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1.0  Introduction 

The L ’Aquila ea rthquake occurred on  April 6  200 9 a t 03: 32:39 l ocal time . The  
earthquake was located in the central Italy region o f Abruzzo. Much of the damage 
occurred in the ca pital c ity of L’A quila, a city o f a pproximate p opulation 73000 , 
although ma ny small villages in  the surround ing r egions were s ignificantly damaged 
including Pag anica, Castelnuovo, and On na. Coll apsed and  damaged structures in 
L’Aquila included both ol der masonry buil dings and  rel atively mod ern reinfo rced 
concrete structures. At the time of this writing, 307 people are known to have died from 
the earthquake, most in coll apsed structures, making this the deadliest earthquake to 
strike Italy since the 1980 Irpinia earthquake.  

A numbe r of reconnaissance teams were mobilized to the affected regi on in the  
weeks following the ea rthquake. The national institute of geophysics and volcanology 
(Istituto Nazionale d i Geo fisica e Vulcanologia, I NGV) mobil ized a  team of  g eologists 
(EMERGEO Working Group) to look for e vidence of sur face rupture and other effects; 
some of  t heir findings are discussed in this report. The  G EER tea m was assembled to 
investigate geological, seismol ogical, and geotechnical eng ineering a spects of the 
event. The int ernational GEER team is co mprised of member s f rom Italy, Austria , 
Switzerland, Greece, and the U nited s tates. Team m embers were se lected to prov ide 
needed expertise in ge ology, e ngineering ge ology, GIS applications, earthqua ke 
ground mo tions, a nd g eotechnical e arthquake eng ineering. The team inc ludes 
individuals highly experienced in post-earthquake reconnaissance and relatively young 
professionals investigating their first earthquake.  

The GEER t eam did n ot focus on structura l engine ering or lifeline aspects of the 
event, which were i nvestigated by  an  EE RI team. T he GE ER a nd EERI activities wer e 
closely coo rdinated t o optimize resources in the  doc umentation of the  valuable, 
perishable data associated with the earthquake effects.  

The GEER t eam employed a number of innovative tec hnologies to facil itate 
effective reconnaissance. All teams mob ilized fo r field work h ad a co mmon GPS  unit 
and laptop with a Google Earth (GE) GIS database activity maintained over the course 
of the work. The  GE  database was used to keep track  o f visited lo cations, but also 
contained maps of surfa ce g eology, l ocations of af tershocks, str ong motion sta tions, 
and o ther information re levant to i nvestigators in the f ield. Another valuable use of 
technology involved LIDAR ma pping of a site having significa nt incid ents o f ground 
failure (Lake Sinizzo).   

This report presents the GEER finding s. Following this in troduction, Chapter 2 
describes the geologic and tectonic setting, moment tensor solutions for the mainshock 
and several triggered events, analysis of a ftershock patterns, and a nalysis of GPS  and 
InSAR data. Included in Chapter 2 is a preliminary model of the ruptured fault. Chapter 
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3 describes the ground motions recorded during the mainshock by a digital instrument 
array. Metadata assoc iated with the recordings is presented, trends in the recor ded 
ground mo tions a re presented,  and preliminary compa risons t o g round motion  
prediction equations are mad e. Cha pter 4 p resents d amage patterns, both within 
L’Aquila and through comparisons of damage intensities in adjacent villages with similar 
construction. The results p rovide valuable in sights into possible site effects on ground 
motion in regions where reco rdings are not a vailable. Chapter 5  presents our finding s 
on ground  fa ilure, defined  as permanent ground  deformations induced by the 
earthquake. Observed ground failure included several rockfalls, seismic compression of 
fill materials, and apparent strength loss of soil materials leading to inward movement of 
the ban ks of a lake. Chapter 6 r eviews the pe rformance of earth da ms and  earth 
retaining structures, both of which generally performed well.  



 2-1

2.0 Earthquake Setting and Source Characteristics 
 
2.1 Geological and Tectonic Setting 

 
a. Geodynamic evolution  

The area affected by the earthquake of April 6, 2009 is located within the central section 
of the Apennines.  This mountain chain, which traverses most of the length of the Italian 
peninsula, is the result of the convergence between the African and European tectonic 
plates and the subsequent collision of the two continental margins, a geodynamic 
process illustrated in Figure 2.1 that began in the Neogene age (about 23 MY before 
present) and was responsible for the closing of the Mesozoic Tethys Ocean. 

 

 
Figure 2.1. Geodynamic model for the central Mediterrannean (Devoti et al., 2008) 

 
The compressive phase significantly deformed the extensive layers of marine deposits 

accumulated along the margins of the African Plate, uplifting them into a mountain 
chain. Over time, orogenic thrusts acted in an asynchronous manner along the Apennine 
chain, deforming this sector of the continental crust from the Miocene epoch to the Upper 
Pliocene sub-epoch (24 My to 3.6 My BP). 
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The geodynamic model most often cited and used to describe recently observable 
phenomena is based on a thrust belt-foredeep-foreland system progressively migrating 
away from the Tyrrhenian and towards the Adriatic flank. As schematically depicted in 
Figure 2.2, this system describes a transition from continental compression in the front of 
the chain (Adriatic side) to extension behind the chain (Tyrennian sector).  

 

 
Figure 2.2. Geologic cross-sections across the central Apennines.  The area affected by 
the earthquake is located between M. Velino and M. Grande  (Tozzi, 1993 from Parotto, 
1980). 

 
Most of the central zone of the Apennine chain is formed of stiff calcareous 

successions of carbonate platforms and turbiditic deposits that were deposited in the 
foredeep basins and progressively incorporated in the chain migrating from West to East.  
The deposits were folded and faulted.  The older deposits overlie more recent ones, 
indicating the formation of an orogenic structure known as a tectonic duplex. The 
resulting effect is characterized by significant crustal shortening, some of which is evident 
in this segment of the Apennine chain.  Furthermore, later structural complications 
contributed to the rotation of rigid blocks and isostatic movements in response to strong 
crustal thickening.  At a certain point the chain emerges from the seabed, rising in some 
places to peaks higher than 3000 m above sea level.  The emergence of the chain would 
have begun at the end of the Messinian age (7 My BP; in the more internal, Tyrrhenian 
sectors) and continued until the Upper Pliocene epoch (3.6 My BP; for the more external, 
Adriatic sectors) (Cavinato and De Celles, 1999). A map of the portion of the Apennine 
chain near L’Aquila is shown in Figure 2.3.  
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Figure 2.3. Geologic-structural map of the central Apennines (Cavinato and De Celles, 
1999). In the L’Aquila basin (inside the red circle) there are continental Quaternary 
deposits (in white with black dots) encased between carbonate platform deposits 
(horizontal and vertical hatching lines). 
 

The thrust belt-foredeep-foreland system’s progressive migration towards the Adriatic 
flank would have occurred in response to a mechanism of sinking with the flexural retreat 
of the Apulian foreland plate.  The flexural retreat could be attributed to the existence of 
movements in the upper mantle that have a direction contrary to that of the subduction 
of the Apulian plate towards the Tyrrhenian flank (Doglioni, 1990 and 1991). 

Finally, beginning in the Messinian-Tortonian age (11.6 My BP) the area experienced a 
process of crustal thinning accompanied by the oceanization of the Tyrrhenian Sea 
(retroarc basin).  Since the Lower Pleistocene (1.8 My BP), these extensional movements, 
which in the peri-Tyrrhenian area cause the development of Tuscany-Lazio-Campania 
volcanism, have been progressively migrating towards the Adriatic sectors, to the point 
that they have affected the Apennine chain’s watershed.  However the portion of the 
chain between the watershed and the Adriatic area would have undergone a process of 
gravitational settling and collapses due to isostatic instability, with the consequent 
formation of several intra-Apennine basins, including the L’Aquila basin (Ghisetti and 
Vezzani, 2000 and 2002). 

The deformations associated with crustal thinning and the gravitational collapse are 
primarily accommodated by normal faults formed in part by reactivating pre-existing 
thrusts associated with the emplacement of the Apennine tectonic slices, making these 
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structures important pre-, syn- and late-orogenic normal features that define the plano-
altimetric configuration (basin and range). This pattern displays alternating ridges 
(Simbruini-Ernici, Velino-Sirente, Gran Sasso, Maiella e Morrone, etc.) and depressions 
under tectonic control (Valle del Sacco, Val Roveto, Piana del Fucino, Valle dell’Aterno, 
Conca dell’Aquila, Piana di Sulmona, etc.) as illustrated in Figure 2.3 (Cavinato and De 
Celles, 1999). 

The foredeep of the tectonic system described above extends with a sort of 
geographic continuity from the great Padan Plain down to the Bradanic area (Puglia) 
and encompasses thousands of meters of silico-clastic sediments.  The compression is 
active in the Adriatic coastal area. 

b. Geological Setting 

The central sector of the Apennine chain consists of deposits that were formed on the 
continental crust of the African plate in different paleogeographic domains.  In general 
terms two great Meso-Cenozoic depositional systems are distinguishable.  The first is 
characterized by Mesozoic carbonate platforms (limestones and dolomites) evolving 
towards carbonate slope and basin environments (calcarenites and marls) and was 
subject to active deposition until the mid-Miocene (16.5 My BP).  The second consists of 
impressive foredeep silico-clastic deposits (clays and sandstones) datable to the Upper 
Miocene-Pliocene interval (11 to 5 My BP). 

The emergent chain then underwent an intense erosive Plio-Pleistocene phase (5 to 1.7 
My BP).  The sedimentary erosive-depositional cycles produced slope deposits and vast 
alluvial and lacustrine deposits that filled the intra-Apennine basins.  The Pleistocene 
glacial cycles interacted with the tectonic deformations, through fluctuations in fluvial 
base level and variations of the predominant morphodynamic regime. Figure 2.4 shows a 
distribution of the Quaternary deposits present within the L’Aquila basin and the Aterno 
River Valley, which comprises the principal hydrographic feature of this sector. 
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Figure 2.4. Distribution of Quaternary deposits (in light blue) and Meso-Cenozoic deposits 
(in other colors) in the L’Aquila basin and the Aterno River Valley (from Sheet no. 359 of the 
Geologic Map of Italy at scale of 1:50000 – APAT, 2006). 
 

Elongation in the NW-SE direction (parallel to many of the active normal faults) is 
notable in these intra-Apennine basins, which include the localities – among them the city 
of L’Aquila – that were affected by the earthquake of April 6. 

 
Figure 2.5. Detail of the L’Aquila area.  Within the red line, the areas in gray are where the 
Meso-Cenozoic deposits outcrop.  The Pleistocene deposits are in beige, and the 
Holocene deposits are in light blue. 
 

Meso-Cenozoic deposits 
(A, B, C in several colors) 

Quaternary deposits (light 
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Figure 2.5 is a detail of Figure 2.4 in the L’Aquila area, showing the outcropping Meso-
Cenozoic carbonate rocks (with a small part of Meso-Cenozoic marly-arenaceous rocks 
just east of L’Aquila) along with Quaternary sediments distinguished as Pleistocene (beige) 
or Holocene (light blue). 

The area that was most intensely affected by the April 6 mainshock roughly 
corresponds to the valleys of the Aterno River, its right tributary Raio Creek and the 
plateau extending to the west of the Aterno Valley. The bedrock of the area is comprised 
of limestone formations, deposited from the Jurassic to the Miocene age, that largely 
outcrop along the valley flanks and on the ridges located within the Aterno Valley. These 
limestones (shown in green on the cross sections in Figures 2.6 and 2.7) vary in texture from 
micritic to bioclastic and calcareous sandstones are also common. Several formations are 
associated with thick chert bands and/or layers. Glauconite rich layers are found in 
several of the Cretaceous formations. Bedding thickness ranges from thinly bedded to 
very thickly bedded massive limestones. The pelagic content of the limestone varies and 
several formations vary between marly limestone and calcareous marls, which tend to be 
thinly bedded. Calcareous conglomerates form the thickest and most competent layers 
within these formations. Locally the substratum consists of Miocene sandstones with marly 
intercalations. These outcropping formations (shown in light brown to dark brown in Figure 
2.6) tend to be thick to very thickly bedded and in sections contain turbidite deposits 
composed primarily of marls and clays.  Marl-dominated formations also tend to be thickly 
bedded, within these formations the clay content can vary resulting in more clayey marls. 
Marly limestones are also present in these formations together with chert and glauconite.   

In the central inhabited zone of L’Aquila there are vast deposits associated with 
Quaternary paleolandslides.  These deposits are comprised of Pleistocene heterometric 
breccias with varying degrees of cementation, known as “Megabreccias”, at times of 
noteworthy dimensions (up to several cubic meters), comprised of primarily calcareous 
elements immersed in sandy silty matrices (Blumetti et al., 2002). 

According to Bertini and Bosi (1970, 1989) the Aterno Valley is partly filled by 
Pleistocene lacustrine deposits formed by a complex sequence of pelitic and coarse 
grained units, with frequent lateral variations, overlying the bedrock. On the left side of the 
Aterno river drainage basin (drainage from NW to SE), old breccias with large blocks are 
interposed between the bedrock and the lacustrine sequence (Valle Valiano formation). 

The older (bottom) unit of the lacustrine sequence is the S. Nicandro formation. It 
consists of silts locally characterized by a significant clay fraction. On the left side of the 
drainage basin, alternations of silts with breccia layers are locally found at the base of the 
lacustrine sequence. 

More recent (shallower) components of the lacustrine sequence are formed by 
coarse-grained units, often cemented, ranging from sands with gravels to breccias with 
large blocks, which can present finer intercalations (silts, fresh or weathered pyroclastites, 
paleosols). The units differ by clast shape, abundance of finer intercalations and overall 
degree of cementation. 
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The valley bottom is topped by Holocene alluvial deposits whereas the foot of the 
valley flanks and of the ridges located within the valley are covered by talus debris and 
locally by large debris alluvial fans. 

c. Tectonic Setting 

The Quaternary deposits of the L’Aquila area were deposited in morphological 
depressions inside the uplifted and emergent chain.  These sedimentary basins are 
primarily delimited by high-angle (70°) normal faults with an Apennine trend that vertically 
break up, at different elevations, the orogenic structure, thereby forming a Horst and 
Graben structure.  The normal fault system has its origins in a Quaternary phase (1.8 My 
BP).  In general, the intra-chain basins are delimited by master faults and synthetic faults 
(i.e., a type of minor faults whose strike and sense of displacement is similar to their 
associated major fault) on the eastern sides of the depressions and by antithetic faults on 
the western sides. 

In the area southeast of L’Aquila it is possible to see morphological limestone ridges 
outcropping with monoclinalic attitude. Some ridges are located in the center of the old 
Quaternary lacustrine basin.  These ridges are the surface evidence of uplifted structures 
(Horst wedges) surrounded by depressed areas (Grabens) filled with Quaternary deposits. 

Figure 2.6 shows a geologic cross-section that cuts from SW to NE through the Aterno 
Valley, taken from the Geologic Map of Italy at scale 1:50000; this section gives an idea of 
the tectonic structure of this sector.  The right side of Figure 2.6 shows an intra-Apennine 
basin alongside an area of the chain that was overlain during the compressive phases by 
Apennine orogeny.  If the cross-section were to extend towards the right it would include 
the high reliefs of the Gran Sasso, bordered in turn by normal faults that lower the 
carbonate platforms towards the Southwest.  The cross-section coincidentally crosses the 
L’Aquila basin at the elevation of Onna, a severely damaged village. 

 

 

 
Figure 2.6. SW-NE Geologic cross-section, crossing the L’Aquila basin and passing through 
the inhabited center of Onna, where the highest macroseismic level was surveyed (X 
MCS) (from the Geologic Map of Italy at scale 1:50000) 
 

 

Figure 2.7 shows another geologic cross-section (SW-NE) at scale 1:25000, across the 
Quaternary basin.  The carbonate ridges (Horsts) in green form the rigid substrate overlain 
by Quaternary deposits (in other colors) that fill the morphologic depressions (Grabens).  
The limestone ridges, with a generally NW-SE trend, are bounded by normal faults that 
lower them at various elevations. 

SW NE 
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Figure 2.7. SW-NE Geologic cross-section of the Aterno River Valley (Bosi and Bertini, 1970). 
 

The extensional system comprised of normal faults (master faults, synthetic and 
antithetic faults) present in the area is active, as demonstrated by this earthquake and the 
regional geomorphology. As described below in Section 2.2, extension is also 
demonstrated by the normal fault focal mechanism of the present earthquake. The 
activity of the tectonic structures, with larger movements on the eastern edges of the 
basins, are also evidenced by the presence of important Quaternary alluvial fans on the 
Northeast side of depressions.  With their movement the normal faults have in fact 
produced a rejuvenation of the relief in the NE areas, resulting in the increased 

effectiveness of the erosive 
processes and the deposition of 
coarse material in the valley 
zones in the SW areas.  Figure 2.8 
indicates the active faults of the 
L’Aquila area. These are normal 
faults of variable length that 
predominantly strike NW-SE 
(Bagnaia et al., 1992; Boncio et 
al., 2004; Galadini and Galli, 
2000; Galadini and Messina, 
2001).  Southeast of L’Aquila, the 
active faults have a strongly 
rectilinear trend dipping either 
towards the Southwest or the 
Northeast. 

 

 
Figure 2.8. Active faults (in red) 
of the L’Aquila area (from INGV 
website: http://www.ingv.it).  The 
features are oriented towards 
the hanging wall.  The stars 
indicate the locations of some 
epicenters with Mw>4.0 
associated with the recent 
seismic sequence. 

SW NE 
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2.2 Seismological Aspects (Seismo-Kinematic Characteristics and Macroseismic Studies) 
 

a. Mainshock 

The principal seismic event began on the 6th of April, 2009 at 01:32:39 (UTC) and was 
recorded by the centralized national seismological network Rete Sismometrica Nazionale 
Centralizzata, operated by the national earthquake center (Centro Nazionale Terremoti, 
CNT) of the National Institute of Geophysics and Volcanology (Istituto Nazionale di 
Geofisica e Vulcanologia, INGV, www.ingv.it).   The parameters calculated for this 
earthquake are given in Table 2.1. The main shock coordinates and depth, reported in 
Version 1 of the GEER Report, have been revised per more recent results from INGV. 

Table 2.1. Parameters for mainshock (in bold) and principal triggered events 
 

Date Hour (UTC) Lat. (N) Long. (E) Depth (kM) Mw 
2009/03/30 13:38:38 42.326 13.362 10.6 4.4 
2009/04/06 01:32:39 42.348 13.380 9.5 6.3 
2009/04/07 17:47:37 42.275 13.464 15.1 5.6 
2009/04/09 00:52:59 42.484 13.343 15.4 5.4 

 
The focal mechanism shows that the event took place along a normal fault trending 

NW-SE (strike 147°) with dip SW < 50°, demonstrating the same direction as many of the 
major tectonic structures visible on the surface (Figure 2.8). 
 

 

Figure 2.9. Rete Mednet: Quick Regional Centroid Moment Tensors for the earthquake of 
April 6, 2009 (http://earthquake.rm.ingv.it/qrcmt.php). 

 
b. Seismic sequence 

The earthquake of April 6, 2009 was the largest event in a seismic sequence that started a 
few months earlier and had its most significant previous event on March 30, 2009.  The 
focal mechanism of this event is shown in Figure 2.10. 
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Figure 2.10. Rete Mednet: Quick Regional Centroid Moment Tensors for the earthquake of 

March 30, 2009 (http://earthquake.rm.ingv.it/qrcmt.php). 
 

Since April 6th an active seismic sequence, not yet concluded, has occurred with 
events as large as Mw 5.6.  Figures 2.11-12 show the focal mechanisms, and key attributes 
are given in Table 2.1.  
 

 

Figure 2.11. Rete Mednet: Quick Regional Centroid Moment Tensors for the earthquake of 
April 7, 2009 (http://earthquake.rm.ingv.it/qrcmt.php). 

