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Summary
The seismic safety of historical buildings may be affected by the interaction among soil, foundation and structure, usually neglected in the conventional assessment procedures. Focusing on numerous monumental towers of the Italian cultural heritage, the paper
first examines the dynamic behavior of squat to very slender tower structures, through the simplified approach of the ‘equivalent
oscillator’ proposed by VELETSOS and MEEK [1974]. A method is then proposed for preliminary predictions on the variation of natural
period and damping ratio due to the interaction, as a function of structure/soil stiffness ratio.
Deeper evaluations of the interaction effects have been carried out considering the case study of the Carmine Bell Tower in
Naples, a slender brickwork structure 68 m tall and about 10 m wide, featured by a high artistic value and representing a popular
historical symbol of the city. Geotechnical and geophysical investigations have been performed to reconstruct the geometry of the
shallow foundations and the subsoil profile, constituted by a deformable deposit of man-made ground, marine and pyroclastic
sands overlying volcanic tuff. The dynamic behavior of the Bell Tower has been simulated both by the ‘equivalent oscillator’
method and by linear dynamic analysis carried out on a more complex and detailed model. Both approaches have been adopted
considering the seismic actions suggested by the Italian Code and those determined through seismic response analyses. Comparing the results of the analyses on the fixed based structure with those of the structure on a compliant base, the increase in the
period and the reduction in the damping ratio were recognized as compatible with those expected on the basis of the simplified
preliminary predictions.
Keywords: seismic response, soil-foundation-structure interaction, masonry tower, equivalent oscillator

1. Italian monumental towers and seismic
hazard
Towers are important expressions of monumental heritage in Italy. To realize the symbolism associated to this kind of structures, it is sufficient to remind
that since the Roman period the personification of
Italy has been figured by a shapely woman, endowed
with a crown of towers, named “Italia turrita”. Derived from the goddess Cibele, this form of representation highlights the presence of numerous historical towers in Italy. Civic or bell towers, lighthouses,
dovecotes, dungeons, watchtowers and clock towers
are generally identified as towers, due to their common monolithic shape with a small base, but their
function is very different. The height and the consequent structural setting generally depend on building function and are sometimes related to building
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age, type of materials and social-economical context
of the area.
Because of the race to the greater luster between
the parish and the municipality, the civic and bell
towers are generally very tall, especially after the
17th century Catholic Reformation. Lighthouses and
watchtowers along the coast are usually squat and
high just enough that nothing could obstruct the
view from and to the sea. Clock towers and dovecotes are rather tall, depending on the importance
of the municipality and of the house they belong
to, respectively. Different heights may be found
also among structures with the same function, such
as dungeons. Before the XV century, the military
technique, based on the safety of the fortresses, reckon on tall dungeons from which stones, arrows and
boiling oil were thrown against the enemies. In the
XV century, with the spread of gunpowder, rather
tall structures became an easier target and most of
the forts were rebuilt shorter and larger.
Depending on the slenderness ratio, H/B, of the
height, H, to the base width, B, of the structure, towers can be distinguished in (cf. Tab. I):
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Tab. I – Main Italian towers, grouped according to their slenderness ratio.
Tab. I – Principali torri italiane, classificate secondo il rapporto di snellezza.
Tower
Cala d'Arena

Squat
(H/B < 3)

Location
Stintino

H (m)

B (m)

H/B

Date

Material

Subsoil

PGA (g)

