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Abstract Following the April 6th, 2009 Abruzzo mainshock, the Italian Civil Protection
Department promoted a multidisciplinary study aimed at developing seismic microzona-
tion maps for post-earthquake reconstruction planning. In the framework of this project, a
Working Group, including the authors, was assembled to carry out a microzonation study
on six villages located in the Middle Aterno valley. This paper focuses on the villages of
Castelnuovo and Poggio Picenze, which experienced MCS intensity values of IX–X and
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VIII–IX, respectively. 1D and 2D linear equivalent site response analyses were carried out
on representative geological cross-sections through the damaged centres and the expansion
zones. The subsoil models resulting from geological, geotechnical and geophysical investi-
gations were calibrated by comparing numerical amplification functions, in the linear range,
with horizontal-to-vertical spectral ratio derived from both aftershocks and noise recordings.
The input motions adopted for the analyses were five artificial accelerograms compatible
with three response spectra obtained from the Italian seismic code, as well as from ad hoc
probabilistic and deterministic studies. The results were expressed in the form of horizontal
profiles of amplification factors in terms of peak ground acceleration, FPGA, as well as of the
Housner intensity, FH, in two different range of periods; this latter parameter was shown to be
almost independent of the input motion and allowed to express the dependency of site ampli-
fication on the frequency range. The amplification factors computed along the representative
geological sections were finally extended with a rational procedure to the surrounding areas
to draw Grade-3 microzonation maps.

Keywords Aterno River valley · Soil amplification · Dynamic properties ·
Numerical analyses · Microzonation maps

1 Introduction

About 2 months after the April 6th, 2009 Abruzzo earthquake (Mw = 6.3), the Italian
Civil Protection Department (DPC) started a comprehensive Seismic Microzonation study
on about 30 towns located along the Aterno River valley which experienced an intensity
equal to or greater than VI MCS (Galli and Camassi 2009). The whole area was subdivided
into 9 macro-zones, and for each one of them the study was committed to a different inter-
disciplinary working group aggregating several Italian universities and research institutions.

The three-level approach originally introduced by TC4-ISSMGE (1999) and adopted by
DPC guidelines (Working Group MS 2008) was followed for the whole area, to support the
local municipalities for urban planning of reconstruction in both damaged and expansion
zones. For sake of timeliness, Grade-2 mapping was skipped; Grade-1 maps were produced
on the basis of geological and geomorphological surveys, addressed to identify and clas-
sify ‘stable’ and ‘potentially unstable’ areas, the former intended as the zones where neither
subsoil failures are present nor significant permanent deformations are expected to occur
under earthquake shaking, the latter being the zones subjected to different forms of instabil-
ity, such as slope failure or liquefaction. Detailed Grade-3 microzonation maps were based on
comprehensive geotechnical and geophysical surveys, and on accurate numerical analyses of
seismic ground response, aimed at quantifying by appropriate parameters the expected level
of soil amplification induced by scenario earthquakes in stable areas. The whole study was
fulfilled within less than one year after the earthquake.

A working group, including the authors, was charged to produce Grade-1 and Grade-3
microzonation maps of a macrozone consisting of six villages located in the Middle Aterno
valley, 12 to 25 km far from the epicentre (Fig. 1): Petogna (IMCS = VI), S. Martino (IMCS =
VI–VII), Barisciano (IMCS = VI), San Pio delle Camere (IMCS = V–VI), Poggio Picenze
(IMCS = VIII–IX), Castelnuovo (IMCS = IX–X). The paper illustrates the subsoil model-
ling and the results of numerical simulations of site response analyses which leaded to the
Grade-3 microzonation maps for the two mostly damaged villages of Poggio Picenze and
Castelnuovo.
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2 Geological setting and damage at poggio picenze and castelnuovo

For the relatively limited variation of epicentral distances and building stocks, the signifi-
cant difference noted in the inter-village intensity in the macrozone was attributed mainly
to seismic site amplification effects (Lanzo et al. 2010). As a matter of fact, the villages
of Petogna, San Martino, Barisciano and San Pio delle Camere suffered a lower damage
(IMCS = V to VII), and are mostly settled on stiff rock deposits outcropping at the flank of the
slopes bordering the valley; on the other hand, Castelnuovo and Poggio Picenze experienced
higher intensity values (IMCS = VIII to X), attributed to their site conditions, characterised
by the widespread presence of softer soil deposits. Moreover, the historical chronicles report
that both villages suffered a comparable very high intensity (IMCS = X) during the historical
1,461 earthquake; this latter showed source characteristics very similar to the 2009 event,
since the epicentre was located in the same area, and the energy was characterised by about
the same moment magnitude, estimated as high as Mw = 6.5 (Rovida et al. 2009). Note that
in 1,461 the intensity felt at L’Aquila was again IMCS = IX, just like in this last event, and
lower than that at Poggio Picenze and Castelnuovo.

The town of Poggio Picenze (695–760 m a.s.l.) lies along a gentle slope located on the
left bank (north side) of the Aterno valley, about 14 km away from the instrumental epicenter
(Fig. 1).

