009 ered. As Fig.9 shows, buildings having either plan or elevation

Damage assessments are compared ir8Ray.different build- irregularities are more likely to be in the most severe (moderate
ing usage types. The SFR structures were much more likely to havé@nd worse) damage states. A t-test shows that elevation irregular-
negligible damage than other buildings. In addition, a notable 51%ti€s are a statistically significant predictor of earthquake damage,
of the database SFRs were occupied or partially occupied at thaVith p-value! 0:01. The trend with plan irregularities is not
time of fieldwork, a higher percentage than for other structures. Statistically significanttvalue! 0:15). This result does not nec-

It is difficult to separate the effect of building height and building essarily imply that plan irregularities are not correlated with dam-
usage because 94% of SFR buildings have two or fewer stories29€ but that the database observations did not definitively confirm
However, the median damage state for SFR buildings of 1.2 (N)this relationship. Torsional irregularities are frequently observed in
is less than the mean damage state for all one or two story building&§€avily damaged buildings but can be difficult to identify from
(1.5 or N/I), indicating that height does not fully account for these €xterior visual inspection. . .

trends. Of the multifamily residential structures, those with retail ~ Given the changes in seismic design and construction of con-
activities had more damage than those that are purely residentiafrete buildings in the past several decades, it may be expected that
with median damage states of 2.3 for MFRR and 2.0 for MFR. older structures sustained more damage. Unfortunately, it is very
Although these buildings have similar structural and nonstructuraldifficult to access information on construction year for specific
systems, MFRR buildings tend to be taller, which may account for bu|Id|ngs._I_n lieu of these_data, bunc_ilngs were visually inspected
the higher damage. Differences in damage states for the differen;@nd classified as (a) relatively new, i.e., built in the past 10 years,

building usage types MFR, MFRR, and SFR are statistically sig- including 60 buildings or 12% of the database, or (b) older. This
nificant using two-sample t-tests. classification was on the basis of architectural features that differ-

Structures with strength or stiffness irregularities or discontinu- €ntiaté newer construction. The buildings identifiedresOhave
ities in the load path can be particularly susceptible to earthquake® Median damage state of 1.4 (N/I) compared with 2.1 (I) for the
induced damage. In this study, two types of irregularities are con-other bU|Id|ng§, indicating that year of construction is a potentla}lly
sidered: (1) plan irregularities in buildings that are torsionally Powerful predictor of damage. However, more detailed information
asymmetric and (2) elevation irregularities in structures that haveS Néeded to confirm and quantify this relationship.

soft or weak story or other discontinuities, such as a heavy over- The quality of design and construction of concrete buildings,
hang. Structures on a slope (i.e., having a partial level built into theWhich accounts for material quality, detailing, and workmanship,

hill) were classified as irregular in elevation. However, buildings 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

% of Buildings

100% --1

90% - - P 32 | | 15 | testing of material quality (e.g., Binda et al. 2009), which are be-
so% - O e |- yond the scope of the exterior inspections in this study. Even $, it
ORI I R B is worth noting that, of the 25 database buildings that had severe

33 enough damage to expose design details in structural elements, 24
had deficient detailing and workmanship (see e.g.,#ffigupport-

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-

60% +---
50% +---
40% -
30% -
20%

% of Buildings

10% +--- S - - - - - - - - 81 ings were more damaged than others.
0% : :
12 35 6 ormore Ground Motion Intensity and Building Location
Num. of Stories
WNorN/I @lorl/M @MorM/H DH BC Ground-shaking intensity is estimated for each database building