 

 
Figure 2.12. Rete Mednet: Quick Regional Centroid Moment Tensors for the earthquake of 

April 9, 2009 (http://earthquake.rm.ingv.it/qrcmt.php). 
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The instrument locations and the sequence of the aftershocks (Figure 2.13, updated on 

July 16, 2009) clearly identify two principal areas of crustal rupture: the main area in which 
the main shock of April 6 occurred and a second area associated with another tectonic 
structure, probably of lesser dimensions, on which the earthquake of April 9 occurred. 
Even the latter structure demonstrates that it had extensional movement along a plane 
oriented in the Apennine direction and dipping towards the SW by about 50° (Figure 2.12).  
The earthquake of April 7, whose focal mechanism also shows a component of oblique 
movement (Figure 2.11), occurred at a greater depth than the other two events. Both the 
April 7 and April 9 earthquakes are considered triggered events and not aftershocks of the 
April 6 mainshock.  
 

 

April 6, 
2009 

Epicenters 
for main-
shock and 
aftershock
s on 6 
April  
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April 6-7, 
2009 

On April 7 
new 
seismic 
events 
began to 
appear in 
the north 
of the area 
struck by 
the April 6 
earthquak
e (towards 
Campo-
tosto lake). 
A triggered 
event 
Mw=5.6 
occurs SE 
of L’Aquila 
(red star) 
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April 6-8, 
2009 

On April 8 
seismicity 
near 
Campo-
tosto Lake 
increases, 
with 
events 
oriented 
NW/SE. 
The 
seismic 
sequence 
near L-
Aquila 
continues. 
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April 9, 
2009 

A second 
event is 
triggered 
near 
Campo-
tosto Lake 
on April 9 
at location 
marked 
with yellow 
star.  

January 1 
– July 16, 
2009 

Yellow 
boxes and 
lines 
denote 
individual 
sources 
and 
orange 
zones are 
composite 
sources 
from DISS 
Working 
Group 
(2009) 
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Figure 2.13. Seismic sequence in the L’Aquila area using data from ISIDE (Italian 
Seismological Instrumental and Parametric Data-Base: 
http://iside.rm.ingv.it/iside/standard/index.jsp).  The locations of the epicenters was 
updated on July 16, 2009 (www.ingv.it). An animation of the time sequence of aftershocks 
is available at http://dl.getdropbox.com/u/164400/ABRUZZO/index.html  

 
Figure 2.14 shows several transverse sections (sections 1, 2 and 3) and one longitudinal 

section (section 4) of the L’Aquila basin that illustrate hypocenter distributions. The sections 
also show the surface positions of the active faults expressed at the surface (Chiarabba 
and De Gori, in Cocco, 2009). It should be noted that the hypocenter locations used in 
Figure 2.14 refer to a time interval in the seismic sequence previous to the one referenced 
in Figure 2.13, and therefore in Figure 2.14 several recent events are not shown. 
 



 2-16

 
Figure 2.14. Seismic sequence in the L’Aquila area.  Epicenter locations (at top) and 

sections showing hypocenter locations (Chiarabba and De Gori, in Cocco, 2009). 
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Section 4 shows a concentration of hypocenters between 5 and 10 km of depth. Note 
that the epicenters do not indicate the presence of seismic activity at shallow depth 
(upper 2-3 km). The stars indicate the three principal events of the sequence.  The one in 
the center is the main shock.  Left of the main shock is the hypocenter of the April 9 
triggered event that occurred North of L’Aquila; on the right is the April 7 triggerd event 
along the Aterno Valley (Southeast of L’Aquila), located at a depth of about 15 km in a 
crustal area with a cluster of minor events.  The other sections show hypocenters of events 
occurring after the main shock, located at various depths progressing towards the surface 
and distributed primarily along inclined planes that have surface expressions in the traces 
of the active faults shown in Figure 2.15 (Bagnaia et al., 1992; Boncio et al. 2004; Galadini 
and Galli, 2000; Galadini and Messina, 2001). Section 2 shows an apparent dip of the 
ruptured fault, as evidenced from the hypocenter pattern, that is somewhat shallower 
than that of the surface-expressed faults. The other sections do not illustrate a dip angle 
sufficiently clearly to identify potential differences.  

 
Figure 2.15. Active faults of the L’Aquila area and locations of the three principal events of 

the active seismic sequence (Emergeo Working Group, 2009). Mainshock epicenter 
coordinates not updated per Table 2.1. 

 
In Figure 2.15, the purple triangles indicate waypoints where Emergeo geologists 

observed coseismic phenomena, particularly ground fractures and/or remobilization of 
the recent talus laid on the fault planes. 
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The earthquake of April 6 was anticipated by a seismic sequence (Figure 2.16) 
exhibiting hypocenters located at depths between 8 and 12 km, apparently without 
causing movement on specific fault planes but rather concentrating inside a crustal ramp 
prevalently of low angle.  The main shock of April 6th (at a depth of 8.8 km) was located in 
the middle of this area of crustal rupture. 

 

 
Figure 2.16. Sequence of foreshock hypocenters illustrating their position relative to the 
mainshock (red star) Modified image from INGV web site http://portale.ingv.it/primo-

piano/archivio-primo-piano/notizie-2009/terremoto-6-aprile/cgr_31_3_2009.pdf. 
 
c. Recent and historical seismicity and macroseismic observations 

The earthquake occurred in a central Apennine area that had low seismic activity from 
1980-2008 and lies between two areas with higher levels of activity. Those areas are the 
Umbria-Marche area to the Northwest (struck by the 1997 seismic sequence) and the 
Lazio-Molise area to the Southeast. Figure 2.17 shows a plan view and transverse cross-
section of a portion of the chain passing through L’Aquila, with the locations of the 
hypocenters of earthquakes during the time period in question. The red points indicate the 
hypocenters of the events of the active seismic sequence, and the stars mark the three 
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principal events of April 6, 7 and 9, 2009 (Chiarabba and De Gori, in Cocco, 2009). The 
active sequence is therefore occurring in an area whose seismic characteristics affirm that 
seismic events are probable, even if they are not predictable.   

 
Figure 2.17. Seismicity in the central Apennines in the period 1980-2008 and location of the 
events of the active seismic sequence. The cross-section was drawn through the NW-SE 
running rectangle shown in the plan (Modified from Chiarabba and De Gori, in Cocco, 
2009). 

 
The high seismic risk of the L’Aquila area has been known for some time, thanks to 

historical seismic studies that have put in evidence numerous important earthquakes 
(Figure 2.18) that affected the central Apennines. These events are included in the 
parametric catalog of Italian earthquakes Catalogo Parametrico dei Terremoti Italiani, 
versione 4 (Gruppo di Lavoro CPTI, 2004), and for each one of them there is a record of 
the assumed location based on macroseismic observations and an estimate of Mw based 
on the dimensions of the area of maximum intensity.  The most significant earthquakes in 
this area are those of 1315 (Mw>6.7), 1349 (M w>6.5), 1461 (M w>6.5), 1703 (M w>6.7), and 
1915 (M w>7.0). 

 

Umbria-Marche 

Lazio-Molise 
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Figure 2.18. Historic seismicity of the central Apennines near L’Aquila (Rovida et al., 2009). 

 
One of the principal events to hit the city of L’Aquila was the earthquake of 1461, 

which produced macroseismic effects in the same area of maximum intensity as this 
earthquake. The area of maximum intensity was located between the city of L’Aquila and 
the inhabited center of Paganica, passing through Onna (Figure 2.19, macroseismic 
intensity distribution from http://emidius.mi.ingv.it/DBMI04/; Stucchi et al., 2007). This event 
has geographic and parametric characteristics similar to those of the earthquake of April 
6, 2009, since it has a maximum intensity equal to X MCS and an estimated Mw of 6.5, close 
to the Mw=6.3 of the April 6 event.  
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Figure 2.19. Macroseismic intensity distribution determined for 1461 earthquake (Stucchi et 

al., 2007). 
 

The information contained in the historical documents make it possible to compile a 
seismic history for each Italian region, in the form of a graph with years on the abscissa 
and macroseismic intensity (MCS) on the ordinate. Figure 2.20 shows macroseismic 
histories of several locations affected by the April 6 earthquake. Using these graphs one 
can compare intensities experienced at various inhabited village centers for the same 
earthquake.  It is notable, for example, that there is a paucity of historical information for 
the inhabited center of San Pio delle Camere, located near the relatively well-
documented inhabited center of Castelnuovo, because the two sites experienced very 
different damage patterns during the recent earthquake. In fact, although the two 
centers are characterized by very similar construction types with “poor” stonework and 
masonry buildings, San Pio delle Camere (Intensity MCS=V-VI) consistently has much less 
damage than Castelnuovo (Intensity MCS=IX-X).  The low number of intensity felts at San 
Pio delle Camere, compared to the many reported by the historical documents of 
Castelnuovo, indicate that during earthquakes San Pio delle Camere suffers less damage 
than Castelnuovo, because there are probably important variations in local seismic 
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response, primarily due to the lithostratigraphic characteristics of the subsoil in the two 
areas (details presented in Chapter 4).  
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Figure 2.20. Seismic history of several inhabited centers that were affected by the 
earthquake of April 6, 2009 (http://emidius.mi.ingv.it/DBMI04/; Stucchi et. al., 2007). 

 

The various macroseismic histories indicate particularly strong intensities during the 
earthquake of 1461 especially in Onna and Castelnuovo, which were also significantly 
damaged by the 2009 sequence (details in Section 4.1). 

In the hours following the main shock of the current seismic sequence, the Quick 
Earthquake Survey Team, comprised of researchers from various agencies and institutions 
supported by the activities of the Department of Civil Protection, compiled a 
macroseismic survey of the effects of this earthquake on the built-up/inhabited areas in 
more than 180 localities of the L’Aquila, Pescara, Teramo and Rieti provinces.  The results 
of the survey are presented in Figure 2.21 (QUEST, 2009: 
http://www.mi.ingv.it/eq/090406/quest.html). 
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Figure 2.21. Result of the QUEST macroseismic survey 
(http://www.mi.ingv.it/eq/090406/quest.html) for the April 6, 2009 earthquake.  The black 
rectangle indicates the macroseismic box, or the expression of the source fault for this 
earthquake, based on the distribution of macroseismic intensities. 

 
The map shows an asymmetric distribution of damage with respect to the 

earthquake’s epicenter.  One can see that to the North and West of the epicenter (black 
star) the damage is limited, and the macroseismic intensities register values no higher than 
VI MCS.  Conversely in the area Southeast of L’Aquila the intensities reach values of X 
MCS, with an area of intensity and damage that elongates to a significant distance from 
the epicenter. In the area Southeast of L’Aquila intensities of VI MCS are registered at 
distances much greater than those reached by the same level of intensity in the area 
Northwest of L’Aquila. The macroseismic intensities ≥ VI (MCS) attributed to some villages 
are reported in Table 2.2. Also the value V-VI (MCS) for San Pio delle Camere is indicated. 
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Table 2.2. Selected sites affected by the earthquake and surveyed macroseismic 
intensities (Quest team, 2009). 

Locality Municipality Province Lat. (N) Lon. (E) I (MCS) 
Onna L'Aquila AQ 42.327 13.480 X 
Castelnuovo San Pio delle Camere AQ 42.295 13.628 IX-X 
San Gregorio L'Aquila AQ 42.327 13.496 IX 
Tempera L'Aquila AQ 42.366 13.458 IX 
Villa Sant'Angelo Villa Sant'Angelo AQ 42.269 13.538 IX 
Poggio Picenze Poggio Picenze AQ 42.320 13.541 VIII-IX 
Sant'Eusanio Forconese Sant'Eusanio Forconese AQ 42.288 13.525 VIII-IX 
L'Aquila L'Aquila AQ 42.356 13.396 VIII-IX 
Paganica L'Aquila AQ 42.358 13.473 VIII 
Roio Piano L'Aquila AQ 42.327 13.357 VIII 
Casentino Sant'Eusanio Forconese AQ 42.278 13.510 VIII 
Tussillo Villa Sant'Angelo AQ 42.267 13.531 VIII 
Bazzano L'Aquila AQ 42.337 13.455 VII-VIII 
Fossa Fossa AQ 42.296 13.487 VII-VIII 
Pianola L'Aquila AQ 42.322 13.404 VII-VIII 
Castelvecchio Subequo Castelvecchio Subequo AQ 42.130 13.731 VII 
Coppito L'Aquila AQ 42.366 13.344 VII 
Goriano Sicoli Goriano Sicoli AQ 42.080 13.775 VII 
Pettino L'Aquila AQ 42.375 13.355 VII 
Prata d'Ansidonia Prata d'Ansidonia AQ 42.277 13.609 VII 
Carapelle Calvisio Carapelle Calvisio AQ 42.298 13.684 VI-VII 
San Demetrio ne' Vestini San Demetrio ne' Vestini AQ 42.288 13.558 VI-VII 
Santo Stefano di Sessanio Santo Stefano di Sessanio AQ 42.343 13.645 VI-VII 
Stiffe San Demetrio ne' Vestini AQ 42.256 13.545 VI-VII 
Assergi L'Aquila AQ 42.414 13.505 VI 
Barete Barete AQ 42.450 13.283 VI 
Barisciano Barisciano AQ 42.325 13.592 VI 
Bussi sul Tirino Bussi sul Tirino PE 42.210 13.826 VI 
Capestrano Capestrano AQ 42.266 13.769 VI 
Caporciano Caporciano AQ 42.250 13.674 VI 
Castel del Monte Castel del Monte AQ 42.325 13.727 VI 
Castelvecchio Calvisio Castelvecchio Calvisio AQ 42.310 13.688 VI 
Gagliano Aterno Gagliano Aterno AQ 42.126 13.701 VI 
Monticchio L'Aquila AQ 42.320 13.466 VI 
Navelli Navelli AQ 42.236 13.730 VI 
Ocre (San Panfilo d'Ocre) Ocre AQ 42.285 13.475 VI 
Pizzoli Pizzoli AQ 42.435 13.303 VI 
Popoli Popoli PE 42.171 13.833 VI 
Preturo L'Aquila AQ 42.377 13.295 VI 
Rocca di Cambio Rocca di Cambio AQ 42.235 13.490 VI 
Rocca di Mezzo Rocca di Mezzo AQ 42.205 13.521 VI 
Scoppito Scoppito AQ 42.372 13.256 VI 
Fontecchio Fontecchio AQ 42.229 13.605 VI 
Bominaco Caporciano AQ 42.244 13.658 VI 
Campotosto Campotosto AQ 42.558 13.369 VI 
San Pio delle Camere San Pio delle Camere AQ 42.286 13.656 V-VI 

 

Additional macroseismic data, not reported in Table 2.2, is still being withheld because it is 
in the process of being made official.
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2.3 Ground Surface Displacements 

The initial surface deformations associated with the April 6, 2009 Abruzzo Earthquake 
(Mw=6.3) have been evaluated utilizing geodetic methods including Interferometric 
Synthetic Aperture Radar (InSAR) and Global Positioning System (GPS) measurements. This 
data provides information about the surface response, activated faults and kinematics. 
Field surveys were conducted to locate surface fault rupture associated with this event in 
areas identified by the initial InSAR data. The field observations combined with the 
processed geodetic data have been used to make a preliminary assessment of the 
probable source fault for this earthquake. Each data set is discussed individually and the 
data is then combined to develop a preliminary assessment of the source fault for the 
April 6, 2009 main shock. 

a.  GPS data 

The INGV maintains a GPS network for monitoring crustal deformation associated with 
both tectonic strain and deformations associated with the numerous active volcanoes 
within Italy. This network is maintained within the “Rete Integrata Nazionale Gps (RING)” 
program operated by INGV and integrated with the Central Appennines GPS network 
resulting in over 100 permanent and non-permanent GPS stations distributed throughout 
the region (http://ring.gm.ingv.it/). Information related to the sites and instrument clusters 
and processing methods are available at the referenced web site. Of the stations 
maintained within RING, 74 are currently located in central Italy and help define the 
annual deformation rates relative to a stable Eurasian plate 
(http://ring.gm.ingv.it/velocityfield.php). Figure 2.22 shows the pre-earthquake GPS 
velocity field in the region surrounding L’Aquila based on data acquired between 2000 
and 2008 (D’Agostino, 2009). This figure shows that the highest interseismic displacement 
rates are located in the central Apennines and reach magnitudes between 4 mm to 5 
mm per year and generally directed in a North, North-East direction. To the Southwest of 
the April 6, 2009 epicenter, the displacement rates decrease to approximately 1 mm 
indicating extension strains across the Apennines. A counter-clockwise rotation is observed 
for the eastern side of the Apennines while a clockwise rotation is observed to the western 
side of the Apennines (with respect to a rotation pole located in Pianura Padana 
(http://ring.gm.ingv.it/velocityfield.php). These deformations indicate that in addition to 
extension, relative lateral deformations must also be accommodated across the 
Apennine fault systems giving rise to oblique slip on many of the structures in this region. 
This deformation characteristic was discussed by Galadini and Galli (2000) based on 
mapped fault patterns in the upper Aterno valley fault system. This is the fault system that 
was actived by the April 6, 2009 earthquake. 

The GPS data was processed in the days following the earthquake to determine the 
co-seismic displacement field associated with this event. The displacements in the 
epicentral region between April 5 and April 9 are shown in Figure 2.23 (D’Agostino, 2009). 
Additional information is available in Anzidei et al. (2009). The post-earthquake GPS 
measurements taken on April 6, 7 and 8, 2009, when compared with the data gathered 
on April 5 and, for a few stations, with measurements taken the previous year, 
demonstrate “instantaneous” earth surface deformations associated with this earthquake 
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(Figure 2.23, vectors in yellow). The horizontal movements indicate an area in extension 
with rotation of displacement vectors within the area of maximum deformation, due to 
the rebound effect in the NW-SE direction of the area subjected to a SW-NE traction. The 
vertical movements tend to increase as they move from the city of L’Aquila towards the 
Southeast.  The preliminary best fit of the inversion of these data was obtained using 
movements along a fault plane running NW-SE with normal displacement in a SW 
direction, which generates an earthquake of Mw=6.3 with maximum co-seismic slip of 1.1 
m. The location of the fault plain is constrained near Paganica, where co-seismic fractures 
of the ground are thought to have occurred (EMERGEO Working Group, 2009). 

 
Figure 2.22. Annual deformation rates in central Italy determined from GPS data acquired 
from the RING GPS Network (Modified from D’Agostino, 2009). 
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Figure 2.23. GPS data inversion: on the left horizontal predicted (red) and observed 
(yellow) displacements, on the right vertical movements and proposed fault plane solution 
(Modified from D’Agostino, 2009). 
 
b.  InSAR data 

Synthetic aperture radar images were acquired by two different satellite systems in the 
days following the April 6 main shock. The post-seismic acquisitions were combined with 
compatible images taken previously during routine operations to develop interferometric 
images.   

The first satellite system to acquire a post seismic image was from the COSMO-SkyMED 
constellation. This constellation is currently composed of 3 satellites (a fourth satellite will be 
operational in the next months) developed and maintained by the Italian Space Agency 
(Agenzia Spaziale Italiana) in cooperation with the Italian Ministry of Defense.  One of the 
primary goals of COSMO-SkyMED is to provide data for scientific purposes for the 
prevention and management of environmental disaster and associated relief efforts 
(earthquakes, volcanoes, floods, etc.). The satellite constellation allows SAR images to be 
acquired at a specific location with a minimum time difference of 1 day, more typical 
short term acquisition is 2-3 days between images. This data can be used to assess the 
temporal surface strains related to this earthquake. More detailed information related to 
the Sky-Med constellation and the satellite components can be found at 
http://www.cosmo-skymed.it/en/index.htm.  

The second satellite to acquire SAR images after the earthquake was the ENVISAT - 
Earth Observation Satellite operated by the European Space Agency (ESA). This satellite 
utilizes an Advanced Synthetic Aperture Radar (ASAR) system to increase the options 
available for image acquisition based on the need(s) of different scientific communities. 
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More detailed information about the ENVISAT Earth Observation Satellite can be found at 
ESA’s web site (http://www.esa.int/esaEO/SEMWYN2VQUD_index_0_m.html). 