In spite of the regular morphology of the surface, the subsoil is characterized by strati-
graphic variability for the presence of faults affecting the bedrock and giving rise to horst
and graben (Fig. 2a, b, c). South of the town, a pop-up structure borders a graben about
1.1 km wide, limited toward north by the calcareous slopes (Miocene calcarenites, indicated
with ‘M’) of the M. Camarda ridge. This graben was filled, during the Pleistocene, by white
carbonate silts (‘L’) of lacustrine origin, belonging to the San Nicandro formation (Bosi and
Bertini 1970), and alluvial conglomerates (‘cglp’). Locally, in the hollows and at the base of
the slopes, debris covers (‘d’, ‘a3’) lie on the fluvio-lacustrine deposits. Conglomerates grow
thin toward north, where white carbonate silts directly outcrop.

Fig. 1 Geographical location of Poggio Picenze and Castelnuovo with respect to the epicentral area

123



1420 Bull Earthquake Eng (2011) 9:1417–1442

The building damage at Poggio Picenze was observed to be stronger in the historical
center, where most masonry constructions including a monumental church (Fig. 2d) were
heavily damaged, while nearby RC buildings were almost unaffected by the shaking (Fig. 2e).
The geological map and cross-sections in Fig. 2a, b, c show that this part of the town mostly
lies on a thick layer (up to 50 m) of a white carbonate silts. Minor damage was detected in

Fig. 2 Poggio Picenze: Geological map (a) and cross-sections (b, c); variable degree of damage (d, e)
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Fig. 2 continued

the western and downhill parts of the town; these areas are settled on some tens of meters
of a Pleistocene conglomerate, overlying a comparable thickness of white silts. In the area
near the castle several holes were observed in the street floor, caused by the collapse of the
roof of underground caves; these latter, probably of natural origin, have been enlarged in the
years and used as cellars.

The village of Castelnuovo (810–860 m a.s.l.) lies about 22 km away from the epicenter
(Fig. 1). The old village is settled on an elliptical hill, elongated in the NW–SE direction and
rising 60 m above the surrounding alluvial plain.

The whole hill is constituted by the white carbonate silt of lacustrine origin (‘L’,
Fig. 3a, b, c), engraved by the Aterno river during Late Pleistocene age. Late Pleistocene
terraced alluvia (‘b3’) fill-in the topographic lows of the plain, surrounding the eastern and
southern sides of the village; at the toe of the hill, a shallow Holocene detrital cover (‘d’)
overlaps the contact between the lacustrine silt and the alluvial formation.

The bedrock plunges gradually toward south; therefore the thickness changes of the flu-
vio-lacustrine deposits, predominantly white silt, are mostly conditioned by the surface mor-
phology.

The building stock, partly inhabited, is mainly constituted by un-reinforced masonry struc-
tures 2–3 stories in height; some of the structures were retrofitted with through-going iron
bars, apparently following the intense damage (IMCS = VIII) suffered during the strong
Avezzano earthquake in 1915 (estimated MW = 7).

Shaking was strong enough to significantly damage almost the entire village, with most of
the structures on the top and in the upper half of the hill either collapsed or close to collapse
(Fig. 3d). A lower damage level was observed on the buildings at the toe of the hill (Fig. 3e);
these latter, however, pertain to a more recent construction period and should therefore be less
vulnerable. In Castelnuovo old village, just as observed at Poggio Picenze, holes occurred in
the street floor due to collapses of the roof of caves.

Summarising, in both towns the subsoil is mainly characterised by the constant presence
of the lacustrine white silt formation, which is locally termed as ‘Creta bianca’.
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Fig. 3 Castelnuovo: Geological map (a) and cross-sections (b, c); variable degree of damage (d, e)
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Fig. 3 continued

From several investigations in the broader area, it was deduced that a few meters of con-
tinental breccia (termed as ‘B’ in Figs. 2 and 3) are deposited at the base of the white silts,
on the underlying stiff bedrock made of Miocene limestone (‘M’).

3 Geotechnical characterisation

The geometry of the geo-lithological sections shown in Figs. 2 and 3 was mainly based on
the results of geological and geophysical surveys, and calibrated on the basis of boreholes,
specifically executed for the seismic microzonation of the area. These data were integrated
with few stratigraphic logs already available from previous investigations. It should be noted
that none of the boreholes, drilled to a maximum depth of 50 m, intercepted the seismic
bedrock; this was assumed as corresponding to the Miocenic calcarenites, the depth and
geometry of which was defined on the basis of the geological setting of the area reported
in literature (Bosi and Bertini 1970), and confirmed by three deep geo-electric tomography
surveys (ERT), drawn in Figs. 2a and 3a with blue lines. It will be shown in the following
that these assumptions were calibrated on the measurements of noise and aftershocks of the
seismic sequence.

In the site-specific investigations carried out in in the macrozone, the groundwater was
never individuated. Existing information from water collector wells indicated that the phreatic
surface was found in the bedrock formation only (Working Group 2011).

The seismic response analyses adopted the traditional visco-elastic linear-equivalent
approach; therefore, the geotechnical model of the subsoil (Table 1) required the charac-
terisation of each material in terms of unit weight, γ , shear and compression wave velocity,
VS and VP, and the variation of shear modulus and damping ratio with shear strain, G(γ )

and D(γ ).
The S-wave velocities of the different soils were mostly determined from Down Hole and

MASW tests carried out in the macro-zone (Working Group 2011). For each lithological
unit, the values of VP and Poisson’s ratio ν reported in Table 1 were obtained by averaging
α (i.e., the ratio VP/VS) throughout the different depth ranges explored by DH tests. These
parameters were then used for 2D seismic response analyses.