site by using Italy ShakeMapgNGV 2009. ShakeMap ground

Fig. 8. Relationship between building usage and damage state motion predictions for a 1.5-km grid are automatically generated
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by interpolation between ground motion recordings. Tiejlila On the basis of this approach, the mean PGA at the database
earthquake ShakeMap is on the basis of recordings from thebuilding sites is 0.36 g, corresponding to a Modified Mercalli
National Seismic Network, including four instrument stations near Intensity of &9 (Camassi et al. 2009The relationship between
L@quila (AQA, AQG, AQK, and AQV). Of these, AQK is the clos-  PGA and building damage is used to generate fragility curves illus-
est to the database buildings. Acceleration response spectra fdrated in Fig11, which show the probability of having or exceeding
these four stations are shown in Fi§. Some of the spectra have a given damage state as a function of ground motion intensity. Fra-
significant energy aroun@i! 0:5 s, which may contribute to the  gility functions are assumed lognormal and fitted by the method
damage in midrise concrete buildings with fundamental periods ofproposed by Porter et al2q07), leading to a median PGA of
vibration in this range. Ground motion velocity time histories also 0.33 g for insignificant damagé ! 0:17), 0.39 g for moderate
exhibit pulses from near-source effects that may amplify motion indamage(;, ! 0:12), 0.45 g for heavy damagg{! 0:17), and
some buildingsHacor et al. 2009 3.6 g for collapse!(, ! 1:1) although the collapse fragility curve

In this study, peak ground acceleration (PGA) values are ob-is limited by insufficient data. Given the similarity in construction
tained from ShakeMap and interpolated by using latitude and lon-practices throughout much of Italy and neighboring countries, these
gitude to estimate the PGA at each building side. Instruments usedragility curves are expected to be applicable to concrete frame
for ShakeMap are recorded on rock (AQG) and alluvium (AQA, buildings in many cities. Although a variety of other ground motion
AQK, and AQV) Stewart et al. 2009This approach for estimating intensity measures are available, PGA is used because it can be
ground motion intensity at each site cannot account for amplifica-related directly to seismology-based ground motion prediction
tion because of site-specific soil conditions that vary depending on(@ttenuation) equations. The proposed fragility models may be
the soil layer thickness and other characteristics. In areas neagombined with probabilistic seismic hazard information in
L@quila® historic center, researchers found that soil amplifies fre-Performance-based engineering methodologies to quantify seismic
quency content between 0.5 and 0.7 Hz and approximately 1.2 Hz!sk and evaluate mitigation strategies. o
in some locations increasing motions by a factor @ditera et al. The geographic distribution of damage in database buildings is

2009 Stewart et al. 2009However, comprehensive seismic micro- illustrated in Fig.12. Concentrations of moderately and severely
zonation studies are still ongoin§dice and Naso 2009 This damaged buildings are in the area north of Via Raffaele Paolucci,
study also does not consider the large vertical component of groundnarked A on Fig.12, and between Viale Corrado IV and Viale 25
motion at many sites3, Camata, personal communication, 2009 APrile (area B). Areas A and B are the regions with the highest
Ameri et al. 2009 However, at this time, the ShakeMap predic- estimated ground shaking; the single surveyed collapsed building

tions represent the best available estimates of site-by-site variatiof? IIT aregl A, Inhspecte?\?reis to thepeast”(C and D_; arou(;ld \I/Ia Stln-
in ground motion intensity. 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.

100% - - == - m——gm——- === - - T
90% + -~~~ - e -
80% +-----
70% 1 -----J - - -
60%
50% -+
40% -
30% -
20% -
10%

0%

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

% of Buildings
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1.8 T T T
Bldg. Irregular in Plan
BN or N/I @lor /M BMor M/H OH OC 16t AQAEW |
’ === AQA-NS
R 1.4} n AQG-EW 4
______ g AQG-NS
S 1.2 AQK-EW 1
””” =] AQK-NS
e 1t E
ffffff < — AQV-EW
______ g 0.8 === AQV-NS
ffffff =
______ g 06[
1 )
=3 ]
------ v 04l
””” 0.2
‘ 0 L L L
Yes 0 0.5 1 15 2
Bldg. Irregular in Elevation T [sec]

EBNorN/l Blorl/M OMorM/H OH OC N
Fig. 11. Fragility functions for (Aquila concrete buildings predicting

Fig. 10. Response spectra from ground-motion recordings at stationsthe probability of exceeding each damage state (DS) as a function of
AQA, AQG, AQK, and AQV in both orthogonal directions ground motion intensity (PGA)
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1 T

Fa—— 5 preearthquake condition and those that strengthen or otherwise im-
0.9 -~ lorym [T e RStk prove building performance.
08 - MorM/M | e . IR Fieldwork also sought to establish whether the building was oc-
M or M/H ; cupied or in use in April 2010. Residential buildings were identi-

0.7~ Ho Ty o poomeeeeeo fied as occupied if people were present or on the basis of other

— 06| o ;‘ _____ o b indicators such as laundry hanging on clothes lines and recently
n - E E watered plants. Closed window shades, piles of mail, and extensive