The interferometric analysis is insightful regarding the co-seismic effects of this 
earthquake. Our primary discussion is based on the work of Salvi et al. (2009), who present 
the data and detailed analyses.  

The first interferometric analysis available to the scientific community was developed 
from the COSMO-SkyMed constellation using images from the February 19 and April 9. This 
image was processed by INGV researchers and the ISA and utilized for assisting in the 
initial field reconnaissance.  Figure 2.24 shows the first interferogram, the epicenter for the 
Mw= 6.3 main shock (large square) and events with a Mw≥ 5.0 (small squares) and the 
location of ground failures (yellow line). This image shows that the initial surface 
deformations were concentrated to the north of the main event epicenter and along a 
line running from L’Aquila past Poggio Picenze. The surface deformation (fringes) are well 
constrained within different lineaments developed in the surrounding region some of these 
lineaments correspond to identified faults while others do not. Changes in the primary 
orientation of the fringes can also be observed to change across different lineaments.   

 
Figure 2.24. Interferogram developed from Cosmo-SkyMed images taken on 19 February 
and 9 April. The Mw= 6.3 main event is identified by the large square and focal 
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mechanism. The Mw≥ 5.0 events are marked by the small squares. The yellow line indicates 
the area of observed ground failures (Emergeo Working Group, 2009).  
 

Figure 2.25 presents one of these analyses showing the interferometric fringes that were 
created using images downloaded from ENVISAT and COSMO-SkyMed, the earth 
observation satellite system developed by the Italian space agency Agenzia Spaziale 
Italiana in cooperation with the Italian Ministry of Defense.  Images of the area affected 
by the earthquake, which were gathered beginning on April 6 by COSMO-SkyMED, were 
analyzed with the interferometric technique DInSAR (Differential Interferometry Synthetic 
Aperture Radar).  This technique involves taking images from the same geographic area, 
using the same view angles at different times, for measuring with specific algorithms, the 
deformations produced on the ground surfaces 
(http://www.asi.it/it/news/la_faglia_del_terremoto_individuata_grazie_ai_dati_di_cosmoskymed). In Figure 2.25 
each concentric fringe quantifies 1.5 cm of co-seismic vertical deformation.  In the same 
figure, Salvi et al. (2009) also show the trace of the alignment of ground fractures that 
were observed near the inhabited center of Paganica (EMERGEO Team, 2009). Looking at 
the figure the following observations can be made: 

1) The maximum negative vertical deformation is about 25 cm (lowering of the 
topographic surface corresponding to the area of the fault’s hanging wall); the 
maximum positive vertical deformation is about 8 cm (uplift of the topographic 
surface corresponding to the area of the fault’s footwall); 

2) The area of maximum negative vertical deformation does not coincide with the 
outcrop area of the Paganica fault (see black line segment in Figure 2.25), which 
has been hypothesized as having generated this earthquake. Rather, the zone of 
maximum deformation is located about 3-4 km Southwest of this tectonic element, 
a hypothesis supported by the band of fractures observed on the ground (Emergeo 
Working Group, 2009). The maximum vertical displacements of the observed 
fractures are on the order of 10-12 cm; 

3) The area of maximum negative vertical deformation coincides with a level zone 
situated to the Southeast of L’Aquila and Southwest of Bazzano; this zone is next to 
the plain on which the village of Onna is situated. The plain interrupts the East relief 
alignment, where the Bazzano Fault is located. The Bazzano fault is reported to 
have showed superficial evidence of co-seismic reactivation (Emergeo Working 
Group, 2009); 

4) The interferometric fringes do not abruptly close on the plain of the Paganica Fault, 
but display two trends at different gradients, one to the Northeast and the other to 
the Southwest of the area of maximum vertical deformation. The first group of 
fringes presents a higher gradient than the second. 

5) The interferometric fringes show variations in trend at various points and along 
several lines associated with active tectonic elements (Pettino Fault, just to the 
Northwest of L’Aquila and Bazzano-Fossa Fault, between L’Aquila and Paganica) 
that also had a co-seismic displacement of modest extent. In particular, Figure 2.25 
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shows a discontinuity in the interferometric fringes (indicated by the red line) that 
would correspond to the antithetic Bazzano-Fossa Fault. 

6) The preliminary inversion models of co-seismic movement (Figure 2.26) show that 
the Paganica Fault would have a limited slip on the surface. This fact is supported 
by field observations at several places along the alignment of co-seismic ground 
fractures, which noted maximum displacements no greater than 10-12 cm, 
compared to a maximum slip of about 1 m on the fault. 

These observations lead to several preliminary conjectures: 

1) As was hypothesized by several researchers (Valensise, 2009) the fault responsible 
for the earthquake would have dislocated a portion of the crust without rupturing 
the surface, since the interferometric fringes do not abruptly close on the alignment 
of ground fractures, marking the transition between the hanging wall and the 
footwall; 

2) The shaking would have resulted in the reactivation of these surface faults, namely 
the Bazzano-Fossa, Pettino and above all the Paganica Fault (Valensise, 2009). This 
last would have a dip of about 70°, in accordance with the dip of other active 
faults in the area. The Paganica Fault would be rooted in a deeper fault with a 
lower angle (dip of about 50°). This fault would have produced the main shock, 
and the focal mechanism does in fact suggest a low angle source. An incidental 
concentration of seismic energy would have occurred on the Paganica Fault, and 
the strong shaking would have caused a displacement greater than that 
experienced by the two other tectonic elements that were reactivated (Bazzano-
Fossa and Pettino Faults); 

3) The difference between the extent of negative and positive vertical displacement 
would indicate the activation of a mechanism of gravitational sinking, specifically 
of a movement along a normal fault that does not manifest footwall uplift; 

4) The movement of reactivation (or of activation, in the case of the Paganica Fault, if 
it were responsible for the main shock) confirms that these are active and capable 
faults. 
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Figure 2.25. Interferometric fringes of co-seismic displacements (modified from Salvi et al., 
2009). The black line indicates the alignment of ground failures associated to the 
Paganica Fault. The discontinuity marked by the red line corresponds to the antithetic 
Bazzano-Fossa Fault. 
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Figure 2.26. Fault plane solution by InSAR data inversion (Salvi et al., 2009). The yellow line 
indicates the alignment of ground failures associated to the Paganica Fault. The 
maximum slip modeling corresponds to the surface area with maximum vertical 
displacement. Near the surface, along the Paganica Fault, the vertical displacement is 
very small. 
 
 
c. Surface Rupture observations 

Several observations of ground cracking have been made in areas near where the fault 
might be 
expected to reach the surface.  

In the hours immediately following the earthquake, the researchers of the Emergeo 
Working Group began their reconnaissance of possible co-seismic effects, in collaboration 
with colleagues from other agencies and institutions.  The scope of their activity was to 
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plan numerous investigations spread out over an area of about 900 km2.  After that survey 
came the release of several general observations, which are contained in a report 
(translated from Emergeo Working Group, 2009): 

“A preliminary analysis of all the observed co-seismic effects definitely draws attention 
to the peculiarities of the ruptures observed along the Paganica Fault. In fact, these 
ruptures, despite being limited in terms of aperture and down-throw, demonstrate a 
continuity that has no equal in those examined along the other structures where the 
ruptures, scarps or remobilizations appear sporadically and in correspondence with 
favorable morphological conditions.  Furthermore it was observed that ruptures along the 
Paganica Fault intersect whether in developed and paved areas or more or less open 
space, , and this occurs independent of the local morphological situation, in some cases 
(often) forming an angle with the slope.  The internal makeup of the structures and 
microstructures and the total length of approximately 5 km (…), along with other evidence 
just discussed, lead to ruling out a gravitative origin for these ruptures and to interpreting 
the set of ruptures along the Paganica Fault as the surface expression of the deeper fault 
that produced the event of April 6, 2009.  It is interesting to note that the location of this set 
of ruptures is in complete accordance with the seismological, geodetic and remote 
sensing observations gathered so far. Although limited to a stretch of several hundred 
meters, even the ruptures along the Bazzano (…) and Monticchio-Fossa (…) faults can 
represent the surface expression of an antithetic structure reactivated during the event.” 

Many observations contained in the Emergeo report are also confirmed by 
observations of the GEER Team, which surveyed ground ruptures in areas near the 
inhabited center of Paganica.  In this zone the fracturing lines up for several kilometers 
and cuts the existing morphology with a sort of continuity.  The area situated to the 
southwest of the alignment of fracturing sits lower with respect to the sector located 
northeast of the alignment, although to a very modest degree (a few cm). The ground 
fractures tend to have an average bearing of 140°. 

Near the inhabited center of Paganica rupture of a water supply line was observed, 
which some have interpreted as a co-seismic surface expression of the fault (Figure 2.27). 
Additional ground fissures were identified at the center of Paganica village as depicted in 
Figures 2.28. They are concentrated close to a two storey R/C structure built on a slope. 
Breakage of water piping system (repaired at the time of GEER reconnaissance) was 
observed (Figure 2.28). Movements are generally in the direction of gravity. 

Additional observations by Ken McCaffrey, Max Wilkinson (University of Durham), 
Richard Phillips (University of Edinburgh), Gerald Roberts (University of London), and 
Alessandro Michetti (University of Insubria (personal communication with G. Roberts, 2009) 
in the Paganica area are strongly suggestive of surface rupture (see also Walters et al., 
2009). Figure 2.34 shows the results of a lidar scan that indicates clear normal slip. The 
feature shown in the image has a strike and position that aligns with the Paganica fault. 
The length of the feature is approximately 3-4 km, and the amount of slip is approximately 
10 cm.  

Based on the consistent observations from numerous groups, surface fault rupture 
appears to have occurred on the Paganica fault. The slip was consistent with normal 
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faulting and has the length and displacement characteristics described by Emergeo 
Working Group and the Durham, London, Edinburgh, Insubria Group.  

.  

 

 
Figure 2.27. Paganica village: broken major water pipe (repaired) due to co-seismic 
rupture (Lat. 42,36537N Long. 13,46803E). Photo by Mylonakis G. 
 
 

 

Figure 2.28 Plan view of Paganica site with marked positions of ground fissures, paved 
walkway cracks and broken water pipes. Directions of photo shots are indicated by yellow 
signs. 
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Figure 2.29. Failure of water pipe. (42.359335°N, 13.468954°E). 

 

 

Figure 2.30. Local settlement close to piping system (42.359335°N, 13.468954°E). 
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Figure 2.31. Ground fissures at the side of the building (42.359817°N, 13.468649°E). 

 

 

 

Figure 2.32. Ground fissures and settlement at the side of the building (42.359817°N, 
13.468649°E).  
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Figure 2.33. Separation cracks at sidewalk on front of building (42.359335°N, 13.468954°E). 
 

 
Figure 2.34. Lidar scan of normal faulting along Paganica fault (courtesy of G. Roberts, 
personal communication, 2009) 
 
 
 
 
2.4 Preliminary source fault proposed for the April 6th, 2009 Earthquake 

Using nonlinear inversion of the accelerometer and GPS data in order to model the 
rupture process that occurred on the presumed rupture surface that generated the April 6 
earthquake, Figure 2.35 shows the projection of the proposed fault surface, whose 
characteristics are reported in Table 2.3 (Piatanesi and Cirella, 2009). 
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Figure 2.35. Inverted rupture model projected on the Earth surface. Colors on the fault 
plane indicate the slip distribution. White contours represent the position of the 
propagating rupture at 1 s interval. Black dots are the recorded aftershocks (from 
Piatanesi and Cirella, 2009). 

 

 



 2-40

Table 2.3. Parameters of the source responsible for the April 6, 2009 earthquake (from 
Piatanesi and Cirella, 2009 and from the focal mechanism: 
http://earthquake.rm.ingv.it/qrcmt.php). 
 

Lat. (N): 42°22,71’ 
A 

Lon. (E): 13°17,14’ 

Lat. (N): 42°26,36’ 
B 

Lon. (E): 13°23,00’ 

Lat. (N): 42°15,64’ 
C 

Lon. (E): 13°35,14’ 

Lat. (N): 42°11,90’ 

Coordinates of the corners of the 
rectangular fault plane 

D 
Lon. (E): 13°29,14’ 

Length 26 km 

Width 11 km 

Strike 140° 

Dip 43° 
 
After this preliminary elaboration (originally available two weeks following the April 6 
earthquake), additional fault plane solutions have been inverted using different data. Two 
such inversion results are reported in Figures 2.36 and 2.37, respectively by Chiarabba et 
al. (2009) and Atzori et al. (2009a,b). These solutions have strikes smaller than one given in 
Table 2.3. The different source planes have an area approximately between 250 and 280 
Km2 
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Figure 2.36. Proposed source plane (black box) for the April 6 earthquake by inversion 
using seismological data of about 700 events of 6000 recorded by INGV National Seismic 
Network. The strike is about 130°. Reproduced from Chiarabba et al. (2009). 
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Figure 2.37. Distribution of the slip movements on the source area for the April 6 
earthquake by linear inversion of SAR and GPS displacements up to the April 12. Table 
shows source plane dimensions. Figure from Atzori et al. (2009a,b). 

 
e. Elements for a scientific discussion 

At present the various observations and analyses of the data lead to two primary 
hypotheses about the tectonic structure that generated the April 6 earthquake. These two 
hypotheses are probably only apparently in disagreement with each other.  One initial 
theory is that the Paganica Fault was seismogenic and capable, in other words that it 
could have generated the April 6 event and displaced far enough to reach the surface 
(Figure 2.38) (Salvi et al., 2009). This hypothesis is plausible, although it would not be entirely 
convincing if one considers the low surface displacement evidenced by the observed 
fracturing (max 10-12 cm, but only in a few places) and the area of maximum negative 
vertical deformation, which on the surface is located about 3-4 km from the surface 
expression of the Paganica Fault. 

The second hypothesis involves the activation of a low angle fault, which displaced at 
depths from about 12 km to about 2-3 km, and whose projection towards the surface is 
represented by the Paganica Fault. The movement observed along this fault would have 
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been cause by passive remobilization (Valensise, 2009), like that of the Bazzano-Fossa 
Fault, which is antithetic with respect to the Paganica Fault and intersects its plane at a 
depth of about 2-3 km. 

In addition to the two hypotheses currently in discussion, there are other considerations 
and theories derived from literature and the great mass of data provided by the INGV 
and GEER teams.  

The Paganica Fault (which dips to the Southwest) and the Bazzano-Fossa Fault (which 
is antithetic to the Paganica Fault, dipping towards the Northeast) have produced the 
graben where Onna is situated (Figure 2.39).  This area, which suffered strong damage 
with maximum macroseismic intensity X MCS within Onna, likely experienced an incidental 
concentration and entrapment of seismic energy inside the graben filled with Quaternary 
sediments, which are in strong velocity contrast with the rigid substrate composed of 
Meso-Cenozoic deposits (limestones and marls).  

 

 

 

Figure 2.38. Fault plane solution by InSAR data inversion, corresponding to the theory of a 
seismogenic and capable Paganica fault (Salvi et al., 2009). The results of displacement 
modeling are shown on the fault plane. 

 

To the West of the graben where Onna is located there is a morphological flat area, 
depressed with respect to the surrounding zones, that corresponds to the area of 
maximum negative vertical deformation derived from the SAR data. Therefore, this area 
seems to represent the morphological expression of deeper tectonic movements, 
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compared to those that were produced on the surface faults of Paganica and Bazzano-
Fossi.  The actual morphology of this depressed area suggests that such vertical 
movements would have previously involved this plain, seemingly without surface 
expressions of tectonic discontinuities.  Another possible explanation arises for the Onna 
graben, which is the result of coupled movement between the Paganica Fault and the 
Bazzano Fault.  The mobilization of the Paganica Fault would therefore not have been 
seismogenically significant, in that this tectonic feature would have been involved only in 
processes of selective remobilization (Valensise, 2009). The Paganica Fault would be 
rooted at such depth that would render possible and probable a process of channeling 
incident seismic energy produced on another, deeper fault plane that would not have a 
surface expression (blind fault) (Valensise, 2009), with a low dip angle like the one 
suggested by the focal mechanism (http://earthquake.rm.ingv.it/qrcmt.php) of the April 6 
earthquake (could it be due to an “old” compressive thrust reactivated in the normal 
direction?). 

Certainly a more thorough and accurate analysis of the data and, above all, a 
contextualization of the various issues within the existing framework of the central 
Apennines will contribute to the likely clarification of several controversial points that will 
be debated in the future. 

 

 

Figure 2.39. Relationship between Paganica and Bazzano active faults and topography. 

 

Graben 
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3.0 Ground Motion 

3.1 Attributes of recording stations 

The L’ Aquila mai n event  of April 6 , 2009 was re corded b y 56 di gital st rong moti on 
instruments, 14 of which are in the Abruzzo region as shown in Figure 3.1a. Figure 3.1b 
shows the locations of four instruments located on the hanging wall of the fault near 
L’Aquila, three NW of the city in an array with one reference rock station (AQG) and 
two stations on recent alluvium (AQA, AQV) and one instrument near the city center 
on Pleistocene material (AQK). An additional instrument known a s the Moro st ation 
recorded the ma inshock (AQM), although th is d ata ha s not been r eleased. The 
other 42 i nstruments that recorded t he mainshock are  generally located in portions 
of t he Apennines NW  and SE of t he sour ce re gion, as sho wn i n Fi gure 3.2. These 
instruments a re pa rt of  the I talian Accelerometric N etwork (RAN - Rete 
Accelerometrica Italliana) that is owned and mai ntained by Italian Department  of 
Civil Protection (DPC). The entire  network is  comprised of  388 accelerometers, 199 
analogue and 269 digital, distributed across Italy.  All stations listed in Table 3.1 have 
digital a ccelerometers, principally Altus E tna a nd K2  devices with 2 4-bit A/D 
converters. It  is pos sible that addi tional analogue instruments recorded t he 
earthquake and tha t data from those instruments will become av ailable at a la ter 
date.  

 

Figure 3.1a. Locations of accelerometers in Abruzzo region that recorded the 6 April 
2009 main shock. Fault plane surface developed in Section 2.3 shown in yellow. 
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Figure 3.1b. Location of instruments on hanging wall near L’Aquila overlayed on 
1:50000 scale geology map 

 

 

Figure 3.2. Locations of instruments that recorded 6 April 2009 main shock 
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Table 3.1. Characteristics of t he 56 digital accelerometer stations that recorded t he 
mainshock 
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Table 3.1 lists attributes of the 56 digital accelerometer stations that recorded the 
mainshock, including location, surface geology, Vs30 (average shear wav e velocity 
in u pper 3 0 m) , and instrument h ousing type. Su rface g eologic d escriptions a re 
preliminary in many cases, being based on relatively large-scale maps (1:100.000) by 
Servizio G eologico d ’Italia. We generally p refer to  c lassify s urface g eology us ing 
relatively local smaller-scale maps,  which will take additional time to locate for most 
of the stations. However, some sit es have been previousl y classi fied by Scasserra et 
al. (2009a) using 1:25000 and 1:5000 scale maps, and those results are shown in Table 
3.1 where available. Furthermore, relatively local 1:25000 maps have been retrieved 
for t he n ear-source regi on (unpublished INGV a nd DPC i nternal files ), an d 
classifications for instruments in those areas are derived using the local maps.  

A site par ameter commonly  used i n many  mo dern ground moti on pred iction 
equations is Vs30. We evaluate Vs30 values following the protocols of Scasser ra et al.  
(2009a), which can be summarized as:  

• Data Source Ty pe A: On-site measurements of v elocity usi ng establi shed 
geophysical techni ques (downhole, cross-hole, S ASW, etc.). As shown in 
Table 3.1, there are three such mai nshock stations for the L’A quila 
earthquake (BOJ, AQV, STN).  

• Type B : Velocity measurements are av ailable at nea rby si tes having the 
same surface ge ology as the subject station, as confirmed by on-sit e 
observations by a geologist. Three such stations are listed in Table 3.1 (AVZ, 
AQA, SSR).  