Site-specific laboratory tests were carried out on undisturbed block samples of the Creta
Bianca carbonate silt (clay fraction ranging between 28 and 38%, plasticity index 11–19%)

123



1424 Bull Earthquake Eng (2011) 9:1417–1442

Table 1 Physical and mechanical properties of the different materials for the site response analyses

Soil Layer γ (kN/m3) VS(m/s) ν α VP(m/s)

d 0–15 m 18 250 0.39 2.32 580
shallow debris 15–40 m 18 350 0.38 2.26 790

b3 0–5 18 200 0.38 2.27 455
terraced alluvial 5–10 m 18 300 0.36 2.14 641
deposits > 10 m 18 400 0.37 2.22 890

cglp cglp-w: weathered
(0–10 m)

20 400 0.39 2.35 942

Pleistocene cglp-c: cemented
(10–25 m)

21 1,000 0.33 2.01 2,008

conglomerate cglp-c: cemented
(>25 m)

22 1,250 0.33 2.01 2,509

L 0–50 m 18 300 + 3.6z 0.38 2.27 681 + 8.2z
Lacustrine white 50–90 m 18 480 + 2.5 (z-50) 1,090 + 5.7 (z-50)
carbonate silts 90–200 m 18 580 + 0.2 (z-90) 1,317 + 0.5 (z-90)

B
breccia 5 m 21 800 0.36 2.13 1,701

M (bedrock) 22 1,250 0.33 2.01 2,509
Miocene calcarenites

taken from excavation cuts located in both towns (Working Group 2011). For the other for-
mations, the main physical and mechanical properties were collected from laboratory tests
previously carried out on borehole samples of similar soils, retrieved outside the macrozone
in the Aterno valley (d’Onofrio et al. 2010).

Figure 4 shows the typical soil layering and VS profiles retrieved from two DH tests
at Poggio Picenze (Fig. 4a) and Castelnuovo (Fig. 4b). The S wave velocities are plotted as
resulting from the equivalent travel time (ts), measured every 2 m, and from the dromochrone,
referring to the entire soil layer.

The mean values of the shear wave velocity measured in the debris (unit d, see Fig. 4b)
did not exceed 300 m/s and showed a slight variation with depth. Based on the results of
further DH tests carried out in the macrozone (see Working Group 2011; Bilotta et al. 2011),
a shear wave velocity profile slightly increasing with depth, from about 200 m/s at surface to
about 400 m/s at depth greater than 10 m, was assigned to the terraced alluvial deposit (b3
in Table 1).

The DH tests carried out on the Pleistocene conglomerates (cglp) showed a remarkable
sensitivity of the shear wave velocity to the variable degree of bonding with depth, due to
the weathering (Fig. 4a). They have therefore been characterized by VS increasing from 400
m/s for the weathered shallow layer (cglp-w) to 1,000–1,250 m/s for the cemented deep layer
(cglp-c).

The values of VS measured in the white carbonate silt deposit, due to the lacustrine origin,
showed a significant increase with depth (unit L, see Fig. 4b) which cannot be adequately
represented by a constant mean value, like that represented by the dromochrone in Fig. 4b.
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Fig. 4 Soil layering and DH profiles in two test sites: S3 at Poggio Picenze (a) and S1 at Castelnuovo (b)

On the basis of the whole set of measurements collected in the various DH tests carried out
in the macrozone, the dependence of VS on depth was modelled with a linear law down
to 50 m, i.e. the maximum depth explored in the DH tests (Fig. 5). The increase of VS at
higher depth was described by scaling the law of variation of the small strain shear stiff-
ness, G0, with the mean effective stress, p’, measured in resonant column (RC) tests carried
out at the University of Naples on the undisturbed block samples (Working Group 2011).
The resulting VS profile is a piecewise linear function with a slope decreasing with z (see
Table 1, Fig. 5), which, extrapolated to the maximum depth of 200 m, reaches a value around
600 m/s.

The geophysical tests carried out in the macrozone did not allow the direct measurement of
shear wave velocity in the breccia (B) deep transition layer and in the underlying calcareous
bedrock (M). The VS values used in the analyses (see Table 1) were therefore assumed on the
basis of measurements taken at other sites located in the Aterno valley, outside the macrozone
under study, where such formations are shallower (Working Group 2011). In particular, the
shear wave velocity of the bedrock was taken equal to that measured by a down-hole test at
the AQV seismic station of the national accelerometric network, located in the upper Aterno
valley (Di Capua et al. 2009).

The non-linear and dissipative properties adopted for the numerical analyses are plotted
in Fig. 6, in terms of variation with shear strain of the normalised shear modulus, G(γ )/G0,
and damping ratio, D(γ ). The figure shows the significant variability of the curves relevant
to the different materials, characterised by a wide variation of grain size and structure.