8

12

0.67

1611

schist stone calcarenites

<0.025

Casamatta di Salignano Costrignano del
Capo

15

20

1

1550

limestone

marly limestones

0.068

Spinelli

Napoli

11

14

0.77

1500

tuff

alluvial sand

0.168

Saline

Stintino

8

10

0.80

1570

schist stone marine sand

<0.025
<0.025

Capo Falcone

Capo Falcone

8

10

0.84

1577

schist stone calcarenites

Brava

Napoli

13

14

0.90

1500

tuff

alluvial sand

0.168

Pelosa

Golfo dell'Asinara

9

10

0.90

1525

schist stone marine sand

<0.025

Poseidonia fortress

Paestum

14

9

1.48

South-west

Alife

15

10

1.50

600 a.C. limestone
1060

limestone

travertino

0.100

limestone conglomerate

0.223

Dovecote

Minerbio

15

10

1.50

1536

brickwork

alternations of sand-silt-clay

0.166

Dungeon

Rocca San Felice

15

10

1.50

~1100

limestone

limestone

0.268

Dungeon

Montella

16

~10

1.61

1200

limestone

limestone

0.188

Viscontea

Monza

~20

~10

2.00

1325

brickwork

gravelly silt

0.054

Elefante

Cagliari

35

~14

2.50

1307

limestone

limestone

<0.025

San Pancrazio

Cagliari

37

~14

2.50

1305

limestone

limestone

<0.025

clay

0.256

brickwork

alternations of sand-silt-clay

0.166

Annunziata bell tower

Sulmona

65

7

2.50

1565

Castellare

Galliera

22

9

2.54

~1200

Conserva

Galliera

18

7

2.57

1500

brickwork

alternations of sand-silt-clay

0.166

Matilde di Canossa

Tarquinia

29

10

2.90

~1400

limestone

calcarenites

<0.025

S. M.Assunta bell tower

S.Agata de'Goti

~30

~10

3.00

~1400

tuff

tuff

0.161

S. Domenico bell tower Taormina

~30

~10

3.00

~1400

limestone

limestone

0.215

Corneto

Tarquinia

~30

~8

3.75

~1100

limestone

calcarenites

0.078

Bell tower

Pisa

58

16

3.77

1173

marble

clay

0.118

Mariano II

Oristano

29

8

3.87

1290

sandstone
brickwork

alluvial gravel and sand

<0.025

S.Apollinare b. tower*

Ravenna

38

10

3.98

1000

brickwork

clay and silt

0.162

Watchtower

Finale d'Emilia

40

~10

4.00

1213

brickwork

sandy clay

0.149

Watchtower

Novi di Modena

40

~10

4.00

1600

brickwork

clay

0.137

Mirandola

48

~11

4.36

1400

brickwork

sand-clay

0.140

Ravenna

21

5

4.57

1000

brickwork

clay and silt

0.162

Slender
Bell tower**
(3 < H/B < 6)
S. Maria bell tower***
Milizie

Roma

50

10

5.00

1200

brickwork

fluvial gravels and sands

0.107

S. Lucia bell tower****

Serra S. Quirico

32

~6

5.33

1600

limestone

sand

0.174

Grossa*****

San Gimignano

60

~10

5.40

~1300

limestone

calcarenites

0.141

Giungi

Lucca

44

~8

5.53

~1300

brickwork

alluvial deposits

0.130

Civic tower

Ravenna

38

7

5.76

1200

brickwork

clay

0.162

Cathedral bell tower

Trani

59

~10

5.90

1230

limestone

marine sand

0.146

Salvucci sud

San Gimignano

43

7

6.12

1200

limestone

calcarenites

0.141

Garisenda***

Bologna

48

7

6.49

1100

brickwork

silty clay-clayey silt

0.166

Watchtower

Pavia

40

6

6.67

~1100

brickwork

alluvial gravel and sand

0.069

Tower

Pavia

~40

6

6.67

~1100

brickwork

alluvial gravel and sand

0.069

Carmine b. tower+

Napoli

68

10

6.80

1400

tuff

alluvial sand

0.168

Frari bell tower++
Very slender S. Luca b. tower+++
(H/B > 6)
Salvucci nord
Ghirlandina b. tower++++

Venezia

65

10

6.84

1361

brickwork

clayey silt-fine sand

0.071

Valenzano

46

6

7.36

1774

limestone

sand on limestone

0.070

San Gimignano

41

6

7.51

1200

limestone

calcarenites

0.141

Modena

87

11

8.06

~1100

brickwork

silty clay

0.163

Bell tower Torrazzo

Cremona

112

13

8.62

1200

brickwork

sand-clay

0.081

Tower

Pavia

~55

6

9.17

~1100

brickwork

alluvial gravel and sand

0.069

Asinelli***

Bologna

97

8

11.9

1110

brickwork

silty clay-clayey silt

0.166

* After

ABU ZEID et al., 2007; ** After FIORAVANTE et al., 2013; *** After MARCHI et al., 2013; **** After COSENZA and IERVOLINO, 2013; ***** After
M ADIAI et al., 2013; + After DE SILVA et al., 2014; ++ After GOTTARDI et al., 2013; +++ After COLAPIETRO et al., 2013; ++++ After LANCELLOTTA, 2013.
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–

Fig. 1 – Location of the main Italian towers on the seismic
hazard map.
Fig. 1 – Localizzazione delle principali torri italiane sulla
mappa di pericolosità sismica.