• Type C : Velocity es timated ba sed on mea surements f rom the s ame 
geologic u nit a s that present a t the s ite (based on loc al g eologic map , 
but no site visit by a geologist).  

• Type D : Velocity estimat ed based on general (non-local) correlati on 
relationships between mean shear wave velocity and surface geology.  

For Type C  and D si tes, Scasserra et  al . (2009a) developed rel ationships between 
surface ge ology an d Vs30 for a number of s urface ge ologic categori es relev ant t o 
the subject regi on: Quaternary alluvium categories segregated b y sediment depth 
and mat erial texture (Qal,thin; Qal,deep; Qal,coarse), olde r Quat ernary alluvi um 
(Qoa), Quat ernary to Tert iary alluvi al deposits ( QT), Tert iary sandstone formations 
(Tss), Pleistocene to Pli ocene conglomerate (Pc), and Mesoz oic li mestone an d 
volcanic rocks (Ml and Mv, respectively).  

Table 3.1 lists for each of the 56 digital stations that recorded the earthquake the 
Data Source Type (A-D), the local geology as i nferred from t he smallest scale map 
currently available, the closest-related geologic category of Scasserra et al. (2009a), 
and t he correspondi ng Vs30 v alue (as me asured or estimated, dependi ng on the 
data source type). Based on thos e Vs30 values, Eurocode 8 (EC8) classi fications are 
also listed.  
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3.2 Attributes and preliminary processing of recordings 

Uncorrected digital accelerograms were downloaded from the Department of Civil 
Protection websi te (www.protezionecivile.it) app roximately on e week after the 
earthquake. Those motions were forwarded to the USGS National Engineering Strong 
Motion Project Data Center (Chris Stephe ns) an d Pacific Engi neering and Analysis 
(Walt Silva) for processing. Preliminary processing in which consistent high-pass and 
low-pass corner frequencies are applied to all recor ds has been completed by the 
USGS gro up (Stephens, personal communication, 2009) and was also p erformed 
separately b y Working Group  ITA CA (2009). Pacific Engineeri ng and A nalysis 
processed the d ata f ollowing P EER/NGA protocols, whi ch include selecti on o f 
record-specific corner freq uencies t o optimi ze the usable range of t he re cordings. 
Note that this processing reduced the number of recordings from 56 to 47 due to the 
noisy nature of reco rdings more than 200 km from t he source.  Specialized baseline 
correction has not y et been performed of near-fault s tations (the AQ* st ations) t o 
draw out downward baseline shift, which is evident in those recordings.  

The ground motion intensity measures of Peak Horizontal Acceleration (PHA) and 
Peak Ho rizontal Velocity (PHV) for the thr ee compo nents are shown i n T able 3.2 . 
Note t hat according t o R AN s tandard i nstallation proce dures (Milana, personal 
communication, 2009), horizontal azimuths for all of the digital instruments are 000 for 
the ‘ north’ c omponent a nd 0 90 f or the ‘east’ c omponent. P ositive vertical is 
upward. Also shown in T able 3.2 a re c losest d istances to the fault plane (Rrup) a nd 
closest d istances to t he s urface pr ojection of  the f ault pla ne (Rjb). The faul t plane 
that is the basis for t hese distances is modified from t hat in Section 2.4 b y removing 
edge areas that were subject to low slip.  
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Table 3.2. Peak Hori zontal A cceleration (PHA) and Peak Hori zontal V elocity (PHV) 
recorded at RAN stations during the masinshock. 

 

 

3.3 Preliminary comparisons to GMPEs 

Figure 3.3 s hows geometric mean PH A and PHV, as computed using the GMRotI50 
parameter (Boore et al., 2006), as a function of Rjb for EC8 subsoil classes A (rock), B 
(weathered rock and sti ff soi l), and C (medium-stiff soi ls). Four  stations (AQA, AQK, 
AQG, AQV) are on th e hangi ng wall and hence hav e Rjb=0. Thos e are plotted at  
Rjb=1 km i n t he f igure. Also show i n Figure 3.3 are me dians (µ) an d medi ans ± one 
standard deviation (σ) for the Boore and A tkinson (BA) 2008 GMPE as mo dified for  
faster atte nuation in Italy by Scasserra et  al.  (2009b) f or PH A (no mod ification f or 
PHV). The B A GMPE was plotted for Vs30=360 m/s. The red curve in the f igure i s the 
original BA 2008 median. Note that the modification for faster distance attenuation 
better captures the data trends.  

Data for EC8 categories A and B are numerous and allow approximate inference 
of site effects. At large distance (Rjb > ∼50 km) B sites appear to be higher-amplitude 
than A  si tes, where as the d ifference i s not d istinguishable for the rela tively fe w 
stations at  closer distance (Rjb < ∼30 km ). These apparent trends wi ll be e valuated 
through statistical analysis in subsequent work.  
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Figure 3.3. Variation of orientation-independent geometric mean (GMRotI50) PHA 
and geometric mean PHV with Rjb for EC8 site categories A, B, and C 

 

Actual si te condi tions at  the recordi ng stati ons vary as shown in Table 3.1. To 
more accurately evaluate the per formance of the GM PEs relative to the data, we 
calculate residuals for each data point considering the appropriate source distance 
and site condition as follows:  

( ) ( )ln lni i irec GMPE
R IM IM= −        (3.1) 

Where ( IMi)rec = v alue of ground moti on intensity measure  fro m recor ding i and 
(IMi)GMPE = median value of that same IM from a ground motion prediction equation. 
The i ntensity m easures used here  are PHA  and Sa at 0. 2, 0. 5, 1.0, and 2. 0 sec.  We 
used the BA GMPE as modified by Scasserra et al. (2009b) for T ≤ 1.0 sec, the Sabetta 
and Pugliese (1996) GMPE, and the Ambrasseys et al. (2005) GMPE.  Results of those 
calculations are shown in Figure 3.4 for the IMs of PGA and 1.0 sec Sa. 

The r esults s hown in Figure 3. 4 ind icate that the d istance a ttenuation f or the 
modified BA relation is consistent with the data, as indicated by the nearly horizontal 
trend lines. The other GMPEs have what appears to be a si gnificantly non-horizontal 
trend line for PHA, suggesting that the actual distance attenuation is faster than that 
predicted by the models.  These trends wi ll be more formally  ev aluated i n 
subsequent work.  

Although nearly horizontal, the BA trend line is not at zero ordinate. This indicates 
a systematic bias of the model relative to the data. Since this event is well recorded, 
this bi as is nearly eq ual t o an e vent term as would be calcula ted from a mi xed-
effects regression (e.g., Abrahamson and Youngs, 1992). Non-ze ro event terms are  
typical; what is of i nterest is to see i f the event  terms for t he L’Aquila mainshock are 
consistent with event-to-event scatter as observed from previous earthquakes.  This is 
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typically re presented by ev ent term di spersion τ. Fi gure 3.5 sh ows t he L’A quila 
mainshock event ter ms at the aforem entioned peri ods along with the ±  τ model 
from the BA GMPE (which was not modified by Scasserra et al., 2009b). The L’Aquila 
event terms are seen to be u nusually low at short periods but nearly zero at longer 
periods.  

In Fi gure 3.6 we sho w V/H rat ios fo r t he mainshock peak accelerat ions and 
velocities, where H i s taken as the geometr ic mean of the recorde d motions.  For 
peak acceleration, V/H is high in the near field and drops with distance in a manner 
consistent with empi rical relati onships (Bozorgnia and Campb ell, 2004). For pea k 
velocity, the V/H increases with distance.  

 

Figure 3.4. Residuals of intensity measures from recorded ground motions (GMRotI50) 
relative to predictions of the modified Sabetta and Pugliese (SP) (1996) GMPE, the 
Ambrasseys et al. (AMB) (2005) GMPE, and the modified BA GMPE (Scasserra et al., 
2009b). Log-linear trend line shown with 95% confidence limits.  
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Figure 3.5. L’Aquila earthquake event terms versus standard deviation of event terms 
(τ) from the BA (2008) GMPE.  

 

Figure 3.6. L’Aquila earthquake V/H ratios for peak acceleration and velocity 

3.4 Spectra of near-fault recordings 

Figure 3.7 shows 5% damped pseudo-acceleration response spectra for four stations 
on t he ha nging w all of  the f ault.  B efore c alculating s pectra, the mot ions w ere 
rotated into fault normal and fault parallel directions, based on the 147 degree strike 
reported in Secti on 2.2.  The resul ts are no t suggestive of si gnificant polar ization of 
ground m otion in the fault normal di rection, which is an indicator of rupture 
directivity.  

A notable feature  of these motions is si gnificant energy content a t hi gh 
frequencies f or w hich m otions in C alifornia h ave often s aturated to  t he p eak 
acceleration. In t he 0.3-1.0 sec period range, the two motions from relative soft  site 
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conditions (AQ A and AQV) appear to be r elatively m ore energetic than those for  
firmer site conditions (AQG and AQK).  

 

Figure 3.7. Pseudo a cceleration response spectra (5% dampi ng) for four moti ons 
recorded on hanging wall of fault.  

 3.5 Observations of rigid bodies providing insight into ground motion 
characteristics 

a.  Rotation of Monumental Stone Block in Paganica 

The respon se of massiv e block-t ype monument s to st rong gr ound shaking m ay 
provide valuable i nformation on the characteristic of st rong mot ion [Yeg ian et  al. , 
1994, Athanasopoulos, 1995]. An interesting case of response of a  stone monument 
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to the m ain shoc k of  April 6, 2009 was observ ed in Paganic a (42.358616°N, 
13.471250°E), about 11 km east of the epicenter. 

The particular monument consists of a block of porous stone with dimensions 0.75 
m x 0.75 m x 1.12 m, sitting on a level stone pedestal made of similar material (Figure 
3.8). As a res ult of  the ma in shock, the block r otated about 14° counter-clockwise 
(Figure 3.9) leading to a maximum sliding at the edge of the stone of approximately 
20 cm. The fi nal pos ition of the block was almost aligned wi th NS di rection. As the 
coefficient of fri ction is not less than 0.4,  peak ground acceleration at the site may 
have been higher than 0.4g. More analysis is needed to back calculate additional 
ground motion parameters. 

 

        
Figure 3.8. Rotated monument in Paganica 

 
Figure 3.9. P lan vie w a nd c ross s ection o f s tone mo nument s howing initial a nd 
aftershock positions. 
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b.  L’Aquila Cemetery – Response of Tombs and Structures 

Response of grav e markers and other ornamental objects in the meizoseismal area 
of a n e arthquake m ay p rovide u seful in formation a s to  intensity a nd direction o f 
major shaking [Yegian et al., 1994, Athanasopoulos, 1995]. Our reconnaissance team 
visited L’ Aquila c emetery (42.351515°N, 13.412318°E) on April 15,  2009 to collect 
pertinent data. 

Only a v ery small portion of grav e markers were fo und damaged as a r esult of 
rotation, toppling,  or fall ing (Figure 3. 10-3.12). A num ber of facade ornaments of 
tombs were broken a fter falling to the ground. An example i s shown i n Figure 3.13. 
The obs ervations in the c emetery s eem to ind icate t hat the d irection of  toppling, 
breakage and falls is approximately North-South (with deviations of the order of 20°). 

An i nteresting example of eart hquake resp onse was observ ed at  the mor tuary 
(Camera Mortuaria) of the cemetery shown in Fi gure 3.14. An ornamental masonry 
block ori ginally placed at the top of th e front faca de det ached and fell on the 
ground i n S20°W direction. The block fell from a he ight of abou t 8 m and hit the 
ground at a horizontal distance of 2.50 m from the building, as shown in Figure 3.14. 

An approximate formula , negle cting a ir resi stance, for ba ck calculat ing peak 
horizontal velocity of the fallen object at the time of separation, Vox, is given by the 
following equation: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

−
=

g
h

g
V

g
V

us
V

ozoz

g
ox

2
2

       (3.2) 

where h = height of fall, s = horizont al di stance t ravelled, Voz = v ertical v elocity at 
time of se paration, ug = groun d movement during fall , g = accelerati on of gravity.  
Using h = 8m, s = 2.5m, g = 10m/s 2, and assuming Voz on the order of 0.1 to 0.2cm/s , 
ug = 0.05m, one obtains the estimate 

Vox = 1.9 to 2.0 m/s         (3.3) 

which is more than five times the maximum recorded PGV in the meizoseismal area. 
Note tha t neglecting in itial vertical v elocity an d ground mov ement, equati on (1) 
simplifies to Vox= s/(2 h/g)0..5, which leads to the a lmost identical prediction of  1.98 
m/s. Ev idently, t he response of the st ructure, i ncluding rocki ng of t he foundati on, 
may ha ve inf luenced s ignificantly the h orizontal velocity of the obj ect. M ore 
analyses a re r equired to  c ome u p w ith r ealistic inversions. Preliminary h and 
calculations i ndicate that the a mplification d ue to  building r esponse is  u nlikely to 
have exceeded 4. This sugge sts that the peak groun d v elocity at the s ite may b e 
higher than those recorded at the accelerographic locations. 
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Figure 3.10. Grave markers breakage.  

 
Figure 3.11. Grave marker rotation.  

  
Figure 3.12. Grave markers toppling.  
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Figure 3.13. Breakage and fall of ornamental objects from a tomb roof. 

 

 

 
Figure 3.14. Fall of facade object at mortuary building. 
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4.0 Damage Patterns 

Site effects were in vestigated in the form of variable building damage intensities fr om 
one region to ano ther having similar styles of construction. The inv estigations occurred 
at multiple scales. Within the region’s largest urban center (L’Aquila), damage patterns 
were investigated in detail in a structure-by-structure manner. I n that case, the intent 
was to inv estigate damage loca lization within p articular geologic units o r ne ar 
particular geologic structures. Mapping at this  scale is described in Section 4.3. In the 
relatively s mall villages o utside o f L’Aquila, our in tent was to d ocument g eneral 
intensities of da mage so tha t v illage-to-village comparisons coul d be m ade. To the 
extent that adjacent villages might have different underlying geologic conditions and 
different topographies, village-to-village da mage variations could be t aken a s 
indicators of site effects. Mapping at this scale is described in Section 4.1. We have also 
documented damage at a number of additional villages, the results o f which a re 
presented in Section 4.2.  

For both the local and re latively regional damage mapping, we used a  common 
description of damage intensity, which is shown in Table 4.1. The marker color shown in 
the f igure i s used  in fi gures that follow. Table 4.2 sum marizes da mage obser vations i n 
villages. 

Table 4.1. Definition of damage categories (adapted from Bray and Stewart, 2000) 

Damage 
Level 

Description Marker 
Color 

D0 No damage  

D1 Cracking of non-structural elements, such as dry walls, brick 
or stucco external cladding 

 

D2 Major damage to the non-structural elements, such as 
collapse of a whole masonry infill wall; minor damage to 
load bearing elements  

 

D3 Significant damage to load-bearing elements, but no 
collapse 

 

D4 Partial structural collapse (individual floor or portion of 
building) 

 

D5 Full collapse  
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Table 4.2 . Selected sites affected by the earthquake and surveyed macroseismic 
intensities (Quest team, 2009). 

Locality Municipality Province Lat. (N) Lon. (E) I (MCS) 
Onna L' Aquila AQ 42.327 13.48 X 

Castelnuovo San Pio delle Camere AQ 42.295 13.628 IX-X 

San Gregorio L'Aquila AQ 42.327 13.496 IX 

Tempera L' Aquila AQ 42.366 13.458 IX 

Villa Sant'Angelo Villa Sant'Angelo AQ 42.269 13.538 IX 

Poggio Picenze Poggio Picenze AQ 42.32 13.541 VIII-IX 

Sant'Eusanio Forconese Sant'Eusanio Forconese AQ 42.288 13.525 VIII-IX 

L'Aquila L' Aquila AQ 42.356 13.396 VIII-IX 

Paganica L' Aquila AQ 42.358 13.473 VIII 

Roio Piano L'Aquila AQ 42.327 13.357 VIII 

Casentino San t'Eusanio Forconese AQ 42.278 13.51 VIII 

Tussillo V illa Sant'Angelo AQ 42.267 13.531 VIII 

Bazzano L' Aquila AQ 42.337 13.455 VII-VIII 

Fossa Fossa AQ 42.296 13.487 VII-VIII 

Pianola L' Aquila AQ 42.322 13.404 VII-VIII 

Castelvecchio Subequo Castelvecchio Subequo AQ 42.13 13.731 VII 

Coppito L' Aquila AQ 42.366 13.344 VII 

Goriano Sicoli Goriano Sicoli AQ 42.08 13.775 VII 

Pettino L' Aquila AQ 42.375 13.355 VII 

Prata d'Ansidonia Prata d'Ansidonia AQ 42.277 13.609 VII 

Carapelle Calvisio Carapelle Calvisio AQ 42.298 13.684 VI-VII 

San Demetrio ne' Vestini San Demetrio ne' Vestini AQ 42.288 13.558 VI-VII 

Santo Stefano di Sessanio Santo Stefano di Sessanio AQ 42.343 13.645 VI-VII 

Stiffe San Demetrio ne' Vestini AQ 42.256 13.545 VI-VII 

Assergi L' Aquila AQ 42.414 13.505 VI 

Barete Baret e AQ 42.45 13.283 VI 

Barisciano Bar isciano AQ 42.325 13.592 VI 

Bussi sul Tirino Bussi sul Tirino PE 42.21 13.826 VI 

Capestrano Cape strano AQ 42.266 13.769 VI 

Caporciano Caporc iano AQ 42.25 13.674 VI 

Castel del Monte Castel del Monte AQ 42.325 13.727 VI 

Castelvecchio Calvisio Castelvecchio Calvisio AQ 42.31 13.688 VI 

Gagliano Aterno Gagliano Aterno AQ 42.126 13.701 VI 

Monticchio L' Aquila AQ 42.32 13.466 VI 

Navelli Na velli AQ 42.236 13.73 VI 

Ocre (San Panfilo d'Ocre) Ocre AQ 42.285 13.475 VI 
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Pizzoli Pi zzoli AQ 42.435 13.303 VI 

Popoli Popoli  PE 42.171 13.833 VI 

Preturo L' Aquila AQ 42.377 13.295 VI 

Rocca di Cambio Rocca di Cambio AQ 42.235 13.49 VI 

Rocca di Mezzo Rocca di Mezzo AQ 42.205 13.521 VI 

Scoppito Scoppito AQ 42.372 13.256 VI 

Fontecchio Fon tecchio AQ 42.229 13.605 VI 

Bominaco Caporc iano AQ 42.244 13.658 VI 

Campotosto Cam potosto AQ 42.558 13.369 VI 

San Pio delle Camere San Pio delle Camere AQ 42.286 13.656 V-VI 

 

4.1 Damage to Villages in the Eastern Aterno Valley 

Site amplification on soil deposits is e vident in the towns and villages east of L ’Aquila, 
down the axis of the Aterno River valley. A map of the Valley can be seen in Figure 4.1 
and inc ludes the hea vily d amaged towns o f Castelnuovo, O nna, S an G regorio, a nd 
Poggio Picenze.   Other, less damaged, towns found in this valley are Monticchio, Fossa, 
Tussio, San  Pio d elle Camere, and Barisciano. Site effects a re ev ident from re lative 
damage between ne arby villages in the Aterno Va lley. Near Castelnuovo are the 
towns of San Pio delle Camere, San Demetrio, and Tussio, and near the town of Onn a 
are the villages of San Gregorio and Monticchio. 