The non-linear behaviour of the “Creta Bianca” silt (L) was determined by cyclic torsional
shear (CTS) tests carried out at a frequency of 0.5 Hz on the above mentioned undisturbed
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Fig. 5 Variation of shear wave velocity with depth for the white carbonate silts from field and laboratory tests

Fig. 6 Non-linear behaviour of the soils

block samples. The experimental results are plotted in Fig. 6 with full and open symbols for
G(γ )/G0 and D(γ ), respectively. It can be noted that the sensitivity of stiffness and damping
to the strain level results more pronounced for the samples taken at Poggio Picenze than for
that at Castelnuovo.

The curves for the terraced alluvia (b3) were taken from cyclic/dynamic laboratory tests
carried out on borehole samples of comparable sandy soils in the Aterno valley (d’Onofrio
et al. 2010). The non-linear properties of the remaining soils were assigned by referring to
literature data on similar materials.

In particular, the non-linear properties of the debris (d) was assigned through literature
curves measured on gravelly soils (Rollins et al. 1998; Anh Dan et al. 2001). Different non-lin-
ear characteristics of stiffness and damping were assumed for the conglomerates, according
to the degree of weathering and bonding. For the weathered shallow layer (cglp-w), the
recent work of Modoni and Gazzellone (2010) on dense gravel was taken as a reference;
while the curves for the cemented material layer (cglp-c) were taken from previous analysis
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on Apennine formations with similar lithology (Costanzo 2007). The non-linear properties
of the deep breccia layer (B) were assumed as intermediate between those of the weathered
and cemented conglomerates. The bedrock was modelled as a linear material, with a very
small value of damping ratio (D0 = 0.5%).

4 Input motions

Reference input motions for numerical analyses were provided by an ad hoc Working Group
formed up by the Department of Civil Protection within the microzonation project (Working
Group 2011; Pace et al. 2011). The working group adopted three alternative hazard approaches
to derive three reference acceleration response spectra: probabilistic, deterministic and the
recent National Technical Code (Ministero delle Infrastrutture e dei Trasporti 2008). The
probabilistic study allowed the definition of an uniform hazard spectrum (UHS) correspond-
ing to a return period Tr of 475 years. The same probabilistic study lead to a disaggregation
analysis which yielded a single conservative reference pair of magnitude (MW = 6.7) and
distance (Repi = 10 km) values for all the sites involved in the microzonation project. Thus, in
the deterministic approach, a reference median spectrum was obtained from the Sabetta and
Pugliese (1996) ground motion prediction equation, based on the same magnitude-distance
pair. Finally, the smooth spectrum of the National Technical Code (NTC) corresponding to a
return period of 475 years, i.e. that corresponding to the limit state of life safety for ordinary
buildings, was also considered.

The same working group made available a set of five acceleration time histories for the
numerical analyses, two compatible respectively with the UHS and the NTC spectra, while
the remaining three matching the deterministic spectrum. It was not possible to reconstruct a
reference input motion on the basis of natural accelerograms, due to the lack in the whole area
of any reliable strong-motion record taken on a flat rock outcrop; therefore, all the selected
accelerograms were artificial. The two accelerograms matching the NTC and the UHS spec-
tra were obtained via a hybrid procedure from real accelerograms conveniently modified
in order to satisfy the compatibility with the target spectrum (Sanò 2011); the other three
accelerograms were generated by the SIMNOST code (Sabetta and Pugliese 1996). A more
detailed description of the procedure followed for the definition of the reference earthquake
input motion to be used for numerical simulations can be found in Pace et al. (2011).

Taking into account the large extension of the sections used for the 2D analyses, in order to
limit the mesh element size, the frequency of 15 Hz was selected as the maximum value to be
transmitted. As a consequence, the accelerograms compatible with the UHS and NTC spectra
were pre-processed with a Butterworth low-pass filter of order 4 and a cut-off frequency of
15 Hz. Conversely, no filtering was applied to the deterministic accelerograms, because they
were characterized by negligible frequency content above 15 Hz.

Figure 7 shows the five accelerograms (det1, det2, det3, prob and NTC) used for the study,
while the corresponding elastic acceleration response spectra (5% structural damping) are
illustrated in Fig. 8; in the same figure the NTC spectra, as specified by the Italian code for
target performance levels of Life Safety (SLV, Tr = 475 years) and Collapse Prevention
(SLC, Tr = 975 years) are also plotted for comparison.

PGA values vary between 0.22 g (NTC) and 0.38 g (det3) while the maximum spectral
amplification ranges between 0.6 g (NTC) and 1.1 g (prob,det1). The response spectrum of
the accelerogram associated with the probabilistic hazard approach (prob) is characterized by
the highest ordinates, about twice higher than those of the SLV NTC spectrum. The response
spectra of the deterministic accelerograms (det1, det2 and det3) are overall intermediate
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Fig. 7 Input accelerograms resulting from different hazard analyses: Deterministic (a, b, c), probabilistic (d)
and compatible with the spectrum specified by the National Code, return period = 475 years (e)

Fig. 8 Acceleration spectra of the input motions versus those specified by the National Code

between the NTC and UHS spectra. It is worth noting that also the SLC NTC spectrum
is generally characterized by lower spectral ordinates than those from probabilistic or deter-
ministic accelerograms.
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5 Seismic response analysis

5.1 Poggio Picenze

Seismic response analyses were carried out along the two cross-sections shown in Fig. 2b,
c. Section WSW-ENE was investigated by 2-D FEM analyses through the code QUAD4M
(Hudson et al. 1994), which operates in the time domain. Along section WNW-ESE the
layering is quite more regular: therefore, 2D analyses were considered useless or, at least,
oversized, and seven representative soil columns were analysed by the 1-D code EERA
(Bardet et al. 2000), working in the frequency domain. In both cases, soil response was
modelled by the equivalent linear procedure, implementing the curves G/G0 − γ and D-γ
described in Fig. 6.

