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Abstract The so called “valley effect” relates to the typical seismic response of basin shaped
bedrock filled by quaternary sediments. It is an aspect of the renown “local seismic effect”
that shall be taken into account when dealing with microzoning studies. Several experimental
surveys and numerical simulations performed worldwide over the last 40 years, confirmed
that valley responses under seismic excitations show common features in various geological
contexts as far as the sedimentary valleys (e.g. alluvial and lacustrine plains), the intermoun-
tain valleys (e.g. alpine valleys) and graben shaped basins. Such features mainly depend on
the basin geometry, referred to as the shape ratio SR, and the sediment and basin impedance
contrast IC. Although researchers agree on the prominent role of local seismic effects for
interpreting erratic damages caused by seismic shaking in urbanized areas, no fully shared
strategies have been identified for taking into account valley effect within microzoning stud-
ies. In this paper, a numerical simulations on three models of trapezoidal shaped basins have
been performed. These valley models relate to sediments and basins detected within the Tus-
cany Region territory during the VEL project. Results, in terms of the amplification index
FA have been provided. Three “valley effect charts” for various SR and IC values have been
propose for taking into account the local seismic effects due to the basin amplifications within
microzoning maps.

Keywords Valley effect · Local seismic effect · Impedance contrast · Shape ratio · Tuscan
Apennine sector

G. Vessia (B)
Department of Engineering and Geology, University “G. d’Annunzio” of Chieti-Pescara,
Via dei Vestini, 31, Chieti Scalo, Italy
e-mail: g.vessia@unich.it

G. Vessia
Institute of Research for Hydrogeological Protection, National Research Council, Bari, Italy

S. Russo
Polytechnic of Bari, Via Orabona, 4, Bari, Italy
e-mail: sarusso@poliba.it

123



1634 Bull Earthquake Eng (2013) 11:1633–1660

1 Introduction

The “valley effect” is a well known local seismic phenomenon observed wherever basin
shaped seismic bedrocks are filled by softer sediments. Several cities within Alpine and
Apennine territories are set on these basins (e.g. Onna, Grenoble, Gubbio among others). This
seismic effect is generally referred to the surface response and it is characterised by longer
duration of time history signals than the inward wave train, amplified spectral ordinates at
the centre and the edges of the valley and broader range of amplified periods/frequencies.
Since Bard and Bouchon (1985) pioneering studies, the aforementioned features of “valley
effects” have been described by means of the following variables:

• The shape ratio of the valley, SR, that is the ratio between the highest depth at the
centre of the basin and the half of valley width;

• The bedrock–sediment impedance contrast, IC, defined as the ratio between the seismic
impedance (that is ρ Vs, where ρ is the density and Vs is the shear wave velocity) of
the bedrock basin and the filling sediments.

Nonetheless, other aspects are relevant for valley seismic response although cumbersome
to be generalized, that are:

• The non-linear behaviour of sediments overlying the basin;
• The sediment shear stiffness reduction and damping increasing with shear strain level;
• The frequency content of the strong motion input signal, its maximum amplitude and

duration and their interaction with the basin amplified frequencies.

The present study focuses on seismic valley effects analysed by means of a numerical two-
dimensional approach. One- and two-dimensional numerical analyses (1D and 2D, respec-
tively) are commonly used to predict seismic local amplification effects. Three-dimensional
analyses have been recently used to simulate basin effects by means of an accurate simulation
of source mechanism and only simplified linear or viscoelastic behaviour of sediments (Day
et al. 2006; Paolucci and Smerzini 2011). These numerical studies can be used to draw seis-
mic microzonation maps within urban centres by dividing municipalities into homogeneous
response areas. The seismic response is characterized by amplification factors.

In the following, three “valley amplification charts” have been proposed depending on
various SR and IC values measured within Tuscan territory. The three charts relate to three
locations on the valley surface: the edge, the centre and the point in between. Such charts
can be employed for microzonation maps of Tuscan municipalities placed on sediment filled
basins and for those worldwide cases that can be compared to the Tuscan ones.

2 Local seismic effects on soil filled basins: past studies on induced amplifications

The first pioneering studies on the valley response have been addressed by means of theo-
retical and experimental approaches in the eighties (Bard and Bouchon 1980a,b, 1985; King
and Tucker 1984; Tucker and King 1984; Silva 1988) providing a general framework for
studying common valley response characters by means of numerical simulations. Accord-
ing to the results of such studies, Bard and Bouchon (1980a,b, 1985) suggested to take into
account 2D basin response whenever the shape ratio SR and the velocity contrast (that is the
ratio between the sediment and the bedrock shear wave velocities) Cv, satisfy the following
inequality:

S R >
0.65√
Cv − 1

(1)
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Accordingly, truly valley effects take place when SR is higher than 0.2 for high IC values
(IC = 7) whereas for high SR values SR > 0.8 when IC is higher than 2. However, contem-
porary observations show that 2D valley amplifications still play a role when shallow basins
are considered (King and Tucker 1984; Bielak et al. 1999; Makra et al. 2005, among others).
These cases relate to shape ratios SR < 0.2 and basin geometry far from a flat shape. Since
the first experiences, several case studies have been investigated worldwide for detecting and
quantifying valley effects where urban centres were placed on basin shaped bedrocks filled
by softer quaternary sediments in seismic areas: e.g. the valley near Fujisawa City (Psar-
ropoulos and Gazetas 2007; Gelagoti et al. 2007), Gubbio valley (Castro et al. 2004; Luzi
et al. 2005), Riva del Garda valley (Faccioli and Vanini 2003), Adige Valley (Faccioli and
Vanini 2003; Paolucci 1999), Val di Sole (Faccioli and Vanini 2003; Delgado et al. 2001),
Rhone valley (Roten et al. 2004), San Giuliano di Puglia (Lanzo and Pagliaroli 2009; Puglia
et al. 2009), Marina district valley (Zhang and Papageorgiou 1996), Kirovakan valley (Bielak
et al. 1999), Kefalonia valley (Gazetas 1997; Chávez-García and Faccioli 2000), Mygdonian
basin (Chávez-García and Faccioli 2000; Makra et al. 2005), Tarcento valley (Cauzzi et al.
2010) and Castelnuovo Garfagnana valley (Russo et al. 2008).