a)

b)

very slender towers, H/B>6: civic and bell towers;
– slender towers, 3<H/B<6: clock towers, dovecotes and dungeons before the 15th century;
– squat towers, H/B<3: dungeons built after the
15th century, lighthouses and watch towers.
The static stability and the seismic vulnerability
of towers may be heavily influenced by the interaction with the foundation soil, especially in the case
of slender towers on deformable subsoil.
Under static loads, the tallest structures are
usually affected by leaning instability problems caused by rotation at the base, due to uncontrolled settlements during the construction and following stages: such phenomena are paradigmatically shown by
the very well-known case histories of Pisa [BURLAND
and VIGGIANI, 1994] and Ghirlandina [LANCELLOTTA,
2013] towers.
Due to their high seismic vulnerability and exposure, sometimes combined with a really hazardous location, the monumental towers are more affected by seismic risk than common buildings. Table
I contains a list of the best documented Italian towers, specifying their function, location, geometry,
construction period and material. In addition, the
table reports:
– the peak ground acceleration (PGA) on a rigid
rock outcrop, corresponding to a return period
of 475 years, as specified by the Italian Seismic
Hazard Map [MPS WORKING GROUP, 2004];
c)

Fig. 2 – Finale d’Emilia clock tower: a) before the Emilia 2012 earthquake; b) partially collapsed after the main shock
(20.V.2012, 4:03, MW = 5.9); c) fully collapsed after a severe aftershock (20.V.2012, 15:18, MW = 5.1).
Fig. 2 – Torre dell’orologio di Finale d’Emilia: a) prima del terremoto dell’Emilia 2012; b) crollo parziale dopo la scossa principale
(20.V.2012, 4:03, MW = 5.9); c) crollo totale dopo una forte replica (20.V.2012, 15:18, MW = 5.1).
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the tower by means of simplified formulas [FIORAVANet al., 2013].

TE

2. Seismic soil-tower interaction

Fig. 3 – Damages caused by the Emilia 2012 earthquake to
Mirandola bell tower a) and Novi di Modena clock tower b).
Fig. 3 – Danni causati dal terremoto dell’Emilia 2012 al
campanile di Mirandola a) e alla torre dell’orologio di Novi di
Modena b).

–

the subsoil nature, derived from the referenced
literature or inferred from the Italian Geological
Map (http://www.isprambiente.gov.it/) when
more detailed information was not available.
Figure 1 reports the Italian towers listed in table I - divided in very slender, slender and squat - superimposed on the above mentioned Italian Seismic
Hazard Map. Note that most of these towers fall in
areas potentially subjected to earthquakes with PGA
higher than 0.1 g.
The seismic structural damage of squat towers
may be strongly affected by shear mechanisms; on
the other hand, for many tall towers the most recent
strong-motion earthquakes occurred in Italy caused collapse or severe damages due to large structural deformation related to flexural (Fig. 2) or even
torsional (Fig. 3a) vibration modes; with increasing
height, the reduction in section may, indeed, promote the inception of secondary vibration modes, causing damage to the empty part of the structure; for
example, the bell cell (Fig. 3b) is often a very vulnerable element due both to its architectonical configuration and its location on the top subjected to amplified acceleration.
The vulnerability of tall structures to low frequencies, which dominate the seismic ground motion also far from the epicenter, may be further amplified by soil deformability; for instance, a resonance phenomenon was clearly recognized in the structural damage of Mirandola tower (Fig. 3a), by observing the similarity between the dominant period of
the seismic motion recorded on the soft subsoil and
that estimated for the torsional vibration mode of

Just like any other building, the seismic performance of a tower may be affected by the interaction
among soil, foundation and structure. Neglecting
soil-structure interaction effects may be conservative
or not, depending on the structural features, the nature of the subsoil and the frequency content of the
seismic input. It is widely recognized that, if the subsoil is softer with respect to the structure, the fundamental period of the soil-structure system increases
and part of the seismic energy is radiated through
the subsoil, so the flexural displacement and the related structural damping are reduced [VELETSOS and
MEEK, 1974]. Although the structural motion with
respect to the foundation is reduced, the absolute
overall structural displacement is increased due to
the subsoil deformability.
In order to study the interaction effects, the
structure can be assimilated to a single degree of
freedom (SDOF) oscillator (Fig. 4), with mass m,
height H and flexural stiffness k. The dynamic response is therefore characterized by the fixed-base
period, T0 (the inverse of the fixed base frequency
f0), and damping ratio, [.