The QUAD4M analyses were carried out by assuming vertically incident SV waves as
input motion. The code reproduces the radiation damping by introducing viscous dampers
at the bottom of the mesh (absorbing boundaries). By contrast, side boundaries are perfectly
reflecting; therefore, in order to reduce the influence of artificial reflected waves, side bound-
aries were extended about 500 m in both directions from the region of interest. The maximum
thickness of mesh elements, hmax, for all materials was fixed according to the indication by
Kuhlemeyer and Lysmer (1973):

hmax ≤ VS

8 fmax
(1)

being VS the shear wave velocity value selected according to the shear strain level. As already
said, the maximum frequency to be transmitted, fmax, was assumed equal to 15 Hz, due to
the sampling rate and the low-pass filtering of the seismic input signals. The aspect ratio of
the elements (i.e. the width divided by the thickness) was set not greater than 3.

As above mentioned, in the castle area, caves, probably of natural origin then enlarged
and used as cellars, do exist (Fig. 2a). These caves were not included in the numerical model
because no accurate information was available about their shape, elongation and dimensions.
Anyway, it should be considered that, assuming fmax = 15 Hz, the wavelength propagating
through conglomerates and carbonate silts should not be lower than 20 m and therefore seis-
mic waves do not interact significantly with cavities having dimensions smaller than few
meters (1–3 m).

To validate the subsoil models assumed for the numerical study, linear analyses were
initially carried out to compare the horizontal-to-vertical spectral ratio (HVSR) amplifi-
cations obtained experimentally (Working Group 2011) to numerical transfer functions;
these latter were computed as the ratio between the smoothed Fourier spectrum in the node
of interest and the corresponding spectrum of input motion. Soil behaviour was assumed
to be visco-elastic with mechanical properties characterized by their small strain values.
Figure 9 shows, for both sections, the comparisons between the numerical transfer functions
and the HVSR computed from microtremors (PPCZ04, POG2 and POG4 sites) or weak-
motion events (MI28 and VGFZ03 sites). In each plot the 1D and 2D numerical transfer
functions are plotted as continuous lines, while the experimental results are represented by a
shaded area corresponding to the frequency range where the HVSR ratio is higher than 2, as
required by the clarity criterion specified by SESAME (2004).

The fundamental frequencies from measurements fall in the range 2–3 Hz for most
stations. The transfer functions computed by both 1D and 2D numerical analyses gener-
ally show the fundamental frequency in the amplification range measured experimentally.
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Fig. 9 Comparison between the linear frequency response computed by the numerical model (continuous
line) and the ranges recorded on microtremors and aftershocks (shaded area) at Poggio Picenze

The overall good match between experimental and numerical transfer functions corroborates
the subsoil models employed for the seismic response analyses.

The surface amplification resulting from numerical analyses is illustrated in Figs. 10, 11
for sections WSW-ENE and WNW-ESE, respectively. In these figures, the horizontal profiles
of amplification factors for PGA (FPGA, Figs. 10a, 11a) and Housner intensity computed in the
period ranges 0.1–0.5s (FH0.1−0.5s, Figs. 10b, 11b) and 0.7-1.3s (FH0.7−1.3s, Figs. 10c, 11c),
are plotted for the five selected input accelerograms. Figures 10d, 11d compare the average
profiles of the three amplification factors FPGA, FH0.1−0.5s and FH0.7−1.3s, which represent
the high, intermediate and low frequency amplification effects, respectively.

The amplification factor FPGA is strongly dependent on the seismic input, especially where
the silt formation outcrops or is covered by thin layers of conglomerate (e.g., between 650
and 1,350 m in Fig. 10a). By examining the average profiles along both sections (Figs. 10d
and 11d), FPGA is lower on the conglomerate cover and increases where the silt formation
dominates, reaching peak values of 3 along WSW-ESE section (see Fig. 10d at a distance
of about 1,000 m) and 2 along the WNW-ESE section (see Fig. 11d at a distance of about
1,100 m). FPGA values around 2 or slightly lower were computed where conglomerate and
silt layers of comparable thickness (of the order of 50–70 m overall) overlay the bedrock
(e.g., between 225 and 500 m in Fig. 10d). Values of FPGA around 1.5 were obtained where
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Fig. 10 Horizontal profiles of amplification factors in terms of PGA (a) and Housner intensity in the period
range 0.1–0.5 s (b) and 0.7–1.3 s (c), computed for the five different seismic inputs by 2D analyses along
WSW-ENE section at Poggio Picenze. In (d) comparison among the average profiles of the three amplifica-
tion factors

the bedrock is closer to the ground surface, being the conglomerate-silt cover thinner than
20 m (between 50 and 225 m in Fig. 10d).