@ 05 [ A A T construction works provided signals that residents were not living
O Y P SRR S LR P e Feoomoen o in homes in the building. Commercial establishments were classi-
03 b [ A R A 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
02f--------- dmmmmm e Rt R changed since the previous visit. If even one business or apartment
N I A ) L b ] was in use, the building was classified as occupied. When it was not

| | | clear, the occupancy was listed @sknowrQ The presence of

Oo? 02 03 -*0'_4 0'5 06 temporary structures outside database buildings, such as motor

" PGA[g] ’ ’ homes, event tents, trailers, and small wooden huts, was also noted.
In total, 427 of the 483 original database buildings (88%) were

Fig. 12. Damage patterns observed in database buildings; buildingslocated during return fieldwork, as shown in Hig. The remaining
inspected were in newer suburban areas surrounding historic city centestructures 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. As before, data were obtained from inspection of build- buildings by usage, height, and other key parameters is virtually
ing exteriors. unchanged from the original building database. Of the structures

Repairs ongoing at the time of the fieldwork included painting, revisited 1 year after the earthquake, 97 buildings (23.1%) had re-
removal and replacement of damaged infill walls, cleanup of build- Pairs ongoing or completed; 4.3% of buildings (18.6% of the total
ing contents, and replacement of roof tiles or chimneys. Visible repairs) had already seen completed repairs. An additional 1.9% of

signs of ongoing repair work were people working, scaffolding, buildings had a sign advertising construction work, 2.4% had

construction equipment, or materials on-site. Some buildings pro_debrls removal activities, and 1.4% had a temporary stabilization

vided other indicators that repairs were about to begin, such assystem in place but no other repair work. Only three structures (less

0 . )
signs advertising construction companies and debris chutes. Thesttglan 1%) had already repaired entire structural or nonstructural

structures were noted but not classified as repairs. Buildings tha omponents (e.g., an entire wall or column replaced). However,
. > repairs. NgS Mathe true number of repaired buildings may be slightly larger be-
had been structurally stabilized were also identified. Stabilization

S . , ) cause some repairs are not visible from an exterior survey.
methods primarily consisted of wooden scaffolding holding awall ~\uith regard to postearthquake occupancy, 53% of the 120 build-

or door opening in place. In addition, pictures of database buildingsings classified as commercial, retail, industrial, or mixed use were
were compared with pictures from April 2009 to determine whether jn yse by retail/commercial establishments during fieldwork. A fur-
any repair work had been completed before the 1-year field visit, agher 13% had unknown occupancy. In most cases, however, not all
shown in Fig.13. The definition of repairs in this study does not stores or businesses occupying a particular building were open. Of
distinguish between interventions that return the building to its the database buildings classified as residential or mixed use, 27%

Location of Collapsed AV <R

Historic CenterzfE
5

Mvrnuw
@ None

2 Insignificant
2 Moderate
O Heavy

@ Collapse

Fig. 13. Photographs of database concrete buildings showing status of repair and reconstruction as of April 2010: (a) building 152 illustrating n
change; (b) building 12 illustrating repairs to nonstructural infill walls; (c) building 325 illustrating structural repairs (images by Alabie Liel
Kathryn Lynch)
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April 2010

April 2010

Fig. 14. Repairs in database concrete building as of April 2010

had occupied residences in April 2010. However, an additionallarge number ofho repair®in SFR contrasts with the high occu-
12% were unclassified so as many as 39% may have been ipancy rates for these structures in Bi(a)and could indicate that
use. A total of 29 (6.8%) of buildings had temporary structures repairs were not visible, already finished, or not needed.

nearby for either commercial or residential activities. Most of  Other building characteristics, including height and number of
the buildings under construction at the time of the 2009 earthquakeresidential units, may also be important predictors of reconstruction
iqc]uding seven structures, were unfinished at the time of the returmprogress. Building occupancy rates 1 year after the earthquake de-
visit; two had been completed. 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 Fi§. Similar trends were
Data on postearthquake occupancy and repairs illustrate importardbserved in repair rates; 38% of damaged low-rise story buildings
differences in reconstruction progress depending on the charactefad some repair activity compared withE28% of buildings
istics of the concrete frame building. As Fig(a)shows, P build-  wjith three or more stories. These trends may be attributed to the

ings were the most likely to be occupied, with 84% of the 19 more severe damage experienced by taller buildings investigated
database buildings in use. Schools were given priority in the Civil subsequently.