 

Figure 4.1.  Map of Central Abruzzo and the central Aterno valley with the main shock 
fault plane and epicenters of April 6 and April 7 events.  The villages of the Aterno valley 
are south east of the capital city of L’Aquila.   
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a.  Damage to Castelnuovo and Surrounding Villages 

Castelnuovo: The village of Castel nuovo is located on a hilltop 10 -70 m abo ve the  
surrounding alluvial plain. The village (810-860 m elevation) is settled on an ellip tical hill, 
consisting of f luvio-lacustrine deposits of lower to medium Pleistocene age. The village 
top is a n eroded Pleistocene unit of weak ly cemented sand  with inter-collated gravel 
and conglomerate (Bosi and Bertini, 1970; Bertini et a l., 1989).  Th is unit lies on top o f a 
soft e rodable ca rbonate si lt o f the San Nicandro formation that wa s inc ised by the 
Aterno river during Pleistoc ene time . Hol ocene fl uvial and  alluvial dep osits fill-in th e 
topographic l ows and  surround  the ea stern and south ern s ides of the village (Figures 
4.2; 4 .3). The site is loc ated 25 km so utheast of t he April 6  epicenter. During the 
reconnaissance, we ob served ou tcrops of the we akly c emented sandstone nea r the 
top of the village in a sinkhole that formed among D5 collapsed structures. On the north 
side of the  village at the base of the hi ll is an abandoned masonry ENEL se ismograph 
station that was badly damaged during the earthquake (Figure 4.4). 
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(D)

 

Figure 4.2. Castelnuovo village before the earthquake (A); the village after the 
earthquake (B); geologic map of the eastern Aterno Valley region; (C) Geologic map 
of the region (Courtesy of INGV); (D) Geologic section through the hill. Castelnuovo is 
built on Pleistocene sand and silt deposits, whereas nearby villages with the same 
building stock are located on Mesozoic carbonate Bedrock, and limestone talus. 

Alluvial and colluvial sediments (Holocene)

Gravel and conglomerates interbedded with cemented sands (medium Pleistocene)

Carbonate silts with thin sand lenses (lower Pleistocene)

Alluvial and colluvial sediments (Holocene)

Gravel and conglomerates interbedded with cemented sands (medium Pleistocene)

Carbonate silts with thin sand lenses (lower Pleistocene)
 

Figure 4.3 Geological map of Castelnuovo (modified after Bertini et al., 1989). 
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Figure 4.4.  Heavily damaged Seismometer station box (not in use at the time of the 
earthquake, no recording) on the northeast valley beneath the town of Castelnuovo. 
(42.2982°, 13.6295°). 

 

The village consists of un-reinforced masonry structures 2-3 stories in height.  Some of 
the structures were retrofitted with through-going iron bars. Shaking was strong enough 
to significa ntly da mage (D2 or grea ter) almos t the  enti re vi llage, with most of the 
structures in the upper half of the hill either collapsed or teetering on collapse (D3-D5).  
Figure 4.5 shows a D2 structure near the base of the village, where the D4-D5 Ratio was 
approximately 25%. In  t his a rea most s tructures surv ived the e vent. Fi gure 4.6 shows a 
series of collapsed structures near the top of the Hill, where the D4-D5 ratio was 80-90%. 
Figure 4.7 shows a sinkhole apparently associated with erosion from a water pipe break 
at this same location near the top of the hill. As described in Section 2.2c, the village of 
Castelnuovo wa s previously al most co mpletely d estroyed during the e arthquake o f 
1461 (Rovida et al. 2009).  
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Figure 4.5.  A typical heavily damaged structure in the lower elevation of Castelnuovo. 
Many structures in the lower elevation neighborhood had less observable damage. 
(42.2956°, 13.6274°) 

 

Figure 4.6. At the highest elevation of the hilltop town of Castelnuovo, almost all of the 
structures collapsed (D5) or were near collapse (D4). (42.2947°, 13.629°) 
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Figure 4.7.  In the foreground of Figure 4.6 at the top of the hill in the center of 
Castelnuovo, a large sinkhole formed beneath the road exposing the weakly 
cemented Pleistocene sandstone that underlies the village. Water draining through the 
sinkhole was actively eroding a large void approximately 3-5 m in diameter and at least 
6 m in depth.   Cementation was strong enough to support small overhangs, at least 
temporarily (42.2947°, 13.629°). 

 

San Pio delle Camere: Castelnuovo is located 2 km n ortheast of the village of San Pio 
delle Camere, a hill slope village built on c arbonate bedrock. This village is at a si milar 
elevation above the valley floor and approximately 27 km sou theast of the epicenter. 
The housing stock of the village is similar to Castelnuovo. This village had no observable 
significant damage to a ny of the  structures. Several fine cracks were o bserved in the 
exterior walls of some of the two-story and three-story residences, as shown in Figures 4.8 
and 4.9.  
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(A) 

 

(B) 

 

Figure 4.8. (A) The village of San Pio delle Camere built on Mesozoic limestone. This 
picture was taken from the lower flanks of Castelnuovo.  (picture taken from location 
42.2898°, 13.6297° looking southeast) (B) Geologic cross section through the village 
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Figure 4.9. Typical unreinforced masonry structures in the village of San Pio delle 
Camere suffered no damage (D0), or slight cracking (D1). Structures in this village are 
similar to those in Castelnuovo. San Pio delle Camere is built on limestone bedrock. 

Tussio: The v illage of  Tussio is located 3.4 km so uth southeast of Castelnuovo and was  
built on limestone bedrock and carbonate alluvial fan debris. It is similar to San Pio delle 
Camere in that it was also built on the side o f a hill slope on carbonate bedrock, and 
coarse debris. Tussio also suffered essentially no significant structural damage during the 
earthquake, as shown in Figure 4.10.  

Based on the response of  the structures, the shaking int ensity at Ca stelnuovo was 
significantly greater than at San Pio d elle Camere or Tussio.  It i s al so noteworthy that 
the damage to the top of t he v illage of Castelnuovo was considerably worse than at 
the base. Ac cordingly, Castelnuovo is a  good candidate f or a  de nse array of 
seismometer instruments to characterize the relative amplification of aftershock motions 
as compared with the surr ounding villages, and also t o characterize the  difference 
between motions at the lower elevations of the town relative to the town center at the 
top of the hill.  Some element of topographic amplification may have contributed to 
the s trong shaking a t the high est e levations of the village.  H owever, there is no  
indication of damaging topographic amplification at San Pio delle Camere or Tussio. 
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Figure 4.10. The reconnaissance team observable no damage to the town of Tussio. The 
town is built on Mesozoic calcareous bedrock (42.2657°, 13.6414°). 

b. Damage to Onna and Surrounding Villages 

Onna:  The hardest hi t village near the city of L’Aquila was Onna, an old village on the 
floor of t he Aterno valley buil t on Holocene calcareous alluvial and fluvial deposits of  
sand a nd gravel, a nd in ter-bedded clay and  silt , some  mor e than 5 m thick (Figures 
4.12, 4.13). The village is in the valley thalweg on the left bank of the A terno r iver. The 
village is si milar to Castelnuovo in  that it is  composed mainly of 2 -3 s tory unreinforced 
masonry structur es, with a m inority of retrofitted s tructures. Unlike Ca stelnuovo, t his 
village has a small nu mber o f newer r einforced concrete residential structures (Figure 
4.11). The v illage is 12 km awa y from the epicentre at an average elevation of 58 0 m 
elevation. The village ov erlies the fa ult rupture plane near its shallowest portion.  
Unreinforced masonry str uctures in Onna s uffered a collapse ( D5) rate of about 80 % 
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(Figure 4 .14a). Reinfor ced concrete structures suffer ed minor or no damage. The 
intensity degree attributed by QUEST team was IX-X.  

The town was previously destroyed by the historical earthquake in 1461 (Rovida et al., 
2009).  During tha t event, the village was repo rted to have suffered MMI =  X,  and an 
eighteenth century c hronicler Anton Lu dovico A ntinori r eported tha t ‘Nella Villa di 
Onda né tampoco restò casa impiedi’ (‘ In the Onda village no house remained 
standing’).  

 

 

Figure 4.11. The village of Onna suffered D4—D5 damage in most of the unreinforced 
masonry structures. Reinforced concrete structures at the margins of the village 
performed well with only minor damage (D0-D2).  
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Figure 4.12. L’Aquila geologic map close-up of Onna, San Gregorio, and Monticchio. 
Onna is built on Quarternary alluvium and suffered mostly D4-D5 damage in the 
masonry structures. Monticchio is built on Mesozoic limestone, and Quaternary breccia 
and suffered mostly D0-D1 damage.  San Gregorio is built on Miocene limestone, 
Pleistocene Fluvial and lacustrine deposits, and Holocene alluvium. Damage was high 
in the historic center of town (mostly D4-D5).   Damage was considerably lower on the 
limestone deposits (D0-D2). 
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Figure 4.13. Geological map of Monticchio, Onna and San Gregorio (modified after Bosi and 
Bertini, 1970). 

 

Onna is surrounded by a number of villages on various geologic units (Figure 4.12, 4.13).  
One village on a simi lar setting is a portion of San Gregorio, 1.2 km to the east. Portions 
of Sa n G regorio th at w ere b uilt o n H olocene a lluvial d eposits, o r f luvial la custrian 
deposits of Pleistocene age, suffered high ratios of D4-D5 damage. In the historic center 
of the village, the D4-D5 ratios approach 100%, whereas portions of the village built on 
Miocene limestone suffered lower levels of damage. The village of Monticchio, 1.3. km 
southwest of Onna, is founde d on Meso zoic limestone a nd Pleistocene b reccia. This 
village suffered almost no damage in i ts unreinforced 2-3 story masonry residences nor 
any dama ge to rein forced c oncrete resi dential structures.  Th e a pparent e levated 
shaking intensity a t Onna, as compared with the sur rounding villages built on bedrock 
or s tiffer alluvial deb ris, make it a goo d ca ndidate fo r in stallation of a  dense 
seismometer ar ray to characterize site a mplification effects of the valley fi ll relative to 
surrounding bedrock. 
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Figure 4.14 Onna: (a) D5 damage level on masonry building structures;  

(b) D0 damage on a RC building (except for the tilting of the chimney). 

 

Heavy damage (D4 to D5) wa s also observed on tw o bridges crossing the Aterno river 
near O nna ( Fig. 4 .15 a ,b). Th e fi rst bridg e (Fig. 4 .15a) app ears to  ha ve the collapsed 
when the displacement exceeded the limit of the bridge bearings.  The second bridge 
failed due to associated to ground failure at the abutment (Fig. 4.15b). 

 

 

(a) (b) 

 
 

 

Fig. 4.15. O nna: (a) col lapse (D5) and (b) i ntense dama ge (D4) of RC bridges o n the A terno 
river. 
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Monticchio:  The village on Mon ticchio is 11 km away from the epicenter on the r ight 
side of t he Aterno river valley at an e levation around 600 m.  I t was built on a gentle 
slope at t he toe of the northern part of Cavalletto mountain. In the south-western part 
of the village, Jurassic limestone outcrops (Figure 4.16). In other areas of Monticchio, this 
bedrock fo rmation i s c overed b y carbonate brecc ia of Pl eistocene ag e, with 
thicknesses of 100 m and more.  

 

 

 

 

Fig. 4.16. Monticchio: outcrop of the Jurassic limestone formation. 

 

 

The town is mo stly 2-3 story ma sonry buildings and to a  lesser extent RC bui ldings. The 
intensity degree attributed by QUEST team was VI. A D0-D1 damage was detected on 
both structure types throughout the village (see Fig. 4.17 a,b,c).   
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(a) (b ) 

  

 

(c) 

 

Fig. 4.17 Monticchio : (a) D0 damage level on different building structures; (b) D0 damage on 
monumental masonry buildings; (c) D1 damage (fall of the cornice) on a masonry building. 

 

After the main shock, an accelerometer station was b een installed by AMRA-CIMA to 
record the aft ershocks seque nce on a stiff fo rmation. Due t o its position r elative to  
Onna, a nd th e relatively low i ntensity o f s haking o n b edrock a nd s tiff carbonate 
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breccia, t his town is a good refer ence site for e valuating site a mplification effects a t 
Onna where another mobile station was installed by INGV Milan. 

San Gregorio: The village of San Gregorio is on the western flank of the Aterno valley at 
600 m elevation. Th e epicentral distance is 14  km.  Th e village e xtends over dif ferent 
geological fo rmations (Fig. 4. 18): the w estern part i s fo unded o n fluvio-lacustrine 
deposits (lower to  medium Pl eistocene) co nsisting o f gra vels a nd conglomerates ( this 
part of the village is not shown in the Bosi and Bertini, 1970, geological map, below); the 
historic center was b uilt on top of a lluvial deposits; Miocene limestone outcrops in the 
eastern part of the village.  

 

 

 

Fig. 4.18. Geological map of San Gregorio (after Bosi and Bertini, 1970). 

The MMI intensity at San Gregorio reached IX and damage was mainly concentrated in 
the hi storic cen ter foun ded o n al luvium. At t he town cent er, the majority of the 
buildings were constructed with poor quality masonry and most collapsed including the 
church (D5=75% a nd D4=25%) ( Fig. 4 .19). The western part of  the village was built on 
Pleistocene gra vels and cong lomerates ( Fig. 4.20) and  did not ha ve significa nt 
damage (50% D2 , 2 5% D1 and  25% D0);  the e astern pa rt, la rgely co nsisting of RC 
buildings ( Figs. 4 .21, 4 .22 founded on either a lluvium and limestone sho wed differ ent 
levels of damage (30% D4, 40% D3, 30% D2, 10% D1).  San Gregorio is a good candidate 
for assessing site amplification effects in the same town over short baselines because of 
the different geologic units cr ossing the urbanized portions of the town.  The limestone 
area in the eastern portion of the town would be an obvious candidate for a rock site  
to normalize the response of the alluvial section at the town’s historic center. 
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Fig. 4.19. San Gregorio: (a) view of the historic center with collapsed masonry buildings; (b) 
remains of the church 

 

        

 

Fig. 4.20. San Gregorio western part: masonry buildings with minor damages. 
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Fig. 4.21. San Gregorio eastern part: (a) RC building “pancake” collapse; (b) detail of sheared 
pillars. 

 

  

Fig. 4.22. San Gregorio eastern part: (a) RC building with structural damage; (b) detail of the 
damage to the beam-column connection. 
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4.2 Other Towns and Villages in the Aterno Valley Region 

 

Fossa:  The village of Fossa was built on the eastern flank of the Aterno valley (600-650 m 
elevation) al ong the sl opes of  Ca valletto mountai n.  It is 14  km from the A pril 6 
epicenter, and the estima ted MMI in tensity wa s VII-VIII. Most of the village i s built on 
talus d ebris from  a ridge o f Mesozoic l imestone ( Fig. 4 .23). The historic ce nter is 
comprised principally of 2-3 stories masonry buildings, whereas in the newer part of the 
village a round the p erimeter of  the historic c enter is t ypically 2 -3 stories RC  buil dings. 
Heavy da mage (D3/D4) was mostly concentrated i n the hi storic par t of  the village, 
where masonry buildings of poor and irregular brickwork had vertical cracks in the walls. 
In the rest of the village, composed of RC buildings and retrofitted masonry, had lower 
damage (D1-D2) (Fig. 4 .24). The church of Santa Maria ad Cr iptas built i n the middle-
ages was heavily damaged (D3).  

 

 

Fig. 4.23. Geological map of Fossa (after Bosi and Bertini, 1970). 
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Fig. 4.24. Fossa: (left) collapse of masonry constructions in the historic center;  

(right) strengthened masonry construction with no damage. 

 

 

San Eusanio Forconese & Casentino: The villages of San Eusa nio Forcon ese and 
Casentino are built on the ea stern flank o f the  Aterno v alley a t 5 90 m a nd 63 0 m 
elevation, respectively. The epice nteral distanc e is 16 km for  both towns.  S . Eusanio 
village is built on fluvio-lacustrine deposits (medium Pleistocene) of sand and gravel with 
interbedded silts and clays. Casentino is built on talus debris (Fig. 4.25).  
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Fig. 4.25. Geological map of S. Eusanio Forconese and Casentino: (Bosi and Bertini, 1970). 

 

The village of S . Eusanio is primarily composed of 2-3 story maso nry buildings and, to a  
lesser ex tent, 2 -3 s tory RC buil dings. The MMI in tensity wa s V III-IX a nd th e l evel o f 
damage was high for the U RM buildings (D4-D5~50%), whereas, low damage (D1) was 
observed in the RC buildings (Figs 4.26-4.28). 

 

  

Fig. 4.26. S. Eusanio Forconese village: (a) partial collapse of masonry building (D4) and (b) slight 
damage to a RC building nearby (D1). 
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Fig. 4.27. S. Eusanio Forconese: (a) collapse of old masonry building (D5), and (b) partial collapse 
of masonry building (D4) 

 

 

 

Fig. 4.28. S. Eusanio Forconese suffered partial collapse of the masonry church (D4). 

 

Casentino: In Ca sentino the MMI intensity was VII-VIII.  It was not possible to survey the 
inside the village, but from the access road we o bserved a high l evel of damage (D4-
D5) for the  masonry b uildings, and low dama ge (D1) for  the fe w RC buildi ngs  (Figs. 
4.29, 4.30). 
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Fig. 4.29. Casentino: (a) partial collapse of the masonry building at the entrance of the village 
(b) collapse of old poor quality masonry buildings in the historic center. 

 

 

Fig. 4.30. Casentino masonry buildings with some wall cracks. 
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Poggio Picenze: This town (695-760 m elevation) lies along a slope located on the north 
side of the river Aterno valley, 17 km from the epicenter. The western side of the town is 
settled on a Pleistocene g ravel and conglomerate ( Fig. 4 .31); most of the histo rical 
center is on softer colluvium and the carbonate silt of the San Nicandro formation (Fig. 
4.32a, b), locally covered by Pleistocene gravel.  

 

Fig. 4.31. Geological map of Poggio Picenze (modified after Bertini et al., 1989). 
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(a) (b) 

  

 

Fig. 4.32. Outcrop of (a) San Nicandro carbonate silts (note the gravel cover) 

and (b) Pleistocene conglomerate. 

 

The MMI intensity degree at Poggio Picenze was VIII-IX.  The 1461 earthquake produced 
an MMI intensity of X. The buildings are an approximately equal number of masonry and 
RC ho uses, mostly 2-3 storys tall. Both i rregular s tone and higher qual ity r egular s tone 
masonry houses are found throughout the town: The ir regular stone houses were more 
heavily damaged (Fig. 4.33a). In the his toric center of the town, the masonry buildings 
including a monumental church (Fig. 4.33c) were hea vily damaged (typically, D3-D4), 
whereas, nearby RC buildings were almost unaffected by the shaking (Fig. 4.33b). Minor 
damage was detected in the western and downhill parts of the town, where t he soil is 
Pleistocene gravel and conglomerate. 
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  (c) 

(a) 

 

(b) 

  

 

Fig. 4.33. Poggio Picenze: (a) variable damage (D3-D4) on masonry buildings of different style, 
(b) undamaged RC house (D0) close to the (c) monumental church (D3). 

Villa San Angelo: The village of Villa San Angelo is at 560 m elevation on the east side of 
the Aterno river, at an epicentral distance of 19 km. The MMI intensity was IX. The village 
is built on fluvio-lacustrine deposits of lower to medium Pleistocene age.  These deposits 
are alternating beds of calcareous silt and coarse gravel-conglomerate (Fig. 4.34).  
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Fig. 4.34. Geological map of Villa S. Angelo (after Bosi and Bertini, 1970). 

 

In the historic center with mostly 2-3 stories poor quality masonry buildings suffered high 
damage le vels (30% D5 , 40% D4, a nd 3 0% D3).  The  perimete r o f the village ha s 
numerous 2-3 s tories RC buil dings that had minor d amage o f D1-D2. Retrofitted old 
masonry buildings performed well and had only minor cracks (Figs. 4.35, 4.36).  

   

Fig. 4.35. Villa S. Angelo: (a) collapsed masonry buildings (D5) in the historic center; (b) 
reinforced masonry in the historic center with minor cracks in the highest story (D2). 
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Fig. 4.36. Villa S. Angelo, historic center with (a) masonry building cracks; (b) partly collapsed 
church. 