The results in terms of Housner intensity from 2D (Fig. 10b, c) and 1D (Fig. 11b, c)
analyses highlight that FH is poorly sensitive to the input motion, in both intermediate
and low frequency ranges. Along both sections, the average FH0.1−0.5s values are gener-
ally higher than average FPGA (see Figs. 10d, 11d). The only exceptions occur where the
conglomerate-silt cover is thin (50–225 m in Fig. 10d) and where the silt layer is thicker
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Fig. 11 Horizontal profiles of amplification factors in terms of PGA (a), Housner intensity in the period range
0.1–0.5 s (b) and 0.7–1.3 s (c), computed for the five different seismic inputs by 1D analyses along WNW-ESE
section at Poggio Picenze. In (d) comparison among the average profiles of the three amplification factors

(600–850 m in Fig. 10d). The highest amplification factors (3–4) were predicted at distances
950–1,050 m along section WSW-ENE, where a 30 m-thick silt layer overlies the bedrock
(Fig. 10d). Resonance and 2D phenomena, including interference between surface waves
generated at the edge of bedrock and direct volume waves, can be figured out to explain such
high amplification values, as the 1D modelling provides FH0.1−0.5 s ≈ 2.5 for comparable
stratigraphic conditions (see Fig. 11d at distance 1,125 m).
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The average low-frequency amplification factor FH0.7−1.3s values are significantly lower
than both FPGA and FH0.1−0.5s along both sections (Figs. 10d, 11d). The peak values, around
2, are located in the range distance 600–850 m along WSW-ENE section (Fig. 10d), where
the silt thickness is maximum (50–70 m).

Figure 10d also shows the comparison between 2D (continuous line) and 1D analysis
(scattered points) where the two sections intersect (at a distance around 925 m). The agree-
ment in terms of FPGA is quite satisfactory, and appears even better for both FH0.1−0.5s and
FH0.7−1.3s.

In sum, largest amplification factors are generally associated with the Housner intensity
parameter calculated in the period range 0.1–0.5 s (FH0.1−0.5 s). This circumstance can be
explained by observing that the fundamental period of the silt deposit falls usually between
0.3 and 0.5s (i.e. 2–3 Hz) in the linear range. It increases to 0.4–0.65 s (1.5–2.5Hz) if a
reduction of 40% of G with respect to G0 is assumed due to non-linearity, since G/G0 = 0.60
roughly corresponds to the maximum shear strain γ = 0.1% computed for the carbonate silt
in the site response analyses. Therefore, maximum amplification effects were duly expected
for FH0.1−0.5s because of possible resonance phenomena. Conversely, for analogous rea-
sons, the lowest amplification factors were generally found for Housner intensity parameter
calculated in the period range 0.7–1.3s (0.77–1.4 Hz). Moreover, along both sections the
FH0.7−1.3s of the silt deposit is observed to increase with the thickness of the soil layer and
hence proportionally to the fundamental period.

5.2 Castelnuovo

The numerical 2D simulations of the seismic response of the Castelnuovo hill were carried
out along the two sections shown in Fig. 3b, c, by means of the FLAC 5.0 (Itasca 2005)
code, operating in the time domain with the finite difference method (FDM). Such code was
preferred to QUAD4M for its capability to reliably model adsorbing lateral boundaries, since
in this case the bedrock outcrops too far from the hill. The soil behavior was assumed as
linear equivalent visco-elastic, with non-linear stiffness and hysteretic damping controlled by
sigmoidal functions, calibrated on the curves G/G0 −γ and D-γ reported in Fig. 6. The small
strain damping ratio, D0, was included in the FDM algorithm according to the well-known
Rayleigh formulation, where the coefficients were chosen following a double frequency
approach (Hashash and Park 2002; Lanzo et al. 2003), yielding the same damping-frequency
function as the single frequency method used by the program (Costanzo 2007).

The two mesh grids used to model the geological sections were characterized by thickness
of the elements set equal to 4 m in order to reproduce a maximum frequency of about 15 Hz
according to the rule by Kuhlemeyer and Lysmer (1973). The aspect ratio of the elements
was set not greater than 3.

To avoid undesired wave reflections, a ‘quiet boundary’ condition was adopted for the
bedrock (Lysmer and Kuhlemeyer 1969), consisting of viscous dampers acting along normal
and tangential directions, whereas ‘free-field boundary’ conditions were used for the lateral
contours. These latter consist of one-dimensional columns simulating the behaviour of a
lateral semi-infinite medium, linked to the mesh grid through viscous dashpots.

As for Poggio Picenze, cavities existing at hilltop beneath the old village (Fig. 3a), were
not included in the numerical models.

Figure 12 shows the comparison between the HVSR, obtained by microtremor signals
recorded along the hill of Castelnuovo (Working Group 2011), and the numerical transfer
functions from the linear visco-elastic analyses carried out on both sections. Transfer func-
tions were computed as the ratio between the smoothed Fourier spectrum obtained at the
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Fig. 12 Comparison between the linear frequency response computed by the numerical model (continuous
line) and the ranges recorded on microtremors (shaded area) at Castelnuovo

hilltop and that of the input motion. All microtremors records taken in the historical centre
at the hilltop (sites CNTV01, CNTV05, CMTV09) indicated a fundamental frequency of the
hill of about 1 Hz. The numerical amplification functions for both sections show an overall
good agreement with the instrumental data, thus validating the subsoil model assumed for
the analyses.