Fig. 4 – Model of the SDOF equivalent to the structure.
Fig. 4 – Modello di oscillatore semplice equivalente alla
struttura.
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Soil deformability is modeled through a combination of springs and dashpots with stiffness ku , kT,
and damping cu, cT, for the translational and the rotational degrees of freedom, respectively. The dynamic impedances of the soil-foundation system, Ku
and KT, may be expressed as functions of the angular frequency Z = 2Sf with the following equations:

)

)

(1)

)

)

(2)

Ku = ku + jcu ω =K αu+ j βu ωr =K )αu+ jβu F )
VS
Kϑ = kϑ + jcϑ ω =K αϑ+ j βϑ ωr =K )αϑ + jβϑ F )
VS

where VS is the shear wave velocity, K is the static
stiffness and r is the equivalent radius of a circular
foundation with the same area. The coefficients Du,
DT and Eu, ET [GAZETAS, 1991] are functions of the
dimensionless frequency factor F:

F ωr
VS

(3)

In these hypotheses, the SDOF may be replaced
by a modified fixed-base “equivalent oscillator”, with
period T* and damping ratio [* of the complete soilstructure system given by the expressions [VELETSOS
and MEEK, 1974]:

T * = T0 1 +

ξ* =

) )
T0
T*

3

ξ+

)

K
k
1+ u H 2
Ku
Kϑ

( 2 −ν ) π 4δ
2σ 3

)

)

β x r 2 βθ
+
α x2 H 2 αθ2

(4)

)

(5)

where Q is the Poisson’s ratio and the coefficients
Du, Dɽ and Eu, ET are computed for the overall frequency Z* = 2S/T*. In equation (5) soil damping is
assumed negligible compared to radiation damping
(second term in the square parentheses). The modified period and damping ratio depend on the relative soil-structure stiffness and mass, hidden in the
ratio between the structural stiffness, k, and the dynamic impedance, , in equation (4), and respectively expressed by the parameters V and G in equation (5), being:

σ

δ

VS
f0 H

(6)

m
ρπr 2 H

(7)

where U is soil density.
The simplified approach has been applied to different cases of hypothetic prismatic towers, defined
by realistic combinations of structural slenderness
and soil properties [DE SILVA et al., 2014b]. Three masonry towers, respectively 9 m, 29 m and 68 m tall,
resting on soft to stiff soil (200 m/s < VS < 800 m/s)
have been analyzed, varying the width of the founda-
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tions from 10 m to 16 m. The unit weight of masonry has been set equal to 11 kN/m3, which is a typical
value for a soft rock masonry. Some representative
results are reported in figures 5a-b, showing respectively the soil-structure period T* and the damping
ratio [*, normalized to the fixed base values, plotted
versus the stiffness ratio, V, evaluated on the basis of
the shear wave velocity of the subsoil (Fig. 5c). The
plots are drawn for the slenderness ratios of 1, 3 and
7, representative of squat, slender and very slender
towers respectively.
As expected, whatever the slenderness ratio, the
modified period T* is higher than the fixed-base period T0. The equivalent damping ratio [* is lower
than [ for slender or very slender towers, while it is
higher for squat structures due to the contribution
of the radiation damping; the effects decay as the parameter V increases, i.e. increasing soil stiffness. The
deviation from the fixed-base solution is significant
(i.e. T*/T0 and [*/[ are different from unity in figures 5a-b) for very slender structures on deformable
soils (V<20, i.e. VS<400 m/s), for slender towers on
soft to stiff soils (V<15, i.e. VS<600 m/s) and for squat
towers even on stiff soils (V<10, i.e. VS<800 m/s).
As illustrative examples, the three cases of the
squat Minerbio dovecote (Fig. 6a), the slender Mirandola bell tower (Fig. 3a) and the very slender
Asinelli tower (Fig. 6b) are here considered. The
Minerbio dovecote was designed and realized in the
1536 by the famous architect Jacopo Barozzi, named
Vignola, and strongly damaged by an earthquake
in 1596. Restored after few years, the tower is 15 m
tall and 10 m wide, laying on interbeddings of loose
sand and soft silty clay. To quickly evaluate the effect of soil-structure interaction, the graphs in figure 5 may be adopted. For squat towers and an estimated shear wave velocity VS = 200 m/s, figure 5c
provides a value of V = 2.5 to which an equivalent period T* = 1.39 T0 (Fig. 5a) and an increased equivalent damping ratio [* = 3 [ (Fig. 5b) are associated
(square symbol in Fig. 5).
Built in the XIV century on sand and clay, the
Mirandola bell tower is 48 m tall and about 11 m
wide (H/B = 4.4). Considering VS = 200 m/s [FIORAVANTE et al., 2013], the corresponding value of V is 4,
to which an increased equivalent period T* = 1.42 T0
and a decreased equivalent damping ratio [* = 0.42 [
are associated (circular symbol in Fig. 5).
Built since 1110 to 1684, the Asinelli tower is 97
m tall and 8.15 m wide (H/B = 12), laying on loose
sand and soft silty clay. By assuming VS = 200 m/s,
as in the previous case, the parameter V = 10 is obtained, to which an increased equivalent period
T* = 1.20 T0 and a decreased equivalent damping ratio [* = 0.57 [ are associated (triangular symbol in
Fig. 5). The three examples highlight a markedly different response between the towers with reference to
their interaction with the subsoil.
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a)