Furthermore, in the last ten years, two European research projects investigated the seismic
valley response: (1) the project EUROSEIS-RISK, funded by the research Department of the
European Commission, within the context of the Environment Programme “Global Change
and Natural Disasters”. It was developed from 2001 to 2005 to assess seismic hazard, site
effects and soil-structure interaction within a site test placed within the Mygdonian graben,
in the north of Greece, 35 km far from Thessaloniki: it is known as Euroseist valley test;
(2) the project named SISMOVALP “Seismic hazard and alpine valley response analyses”
(http://www.risknat.org/projets/sismovalp/CD2/Partners.html) within the European project
INTERREG III B 2003–2006, which outlined common geometric, material and behaviour
features of the intermountain valleys such as the following alpine valleys: Isère river valley,
Grenoble (France); Tagliamento river valley, Tolmezzo (Italy); Alluvial fan valley, Gemona
(Italy); Resia Valley, Stolvizza (Italy); Fluvial fan valley, La Salle (Italy); Val Pellice Valley,
Torre Pellice (Italy); Upper Soǩa valley, Bovec (Slovenia); Rhone valley, Valais (Switzer-
land).

Both the above mentioned projects dealt also with 2D numerical simulations of free field
valley responses and their relevant features were expressed in terms of SR and IC: for the
Euroseist valley, the phenomenon of the energy trapping and the incoming wave focusing
toward the surface at the valley center is confirmed, although only IC seems to control the
amplification magnitude where irregular basin shapes are considered (Faccioli and Vanini
1998; Makra et al. 2005; Vanini et al. 2007). As the Alpine valleys are concerned, the basins
can be sketched as sine-shaped ones although real symmetric and asymmetric shapes are
detected depending on the mechanical properties of basin sides and their origin: the V shape
mostly relates to fluvial or glacial erosion process whereas the U shape to extensional tecton-
ics genesis. Similarly to the results of SEISM-RISK project, the SISMOVALP investigated
several valleys with different SR and IC values confirming the need of extending the 2D
behavior of the shallow valley (SR < 0.2), indeed. This means that although the shape ratio
is the common way to refer to the basin geometry, it is seldom not able to describe the seismic
amplification effects of the irregular shaped basins.

Recently, some researchers proposed to introduce the amplifications induced by the “seis-
mic valley effects” within the building codes by modifying the design spectra by means of
different strategies (Chávez-García and Faccioli 2000; Faccioli and Vanini 2003; Cauzzi et
al. 2010; Russo et al. 2008; Vessia et al. 2011). They all isolated the “valley effect” by calcu-
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lating the ratio between 2D and 1D acceleration spectra at the valley surface and suggested
different amplification values calculated at the centre and at the edges of the valleys.

In the present paper, the authors performed a numerical simulation campaign aimed at
calculating the amplification valley effect for microzoning studies. Seismic microzonation
aims at identifying those areas with homogeneous seismic response, in terms of amplification
factors, for urban planning purposes. Such studies are needed within those territories exposed
to high seismic hazard. Microzonation maps are used for supporting the planning decisions
and recognising the best areas where setting the emergency camps after strong earthquakes
occurrence. In this respect, real SR and IC values have been used within the present numerical
simulations carried out by means of trapezoidal shaped valley models. These simulations
relate to real intermountain valleys filled by sediments detected within the Northern Apennine
sector, in the Tuscany Region territory. As a matter of fact, from 1998 to 2004, the Tuscany
Region Office for Seismic Risk Prevention supported the Italian pioneering project named
VEL (Local Effect Evaluation) to address microzoning studies at urban scale within the
most seismically hazardous regional territories. The present authors were involved in it as
well as many Italian researchers from several universities and research offices. Some project
outcomes as in field and laboratory tests, are available for free at the website: http://www.
regione.toscana.it/banchedati/index.html_1186952989.html.

Accordingly, hereafter, at first the common characters of the Tuscan valleys will be illus-
trated with respect to the geological context, their geometric features and the filling sediment
properties derived by several laboratory (sieve analyses, resonant column tests, triaxial tests)
and in field investigations (down hole tests, refraction and reflection tests).

3 Tuscan valleys within the Northern Apennine sector: geological and seismological
features

Sedimentary valleys can be detected within several provinces of Tuscany Region, such as
Lucca, Firenze, Massa-Carrara and Arezzo (Fig. 1a). The northernmost basins are oriented
NW-SE (Mugello, upper Valdarno, Aulla-Olivola) and the others from NNW to SSE, accord-
ing to a belt parallel to the northern Appennine arc (e.g. Val di Chiana, Alta Valtiberina).
They are intermountain valleys originated by the extensional tectonics within the Northern
Apennine sector and then filled by fluvial-lacustrine sediments during the Late Pliocene–
Early Pleistocene (Bossio et al. 1993; Martini and Sagri 1993) (Fig. 2). Such basins are
mainly considered half-grabens or asymmetric grabens, bounded by W and SW dipping
master faults (e.g. Mugello) or by ENE dipping faults (Alta Valtiberina, Upper Valdarno,
Val di Chiana) (Barchi et al. 2001). Since the latest Early Pleistocene–Middle Pleistocene
the entire area within the Northern Apennine margin was subjected to the regional uplift
(Bartolini 2001) which forced the integration of the modern fluvial systems and exerted a
major control on alternating phases of fluvial-lacustrine aggradation and degradation. Dur-
ing the uplift phase, the sedimentation was represented by terraced fluvial gravels and sands
and lacustrine travertines, also climatically (Mugello, Val di Chiana, Alta Valtiberina) and
eustatically controlled (e.g. Lower Valdarno) (see Fig. 3).

The sedimentary sequence of Garfagnana and Lunigiana areas are characterized by Plio-
Pleistocene fluvio-lacustrine soils within the basin of Barga-Castelnuovo and Aulla-Olivola
dated in Villafranchian age (Fig. 3). Such soils are made up of clayey–sandy units including
coarser levels at the bottom and upon it, gravel cemented soils interbedded with conglom-
erates, sands and silts. Several orders of fluvial terraces cover the fluvio–lacustrine deposits
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Fig. 1 a Tuscany Provinces where alluvial valleys are located; Valley examples at b Firenzuola (FI) c Cas-
tiglione di Garfagnana (LU), d Fivizzano (MS), e Gallicano (LU)

dated to superior Olocene–Pleistocene age of Serchio river, Magra river and its tributaries
(D’Amato et al. 1986).

Figures 1b–e show some examples of urbanized basins detected by refraction tests (indirect
seismic testing method) and then litho-technical characterized by means of direct soundings,
continuous coring and laboratory tests on undisturbed samples.