Protection Departme@t postearthquake inspections, and repairs
were intended to be completed before the beginning of thepyjding Damage State

2009-2010 school year in Septemtiolce et al. 200p Buildings

with purely commercial or retail establishments (C/R) also had aOccupancy and repairs as of April 2010 in database buildings may
high rate of occupancy of 75%. Among the residential buildings, also be related to the level of damage the building experienced dur-
single-family homes were far more likely to be occupied. Residen-ing the earthquake (Fig.7). Buildings in the insignificant damage

tial occupancy rates of multifamily residential construction were state (I or I/M) were the most likely to have repairs completed or
between 21 and 26%, approximately one-third of the rate forongoing during fieldwork, with 29% of these buildings having
Single'family residential bU||d|ngS and less than commercial activ- some repairs_ The smaller percentage of repairs in the least dam-
ity rates for mixed-use structures (approximately 45% occupied).aged buildings (N or N/I) probably indicates that some of these

Differences between occupancy rates for commercial and residensi.cqres did not need the repair or the repair was not visible.
tial activities in MFRR and between SFR and MFR are statistically The fraction of surveyed buildings that had completed repairs

N 0 . ¥
significant at the 5% level using a standard t-test. was much less in moderate or more severe damage states (less than

The progress of repairs in buildings with different usages is ex- . -
amined in Figl5(b) Repair status is shown only for the 300 data- 2%) than the lighter damage states (approximately 6%). However,

base buildings that were classified in damage state (1) or abovéhese differences are not statistically significant. Although.nt_)t
because buildings with litle damage (classified as N or N/ Shown, postearthquake occupancy rates also decrease for buildings
may not need repairs. Total repairs are highest in the public build-With more damage state classifications, with commercial occu-
ings, which included schools and government office buildings, fol- Pancy rates ranging from 68% in the negligible damage state to
lowed by commercial/retail buildings, of which 5% have been 25% in heavy damaged buildings and residential rates varying from
repaired. Repair rates are similar and statistically indistinguishableb8% for the least damaged buildings to 0% in the 42 buildings clas-
on the basis of t-tests for all types of residential construction. Thesified as heavily damaged.

Building Characteristics
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Fig. 15. Relationship between building usage and (a) occupancy rates and (b) repair status 1 year after earthquake; data in (b) include all buildir

originally classified damage state | or worse
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10% +-160---- 25 activities in mixed-use buildings. o
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MFR  MFRR* MFRR**  SFR P C/RA MER MFRR SFR P C/R/N
Usage Usage
(@) Occupied M Not Occupied EUnknown (b)ElRepairs atTime of Visit [ Repairs Completed B No Repairs
Fig. 16. Relationship between building height and postearthquake occupancy
100% T-"pEmm T WBEm usage, and ground-shaking intensity is typical of that throughout
% 80% -- ........... the city, results can be extrapolated to estimate that approximately
£ 60%d--| |----d 15> 32% of concrete residential buildings experienced moderate or
2 6 heavy damage. These severely damaged buildings house approx-
5 40% 54 imately 38% of all KAquilans living in concrete structures because
R 20% -] | 84 [T the tall buildings that incurred the most damage (Eyalso tend
0% - ; ; 11 , to have a larger number residential units. In addition, the
1-2 3-5 6 ormore

Num. of Stories
Occupied M NotOccupied EUnknown

reconstruction data illustrate the longer-term effect of the damaged
modern concrete buildings inAquila. Although approximately
75% of dedicated commercial and single-family homes were in

Fig. 17. Relationship between building damage state and repair statusise in April 2010, approximately 25% of multifamily residential

People and Businesses Occupying L @quila @
Concrete Buildings

The database buildings make up 3.2% Giduila® residential
building stock, including approximately 14% of the municip&ity
homes and housing approximately 11,000 peof@@AT 20017).