Figures 13 and 14 show the amplification factors along the sections WNW-ESE and SSW-
NNE, respectively, in terms of PGA (Figs. 13a, 14a) and Housner intensity, again computed
in the period ranges 0.1–0.5 s (Figs. 13b, 14b) and 0.7–1.3s (Figs. 13c, 14c); the profiles
of the above factors, averaged for the five input accelerograms, are compared in Figs. 13d
and 14d.

The amplification factor in terms of PGA (FPGA) results, once more, strongly dependent
on the seismic input, especially where the shallow cover of alluvial or debris deposits overlies
the silt formation at the toe of the hill (i.e. at distances 950–1,400 m in Fig. 13a, 0–450 m
and 850–1,150 m in Fig. 14a). The peak values of FPGA are predicted at the NNE side of the
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Fig. 13 Horizontal profiles of amplification factors in terms of PGA (a) and Housner intensity in the period
range 0.1–0.5 s (b) and 0.7–1.3 s (c), computed for the five different seismic inputs by 2D analyses along
SSW-NNE section at Castelnuovo. In (d) comparison among the average profiles of the three amplification
factors

hill (see Fig. 14a–d) where the thickness of the carbonate silt plus the shallow cover is lower
than 20 m; instead, along the slopes and at the hilltop, the FPGA values are quite irregular not
showing any particular trend. Their average values plot steadily around 2.0 along the longi-
tudinal section (WNW-ESE, see Fig. 13d), and range between 2.0–2.5 along the transversal
section (SSW-NNE, see Fig. 14d).

The trends of the horizontal profiles in Figs. 13b, c and 14b, c confirm that the amplifica-
tion factors in terms of Housner intensity show a lower scatter with the different input motion
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Fig. 14 Horizontal profiles of amplification factors in terms of PGA (a) and Housner intensity in the period
range 0.1–0.5 s (b) and 0.7–1.3 s (c), computed for the five different seismic inputs by 2D analyses along
WNW-ESE section at Castelnuovo. In (d) comparison among the average profiles of the three amplification
factors

if compared to FPGA, like the Poggio Picenze case. However, their variations are significantly
different according to the frequency range considered.

Along the whole longitudinal direction of the elliptical hill, the intermediate frequency
amplification factor (FH0.1−0.5s) shows very small variations around 2.0, with average values
very close to FPGA (Fig. 13d). The same factor generally assumes values higher than 2 along
the transversal section, being inversely proportional to the bedrock depth, and increasing to
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even about 3 in the NNE zone, where the bedrock upraises and the thickness of the silty layer
is lower (Fig. 14d).

It may appear singular that both FPGA and FH0.1−0.5s profiles show their lowest values
at the hilltop along both sections, which could lead to the conclusion that the influence of
the topographic amplification is minor with respect to the stratigraphic effects, at least in the
intermediate to high frequency range (i.e. f > 2Hz). This can be justified considering that
the characteristic frequencies recorded along of the hill are of the order of 1 Hz (see Fig. 12),
thus falling inside the range represented by the low-frequency amplification factor FH0.7−1.3s.
As a matter of fact, the horizontal profiles of this parameter show trends similar to the topo-
graphic profile. Figures 13c, d and 14c, d highlight that FH0.7−1.3s is lower than 1.5 where
the silt layer is less than 50m thick, while on the hilltop the average amplification of motion
results equal to or greater than 3. Along both sections the low-frequency amplification factor
FH0.7−1.3sshows an opposite trend with respect to FPGA and FH0.1−0.5s. In this frequency
range, therefore, the seismic response of the Castelnuovo hill appears predominantly affected
by topographic amplification.

6 Seismic microzonation maps

On the basis of the numerical analyses, the Grade-3 zoning of the seismic response was
carried out. Since in both villages no unstable areas (landslides, liquefiable soils, etc.) were
identified, the seismic microzonation maps coincide with the distributions of the amplification
factors.

The maps have been constructed by extrapolating and interpolating the results of the
seismic response calculated along the cross-sections. As shown by the horizontal profiles of
amplification factors computed along the cross-sections (Figs. 10, 11, 13, 14) the fluctuations
of the amplification factors result strictly correlated to the variability of local geological con-
ditions. A rational procedure was adopted to draw the contours of microzonation maps, by
first bracketing the horizontal profiles with upper bound values of amplification factors; then,
the microzones were mapped after areal extrapolation and interpolation among cross-sections
of the above values, on the basis of the local stratigraphic variations. These were identified
as the significant changes in depth of the most important stratigraphic unconformities (e.g.,
the contact between bedrock and white silt) and thickness of the quaternary bodies (con-
glomerate, white silt, etc.), as well as tectonic displacements (most of all faults) producing
significant changes either in depth of unconformities or in thickness of the lithostratigraphic
units. Thus, boundaries between microzones correspond to changes of amplification factors
and local subsoil conditions (stratigraphic variations and/or faults), derived from the geo-
logical maps and cross-sections. On the other hand, each microzone identifies an area with
fairly constant amplification value and homogeneous stratigraphic and tectonic conditions.