As seismic hazard is concerned, almost all the Italian territory can be considered affected
by tectonic activity. The present tectonics (that is Quaternary tectonics) with M > 6 earth-
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Fig. 2 Main Northern Apennine
intramountain basins. B: inner
margin of the Northern
Apennines: 8) Aulla-Olivola; 9)
Lower Valdarno; 10)
Firenze-Pistoia; 11) Mugello; 12)
Upper Valdarno; 13) Val di
Chiana; 14) Upper Valtiberina;
15) Tavernelle–Pietrafitta; 16)
Gubbio; 17) Colfiorito; 18)
Tiberino; 19) Paglia–Tevere
Graben; 20) Roman basins; 21)
Rieti; 22) Leonessa (After
Bosi et al. 2004, modified)

Fig. 3 Geologic map of Tuscan–Emilian Apennine. (1) Continental and marine deposits (upper Pleistocene–
Olocene). (2) Fluvial-lacustrine deposits (Middle Pliocene–Middle Pleistocene). (3) Soil mainly marine
deposits (Lower Pliocene–Lower Pleistocene). (4) Marine soil deposits belonging to Thyrrhenian side
(Pliocene). (5) Lacustrine and marine deposits with Thyrrhenian evaporate (Messinian, lower Pliocene). (6)
gypsic–sulphides formation belonging to the Po side. (Messinian). (7) Epi–ligurian units (Upper Eocene–
Miocene). (8) Ligurian units (Jurassic Oligocene). (9) Umbra–Romagna units and Adriatic–Marches units
(Upper Triassic, Upper Miocene) (10) Cervarola Falterona units (upper Cretaceous, middle Miocene) (11) Tus-
can Nappe. (Upper Triassic, lower Miocene). (12) Tuscan Metamorphic Complex (Triassic, upper Oligocene).
(13) Extrusive igneous rocks (Miocene–Olocene) (14) Intrusive igneous rocks (Miocene–Pliocene). (After
AAVV (2004) modified)
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quakes, affects the Apennine chain, the Calabria region, the eastern Sicily and the central-
eastern Alps (Gruppo di lavoro CPTI 2004). It is conditioned by the most recent evolution of
the Alpine and Apennine orogenesis according to the tectonic history of the different Italian
structural domains. The Northern Apennine, studied hereafter, belongs to a sector that was
affected by uplift and normal faulting during the Quaternary (CNR-PFG 1987). Normal faults
in the Northern Apennines have been responsible for the formation of graben basins such as
the Garfagnana, Mugello and Casentino intramountain depressions (Moretti 1992; Meletti et
al. 1993; Benvenuti 1995). All the faults bordering the mentioned basins are characterized by
geomorphic features referring to the Quaternary activity (generally known as the tectonically
controlled continental deposition).

A recent study of the seismotectonic framework of the Northern Apennine sector has been
undertaken with the contribution of the Tuscany regional office for the Seismic risk prevention
and the University of Siena (Mantovani et al. 2011). Table 1 shows the comprehensive
catalogue of strong motion events (Magnitude higher than 5) occurred within the Tuscan
Northern Apennine sector after the year 1000 bc. (Mantovani et al. 2011).

As can be seen, the Magnitude values range between 5.1 and 6.5, although higher number
of earthquakes occurred in the Apennine sector of the Region with the ipocentral depth
ranging between 5 and 10 km. In particular, Garfagnana and Lunigiana basins and the Upper
Valtiberina are affected by a seismic activity registered downward to 20 km depth.

As the hazard seismic zonation is concerned, according to the Regional Resolution n. 841
of 26.11.2007, referred to as Del. GRT 841/07, the municipalities related to the considered
valleys belong to the seismic zone 2, meaning that the maximum expected horizontal accel-
eration on the rigid ground (seismic soil class A, with a mean velocity over 30 m depth is
Vs30 ≥ 800m/s) is 0.25 g, according to the seismic hazard zonation based on 475 years return
period as reported in Table 2. This Table shows that Tuscan basins suffer similar maximum
ground accelerations although the expected one varies between 0.15 and 0.22 g. Nevertheless,
in this study, the maximum acceleration 0.25 g has been considered as the reference ground
acceleration.

4 Litho-technical features of the considered Tuscan valleys

The studied valleys (Fig. 1b–e) have been described in terms of geometric shapes and mea-
sured velocities of both the basin bedrock and the sediments. The real geometry of the valleys
are asymmetric, triangular shaped with maximum depth of 10–30 m and lateral extensions
ranging between 40 and 170 m. The basins are commonly filled by two strata of alluvial soils:
from the bottom upwards there are stiffer sediments with higher wave velocity under a few
meter softer upper stratum with lower wave velocity. Table 3 summarizes geometrical features
of the studied valleys in terms of SR. As can be seen, SR values range between 0.16 and 0.87,
meaning that Tuscan valleys vary between shallow to deep ones Moreover, in columns 4 and
5, mean values of the shear wave velocities Vsm relating to the sediments and the bedrock,
respectively, for each basin cases are listed. As can be seen, VS values related to bedrocks
are, in some cases, less than 800 m/s. According to the European building code Eurocode 8
(EC8) (CEN 2003), seismic bedrock is considered for VS ≥ 800m/s. On the contrary, the
sediments VS mean values over 30 m depths are quite high, mostly corresponding to B seis-
mic soil categories, although such circumstance is variable point to point depending on the
thickness of softer surficial deposits. Thus, based on Vs30, sediments shear wave velocity can
be assumed to vary from C to B seismic soil categories. Consequently, the velocity contrasts
between the bedrock and the overlaying sediments are quite low. Column 6 in Table 3 shows

123



1640 Bull Earthquake Eng (2013) 11:1633–1660

Table 1 M > 5 earthquake list occurred within the Tuscan northern Apennine sector after the year 1000
(after CPTI04).

Year Month Day Epicentral zone Latitude Longitude Magnitude Intensity T (year)
(◦N) (◦E) (M) (Imax)