 

Tussillo : The village of Tussi llo raises on the e astern flank of the A terno valley at 600 m 
elevation and is v ery close to Villa S. Angelo. Unlike Vi lla S. Angelo, the intensity felt at 
Tussillo was VII-VIII. The village is built on l imestone (Fig. 4.37). Buildings are of 2-3 stories 
masonry or reinforced concrete.  The level of damage was D4-D5 for some of the older 
construction in the historic ce nter, thoug h no  sur vey insid e the  village w as a llowed. 
Generally, the level of damage was lower than that observed in Villa S. Angelo. 

 

    

Fig. 4.37. Tussillo: (a) view of the historic center with some collapsed masonry buildings on the 
background; (b) masonry building at the entrance of the village showing no damage. 

San Demetrio ne’ Vestini: The village of San Demetrio ne’ Vestini is on the western flank 
of the A terno valley, be tween 670 and  700  m e levation, about 20 km  fr om the 



 4-31

epicenter. The village sits on Pl eistocene gravels and conglomerates (Valle dell’Inferno 
unit), and partly on gravel and sand (San Giovanni unit) (Fig. 4.38).  

 

 

 

Fig. 4.38. Geological map of S. Demetrio ne’ Vestini (Bertini et al., 1989). 

 

The older part of the village mainly consists of 2-3 story masonry buildings of generally of 
higher quality to those of the sur rounding v illages. Modern 2-3 story RC bui ldings fo rm 
the town perimeter. The MMI intensity felt was VI-VII. The level of damage was low for 
masonry as well as RC buildings (30% D0, 60% D1 and 10% D2) (Figs. 4.39-4.40).  

        

Fig. 4.39. San Demetrio ne’ Vestini (a) access road to the village showing mostly masonry 
buildings with no damage, (b) old masonry buildings with no damages 
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Fig. 4.40. San Demetrio ne’ Vestini: (a) “Caserma dei Carabinieri” with cracks (not evident in the 
picture) and falls from the highest story, (b) partial collapse of the tympanum of the facade of 
the Madonna dei Raccomandati church. 

 

A fe w v ery ol d build ings, such as the Madonna dei Raccomandati church, we re 
severely damaged (D4). The damage to the uppermost “V ia Crucis”  stations a long a 
slope cl ose to the village mig ht indic ate e vidence of  topo graphic a mplification (Fig. 
4.41). 
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Fig. 4.41. San Demetrio ne’ Vestini: damages at the “Via Crucis” stations constructed along the 
slope 

 

Barisciano: The village of Ba risciano is at 900 an d 1000  m el evation, 21 km fr om th e 
epicenter. It lies along a slope to the north of the Aterno river valley.  It sits on a middle-
lower Cretaceous-upper Miocene carbonate ridge (grey in F ig. 4.42). The town center 
rests upon coarse calcareous Pleistocene breccia (light blue in Fig. 4.42). 
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Fig. 4.42. Geological map of Barisciano (modified after Bertini et al., 1989). 

 

The town center m idway up  the sl ope is mostly 2- 3 story ma sonry c onstruction, a nd 
more recent 2-3 story reinforced concrete structures are present uphill and downhill of 
the center. The MM I intensity was VI , but, there was some damage at l evel o f D4/D5  
level for some old masonry buildings (Fig. 4.43 a).  Most structures were damaged at D1 
levels (Fig. 4.43 b). 
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(a) (b)  

  

 

Fig. 4.43. Barisciano: (a) collapse (D5) of an old masonry building in background; (b) damages 
(D1/2) to RC buildings. 

 

Goriano Sicoli: The village of Goriano Sicoli raise s on  the ea stern f lank o f the A terno 
valley at 720 m elevation; with an epicentral distance of 48 km. The village lies partly on 
limestone bedrock, and partly on talus debris and alluvial fan (Fig. 4.44).  

 

 

Fig. 4.44. Geological map of Goriano Sicoli (Carta Geologica d’Italia 1:50000). 

The majority of the bui ldings are 2-3 story masonry buildings and RC buildings. The MMI 
intensity was VII. The damage was generally low (D1) in the part of the village founded 
on the bedrock, while significant damage (D3-D4) was observed in the western part of 
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the village founded on talus debris and alluvial deposits (Fig. 4.45). San Gemma church 
was also significantly damaged (D3). 

 

    

Fig. 4.45. Goriano Sicoli: (a) diagonal cracks in a masonry building (D3) and (b) at the railway 
station (D3). 

 

4.3 Damage Patterns within L’Aquila 

a.  Pettino Fault Region 

The Pettino fault daylights NW of the L’Aquila city center with a NW-SE trend, as shown 
in Figure 2.8 and 4.46. West of the A24 highway, the fault marks the boundary between 
hills steeply dipping towards the southwest and sloped Pleistocene sediments, as shown 
in Figure 4.46. In this area there is almost no construction on the northeast side of the 
fault, as shown in Figure 4.47. The fault continues as a concealed trace on the east side 
of the A24 highway as shown by the red line in Figure 4.46. A survey of damage patterns 
in the vicinity of the fault was performed. The specific areas investigated are marked in 
yellow in Figure 4.48.  
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Figure 4.46. Geology of the L’Aquila region (modified from INGV) 

 

Figure 4.47. (a) Geology of the L’Aquila region (modified from xxx, 19xx)  and (b) 
satellite photo (from Google Earth) showing the Mt. Pettino Fault and its extension 
towards northwest. 
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Figure 4.48.  Satellite photo from Google Earth of the L’Aquila showing the traces of the 
building damage survey lines in yellow. 

Within the zones marked in Figur e 4.48, structure-by-structure damage surveys were 
performed in which structural performance was mapped according to the categories 
shown in Table 4 .1. Th ese r elatively r apid structural assessments  we re ba sed on  t he 
exterior appearance of the buildings from the street. Each damage level was assigned 
a colored marker in the map, as defined in Table 4.1. Figure 4.49 shows a general view 
of the damage survey results. This is a recently developed suburban area of L’Aquila, 
therefore most buildings are relatively modern reinforced concrete frame structures with 
masonry infill on exterior walls. Most residential buildings are two to four-stories high, with 
apartment buildings closer to the city center reaching 5 or 6 s tories. The few coll apses 
observed i n the  da mage survey we re of fo ur-story rei nforced conc rete buildings, 
typically at the ground floor level.  Many structures in this area were not damaged, and 
where d amage occurred, i t g enerally involved re latively mi nor c racking (D1) to 
relatively severe cracking or collapse (D2) of the masonry infill walls. Incidents of serious 
structural damage in categories D3 or greater was relatively rare. It is possible the survey 
was not detailed enou gh to cap ture d amage at the level of the sing le str uctural 
element from t he out side; h owever, wh enever D2  damage was visible, we  took 
particular care to examine the structural elements that were visible.  
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Figure 4.49.  Satellite photo from Google Earth of the L’Aquila with a general view of the 
building damage survey. 

Figures 4.50 and 4.54 show close-up views of the mapped zones marked (a) to (e) in 
Figure 4.48. Zone (a) is the e asternmost mapped area. The concentr ation of structures 
with damage level D3 is higher in this area than anywhere else along the Mt. Pettino 
Fault. Waypoints GB-80-1 and GB-82-1 are both masonry structures (Figure 4.51a and b). 
The f irst o ne is a n older and  abandoned building, whil e the  sec ond was a family 
residence ( Figure 4 .52). The r emaining wa ypoints are reinfo rced co ncrete structures 
with masonry infill ranging between 2 and 5 stories. Of the five structures in this zone with 
damage classified at the D3 level, four are 3-stories, and the fifth is a 4-story building. An 
example of D3 damage (from the building at waypoint GB-88-1) is shown in Figure 4.52.  

Another area with a number of collapsed buildings is located in zone (a). These are 
all re inforced concrete structures, 3 - to 4 -story high in which the ground f loor columns 
collapsed, ca using i t to pa ncake (Figure 4. 53). Although hig h l evels of d amage are 
concentrated in this sma ll area, simi lar bu ildings on adjacent streets show D2 -level 
damage. 
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Figure 4.50. Zone (a) of the building damage survey along the Mt. Pettino Fault. 

 

 

 

  

Figure 4.51.  Masonry structure at waypoint GB-82-1. 
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Figure 4.52. Example of D3 damage in the building at waypoint GB-88-1. 

 

 

Figure 4.53.  Example of D5 damage in the building at waypoints GB-27-1 and GB-28-1. 

 

Damage i n zone ( b) of the sur vey was g enerally lower, with o nly a few structur es 
suffering D2 levels (Figure 4.54). Moving northwest, damage levels increase in zone (c), 
with a higher concentration of apartment buildings with minor structural damage (D3). 
Many of th ese buildings are ac tually the same design oriented differently. The a rea of 
collapsed buildings in zone (d) is isolated. Figure 4.54 shows in detail the location of the 
buildings in the damage cluster and Figures 4.55-4.57 show examples of damage in this 
area. The  ground fl oor co llapsed in the s tructures at waypoints GB-23 -1 and  GB-24-1.  
From conversations with the owners of units in the lightly damaged building, structures 
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at waypoint GB-22-1 (D1)  and GB-24-1 (D5) were built by the same construction 
company, but GB-24-1 was built a year before the other.  Simil arly, GB -23-1 (D5) was 
constructed by the same co mpany as GB-25-1 (D2). All bu ildings were constructed i n 
the mid-1980s. New co nstruction to the southea st of GB-26-1 (D2) showed no damage 
at all (D0) in spite of the rigid external brick cladding.  

In zone (e) at the northwest end of the su rveyed zone, the damage falls to D0 and 
D1 levels (Figure 4.54). 

 

    

 

Figure 4.54.  Results of the building damage survey along the Mt. Pettino Fault: Zones b, 
c, d, and e. 
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Figure 4.55. Cluster of damage in zone (d). 

 

  

(a) Waypoint GB-22-1 (D1)    (b) Waypoint GB-23-1 (D5) 

Figure 4.56. Damage on the structures in the cluster in zone (d). 
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(c) Waypoint GB-24-1 (D5)    (d) Waypoint GB-25-1 (D2) 

 

(e) Waypoint GB-26-1 (D2) 

Figure 4.57. Damage on the structures in the cluster in zone (d) (cont.)



 4-45

 

b.  Damage patterns across swell and valley deposits north of L’Aquila town center 

As shown in Fig ure 4 .58, no rth a nd we st of the L’ Aquila town c enter, the Ple istocene 
terrace deposits on which most of L’A quila sets are eroded, and the resulting channels 
are partially fill ed with H olocene sediments. Some of those  channe ls are d eveloped 
with similar styles of construction to those on the adjoining terrace deposits. The type of 
construction is gene rally sim ilar that d escribed in Se ction 4. 3 a ab ove – mostl y RC 
structures of 3-6 story height, although there are some masonry buildings as well.  

Where we ha ve adjo ining th is t errace/channel deposits,  we typically fo und hig her 
damage l evels in the swales. De tailed mapping was pe rformed to document these 
damage patterns, but this work has not be en compiled as of yet. We hope to release 
these results in a subsequent version of this report.  

 

 

Figure 4.58. Geological map of the area north of L’Aquila old center. 
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5.0 Ground Failure 

5.1 I ntroduction 

Observed ground failures, de fined as per manent ground de formations induced by 
the ear thquake, were for t he most  par t relativ ely mi nor.  Observ ed groun d fai lures 
were related mai nly to slope instability, l ocalized in cidents of lateral spreadi ng, 
collapse of some undergro und caviti es, and sei smic compres sion of unsat urated 
soils.  Fi gure 5.1 i s a r eference map wit h the locati ons of spe cific sit es labelled (as 
cited in the text). 

The observations presented herein do not include ground failure in the vicinity of the 
Paganica fault , whi ch ha ve been int erpreted as surfa ce fault  rupt ure. Thos e 
observations are described in Section 2.3c. 

 

Figure 5.1. Reference map with locations of specific sites. 

5.2 Slope Instability 

Mountains surroun ding the L’ Aquila area are rugged ; howev er, only li mited 
occurrences of si gnificant slope i nstability were observed.  Typically, the failures ar e 
localized and mi nor, wit h modes includi ng rav elling and sloughing of road cut s, 
quarries, a nd nat ural out crops, permanent di splacement of fi ll embankment s, an d 
rock falls.  Examples of ty pical slope fai lures are summarized below, together with an 
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interesting case  of permanent di splacement of sat urated se diments around t he 
margin of Lake Sinizzo.  

The areas investigated b y the GEER team for lan dslide occurrences i nclude the  
middle Aterno valley south of L’Aquila between two SW-NE sections passing through 
Paganica (north) a nd S tiffe (south) a nd the SW  flank of the Aterno va lley nor th of  
L’Aquila. Our work focused on the southern Aterno valley and in the plateau located 
to the SW of the Aterno valley (i.e. Altopiano delle Rocche). 

The geology of the subject region is described in Chapter 2. Non-seismic landslides 
are relatively rare in the region due to favorable geologic conditions. Slope failures 
induced by the earthquake generally occurred in bedrock and in cemented layers 
within the continental deposits (conglomerates, travertines, breccias). The failures 
were local features confined within the shallower portions of the outcrops. The 
instabilities generally fall into three categories: 

a) Rock falls in limestone and marly-sandstone formations, including single blocks 
(a1), raveling of intensely fractured rock masses of modest (a2) to large (a3) 
volume. 

b) Small slumps/slides and minor raveling/sloughing on cut slopes (road cuts, 
quarries) in colluviums, cataclastic limestones, slightly cemented 
breccias/conglomerates, or debris; 

c) Debris flow/avalanches. 

Our observations of instabilities are organized into subsections consistent with the 
above categories.  

5.2.1 Failures of single blocks 

Ground shaki ng was  suffi cient t o dest abilize loose (and p erhaps somewhat  
precarious) surficial rock blocks that subsequently traveled downhill as rock falls.  Falls 
of this type were observed:  

(1) To the south-east of L’A quila along both the flanks of A terno valley in 
the limestone bedrock (example shown in Figure 5.2a):  

(a) within Fossa village and on the cli ffs overlooking the road between 
Monticchio and Fossa;  

(b) between Pagani ca and Cam arda, se e Fi gure 5 .2b from IS PRA 
(2009a,b);  

(c) at Sti ffe village at  cav e ent rance and road abov e t he village 
(discussed further below); 

(d) along a road from Caporciano to Opi in the southern Aterno valley 
(see Figure 5.2c from ISPRA (2009a,b)). 
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(2) To the south-east of L’Aquila in sound conglomerate or breccia layers 
of the c ontinental deposits a t S .Demetrio, Pog gio P icenze, a nd 
Barisciano. 

(3) To the south-west of L’Aquila in the limestone bedrock: 

(a) along the Raio valley (Lucoli, Casamaina); 

(b) on the Altopiano delle Rocche plateau, on top of  the r ight flank of 
the Aterno valley (Terranera, Ovindoli); 

(c) along the Eastern flank of Mt. Ocre; 

(d) at Goriano Sicoli. 

 

Relatively detailed investigation and mapping was performed for a rock fall event at 
the Caves of Stiffe (Grotte di Stiffe).  In this case, a large block was liberated from the 
slope hi gh abov e this popular tourist are a and i mpacted a concessi on building 
(Figure 5.3).  The last impact mark of the block prior to impacting a building is  at a 
distance from the building of about 15 m (Figure 5.4), indicating high velocity of the 
block. Additional impact mark s are  i ndicated b y an ali gnment of fr esh scars  
progressing up the hillside (Figure 5.5). 
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 a) 

 b) 

 c) 

Figure 5.2. (a) Large bloc k of  a roc k fall ev ent (42.266N, 13.585E); (b) roc k fall 
between Paganica and Camarda, (from ISPRA, 2009a,b); (c) rock fall along a ro ad 
from Caporciano to Opi in the southern Aterno valley (from ISPRA, 2009a,b) 
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Figure 5.3.  Rock fall impact at the Caves of Stiffe (42.255N 13.547E). 

 

Figure 5.4.  Last impact mark prior to  impacting building at the Caves of St iffe; the 
block trajectory was above the small tree (42.255N 13.547E). 
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Figure 5.5.  Additional impact marks as indi cated by an ali gnment of fresh scar s 
(42.255N 13.547E). 

5.2.2 Ravelling of modest volume on intensely fractured rock slopes (a3) 

Typical rav elling-type fai lures of cut  slope s made i nto the st rong and fractured 
limestone bedrock dominating t he local geology  are  shown i n Fi gures 5.6 and 5.7.  
The failures involved the uppermost weathered blocks that are bounded by soil-filled 
joints.  T hese examples are located alon g SP38  approxima tely 9. 5 km south of  
L’Aquila.  In general , the performance of cut slopes into the limestone bedrock was 
excellent, and minor surficial failures such as shown were not widespread. 

 

Figure 5.6. Shallow rav elling-type fai lure of we athered limesto ne bloc ks (42.278N, 
13.467E). 
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Figure 5.7. Shallow rav elling-type fai lure of we athered limesto ne bloc ks (42.278N, 
13.468E) 
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5.2.3 Ravelling of large volume on intensely fractured rock slopes (a3) 

Relatively large-volume rock falls occurred above Fossa (see Section 4.2 for geology) 
and Lake Si nizzo ( S.Demetrio). A s shown i n Fi gure 5.8 , the former i nvolved the  
southern part of a st eep limestone cliff and generated a small rock avalanche onto 
a road. Some outrunner blocks threatened the ou termost bu ildings of Fos sa. Figure 
5.9 sho ws the rock cli ff abov e Lake Si nizzo, formed by alt erations of gravel and 
conglomerate layers with intercalations of fi ner horizons. Differences in strength and 
erodibility bet ween the mat erials ca use some con glomerate layers t o overhang. 
Shear or t ensile fai lure of t he rock lay ers occurred and generated rock av alanches. 
The lake i s on the prolongati on of the Paga nica fault and i ts sides were affected by 
apparent ground ruptures (see Section 5.3.1). 

 

Figure. 5.8. View of Fossa from Mt. Di Cerro. The detachment area of the rock failure 
that generated the rock avalanche is circled (42.29274N,13.48575E) 

 

Figure. 5.9. View of the cliff overlooking the northeastern side of the Lake Sinizzo. Two 
failures in the overhanging thick layers of conglomerates are apparent with the 
related rock avalanches(42.292N, 13.580E) 
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5.2.4 Slides and slumps in coarse-grained materials and soft rocks (Type b) 

Quarry and road cut faces in these type of materials were found to be affected by 
raveling, slides and slumps. 

Minor ravelling of weakly cemented sand and gravel, as depicted in Figure 5.10 and 
5.11, occurred locally but significant or deep-seated failures in such deposits was not 
observed.   

 

Figure 5.10. Minor rav elling of weakly cemented sa nd an d gr avel; dashed li nes 
indicate the exten t of  f reshly d eposited ta lus a long the ba se of r oad cu t (Via O pi 
N42.261, E13.581) 

 

Figure 5.11.  Raveling along the road from S. Demetrio to Lake Sinizzo 
(42.28845N,13.56442E) 
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Cuts made into silty clayey colluvium also generally performed well , and only minor 
instances of shallow sloughing as shown in Figure 5.12 was observed. 

 

Figure 5.12. Shallow sloughi ng of regolith al ong r oad cut (southern flank of 
Castelnuovo N42.294, E13.628). 

A larger failure affe cted a ro ad cut excav ated in brecci as on the r oad from  
Barisciano to S. Stefano di  Sessanio (Figure 5.13). Besi des the collapsed mat erial the 
presence of a stepped ground surfaces with apparent tension cracks was observed 
behind the top of slope. 

 

Figure 5.13. Slides and topples along the road from Ba risciano to S.Stefano.(DC-11-1; 
42.3349N, 13.5796E) 

Small sli des and r aveling occurr ed also i n perv asively joi nted limest ones (Scaglia 
formation) on the e astern flank of the hill of Bazzano , which overlooks the SS17 
highway (Figure 5.14). Sli des di d not exceed fe w tens of m 3 but  were wi despread 
over the whole slope. 
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Figure 5.14. Slides on the eas tern flank of the Bazzano hi ll (in the foregro und SS17 
highway) (42.34005N, 13.45560E). 