Considering the most common construction typology of existing and new buildings, the
spectral amplification factor FH0.1−0.5s was assumed as the most significant parameter for
both reconstruction and urban planning. Therefore, the seismic microzonation maps were
drawn in terms of average values of FH0.1−0.5s with respect to those calculated for the five
different input motions. For Castelnuovo, where instrumental records shown strong amplifi-
cations for frequencies around 1 Hz, a map of FH0.7−1.3s was also proposed.

The amplification maps shown in Figs. 15, 16 and 17 are briefly described hereafter.
A colour palette ranging from blue for no amplification (FH=1.0), yellow to orange tones
(1.0 < FH < 2.0) and red to purple tones (FH > 2.0) was adopted with a resolution of 0.1,
according to the standards specified by the Italian Civil Protection Department. Areas with
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Fig. 15 Seismic microzonation map of Poggio Picenze in terms of FH0.1−0.5 s

amplification value > 2.5 were represented with the same purple colour, without distinction
of the local value.

6.1 Poggio Picenze

North and south of the village, either bedrock outcrops or areas with thin (< 3 m) debris
layers are present. In these areas, the numerical analyses did not point out any significant
amplification and FH0.1−0.5s = 1 was assumed (Fig. 15).

Where the thickness of the debris cover is higher than 3 m, the amplification factor always
resulted >1. The spectral amplification factor increases where the conglomerate thickness
decreases, attaining values always greater than 2, and sometimes even higher than 2.5, where
the Quaternary deposit is made by white silt.

Values as high as 2.2 were assigned to the conglomerate slab in the whole castle area,
which is particularly critical also for the presence of the natural caves (see Sect.2 and Fig. 2a).
Values of FH0.1−0.5s always higher than 2.5 were also estimated throughout the embankment
along the main road SS17 (see also Fig. 10).

6.2 Castelnuovo

The numerical analyses showed quite high amplification values for this area. Everywhere
FH0.1−0.5s is in fact at least equal to 1.9 (Fig. 16), with the maximum value attained in the
plain northeast of the hill, where FH0.1−0.5s is higher than 2.5 on the alluvial and debris cover.
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Fig. 16 Seismic microzonation map of Castelnuovo in terms of FH0.1−0.5 s

On the other hand, the map relevant to FH0.7−1.3s (Fig. 17) confirms the evidences of
the instrumental records, i.e. that the maximum amplification, for frequencies around 1 Hz,
occurs on the top of the hill and in the WNW and ESE plain, along a direction coinciding
with the longitudinal axis of the relief and of the valley. Along the transverse direction (NNE-
SSW), the value of FH0.7−1.3s decreases from more than 2.5 at the top of the hill, to 1.9 on
the alluvial and debris cover at the SSW flank, and down to 1.4 in the NNE plain, where the
thickness of the white silt is less than 100 m.

As in the Poggio Picenze castle area, a critical aspect of the Castelnuovo old village, at
the top of the hill, was the presence of caves (orange circled areas in Fig. 3a) few metres
under the surface. Note that this area is characterised by amplification factors FH0.1−0.5s
ranging between 1.9 and 2.4, whereas they are higher than 2.5 in the low-frequency spectral
amplification map (Fig. 17).

7 Conclusions

The seismic response analyses and microzonation studies carried out at Poggio Picenze
and Castelnuovo represent further interesting case studies of seismic risk of small historical
towns in the Apennines, following those already analysed by the authors in previous research
projects, and summarised by Costanzo et al. (2007).

In both cases, some peculiarities in the subsoil appear to characterise the ground motion
predicted at surface under the seismic input motions considered for the microzonation study.
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Fig. 17 Seismic microzonation map of Castelnuovo in terms of FH0.7−1.3 s

For both sites, the seismic response is dominated by the geotechnical properties of the deep
deposit of white carbonate silts of lacustrine origin, showing stiffness significantly dependent
on depth.

More in detail, the site response of the town of Poggio Picenze is mainly conditioned by
the irregular morphology of the bedrock and the local presence of weathered conglomer-
ate layers stiffer than the underlying silts. On the other hand, the site amplification predicted
along the Castelnuovo hill is strongly conditioned by the variable thickness of the deformable
silt deposit, locally covered by thinner debris and alluvial deposits.

In both sites, the predicted amplification at surface was expressed by means of different
representative ground motion parameters, which allowed to widely describe the dependency
of site amplification on the frequency range considered. The microzonation maps were drawn
bounding zones with homogeneous layering and expected values of amplification factors in
terms of Housner intensity, FH. The choice of such parameter allowed an unambiguous
identification of the areas affected by higher potential for amplification of ground motion,
whatever the seismic input. Moreover, the proposal to compute FH throughout two different
ranges of periods may be helpful to predict the likely amplification of seismic motions on
buildings and infrastructural systems with different dynamic properties, which can be of
straightforward use for the urban planning and the reconstruction phase.

At the same time, the high degree and the non-uniform distribution of damage suffered
during the mainshock of April, 6th, 2009 can be rationally explained accounting for the
individual influence of site amplification and vulnerability of the existing building stock. To
this purpose, an accurate mapping of the building type and degree of damage resulting from
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the post-earthquake survey was produced (Working Group 2011), and further studies on the
likely influence of cavities on the building damage are currently in progress.
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