1005 Arezzo 43,463 11,879 5,4 7–8

1117 3 1 Toscana Nord Ovest 44,08 10,45 5,2G 8 112,2

1148 Firenze 43,777 11,249 5,2 7 30,8

1270 Sansepolcro 43,57 12,141 5,4 7–8 122

1293 7 11 Pistoia 43,932 10,913 5,6 8 23,6

1320 12 16 Siena 43,321 11,328 5,2 7 27,4

1352 12 25 Monterchi 43,465 12,127 6 9 32

1353 1 1 Sansepolcro 43,57 12,133 6,0G 9 0

1414 8 3 Toscana settentrionale 43,933 10,6 5,2G 7 61,6

1414 8 7 Toscana occidentale 43,271 11,12 5,7 7–8 0

1453 9 28 Firenze 43,77 11,3 5,3 8 39,1

1470 4 11 App. Bolognese 44,161 11,037 5,2 8 16,5

1481 5 7 Lunigiana 44,276 10,13 5,8 8–9 11,1

1489 Sansepolcro 43,57 12,141 5,2 7 7,6

1497 3 3 Lunigiana 44,25 9,92 5,9G 9 8,3

1527 10 4 Pistoia 43,932 10,913 5,4 7–8 30,6

1542 6 13 Mugello 44 11,38 5,9 9 14,7

1559 4 11 Sansepolcro 42,62 12,19 5,3M 7 16,8

1597 8 3 Mugello 43,98 11,43 5,2 7–8 38,3

1600 Palazzuolo 44,113 11,548 5,4 7–8 2,3

1611 9 8 Scarperia 44,02 11,37 5,1 7–8 11,8

1646 4 5 Livorno 43,55 10,321 5,2 7 34,6

1694 4 8 Sansepolcro 43,57 12,141 5,1 7 48

1724 12 11 Travale 43,202 11,017 5,3 7–8 30,7

1731 3 29 P. Santo Stefano 43,67 12,04 5,5M 7–8 6,3

1740 3 6 Garfagnana 44,124 10,59 5,2 7–8 8,9

1741 10 1 Siena 43,321 11,328 5,2 7 1,6

1742 1 27 Livorno 43,55 10,32 5,2 7 0,3

1762 4 15 Borgo S.Lorenzo 44 11,333 5,2 7 20,2

1767 1 21 Fivizzano 44,18 10,11 5,1 7–8 4,8

1777 10 5 Radicofani 42,88 11,756 5,4 8 10,7

1796 2 5 Aretino 43,533 11,872 5,1 7 18,3

1798 5 26 Siena 43,342 11,416 5,2 7 2,3

1804 10 18 Tegoia 43,333 11,083 5,2 7 6,4

1812 9 11 Val Di Pesa 43,665 11,135 5,4 7–8 7,9

1814 4 3 Livorno 43,633 10,361 5,2 6–7 1,6

1834 2 14 Alta Lunigiana 44,449 9,859 5,6 8–9 19,9

1834 7 4 Alta Lunigiana 44,439 10,021 5,1 6–7 0,4

1835 2 6 Borgo S. Lorenzo 43,933 11,383 5,2 7 0,6

1837 4 11 Alpi Apuane 44,174 10,181 5,7 10 2,2

1843 10 25 Vernio 44,072 11,144 5,2 7–8 6,5
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Table 1 continued

Year Month Day Epicentral zone Latitude Longitude Magnitude Intensity T (year)
(◦N) (◦E) (M) (Imax)

1846 8 14 Orciano Pisano 43,531 10,5 5,7 9 2,8

1864 12 11 Mugello 44,042 11,282 5,1 7 18,3

1869 2 7 Siena 43,333 11,333 5,2 7 4,2

1869 9 26 San Gimignano 43,495 11,077 5,2 7 0,6

1871 7 29 Guardistallo 43,301 10,619 5,1 7–8 1,8

1871 10 22 Radda 43,417 11,333 5,2 7 0,2

1895 5 18 Impruneta 43,75 11,25 5,2 7 23,6

1899 6 26 Valle del Bisenzio 43,9 11,12 5,1 7 4,1

1902 3 5 Garfagnana 44,093 10,463 5,2 7 2,7

1902 8 4 Fivizzano 44,2 10,2 5,2 7 0,4

1903 7 27 Lunigiana 44,329 9,953 5,2 7–8 1

1904 11 17 Pistoiese 43,964 10,82 5,2 7 1,3

1907 12 20 Radda 43,483 11,367 5,2 7 3,1

1909 8 25 Murlo 43,15 11,403 5,4 7–8 1,7

1911 9 13 Chianti 43,399 11,332 5,1 7–8 2

1914 10 27 Garfagnana 43,911 10,598 5,8 7 3,1

1917 4 26 Monterchi 43,465 12,125 5,8 9–10 2,5

1919 6 29 Mugello 43,95 11,48 6,2 9 2,2

1919 9 10 Piancastagnaio 42,793 11,788 5,4 8 0,2

1919 10 25 Monterchi 43,57 12,132 5,2 6 0,1

1920 9 7 Garfagnana 44,18 10,28 6,5 10 0,9

1929 7 18 Mugello 43,988 11,507 5,1 7 8,9

1930 5 24 Fiumalbo 44,136 10,724 5,2 6 0,9

1931 9 5 Firenzuola 44,057 11,367 5,1 7 1,3

1939 2 11 Marradi 44,002 11,431 5,2 7 7,4

1939 10 15 Garfagnana 44,119 10,255 5,2 7 0,7

1940 10 16 Radicofani 42,885 11,867 5,3 7–8 1

1948 6 13 Sansepolcro 43,536 12,104 5,2 7–8 7,7

1950 4 1 Rosignano M. 43,477 10,521 5,1 7 1,8

The M values are the mean value among different scale of Magnitude used within the CPTI04 to classify the
energy of the earthquake, according to the description provided within the CPTI04. The letters G and M after
the Magnitude values (Magnitude column) stand for the initials of the authors that suggested those values:
G refers to Guidoboni and Comastri (2005) and M to Mariotti and Guidoboni (2006). T is the time interval
between two neighboring seismic events over the list, e.g. the current and the previous one

Cv values ranging between 1.48 and 3.70. Accordingly, the impedance contrast IC values for
the cases studied range between 1.22 and 6.7. These values, are then considered within the
numerical analysis, in terms of SR and IC. For SR index three values have been considered,
0.2, 0.4 and 0.8 that are representative for three valley types: shallow, deep and very deep.
Five IC values have been considered representing the range 1.2–6.7. Finally, the groundwa-
ter presence within the valley models was actually not taken into account in although wet
conditions of the sediments have been considered by means of their physical properties.
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Table 2 Seismic zonation of Tuscan municipalities where sediment filled valleys are detected

Municipality Seismic zones (Del. GRT 841/07) ag (DM 14 gennaio 2008) [g]

Castiglione di Garfagnana (LU) 2 0.204

Firenzuola (FI) 2 0.201

Fivizzano (MS) 2 0.200

Fosdinovo (MS) 2 0.152

Gallicano (LU) 2 0.193

Minucciano (LU) 2 0.195

Molazzana (LU) 2 0.194

Pieve Santo Stefano (AR) 2 0.217

Castel San Niccolò (AR) 2 0.160

Villa Collemandina (LU) 2 0.204

Table 3 Main geometrical and dynamic characters of the Tuscan intermountain valleys, according to SR and
Cv parameters: h = height of the sediment at the center of the valley; Cv =velocity contrast between the
bedrock and the sediment shear wave velocities; Vsm = mean value of shear wave velocity of the sediments
calculated along the maximum depth of the basins; SR = shape ratio of the valley