Several quarri es in the regi on surroun ding L’A quila hav e been dev eloped i n 
cataclastic geologic units formed along the base of the bounding mountain ranges.  
Cataclasites are cre ated by  t he mechani cal brea kdown of bedrock mat erials 
resulting from past  major fault  activity. In the regi on they are t ypically white t o light 
gray, cemented, wi th st rongly interlocked clast s ranging from fi nes to boulder si zes.  
Typical characteristics of t he cataclasite, as expo sed along t he Pet tino fault  
approximately 4.0 km northwest of L’Aquila, are depicted in Figure 5.15. 

  

Figure 5.15.  Ca taclasite expos ed a long the P ettino Fa ult (left) and detail of  
cemented and interlocked particulate structure (right) (42.376N, 13.365E). 
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Quarries in the cataclasite were observed in Fossa (Figure 5.16) and northeast of the 
town of Colle (Figures 5.17 and 5.18).  T hese quarries performed very well , with only 
localized and insignificant minor ravelling. 

 

Figure 5.16.  Quarr y in Cataclasite with estimated 600 slopes up to approximately  35 
m high, located in Fossa (42.300N, 13.485E) 

 

Figure 5.17.  Quarry i n Ca taclasite w ith near v ertical slopes segment s up t o 
approximately 15 m high, located northeast of Colle (42.435N, 13.330E). 
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Figure 5.18.  Quarr y in Cataclasite with estimated 500 slopes up to approximately  60 
m high, located northeast of Colle (42.437N, 13.328E). 

Small slides on cut  faces of aban doned quarries in pervasively fractured/cataclastic 
limestones were observed on the SS80 State highway uphill from Arischia (Figures 5.19 
and 5.20). 

 

 

Fig. 5.19. Slide of a small wedg e i n cat aclastic limestones on the SS80 at km 16.5 , 
uphill from Arischia (42.41973N, 13.34926E) 
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Figure 5.20. Raveling in perv asively fractured/cataclastic li mestones on a road cut 
retained by steel-net protections on SS80 at km 18.2: (DC-18-1) (42.4281N, 13.3460E). 

 

Approximately 300 m east of the quarry  depicted in F igure 5. 16, and  c ontinuing 
along the ba se of  the nor thwest-trending mountain range, are natural ou tcrops of 
the cataclasite.  The outcrops are recognizable by their characteristic white to l ight 
gray erosional scars (Figure 5.21).  Although the natural slopes also experienced only 
minor and locali zed rav eling-type fai lures, their occurrence (Figure 5.22) i s greater 
than observ ed in t he nearby cataclasite quarries.  This is  potentially a ttributable to  
the relative absence of weak and weathered near-surface material in the quarries, 
having already been removed by mining operations. In the same area, failures were 
observed on the road from Fossa to the S. Angelo D’Ocre convent (Figure 5.23). 

 

Figure 5.21.  Chara cteristic erosi onal scars dev eloped i n ca taclasite (42.434N, 
13.334E). 
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Figure 5.22.  Cha racteristic r avelling-type fa ilure in n atural ou tcrops of  cataclasite; 
partially buried pine trees evidence recent movement (42.434N, 13.334E). 

 

Figure. 5.23. Slides in cataclasites along the road from Fossa to S.Angelo d’Ocre. 
Detail of the spur on the right is in fig 5.24 (42.29694N, 13.48469E) 

Near the convent, raveling was observ ed at the base of a nat ural rock s pur (Figure 
5.24), which is affected by persi stent subvertical fractures i solating large pri sms that 
are backward tilted by a larger block slump. This area is reported as a landslide area 
in the 1:50000 geological map (sheet 359). Therefore excepting for the raveling (that 
was surel y cause d by t he eart hquake), re-activation or triggering of larger  
phenomena is to be clarified through aerial photo interpretation and di rect surveys 
that were not possible due to the closure of the road. 
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Figure. 5.24. Detail of Fi g. 5.23 showing t he rock  spur near t he S.A ngelo convent 
(42.30087N, 13.47829E) 

 

5.2.5 Debris Flows (Type c) 

Landslides occurre d on t he sou thern flank of Mt . Sa n Franco (to the nor th-east of 
L’Aquila)  and crossed the SP86 highway between Assergi and Capannelle Pass . The 
area had been affe cted b y debri s flows i nvolving the talus debri s as the i mage in 
Figure 5.25 t aken before t he eart hquake i llustrates. In t he da ys following the 
earthquake the debr is flows re-a ctivated and a sli de mass consi sting of debri s and 
snow/ice invaded the road (Figure 5.26). 

The role of the earthquake is to be clarified; in fact the debris flows are not co-seismic 
with t he ma inshock. Their triggering c an be du e to the c ombined ac tion of the 
aftershocks and the s evere ra infall conditions occurred i n the days followi ng the 
main event seismic event. Furthermore it  is worth noting t hat the snow de pths were 
unusually h igh for t he mi d-April time frame of t hese observations. The rol e of t he 
mainshock in triggering s now a valanches d eposited o n th e d ebris c annot b e 
excluded at the moment. 
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Figure. 5.25. Left. view of  the M t. San Franc o f lank on 4 -30-2009. Right: image f rom 
Google Eart h taken before t he eart hquake showi ng t he debri s flows (42.4368N, 
13.5796E) 

 

Figure. 5.26. Debri s fl ow body inv ading the SP86 . (Courtesy of Dr.  Roberta Giuliani, 
DPC-SISM) (42.4368N, 13.5796E) 

 

5.3 Embankments and Fills 

Few observations of s ide-hill fill embankment failures were made,  with the exception 
of failures within a se ries of ti ght swi tchbacks along a n unpav ed rural  acce ss roa d 
located approxi mately 8.0 km  nort h of L’A quila.  Heads carps of t he f ailures, as 
depicted in F igures 5.27 and 5.28, appear to coincide with the approximate cut-fill 
contact.  Corresponding maximum lateral and vertical displacements are estimated 
at about 2.0 m and 1.0 m, respectively. 
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Figure 5.27.  Failure of side-hill fill embankment (42.420N 13.376E). 

 

Figure 5.28.  Failure of side-hill fill embankment (42.420N 13.376E). 

Along the Aterno River and so uth and west  of Onna are t wo bri dges that suffere d 
significant damage and complete collapse, respectively.  In both cases, evidence of 
ground failure was observed in the abutment areas.  The failures were represented as 
fissures ori ented approxi mately parallel t o t he r iver alignment, dev eloped i n the 
alluvial floodplai n at di stances up t o about  150 m  from t he riv er (Figure 5.29).  
Additionally, significant ground cracking was observed along t he approach fi lls and 
foundation abutment/flood protecti on le vee, w ith o rientations tending p arallel to  
the local strike of slope. 
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Figure 5.29.  Ground fissures developed i n alluvial floodplain directly south of cent ral 
Onna and approxi mately 150 m from th e Aterno Riv er.  Orienta tion o f fi ssures i s 
approximately parallel to the river (42.325N, 13.480E). 

Along the approach road to the  bridge directly south of Onna are a seri es of about  
ten cracks  ori ented parallel t o the r iver alignment  and at  di stances rangi ng i n the 
range of a bout 15 t o 160 m fro m t he Aterno Riv er (Figure 5 .30).  The cra cks are  
primarily t ensional, extend ing through th e a sphalt but no t into the s ub-base or 
approach fill embankment (Figure 5.31).  These cracks, together with those such as 
depicted in Fi gure 5.29, record permanent ground displacement that is considered 
consistent with the p ossibility of  m inor la teral s preading of  the a lluvial f loodplain 
sediments toward the Aterno River. 
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Figure 5.30.  Characteristic crack developed in bridge approach road directly south 
of Onna, at distances of 15 m to 160 m from the Aterno River (42.324N, 13.478E). 

 

Figure 5.31.  Typical tensile condition of road cracks such as depicted in Figure 5.15, 
not ex tending into n eighboring s ub-base or approach fi ll emb ankment (42.324N, 
13.478E). 

Adjacent to the bridge abutment south of Onna, significant but localized cracking of 
the flood protecti on levee was observed, as shown i n Fi gures 5.32 an d 5.33.  The 
observed cracks are oriented subparallel to the Aterno River and are consistent with 
permanent displacement toward the free faces of the levee. 



 5-21

 

Figure 5.32.  Ground cracks up to 1.0 m deep, 20 m long, and with maximum 0 15 cm 
vertical displacement (down-dropped toward river) developed directly adjacent to 
bridge abutment (42.324N, 13.478E). 

 

Figure 5.33.  Gr ound c racks developed a long leve e c rest ad jacent to  br idge 
abutment (42.324N, 13.478E). 
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Approximately 1.3 km upstream and east of the ground failures summarized in Figures 
5.29 through 5.33 is the site of a bridge collapse, north of the town of Monticchio 
(Figure 5.34).  T he ap proach fi ll exhibits li near cra cks along the road shoulder t hat 
indicate on the order of 10- 15 cm of per manent lateral di splacement t oward t he 
local free face condition (Figure 5.35). 

 

Figure 5.34.  Bri dge collapse along the Aterno Riv er, approximately 450 m  north of 
Monticchio (42.325N, 13.463E). 

 

Figure 5.35.  Approximately 15-20 cm lateral d isplacement of approach fill (42.325N, 
13.463E). 
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Although the flood protecti on levee has side slopes up to about 1.25:1 (horizontal to 
vertical) and appeared to be in a rat her loose conditi on at  the surface , the levee 
generally performed well in the area of the bridge failure (Figure 5.36).  An exception 
is the western abutment on the northern side of the r iver.  As depicted in Figure 5.37, 
directly beneath the abutment a levee crack havi ng a maxi mum width of about 6 
cm and down-dropped 2-3 cm toward the river developed.  Fro m the observations 
made, i t is not clear i f the levee damage occurred fi rst and possibly  contributed to 
the collapse, or if the deck collapse enabled localized failure of the levee.  

 

Figure 5.36.  Flood protection levee in vicinity of bridge collapse (42.325N, 13.463E). 

 

Figure 5.37.  Ground cracking in le vee di rectly beneath western  abutment along  
northern side of Aterno River (42.325N, 13.463E). 
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Within the cataclasite quarr y nort heast of Colle and depi cted in Fi gure 5.17 , t wo 
parallel shear fai lures in clay ey sand fi ll mat erials were observ ed (Figure 5.38).  The 
shear fai lures are ori ented perpendi cular to the free face o f the fi ll slope , hav e 
approximately 15 m separat ion, with vertical displacement systematically increasing 
to a maximum of abou t 40 cm tow ard the f ree face.  A block of  soil between the 
parallel shears has  dr opped down, forming a  grabe n st ructure (Figure 5.39), but a  
distinctive headscarp has not  dev eloped.  These structural relat ions would not  be 
expected for usual soil slope failure modes, and further inspection indicates the shear 
failures resulted from differential seismic compression of the fill. 

 

Figure 5.38.  Shear fai lure developed i n fill ma terial, with vertical di splacement 
increasing to approximately 40 cm at free slope face (42.435N, 13.330E). 

 

Figure 5.39.  Graben structure (between lines)  created b y parallel down-droppe d 
shears (42.435N, 13.330E). 
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Figure 5.40 rev eals that  the fi ll material has been pl aced i n a ti ght bedrock not ch, 
and considering t he nat ure of mi ning operati ons it was li kely l oose dum ped an d 
poorly co mpacted.  T he boundary  con ditions, with very steep  bedrock si dewalls, 
promote differential settlement due to seismic compression.  In this case the resulting 
shear strain appears to have been sufficient to cause shear rupture through the soil. 

 

Figure 5.40.  Grab en structure (between vertical li nes) an d b edrock bo undary 
conditions (42.435N, 13.330E). 

Effects of differential compaction were also observed in boulder fill placed along the 
sidewalls of  a  c ut-and-cover tu nnel s tructure loc ated a bout 1. 5 km nor theast of 
L’Aquila.  As shown in Figure 5.41, the boulder fi ll is of fairly uniform particle size, and 
Figure 5.42 shows t he amount  of set tlement (10 t o 15 cm ) relativ e to the spanning 
parapet wa ll f oundation.  S ome of  this  s ettlement m ay ha ve exis ted pr ior to the  
earthquake.  Fre sh cra cks i n t he ov erlying asph altic surfa ces an d a narrow  
settlement trend along the s idewall of the cut-and-cover structure may indicate the 
boulder fill is continuous and not just at the portals (Figure 5.43). 
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Figure 5.41. Boulder fi ll placed al ong si de wall of cut -and-cover st ructure (42.358N 
13.415E) 

                                            

Figure 5.42.  Settlement tr ough r eaching 10 to 1 5 cm ma ximum, r elative to the  
spanning parapet wall foundation (42.358N 13.415E). 
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Figure 5.43. Cracks in the overlying asphaltic surfaces and a narrow settlement trend 
along the sidewall of the cut-and-cover structure (42.358N 13.415E). 

Minor instances of ut ility t rench backfi ll such as d epicted in Fi gure 5 .44 we re 
observed sporadically. 

 

Figure 5.44.  Seismic compression of trench backfill in the town of Paganica (42.365N, 
13.465E). 
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5.4 Lake Sinizzo 

5.4.1 General observations during field reconnaissance 

Lake Si nizzo (42°17’27.23”, 13°34’35.05”)  i s sit uated in a nat ural karsti c de pression 
located east o f San Demetrio ne’ Vestini.  T he lake is  roughly c ircular in  p lan view, 
with an average diameter of approximately 120 m.  The lake appears to be parti ally 
impounded by a small embankment located as shown in Figure 5.45.  A bathymetry 
survey b y Tetè et  al.  (1984) i s sh own i n Fi gure 5.46, i ndicating maxi mum s ide slope  
relief of about 10 m. 

 

Figure 5.45. Overview of Lake Sinizzo with location of impounding embankment 
indicated by vertical white line (42.291N 13.576E). 

                           

Figure 5.46. Bathymetric survey of Lake Sinizzo; impounding embankment at upper 
left corner (Tetè et. al, 1984). 
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Significant ground cracking was observed along approximately 70-80 percent of the 
lake peri meter, such as depi cted i n Fi gures 5.47 and 5.48.   Soils exposed i n the 
sidewalls of the ground cracks are visually classified as clayey gravel (GC) to gravelly 
clay (CH), with notable high plasticity of the fines. These materials may have a mixed 
alluvial/lacustrian origin, and artificial near surface fill may exist locally.   

 

Figure 5.47. Groun d crack s along t he northwestern peri meter of Lake Si nizzo 
(42.291N, E13.576). 

 

Figure 5.48. Ground cracks alo ng the ea stern per imeter of Lake Si nizzo (42.291N, 
E13.576). 

Several meters of local slope di splacement are evi denced by submerged trees and 
a prominent arcuate landslide scar near t he western margin of Lake Sinizzo (Figure 
5.49).  Pre-and -post earthquake imager y, shown in F igures 5. 45 and  5. 50, 
respectively, indicate that submergence o ccurred as a result of slope di splacement 
during the earthquake. 
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Figure 5.49. Subm erged t rees lo cated sev eral met ers from  t he west ern margin of 
Lake Sinizzo; picnic table within arcuate landslide scar at shoreline. (42.291N 13.576). 

                            

Figure 5.50. Post earthquake satellite imagery showing submerged trees within small  
circle and rock slope failures within large circle; compare to pre-earthquake imagery 
shown in Figure 5.35 (42.291N 13.576).  

5.4.2 Tape and compass displacement measurements 

Tape and compass measurements were performed to document permanent surface 
deformations along the banks of Lake Sinizzo.  Li near t raverses were m easured 
utilizing a st andard 60 m fi breglass t ape an d a Brunton Compas s for  ea ch fai lure 
zone from the approxi mate shor e li ne to the furt hest observ ed ground cracks. The 
distance to each cr ack along  t he traverse and its  opening were documented .  
Cracks with a minimum opening were assigned an opening of 1 mm.   

The measurements were performed on 15 April 2009, 9 days after the mainshock. The 
first observations made by  the reconnaissance group were on t he 11 April 2009 and 
no significant changes were observable by 15 April based on observations as well as 
comparing phot ographs. As a n example,  Fi gure 5.51 shows the same ground 
deformations at the southwest corner of Lake Sinizzo (WP 18) photographed during 
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each site visit.  The camera position and lighting conditions were slightly different for 
the two photographs giving rise to slight differences between the two images.  

a.   b.  
 
 
 
Figure 5.51. Ground cracks at the southwest corner of Lake Sinizzo (location WP 18) 
as observed on (a) 11 April 2009 and (b) 15 April 2009. 
 
 
 

Thirteen locations associated with ground fai lures were surv eyed resulting in 19 dat a 
sets. The GPS waypoint (WP) for each location is indicated in Figure 5.52. Two way 
points are associ ated wi th mu ltiple t raverses fo r as sessing t he v ariability of t he 
deformation within a single failure zone . This process was discontinued due to time 
constraints and the information related to the spatial variability was acquired by laser 
scanning (Section 5.4.3). Sixteen of the me asurement locations consisted of a li near 
traverse. The other three consisted of a system of fi ne cracks (WP 20), a single slump 
with no o bservable cracks in the bloc k (WP 29), a nd a pa rk benc h (WP 31) 
associated with local ground surface deformation at base of a slope within a zone of 
permanent surfa ce deformation. Waypoint 21 marks the top of t he d irect slope 
above the failures associated with Waypoints 22, 30,31, and 32.   
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Figure 5.52. GPS way points indicating measurement locations a round Lake S inizzo. 
The red arrows i ndicate the or ientation an d maxi mum cumulative crack opening 
measured at each location. 

The results from the measure ment campai gn are av ailable i n both table and 
graphical format  for each traverse in t he appendi x for t his secti on. Th e 
corresponding waypoint, location, and the ori entation of the measurement li ne are 
included i n each table .  The distance represents the location of e ach crack  
determined t o be as sociated wit h slope deformat ions from  t he lake shor e or t he 
slope leading directly to the water surface. Desiccation cracks were identified based 
on the crack characteristics and patterns and are not  included in the data sets. The 
opening associated with individual cracks crossing the traverse was measured at the 
intersection parallel t o the t raverse ori entation. In some cas es t he opening ma y 
contain a component  of shear displacement a long the individual c rack when the 
crack crosses the traverse obliquely.  

The t raverse lengt h was based on t he crack furt hest from t he lake shore .  For wa y 
points with a single traverse, and the longest traverse within a multi-traverse location, 
the measured distance represents the maximum length of the d isplaced mass based 
on observable surface extension. The crest of the head scarp was identified and the 
tape was extended to the s hore along the o rientation n ormal to  t he c rack 
orientation. The cumulative extension represents the total opening in the orientation 
of the tr averse a long its  c omplete leng th. E ach ta ble is  a ssociated w ith a f igure 
plotting the pr esented data. Table 5. 1 su mmarizes the tr averse leng ths a nd the 
cumulative crack opening for all measured traverses. The cumulative opening for the 
traverses at WP 24, WP25, WP26, and WP 27 are mi nimum values; opening distance 
was not  measure d a cross displaced blocks  t hat had mov ed into and under t he 
water surface. Figure 5.53 shows an example of a blo ck lying just below t he waters 
surface near the end of t he traverse WP 25. The location of Traverse WP 26 and WP 
27 are also indicated on this figure. 
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Table 5.1. Summary of the length, cumulative crack opening and the orientation of 
the 17 traverses and their corresponding way point.  

 

 
 

 

Figure 5.53. Blocks ly ing u nder the w ater (white a rrow) were not included in the 
traverses (WP 25 and WP26). The orange arrow sho ws where the fence (and the 
slump below it) truncated the traverse at WP 27. (Photo E. Button) 

 

Figure 5.52 plot s the orientation and ma ximum cumulative crack openi ng distance 
for e ach measurement locati on superi mposed on  a Google Earth image of Lak e 
Sinizzo. From th is image it c an be s een that the pr imary permanent d isplacements 
were tow ards the la ke. How ever, the ma gnitude va ries c onsiderable w ith position 
around the lake.  