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 building€iguiila
provide insights into who is affected by the seismic vulnerability
of these structures. These characteristics may represent indicators

The study buildings are representative more generally of the overalbr causes of social vulnerabilitZjtter 199%. The population of

effect of seismically vulnerable concrete buildings @wjuila and

the municipality of Aquila has grown at a rate of 6% between

its residents. Assuming the database distribution of building height, 2001 and 2009 to a current population of approximately 73,000
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123: | income and other factors. To the extent that wealthier families tend
80% - to live in single-family homes, which suffered less damage and
% 70% - were more likely to be occupied in the weeks and months after
£ 60%- the earthquake, these households would be less affected. Census
3 50%- data also indicate that renter-occupied properties are not as well-
S 40% - maintained ISTAT 200J), although data to investigate what this
¥ 30%- o means in earthquake-induced damage are insufficient. This study
20% 7 = suggests that many physical and social factors contribute to choices
10% T 3 | % 20 10 about living in vulnerable concrete structures including, but not
0% NorN/l  lorl/M  MorM/H H ' limited to, income and other sociodemographic characteristics.
Damage State The effect on local businesses is also critical because of the preva-
D Repairs at Time of Visit O Repairs Completed M No Repairs 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
(ISTAT 2009. This increase is notable, given the population de- plan.

clines in much of Italy. @\quila@ population has more women It remains to be seen how long these buildings will be out of use.
(52%) than men and is slightly older than Italy as a whole, with Recovery and reconstruction subsequent to the April 2009 earth-
amean age of 44 years ifquila compared to 43  years elsewhere quake has followed the trajectory shown in Fi§. In the emer-
(ISTAT 2009. More interestingly, the residents dquilatendto  gency phase, the Department of Civil Protection was praised for its
be fairly well-educated; 14% of residents 6 years and older have aesponse, including quick establishment of temporary housing and
university degree and 35% have a secondary school diploma comimplementation of building inspectionBr{cker-Ford 201) The
pared to 7.5% and 26% in Italy nationallgTAT 200]). Similar to federal government also funded the CASE Project, which built
the rest of country, 38% of the population is employkxTAT 185 seismically isolated buildings with 4,600 apartments for ap-
2000. However, a higher percentage d®fuila@ workforce is  proximately 12,000 displaced people. These structures are intended
employed in health, education, and other social services and publigo be repurposed as student dormitories f@quila University
administration and defense, and relatively fewer work in agricul- within 5 years Calvi and Spaziante 2009The process of repair
ture, manufacturing, and tourism. The median income reportedand rebuilding of damaged structures began with inspections
in 2008 of! 22,969 is more than the average for the surrounding organized by the Department of Civil Protection, which prioritized

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

Abruzzo region but close to the national val@ifiuni-Italiani schools and buildings with solely industrial and commercial activ-
2008. Most homes in @\quila (75%) are owner occupiet5TAT ities and continued with residential constructibol¢e et al. 2009
2003). According to ordinances 3778 and 3779, these classifications will
Concrete frame buildings have been the predominant form ofpe ysed to determine the amount of government funds building
construction in new urbanizing and suburban areas@wuila owners will receive to make repairs. However, it is unclear how

for several decades. Because the census data are aggregatednafich funds will be expected from citizens and, as a result, imple-
the province or municipality level and not by census tract or neigh- mentation has been slowricker-Ford 201]

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-incom€onclusions

households may be particularly vulnerable to earthquakes and other

disasters in part because they occupy structures that are older, dthis study investigates the vulnerability of concrete frame build-
lower quality, or less well-maintained. The data gathered here sugings in the 2009 @quila, Italy earthquake and the effects of
gest that the people residing in high-rise condominium buildings the damage and building closure on tiduila population. Re-

are most at risk because of deficiencies in concrete constructionsults are on the basis of postearthquake field work to develop a
These residences are mostly owner occupied but vary from reladatabase of building characteristics, damage state assessments,
tively modest to more extravagant homes such that their occupantand observations of postearthquake occupancy and repairs for more
likely represent a broad spectrum ofAguila@ population in than 400 buildings.

July, 2009 Jan., 2010
G8 Summit Held in UAquila Responsibilities for reconstruction

handed over to local govemments |

April, 2010
Field Work

April 6, 2009
L'Aquila Earthquake
Civil Protection inspects 72,000 buildings for usability
C.A.S.E. project constructed: 1865 buildings (approx. 4600 apartments)

April, 2009
Field Work
Schools inspected and

repaired

Fig. 19. Timeline of postearthquake reconstruction (image by Abbie Liel and Kathryn Lynch)
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Queries

. Please check that ASCE Membership Grades (Member ASCE, Fellow ASCE, etc.) are provided for all authors that are membe
. The acronym 'I' is used to signify both industry and insignificant. Acronyms should be unique. Please clarify.