Site h (m) SR VSm(m/s) Cv(VSbedrock/VSsediment)

bedrock sediment

Castiglione G. (LU) 30 0.34 630 360 1.75

Firenzuola (FI) 10 0.20 1, 200 325 3.70

Fivizzano (MS) 17 0.37 1, 400 450 3.11

Gallicano (MS) 26 0.79 1, 390 450 3.10

Minucciano (LU) 12 0.55 1, 150 590 1.95

Minucciano (LU) 8 0.53 1, 130 700 1.61

Molazzana (LU) 13 0.87 970 425 2.28

Pieve S. Stefano (AR) 8 0.16 525 355 1.48

S. Niccolò (AR) 14 0.48 1, 455 705 2.06

Villa Collemandina (LU) 11 0.42 1, 300 585 2.22

5 2D numerical analyses for the basin amplification prediction

1D and 2D numerical simulations have been undertaken by Vessia et al. (2011) within Tus-
can basins for pointing out the role played by the basin geometry, the topography and the
sediment seismic behaviour in Tuscan territories. The results showed the distribution of 2D
amplifications throughout the basin width is able to explain local differences in provoked
damages. On the contrary, 1D numerical simulations take into account local variation in soil
layer impedance contrast and thickness but cannot be used where basins and complex buried
geological settings are detected. Hence, the present 2D numerical analyses have been carried
out for deriving amplification factors due to seismic “valley effects” for Tuscan territory
conditions, such as seismic hazard level, geometric characters and soil mechanical proper-
ties. Due to the structure of the considered basins, they are elongated to one direction; this
means that the symmetry plane is verified for 2D analysis meaningfulness. 3D analyses are
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Table 4 Parameters of
numerical analyses: density
[kg/m3] (italic) and shear wave
velocities [m/s] (bold italic) of
the fifteen valley models studied,
according to SR and IC values

IC SR

1.22 1.90 2.65 4.44 6.17

0.2 2, 100 2, 100 2, 100 1, 800 1, 800

780 500 360 250 180

0.4 2, 100 2, 100 2, 100 1, 800 1, 800

780 500 360 250 180

0.8 2, 100 2, 100 2, 100 1, 800 1, 800

780 500 360 250 180

Fig. 4 a Sketches of the valley models used for numerical simulations of the Tuscan real valleys: SR = 0.2
in black; SR = 0.4 in grey; SR = 0.8 in light grey; b valley model used for numerical analysis: P1 (x/1 = 0),
P2(x = 0.31) and P3(x = 0.61) are the surface locations where 2D seismic response has been calculated

not attempted because they are not able to accurately describe the non-linear seismic behav-
iour of surficial sediments (Paolucci and Smerzini 2011). It is well known that local seismic
responses are strongly affected by: (1) input motion amplitude and frequency content; (2)
local geological and geomorphological settings and (3) non-linear properties of surficial sed-
iments, their thickness and geometric arrangements. Thus, the results of this study can be
methodologically used within other territories. However, the outcomes of this study can be
used in Tuscany and wherever similar seismic, geological and geotechnical conditions can
be found. The aforementioned Tuscan conditions have been grouped by three generalized
geometric cases, based on three shape ratios SR and five material types classified by means
of the impedance ratio IC values as shown in Table 4. Furthermore, the real triangular shape
with the vertex at the bottom represents a numerical singularity for numerical simulation.
Thereby, for the present numerical analyses trapezoidal shapes have been used as shown in
Fig. 4a, b. This is the most representative regular shape for Tuscan irregular valley geometry;
the base on the bottom is assumed equal to 10 m according to a benchmark study on the
influence of the base dimension on the surficial response of the models.

Numerical analyses have been performed on three valley models, from shallow (SR =
0.2) to deep and very deep valley (SR = 0.4 and 0.8), and for five IC values (IC = 1.22, 1.90,
2.65, 4.44, 6.17) according to the assumption of constant soil properties for the sediments
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Fig. 5 D(γ) and G(γ)/Gmax measured curves on Tuscan sediments for dynamic equivalent linear numerical
analyses

over 30 m depth. Seismic soil categories considered for the sediments, are B and C according
to EC 8. Moreover, IC values have been calculated by dividing five sediment Vs values (that
are 780, 500, 360, 250 and 180 m/s) to the constant bedrock Vs equal to 800 m/s. This latter
assumption does not affect the validity of the parametric study provided that the prominent
role of the velocity contrast or the impedance contrast on the valley amplification effects (see
paragraph 2).

The sediment Vs values have been measured during the VEL project (Signanini et al. 2001;
Rainone 2003; Foti and Lo Presti 2002; Lo Presti et al. 2007a,b) and reported in Table 3.
Dynamic properties considered for the equivalent linear seismic soil behaviour are the curves
of the shear modulus reduction G(γ)/Gmax and the damping ratio D(γ), plotted in Fig. 5:
these curves have been measured by resonant column tests (Lo Presti et al. 2007b) within the
VEL project experimental activities. The initial values for the dynamic shear modulus Gmax

is drawn from the expression:

Gmax = ρ ·V2
s (2)

where VS and ρ are the values reported in Table 4. Constant VS values for surficial deposits
over the first 30 m depth have been measured from field tests (Down hole, seismic refraction
and reflection tests) within the Tuscan territory. Furthermore, the equivalent linear constitutive
law used within numerical analyses have been tested to be adequate for seismic response
description of Tuscan soils. The test consisted on checking the maximum strain values induced
by seismic shaking: they show to be lower than the volumetric threshold according to each
soil curves plotted in Fig. 5. The testing results show the suitability of the equivalent-linear
behaviour for the considered Tuscan soils.

At the bottom of each valley model, a 5 m bedrock layer has been inserted in order to
do the de-convolution of the input signal toward a horizontal base. Thereby, each model has
the maximum soil thickness of 30 m at the centre of the valley with 5 m bedrock (Fig. 4b).
Moreover, results have been calculated, in terms of acceleration spectra, at three points on
the valley surface (Fig. 4b): at the centre (P1), at the edge (P3) and in between (P2).
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2D numerical analyses have been performed by means of QUAKE/W (Krahn 2004).
Triangular shaped elements have been used in the finite element domain discretisation. The
optimum maximum size of the finite elements has been derived from the following rule, after
Kuhlemeyer and Lysmer (1973):

lmax = VS

7 · fmax
(3)

where VS is the shear wave velocity of the element material and fmax is the maximum
frequency value of the input signal to be propagated towards the surface, which is assumed
to be 20 Hz. Boundary conditions applied to lateral cut-off boundaries are nodal zero vertical
displacements for all the models and additional nodal horizontal dampers, for the case of SR
= 0.8, with a viscosity coefficient, Dnode, the values of which have been derived from the
following relationship:

Dnode = ρVS · L/2 · 1 (4)

where ρ is the density and VS is the shear wave velocity of the material, and L/2 is half the
distance between the nodes times a unit distance into the section. These lateral boundary
conditions are able to reduce the fictitious energy trapping within numerical simulations.
Further details on preliminary benchmark activity on the valley models have been reported
in Vessia et al. (2011). The maximum horizontal extension of the models varies according
to the SR values, that is the slope chosen for the valley edges. Two types of boundary
conditions have been applied at the base of the valley models: zero horizontal and vertical
nodal displacements and nodal horizontal accelerations.