WP 25
WP 26
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Figure 5.54 summarizes the cumulative crack opening for all of t he traverses at Lake 
Sinizzo. The largest  permanent  di splacements occur red on t he nort h and sout h 
shores respectively. The traverses at W P 25 and WP 26 do cument two locations 
associated wit h the largest  permanent di splacements at Lake Si nizzo wit h 
cumulative extens ion of  mor e th an 1  m.  The tr averses a t WP 22 d ocument t hree 
locations along the largest scarp observed on the sout h shore.    Additional details 
on individual sections are given in the appendix.  

 

Figure 5.54. Plot of the cumulativ e crack openi ng (extension) for al l of the  
measurement locations. The data for WP 25 and WP 26 are plotted relative to the 
right axis (3X larger).  

 

The measurements at WP 31 were asso ciated wit h d ifferential d isplacements 
occurring at a park bench bedded i nto the ground. Figure 5.55 shows a s chematic 
diagram of the bench and the associated di splacements.  The feat ures related to 
the bench displacement for C2 and C3 corners are shown in Figure 5.56.   
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Figure 5.55. Schematic diagram and magnitudes of the c racks associated with the 
park bench at WP 31.  

 

      a.             b.  

Figure 5.56. Characteristic defor mations as sociated with the c orners of t he park 
bench at WP 31. (a) corner C2 and (b) corner C3 

In summar y, t he extensi onal d isplacements associ ated wi th permanent  ground 
displacements at Lake Si nizzo ranged fr om several mm t o over 1 m depen ding on 
the location around the lake. Extensional cracks could be documented at distances 
of more than 20 m fr om the shore in the relatively flat terrain on the north shore. On 
the south shore extensional cracks were observed up to a distance of approximately 
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20 m , the cracks furthest from the shor e were located on a h ill slope extend ing 
towards the south. While the bedrock is very shallow in this location (southeast corner 
of t he lake ), a djacent out crops of li mestone 2-3 m awa y showed no si gns of 
continuous cracking along t he strike of ground cr acks. This could i ndicate that the 
deformations were constrained t o be within the Quat ernary cover materi als. At 
approximately the same elev ation on the southwest corner of the lake we athered, 
friable marl bedro ck stone was o bserved at  a local slo pe fai lure. Thus the bedrock 
changes la terally along t he southern shoreline and t he potential for mov ements in 
the weathered bedrock cannot be exc luded. The permanent displacements along 
the east shore of the lake were characterized by sub-parallel to anastomosing crack 
arrays with extensional displacements observable up to 9 m from the shoreli ne.  The 
deformations along the east  to sout heast si de of t he lake were typically 
characterized b y si ngle slumps  s everal of whi ch sli d int o the lake (as sho wn i n the 
post earthquake bathymetry.  and only the scarps were vi sible. The furthest cracks 
were observed to be up to 12 m from the shore. The cracks with the largest opening 
distance were typically located between less than 10 m from the shore. 

5.4.3 LIDAR imaging of above-water terrain 

a.  Procedures and equipment 

During the earthquake reconnaissance, we deployed lidar technology to image the 
ground-failures along t he margins of Lake  Si nizzo.  At t he Lake Si nizzo s ite, t he 
terrestrial lidar laser b eam systematically scanned over the shore margin to acquire 
the preci se di stances t o object s. The  laser r epeatedly shot pulses of li ght a t each  
rotation point of the scanner, sending light to reflect off an object and back to the 
scanner. Timing the two-way travel time of flight of each laser pulse allows for the 
determination of the range. A spherical coordinate system is initially used to map the 
targets, and then d ata a re converted to a  Ca rtesian s canner coordinate sy stem 
centered on a scanner instrument datum.  Terrest rial LIDAR technology was used at 
Lake Si nizzo beca use of i ts abilit y for characterizing ult ra-fine scale changes i n 
topography (Collins and Si tar, 2006; Collins et al.  2009 ; Kayen and Collins,  2005 ; 
Kayen et al. , 2006, Kay en et al. , 2007; Stewart et al.  2 009). LIDA R tec hnology is a 
natural extension of laser range  finder systems or elect ronic distance meters (EDMs) 
commonly used in survey applications to measure distances.  

The USGS LIDAR system used at Lake Si nizzo is manufactured by Riegl of Austria and 
is based on a near-i nfrared YAG 1064nm lase r t ransceiver. The s ystem, a Ri egl z420i  
unit, i s port able and desi gned for t he rapi d acqui sition of hi gh-resolution t hree-
dimensional imagery. The maximum target range i s about 1000m for the Riegl under 
the bes t a tmospheric c onditions a nd is  d ependent on the r eflectivity of  the  g iven 
target. For the Lake S inizzo study, we operat ed at  much short er distances than the 
maximum range of the units. The minimum target distance is 2 m, the distance to the 
ground from a tr ipod-mounted system. The range accuracy is  consistently about 4 
mm for t he Ri egl at  t he range  of i nterest in the st udy. The las er b eam di vergence 
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angle i s 3 milli -radians, meani ng t hat at  a  range of 10 m , t he beam foot print is 
approximately 30 m m across. Because o f the footpri nt s ize, the shots are i deally 
spaced 3 milli-radians apart . The position of the center of the footpr int is measured 
to a preci sion of 0.17 milli-radians by an encoder. The angular p osition of the laser -
pulse leaving the scanner is controlled by precise servo-motors within the unit.  

The USGS scanner (Figure 5.57) has a single scan sweep of 360¯ horizontally, and 80¯ 
vertically. The scanner takes several hundred thousand-to-several million individual x, 
y, z position measurements, at a rate of 12,000 points/second.  

A tripod was used on the ground to deploy the instrumen.  The laser unit weighs 15 
kg plus the weight of accessory cables, tripod, battery and laptop.  

 

Figure 5.57.  Deployment of the tripod-mounted Lidar system on the lake margin. The 
laser unit is connected to a laptop, battery, and photogrammetric camera. 

 

3-D laser s canners cannot  image behind objects, and the f irst object encountered 
casts a sh adow ov er object s behind it. At low gr azing-angles awa y from t he 
scanner, the laser pat h angle de creases to only several degrees a nd proportionally 
larger shadows are cast on the ground behi nd the target.   Also, at incident angles 
of less t han approximat ely 4° on relativ ely flat surfaces , o ften, t he laser canno t 
detect any backscattered  signal.  To minimize shadow zones and get full coverage 
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of the target surface, the scanner was elevated as much as possible. The sensor was 
moved around t he lake for  1 0 i ndividual set ups t o capt ure dat a fro m v arious 
orientations a round the la ke ma rgin to image the s hadow-forming targets of  the  
ground fai lures. Manipulati on of tha t da ta i s performed wi th speci alized surfa ce 
modeling soft ware a nd a port able grap hics workstati on. We utilize two surfa ce 
modeling software packages, I-SiTE Studio (I-Site Pty. Ltd) and RiSCAN Pro (Riegl Co.). 
These software packages collect the sc an poi nt-cloud data and can proces s 
multiple scans into geo-referenced surfaces.  

 

b.  Lake Sinizzo Data Collection 

Ten s cans were collect ed around t he peri meter of the lake on April 15,  2009. The 
locations of the scans were irregular, with a higher density along portions of the lake 
margin that failed.   Figure 5.58 s hows a composite registered image of the 10 scans 
for the entire lake margin alongside the Google Earth image of the lake.  Figure 5.59 
shows hi gh-resolution detail of the lake po int cloud.    T he Google Earth image of 
Figure 5.58a was taken prior to the earthquake.  The black central portion of the lidar 
image in Figures 5.58b and 5.59 is the surf ace of the lake wat er. The near  i nfrared 
laser i s unable t o penet rate water , an d t herefore, all  porti ons of t he lake that  are 
submerged are un-i maged. The images are colored from red to blue in a r ainbow 
shade, with the red being the lowest typography and blue the h ighest topography. 
The point c loud da ta d oes not ha ve vegetation r emoved t hrough filtering a nd 
individual trees can b e seen overhangi ng the lake water. On the left side of the 
image a  c lump of  trees can be seen in the water, and a re the veg etation of  the 
displaced landslide blocked that entered the lake.   

We did not use differential GPS to register the lidar imagery. The Google Earth image 
in Figure 5.58a  is oriented with true north up, whereas true north in the lidar image is 
slightly N-NE. During the data collecti on, we tried to orient the scanner using a non-
differential GPS unit. The individual scans were registered by finding the least squares 
best fit solution between point clouds of the surrounding scans. As such, the data are 
registered in a project coordi nate sy stem to an accuracy  o f ap proximately 5 cm .  
This allows us to make accurate estimation of the ground information that occurred 
around the perimeter of the lake, but does not allow for us to project the image as a 
map without the additional effort to link the imagery to a geodetic and geographic 
datum. 
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Figure 5.58. (a) Google Earth image of the lake taken pri or to the earthquake, and 
(b) lidar point cloud i mage of the lake taken on April 15,  2009.  The coloring in the 
lidar imagery ranges from red (lowest typography) to blue (highest typography). 

  

Figure 5.59. High-resolution detail of the lidar point cloud image of the lake taken on 
April 15, 2009.  
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Figure 5. 60 shows obli que det ail of ground fai lures along t he lake margin , an d 
overlapping i magery from t hree scans  colored i n red,  purple, and gree n. Taking 
scans from  di fferent ori entations allows for s hadow zon es t o be f illed. For ex ample 
the central black circle in the image just above the “Z” axis is where the laser was set 
up duri ng t he capt ure of t he purple dat a set . Subs equent scans , falsely colored, 
here as red and green, fill in the data hole beneath the scanner. In this image, areas 
can be  se en where shadows cast by v egetation in one scan are fi lled by point 
cloud data from an other scan. Fi ssures a ssociated wit h lake margin soi l sli ding in 
toward the lake can be clearly seen in the green and purple scans.   These features 
can be used to identify individual sliding blocks, and allow for reconstruction of pre-
failure lake geometry  needed to estimate ground deformation estimates, work that 
we are currently performing. 

 

Figure 5.60.  Detail of ground failure along the peri meter of Lake Si nizzo, captured in 
three of the overlapping scans (red, purple, and green). 

 

5.4.4 Lake bathymetry 

High resoluti on multi beam bat hymetry of Lake Si nizzio was per formed b y Violante 
(2009) on May  8 20 09 (32 days f ollowing the ma inshock) as part of  th e GEER 
investigation. D etails o n th e e quipment u sed a nd methodology a re g iven b y 
Violante (2009).  
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Multi-beam bathymetric data were collected from a rubber boat equ ipped with a 
dedicated pole and flange use d to operate the sonar head (Figure 5.61). Vessel 
tracks were positioned so as to insonify 100% of the lake floor with a high percentage 
of ov erlap (Figure 5.62).  The pr ocessed data w ere u sed to g enerate a  d igital 
elevation model (DEM) with cell size of 5x5 cm, wiht an accuracy meeting the 
requirements of the International Hydrographic Organization (IHO). 

 

Figure 5.61. Rubber boat equipped with the 8101 multibeam system. 
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Figure 5.62. Navigational plan for the Lake Sinizzo bathymetric survey. 

Figures 5. 63 and 5.64 illustra te the mai n morphological features of the lake floor.  
Comparing the results to the 1984 single-beam bathymetry (Figure 5.46) indicates no 
significant differences in  the g eneral l ake-floor c onfiguration a nd r elative d epth 
distribution. The most  rele vant feat ure i s an incipient instability denoted by  a n 
irregular morphologi cal st ep (1 to 20/25 cm hi gh) p ossibly locally  ev olving i nto a  
crack wi th an ov erall concav e shape i n plan-view, dev eloping for abo ut 120 m 
along the eastern side of the la ke between -1.5 and -7.5 m. Some of these features 
may be underwater continuations of the cracks observed at lake banks. The western 
side of the lake seems t o be affect ed b y a shallow creep or decort ication of the  
sediment cover. Also the multibeam data clearly show the area of detachment and 
accumulation of  the  “f allen tr ees” (Figure 5. 49). The slid ing bloc k in duced 
deformation of t he lacust rine s ediments during t ransportation t owards the lake  
bottom. 
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Figure 5.63. Lake Sinizzo bathymetric survey results including cross sections. 
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Figure 5.64. Lake Sinizzo bathymetric survey results marked with interpretive symbols 
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6.0 Performance of Dams and Earth Retaining Structures  

6.1 Campotosto Dams 

Campotosto lake is a man-made water reservoir with a capacity of 315.000.000 m 3, 
at an altitude of 1313 m above sea level. It is located approximately 20 km north of 
L’Aquila, between Gran Sasso and the La ga Mountains. As shown in F igure 6.1, the 
lake is impounded by  three dams:  Sella Pedicate (42.514954°N, 1 3.369194°E), Rio  
Fucino ( 42.535047°N, 1 3.410323°E) and Poggio Cancelli ( 42.558380°N, 13. 338944°E). 
Reservoir filling was completed in the 1970’s and its water is used for electrical power 
production. The dams were visited by the reconnaissance team on April 14 2009. 

The Ca mpotosto ba sin is pla ced a t the s ite of  a n ancient la ke w hich later 
became a peaty marsh due to mud silting. This is apparently the result of transport of 
bed loa d of t he t ributaries whose basi ns consi st of hi ghly ero dible sandst one-marl 
rocks. A factor cont ributing to the dr ying up of t he anci ent lake was t he const ant 
deepening of the F ucino gorge b y erosion. The basi n consi sts of cemented 
sandstone lay ers and banks , ch iefly cla yish, alternating wit h marl banks and t hin 
layers of clay schists of the middle Miocene [ENEL, 1980]. 

 

 

Figure 6.1. Campotosto reservoir map with the location of the three dams.  

Over most of its length “Sella Pedi cate” dam is a con crete dam wh ile at one of 
its extremities it is a zo ned earthfill embank ment with an clayey central core and a 
concrete foundation diaphragm. It is 25 m tall and 750 m long. Its construction dates 
from the 1950’s. Figure 6 .2 shows a pl an view of the dam from GoogleEarthTM. The 
upstream face is very steep (possibly 5 horizontal to 1 vertical) and is shown in Figure 
6.3. The downstream face has a much milder inclination. Following the main shock of 
April 6 2009, the water lev el was lowered  by ENEL by approxim ately 2 m to red uce 
water pressure on the structure. The reduction in water level is evident in Figure 6.3.  
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Figure 6.2. Plan and cross  sectional ( concrete dam cent ral portion, e arthfill 
embankment end porti on) views of Sella Pedicate (42.514954°N, 13.369194°E) dam 
and adjacent highway system. 

 

 

Figure 6.3. Upstream face o f Sella Pedi cate dam . The re duction in wa ter lev el 
decided by ENEL f ollowing the main shoc k is e vident in the ph oto (42.514954°N, 
13.369194°E). 
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At the time of the earthquake the water depth behind the dam was about 25 m. 
No eart hquake dam age was o bserved in t he dam ( crest, slop es, abut ments). In 
addition, no soil liquefaction with sand ejecta was observ ed along the shoreline in 
the vicinity of the reservoir. 

“Rio Fu cino” is  a  c oncrete d am w ith a  l ength of  a pproximately 150 m and a 
reported maximum height of 49 m (Simonelli et al 2009). Its constructi on dates from  
the same peri od as in t he ot her dams . No damage  was obser ved, a s evident  in 
Figures 6. 4-6.6. According to E NEL employ ees of t he local stati on, t he dam i s 
instrumented with seismic measuring devices, which recorded peak accelerations of 
the order o f 0.1g. Acceleration histories from those instruments are not available as 
of this writing. 

 

Figure 6.4. Upstream face of R io Fuci no dam. Note t he reducti on in water lev el 
(42.535047°N, 13.410323°E). 

 

Figure 6.5. View of the outlet tower of Rio Fucino dam (42.535047°N, 13.410323°E). 
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Figure 6.6. View of spillway of Rio Fucino dam (42.535047°N, 13.410323°E). 

 

“Poggio Cancelli” is a zoned earth dam approximately 500 m length and 30 m in 
height. The inclination of the upstream face is about 3 horizontal to 1 vertical while 
that of t he do wnstream face  i s approxi mately 1 horizontal t o 1 v ertical. No  
information as t o i nstrumentation i s curr ently av ailable. At t he ti me of t he 
earthquake the f reeboard was es timated to  be a bout 20 m.  Figure 6.7 and Figure 
6.8 show the main embankment, which was found to have no visible damage from 
the earthquake. Moreover, no liquefaction was observed in the surrounding area. 

 

   

Figure 6.7.  Plan and cross sectional views of Poggio Cancelli dam (42.558380°N, 
13.338944°E).  
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Figure 6.8. Downstream (left) and upstream (right) face views of Poggio Cancelli 
dam from the north abutment (42.558380°N, 13.338944°E).  

 

6.2 Penne Dam 

Penne lake is a man made water reservoir at an altitude of 250 m above sea level. It 
is located approximately 43 km east of L’Aquila and Gran Sasso Mountain. As shown 
in F igure 6. 9, th e l ake is  impounded by  one earth d am (42.438809°N, 13. 913265°E) 
350 m in length. Although no member s of  the tea m have visited the d am to date, 
we have corresponded with ENEL st aff who have surveyed the dam and fo und no 
evidence of structural or soil damage. 

 

Figure 6.9.  Location map for Penne reservoir and dam (42.438809°N, 13.913265°E). 
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6.3 Earth Retaining Structures 

Earth ret aining st ructures were generally observed to hav e performe d w ell duri ng 
the ea rthquake. No por t s tructures (e.g., qu ay w alls) wer e loc ated in the 
meizoseismal area , hence t he obser ved walls  ret ain partially sat urated 
(nonliquefiable) soi ls. In t he regi on of interest, ret aining st ructures ar e t ypically 
masonry w alls, o f t he t ype shown i n Fi gures 6.10- 6.18. A n umber of rei nforced 
concrete walls a lso exist in L’A quila a nd d id n ot s uffer s ignificant d amage (Figure 
6.17 and 6.19). In general, damage varied between minor det achments of st ones, 
(Figure 6.13) to full collapse or toppling (Figure 6.16). No concentration of retaining 
wall damage at specific geographic coordinates was observed. 

The wall failure shown  i n F igure 6.14 i s nearly ali gned with the pav ement crack 
shown in Figures 6.15 and 6.16. Note that offset of the nearby (250m away) cracked 
wall of Fi gure 6.17, is practically parallel to the pavement crack of Fig ures 6.15 and 
6.16. There has been some speculati on that these ground cracking patterns may be 
related to co-seismic rupture (see Section 2.3). 

 

Figure 6.10. Minor damage on masonry wall in severely shaken Pettino area 
(42.374011°N, 13.367498°E). 

     

Figure 6.11.  Stone masonry wall at L’Aquila city (42.348710°N, 13.403900°E). Note the 
(tolerable) outward movement at the center of the wall and the pavement cracks 
behind the wall. 
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Figure 6.12.  Undamaged wall at the severely shaken Pettino area (42.373050°N, 
13.366106°E).  

 

 

Figure 6.13.  Damaged wall at downtown L’Aquila (42.356056°N, 13.389524°E). 
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Figure 6.14.  Partially collapsed wall at SS80 highway between L’Aquila and 
Campotosto (42.420510°N, 13.358394°E). 

 

 

Figure 6.15. Pavement cracking in SS80 roadway (from L’ Aquila to Campotosto) in 
the location of collapsed masonry retaining wall (42.420510°N, 13.358394°E).  
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Figure 6.16. Locations of observed pavement cracking and associated retaining wall 
failures.  

 

            

Figure 6.17.  Ruptured retaining wall due to slope instability at SS80 highway between 
L’Aquila and Campotosto (42.418117°N, 13.351591°E). 
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Figure 6.18. Toppling of masonry retaining wall at the outskirts of L’Aquila 
(42.366803°N, 13.376561°E). 

 

 

Figure 6.19.  Undamaged retaining wall at the city of L’Aquila (42.343672°N, 
13.398821°E) 
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