. Fig. 7(i) is not shown. Please indicate the correct figure.

. Please provide citation for Binda, L.and Saisi, A. [2005].

. Etal. is only to be used in the Reference List if there are seven or more authors for a reference. Is this correct for the Ameri 20

reference? If not, please supply names of all authors. Please also include the publisher's city.

. Etal. is only to be used in the Reference List if there are seven or more authors for a reference. Is this correct for the Baggio 20

reference? If not, please supply names of all authors. Please include the publisher's location.

. Etal.isonly to be used in the Reference List if there are seven or more authors for a reference. Is this correct for the Bazzurro 2(

reference? If not, please supply names of all authors. Please also include the publisher and publisher's location.

. A check of online databases revealed a possible error in this reference. (Binda, L., and Saisi, A. [2005]) The issue has be

changed from 'none' to '2'. Please confirm this is correct.

. Please indicate a cross reference for the Binda and Saisi [2005] journal citation or indicate that it should be deleted from tl

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

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 Boschi 2C
reference? If not, please supply names of all authors.

This query was generated by an automatic reference checking system. This reference (Boschi, E., Amato, A., and Chiarabba,
[2009]) could not be located in the databases used by the system. While the reference may be correct, we ask that you check i
we can provide as many links to the referenced articles as possible. Please provide volume.

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

This query was generated by an automatic reference checking system. This reference (Calvi, G. M., and Spaziante, V. [200
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
provide as many links to the referenced articles as possible. Please provide volume.

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 Camata 2(
reference? If not, please supply names of all authors.

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

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 Camassi 2
reference? If not, please supply names of all authors.

This query was generated by an automatic reference checking system. This reference (Camassi, R., Galli, P., and Tertulliani,
[2009]) could not be located in the databases used by the system. While the reference may be correct, we ask that you check i
we can provide as many links to the referenced articles as possible.

Please indicate a cross reference for the Camassi et al. [2009] journal citation or indicate that it should be deleted from the F
ferences. Please provide volume.

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

This query was generated by an automatic reference checking system. This reference (Cosenza, E., Manfredi, G., and Verder:
G. M. [2009]) could not be located in the databases used by the system. While the reference may be correct, we ask that you ch
it so we can provide as many links to the referenced articles as possible. Please provide volume.

DOI could not be found. Please check and edit appropriately.
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23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

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 Cultrera 2(
reference? If not, please supply names of all authors.

This query was generated by an automatic reference checking system. This reference (Cultrera, G., Luzi, L., and Ameri, (
[2009]) could not be located in the databases used by the system. While the reference may be correct, we ask that you ch
it so we can provide as many links to the referenced articles as possible. Please provide volume.

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

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 Dolce 2C
reference? If not, please supply names of all authors.

This query was generated by an automatic reference checking system. This reference (Dolce, M., Di Pasquale, G., and Alban
V., [2009]) could not be located in the databases used by the system. While the reference may be correct, we ask that you chec
so we can provide as many links to the referenced articles as possible. Please provide volume.

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

This query was generated by an automatic reference checking system. This reference (Dolce, M., and Naso, G. [2009]) could
be located in the databases used by the system. While the reference may be correct, we ask that you check it so we can provid
many links to the referenced articles as possible. Please provide volume.

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 Gur 20
reference? If not, please supply names of all authors.

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

This query was generated by an automatic reference checking system. This reference (Hassan, A. F., and Sozen, M. A. [19¢
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
provide as many links to the referenced articles as possible.

The link for the INGV 2009 reference no longer works. Please update.

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 20
reference? If not, please supply names of all authors. Please also include the publisher's location.

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

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 2(
reference? If not, please supply names of all authors.

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

Etal. 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 2
reference? If not, please supply names of all authors. Please also include the publisher's location.

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 2(
reference? If not, please supply names of all authors. Please also include the publisher's location.

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

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 2C
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, .
[2009]) could not be located in the databases used by the system. While the reference may be correct, we ask that you check i
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 20
reference? If not, please supply names of all authors.
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