6 Input signals for 2D numerical simulations

REXEL v 2.61 beta code has been used (Iervolino and Galasso 2010) to select the input
accelerograms, in terms of horizontal components, among the Italian and European accelero-
metric databases. The choice of the range of periods is related to the most dangerous range
of periods for buildings according to the purpose of this study. Such input signals were cho-
sen to respect the spectrum-compatibility in the range of periods 0.1–2.0 s, that is the most
affecting range of periods for buildings. The seismic-compatibility has been assessed by Lai
et al. (2005), who performed a de-aggregation study of the seismic hazard in Garfagnana and
Lunigiana territories. For this de-aggregation, couples of magnitude and distances ranging
between 5.0 and 6.5 for the magnitude and between 5 and 20 km for the epicentral distances
have been considered.

The reference spectrum for the spectrum compatibility of the chosen accelerograms is
built according to EC8, by means of the national technical provision requirements: for the
case studied it is the Italian building code (DM 14 gennaio 2008). Furthermore, the reference
spectrum is compliant with the following assumptions: (1) the limit state is the ultimate limit
of life safeguard (SLV), (2) building life (VN) equals to 50 years, (3) the usage coefficient of
the building (CU) equals to 1 and (4) soil category is A with flat topographic surface (T1 is the
topographic category). The reference site for studied seismic zone is assumed Castelnuovo
Garfagnana city site and the maximum expected ground acceleration ag is taken equal to
0.25 g, that is the maximum expected ground acceleration within seismic zone 2 (OPCM
2003).

In this study, three accelerograms out of seven retrieved by REXEL procedure have been
used, whose spectrum-compatibility has been verified over the period range 0.1–2.0 s. The
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Table 5 Main features of the three input signals used within the present numerical simulations

Waveform ID Earthquake Station Earthquake name Date Mw Epicentral
ID ID distance (km)

258 69 PTL Gubbio Earthquake 29/04/1984 5,6 26,1323

103 28 SRC0 Friuli Earthquake 4th Shock 15/09/1976 5,9 16,4207

14 4 TLM1 Friuli Earthquake 1st Shock 06/05/1976 6,4 21,7205

Fig. 6 Acceleration response spectra of the three input signals recorded on soil A (Eurocode 8) and building
code one for the ultimate limit state SLV

limited number of accelerograms do not affect the significance of results provided that a broad
range of period content have been investigated with the chosen accelerograms, as stated
by Chávez-García and Faccioli (2000). Moreover, according to past local seismic effect
studies (Beyer and Bommer 2007) and EC8 (CEN 2003 par. 3.2.3.1.3), whenever seven
accelerograms have been used, mean response spectral ordinates should be considered to
estimate the design spectra, whereas when three accelerograms are considered the maximum
spectral ordinates shall be taken into account. Thus, in this study, the maximum acceleration
spectral ordinates have been calculated.

Main features of the chosen horizontal input records are summarized in Table 5 and their
acceleration spectra are plotted in Fig. 6. Here, SLV spectrum, EC 8 spectrum and the input
motion mean spectrum are plotted in order to show their spectrum-compatibility. In order
to carry out 2D simulations, the input accelerograms were de-convolved from the surface to
the bedrock at 35 m depth by means of EERA code, that simulates 1D propagation of in-
plane shear waves throughout a layered subsoil by equivalent-linear analysis in the frequency
domain (Bardet et al. 2000). The influence of input signal directivity on the seismic response
of valley models has not been investigated because goes beyond the scope of the paper, that
is the prediction of basin amplification effects due to horizontal input components.

7 Discussion on results

Results from 2D numerical analyses have been plotted in terms of maximum amplifica-
tion functions Av in Figs. 7, 8, 9, and 10a–c. The plotted Av have been calculated for
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Fig. 7 Amplification functions calculated for SR = 0.2 at three locations on the surface: a at the centre; b at
x = 0.31 and c nearby the edge x = 0.61
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Fig. 8 Amplification functions calculated for SR = 0.4 at three locations on the surface: a at the centre; b at
x = 0.31 and c nearby the edge x = 0.61
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Fig. 9 Maximum amplification functions calculated for SR = 0.6 at three locations on the surface: a at the
centre; b at x = 0.31 and c nearby the edge x = 0.61
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Fig. 10 Maximum amplification functions Av calculated with respect to the impedance contrast values: a–c
B soils; d–e C soils according to Eurocode 8
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Fig. 10 continued

the three input motions considered (Table 5) and then the maximum values over the three
spectral accelerations have been carried out for each period. Av is obtained from the ratio
between the valley surficial spectral acceleration at a point and the input spectral acceleration
de-convoluted at the bottom of the valley model calculated over the range period 0.1–2.0 s.
Av has been calculated for three valley shapes (that are SR = 0.2, 0.4 and 0.8) and for five
VS values ranging between 780 and 180 m/s: such VS values are reported in terms of five
values of IC (Table 4). Moreover, three locations have been considered for calculating the
seismic response (Fig. 4b): at the centre of the valley (where x = 0); between the centre and
the edge of the valley (where x = 0.31) and near the valley edges (where x = 0.61). For each
one of the abovementioned location, the Av maximum values over the range period 0.1–2.0 s
relating to the three input signals have been plotted in Figs. 7, 8, and 9 with respect to SR
values (Fig. 7a–c for shallow valley, SR = 0.2; Fig. 8a–c for deep valley, SR = 0.4; Fig. 9a–c
for very deep valley, SR = 0.8) and in Fig. 10a–e with respect to IC values.
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Figure 7a–c shows Av values decreasing from the centre toward the edges of the valley
whereas the range of amplified periods reduces. As a matter of fact, the amplified period range
at the centre is 0.05–2.0 s whereas at the edge, it reduces to 0.05–0.6 s. Correspondingly, the
maximum amplifications of spectral accelerations at the centre (Fig. 7a) vary between 5 and
9 whereas at the edges between 3 and 4.5 for IC values 1.22, 1.90, 4.44 and 6.17. On the
contrary, IC = 2.65 shows the maximum amplification at the centre of the valley, then it
reduces at x = 0.31 then increases at the edge, at x = 0.61. According to the method used for
plotting Av such result corresponding to SR = 0.2 and IC = 2.65 can be due to the resonance
effect of the input motion frequency content and the basin characteristic frequency. As a
matter of fact, this difference in amplification trend between the two points 0.31 and 0.61
does not affect SR = 0.4 and 0.8. In the cases of deep valleys, on the contrary, both Av peaks
and the range of amplified periods slightly vary from the centre toward the edges of the valley
(see Figs. 8, 9a–c): for SR = 0.4, the maximum Av reduces from 9.5 at the centre to 9 at
the edges whereas for SR = 0.8, Av shows the same range of amplified periods and spectral
peaks at each location on the surface.

In Fig. 10a–e, the three maximum valley responses in terms of Av maximum function over
the three input signals at each locations are grouped by IC values. The Av trend shows high
dependency on IC values so that it cannot be generalized. Accordingly, for the value IC =
1.22, Av trend at the three points on the valley surface and for the three SR values are similar
as both the range of periods and the amplification peaks are concerned. It is worth noticing
that, in this case, the range of amplified periods is narrow (0.05–0.2 s) and the maximum Av

ordinates range between 5.5 and 6. As far as IC value increases, the amplified range of periods
accordingly widens: for IC = 1.9, it is 0.05–0.4 s; for IC = 2.65, it is 0.05–0.7 s; for IC =
4.44, it is 0.05–0.9; for IC = 6.17, it is 0.05–2.0 s. On the other hand, when focusing on the Av

peaks, it can be seen that except for IC = 1.22 (that shows Av maxima ranging between 4.5
and 6 within a low period range 0.1–0.2 s), from IC = 1.9 to 6.17, the Av peak values decrease
from 9.8 for IC = 1.9 (Fig. 10b) to 5 for IC = 6.17 (Fig. 10e). These outcomes are due to
the complex multiple reflections of the waves on the valley boundaries. In a simple way,
Fig. 11a–d shows the geometrical interactions among the incoming, refracted and reflected
shear wave rays for the three valley models. It is a simplified representation of the Snell law:

n1sen (ϑ1) = n2 sen (ϑ2) (5)

Such expression controls the inclination of the reflected and refracted wave rays within
the particular geometries of the three valley models: whenever θ1 = 0◦ than the angle of
refraction is always θ2 = 0◦ whatever values are n1 and n2. This means that the orthogonal
wave ray to the interface is never deviated from the normal direction. The refraction indexes
n1 and n2 for the case of shear wave ray are the shear wave velocities within the two materials:
VS1 and VS2.

Such representation can figure out the influence of the basin shape on the horizontal shear
wave focalization throughout the valley surface in a simple but efficient fashion: Fig. 11a–c
shows that within shallow valleys (SR lower than 0.2), the refracted shear waves are locally
focalized toward the centre of the valley causing concentrated amplification. The inclination
of the refracted wave ray depends on the IC value according to the Snell law (Eq. 5), that
means the greater IC value the less the refracted ray inclination to the normal of the valley
side. Thus, in the case of the shallow valley, higher IC values produce higher amplifications
(due to the most of the energy trapped within the valley) but concentrated on a narrow
part of the surface whereas lower IC values cause lower amplifications but spread out over
the surface. Such spreading depends on the inclination of the valley side: as the valley gets
deeper (SR greater than 0.2) the refracted rays are focused on a large part of the valley surface
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Fig. 11 Sketches of the horizontal shear wave rays at the bottom of the valley models and within the basins,
where they interact according to Snell law refraction: a SR = 0.2, IC = 1.22; b SR = 0.2, IC = 6.17; c SR =
0.8, IC = 1.22; d SR = 0.8, IC = 6.17

(see Fig. 11c, d). In the cases of deep valleys, differences between seismic response at the
centre of the valley and at the edges are almost negligible. The focalization depends on the
basin curvature, that can be interpreted by SR only in few cases, and on the velocity contrast
between the sediments and the basin.

As the sediment impedance contrasts are concerned, Fig. 10b–c show that the most ampli-
fied IC values range between 1.90 and 2.65. This means, according to EC8 seismic soil
categories, that soil B is the most amplified. Such result can be related to the damping and
shear modulus curves measured (Fig. 5): the damping curve of soil B always lies below the
curve of soil C meaning that soil C should be less amplified than soil B.

8 The estimation of valley effects by means of the “valley effect charts”

The present numerical analyses are aimed at calculating amplification indexes for taking into
account the “valley amplification effects” within microzoning studies. This amplification
factor can be used for estimating the surface maximum acceleration value, that is the PGA
at a site. Such value is useful for defining the design spectra according to building code (e.g.
EC8).

Accordingly, three “valley effect charts” have been plotted in Fig. 12a–c to be applied
to three homogeneous amplification areas corresponding to three parts of the urban centre
placed on a sediment filled basins: at the centre, at the edge and in between along the valley
width. In these figures, the discussed results (Figs. 7, 8, 9a–c) have been plotted as a new
amplification factor FA. FA values have been calculated as follows:

FA =
∫ 2.0

i=0.05 max(Av)i dt

�T
(6)

123



1654 Bull Earthquake Eng (2013) 11:1633–1660

Fig. 12 Valley effect charts proposed for estimating local seismic amplification, calculated for the three points
on the surface (see Fig. 4b): a P1 (x = 0); b P2 (x = 0.31) and c P3 (x = 0.61)

where max(Av) is the maximum values of the amplification function higher than one, for the
three input signals calculated over the corresponding period range varying between 0.05 and
2.0 s, and �T is the considered period range, whose maximum value is �T = (2.0 − 0.05)s.
Thus, 15 FA values have been calculated corresponding to IC and SR investigated values.
Three graphs are proposed for the three studied locations over the valley surface, that are
the centre (Fig. 12a), the edge (Fig. 12c) and the point in between (Fig. 12b). Such positions
represent three different points within the urban centres placed on a sediment filled valley that
have been affected by different amplification values. In each radar graph, at the vertices can
be seen the IC values. FA values reported on IC axes are joint by three types of lines referring
to the three SR values: pointed line with triangle for SR = 0.8, dotted with quadrangle for SR
= 0.4 and solid with diamond for SR = 0.2. Each IC axes show FA values ranging from 1 to
5; thus FA values, that are Av integral values, increase from 1 (that means no amplification)
to 5 (that means, the surface response is 5 times the input signal).

At the center of the valley, Fig. 12a shows the highest value of FA = 4.5 for SR = 0.4 and
IC = 1.9. This means that a deep valley, but not the deepest, shows the highest comprehensive
amplification value of 4.5 for low impedance ratio: in the cases studied, the most dangerous
combination is SR = 0.4 and IC = 1.9 at the center of the valley. This is also true at x = 0.31
and x = 0.61 on the valley surface, where FA = 4 and 3.2, respectively. Furthermore, from
the center toward the edges FA values reduce (compare Fig. 12a with b and Fig. 12a with c).

123



Bull Earthquake Eng (2013) 11:1633–1660 1655

Moreover, the most amplified shape ratio is 0.8 for IC ranging from 4.44 to 6.17 at x = 0.31
with FA = 2.5; whereas it is 0.2 for x = 0.61 with FA = 2.5. At the center, for the same IC
range, FA = 2.5 for IC = 6.17 and SR = 0.8; while FA = 3 for IC = 4.44 and SR = 0.2.

These results confirm the findings of previous studies about the relevant edge amplifica-
tion for shallow valley cases and the amplification spread out over the deep valley surface.
Moreover, the relevant role of IC on amplification effects within sediment filled valleys has
been evidenced by means of the Fig. 10 according to literature studies (Faccioli and Vanini
1998; Makra et al. 2005; Vanini et al. 2007). Numerical simulation results show a high influ-
ence of input motions on the valley surface response that is confirmed by past experimental
evidences (King and Tucker 1984; Tucker and King 1984). The correspondence between the
present numerical results relating to Tuscan Region conditions investigated by means of IC
and SR parameters and the experimental ones performed worldwide enables these results to
be applied where similar IC and SR values can be measured.

Additionally, when equivalent-linear soil behavior and real input signals are considered,
the maximum amplification values are attained for particular combinations of IC and SR
values that cannot be predicted in advance by means of simplified wave propagation studies
with assumed constant damping for visco-elastic behavior of sediments filling the basins.
Finally, the importance of IC upon SR for amplification values at the center of the valley
is here confirmed. Further experimental studies are needed for investigating the inefficiency
of the shape ratio in describing the basin geometry and relating it to the wave focalization
within the basins.

9 Discussion on the application of the valley effect charts to design spectra

The aforementioned three charts, related to the three SR and the five IC values investigated,
show that over the whole surface of a valley width (at the center, at the edge and in between)
the amplifications cannot be neglected. According to these results, the authors suggest to
directly apply the FA to the EC8 design spectrum (type I, that is used for expected surface
wave Magnitude higher than 5.5 earthquake), according to the soil type (that is IC) and the
valley type (that is SR). As a matter of fact, the EC8 defines the shape of the design spectrum
as shown in Fig. 13a, where S is the amplification factor depending on the soil type, sg is the
design ground acceleration on type A ground (rock type) and η is the damping correction
factor with a reference value of η = 1 for 5 % viscous damping. Figure 13b plots type I design

Fig. 13 a Shape of the elastic response spectrum according to EC 8; b EC8 type I design spectrum for soil
type A, B and C with ag = 0.201g
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Table 6 Values of the parameters describing the recommended elastic response spectra when bedrock basin
shaped are filled with B and C seismic ground type

Ground type IC SR

0.2 0.4 0.8 TB(s) TD(s)

FA TC(s) FA TC(s) FA TC(s)

B 1.22 3.0 0.4 3.43 0.3 3.43 0.2 0.05 2.0

1.9 3.66 0.4 4.45 0.3 4.45 0.2 0.05 2.0

2.65 3.46 0.4 3.87 0.3 3.87 0.2 0.05 2.0

C 4.44 2.87 0.7 2.87 0.6 2.6 0.6 0.2 2.0

6.17 2.17 0.7 2.35 0.6 2.52 0.6 0.2 2.0

spectrum modified for three soil type: A, B and C and related to ag = 0.201g according to
the studied site reference acceleration. Thus, when basin shaped bedrock is detected, this
study proposes to change the perspective: the soil type is replaced by the impedance contrast
(IC) and introduces the shape ratio (SR), Accordingly, the EC8 spectra will be modified by
means of FA values summarized in Table 6. Table 6 shows the calculated FA that will be
multiplied to the spectrum ordinates for modifying it, as shown in Fig. 14a, b. These figures
relate to the case of a point placed at the center of the valley with SR = 0.4. As Fig. 14 point
out, the two EC 8 design spectra for B (Fig. 14a) and C (Fig. 14b) soil types are inadequate
for taking into account the valley effects according to the wave trapping phenomenon. On
the contrary, FA reasonably increases the maxima ordinates of these design spectra varying
according to the IC values. IC values have large ranges of variation within B or C soils; thus,
when filled basin shaped bedrocks are detected the “seismic soil type” can be not adequate
for estimating the local amplifications.

Moreover, from the present study, the three periods needed for building the design spectrum
by EC 8 (Fig. 13a) can be taken from Table 6 (columns 4, 6, 8 and 9): it is worth noticing
that for all of the IC values corresponding to soil B, TB is 0.05 s whereas it is 0.2 for those
values corresponding to soil C. On the contrary, TC strictly depends on the IC values and it
changes as shown in Table 6. Figure 14 again put in evidence that valley effects cause wider
amplified ranges of periods for both stiffer and softer soils. These ranges include both higher
and lower periods than those considered by EC 8, type I (Fig. 13b).

10 Conclusions

This paper illustrates a numerical investigation of “valley amplification effects” within Tuscan
region territories and proposes an index of local seismic amplification. It is called FA and it
has calculated for three valley shapes: shallow with SR = 0.2 and deep valleys: SR = 0.4
and 0.8. Moreover, real sediment behaviour under seismic loading has been employed within
numerical simulations, five IC values have been considered and three input motions from
Italian strong motion registration database have been applied. The present results confirm
some outcomes already shown by literature, that can be summarized below:

1. At the centre and at the edges of a shallow basin the amplifications on the surface
cannot be neglected even in the case of low IC values;
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Fig. 14 Design spectra for SR = 0.4 according to EC 8 and modified by means of FA from the present study,
for two soil types: a B and b C and five IC values

2. The maximum amplification magnitude depends on IC and SR values although SR
seems not to be able to completely describe the possible complex geometries.

Furthermore, some novel outcomes have shown by means of the proposed amplification
factor FA:

3. At the edge of the valleys, the most amplified valley model (FA = 3.2) is the deep
valley SR = 0.4 and IC = 1.9. Such IC values correspond to sediments classified as
B soil according to EC8. At the edge, the shallow valley, that is SR = 0.2, shows the
highest amplification values for the remainder IC values.

4. At the centre of the valley, B soil is the most amplified case when SR = 0.4. The reason
for such result is provided into the previous paragraphs and can be understood by
considering the refracted wave ray inclinations (depending on IC values and the basin
edge inclination) and the damping and stiffness reduction functions characteristics
of dynamic behaviour of B and C soils.
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Finally, the proposed amplification “charts” can be used for microzoning studies when
basin effects shall be taken into account, provided that sediments filling the basins belong to B
and C seismic soil categories with dynamic behaviour similar to the studied sediments and the
basin geometries have the same characters of the Tuscan ones. Moreover, the amplification
factors FA from these charts can be applied directly to EC8 design spectra provided that, SR
and IC values are used for instead of seismic soil types and amplification factor S for building
the spectrum.
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