Fig. 5 – a) Variation with the stiffness ratio, V, of the SS period and b) damping ratio, both normalized to the fixed
base value; c) dependency of V on the shear wave velocity VS.
Fig. 5 – a) Variazione con il rapporto di snellezza, V, del periodo
del sistema terreno-struttura e b) del fattore di smorzamento,
normalizzati rispetto al valore a base fissa; c) dipendenza di V
dalla velocità delle onde di taglio VS .

3. The case study of bell tower of Santa Maria
del Carmine
3.1. History
The case study analysed in the following is the Carmine Bell Tower, a very slender tower on deformable
soil in the east seashore of Naples, holding a significant historical and symbolic value for the city, and moreover deemed as strongly vulnerable by earthquakes.
The Bell Tower is part of the “Carmine Maggiore” monumental complex, including a church, a monastery and the S.S. Rosario friary (Fig. 7). It is located in the market area of the ancient city, close to the
main gate of the original Norman city walls, called
“Vado”. As the previous “Arena” and the later “Field
Moricino” [VOTO, 2011], the toponym is referred to
the presence of a marsh (palus neapolitana), covering
most of the current east seashore of the city.

b)

Fig. 6 – a) Minerbio dovecote and b) Asinelli tower at Bologna.
Fig. 6 – a) Torre colombaia di Minerbio e b) torre degli Asinelli
a Bologna.

According to ancient chronicles [CELANO, 1974
and GALANTE, 1873], the first documented building
in the area is a small chapel, dating back the XII century. The so-called “Santa Maria della Grotticella”
chapel was located on the top of a crypt, built in the
VII century to host the Virgin Brown votive image.
Information about the church after the 1150 are
linked to the Angevin domination, since an enlargement of the existing church was ordered to the Carmelitan friars for giving a burial to Konradin of Swabia, beheaded in the nearby Market Square in 1268.
At the beginning of XIV century, renovation works modified the whole complex: a new single nave
church, a large cloister and a more comfortable dormitory, extending up to the nearby beach, were completed (Fig. 7). The original ogival arches of Gothic
structures, thin pillars embedded in latter structure,
and the covering vault of the Bell Tower are still visible around the actual cloister. According to QUAGLIARELLA [1932], the church was built «on the banks of the
stream that flowed through Morocino field, and very close
to running water, which was required to be crossed through a bridge ». This is not the only historical source affirming the presence of a stream of water running
close to the Church of Santa Maria del Carmine and
flowing into the sea nearby [DE BLASIIS, 1886].
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Fig. 7 – Historical painting of the Market and Carmine square with the Carmine church and bell tower.
Fig. 7 – Veduta storica di piazza Mercato e piazza del Carmine con la Chiesa e il campanile.

The first bibliographic citation [MOSCARELLA et
al., 1589-1825] about the Bell Tower near the “Santa Maria del Carmine” church dates back to the XV
century, when the altar of St. Barbara, was realized
and placed at the foot of the tower. Starting from
1439 and during the whole XV century, the Bell Tower, as the attached monastery, became an important Angevins presidium to defend the city from the
Aragonese siege. In 1456, a violent earthquake with
epicentre in Sannio (magnitude MW | 7.2) induced
a macroseismic intensity IMCS = VIII at Naples, although the epicentral distance was as high as 63 km.
The rostrum of the church, part of the large dormitory. and the highest part of the tower were destroyed. In 1458, a new Bell Tower, consisting on three
orders with quadrilateral shape laying on the old basement, began to be constructed.
During the XV century the major cloister was enlarged and a second smaller cloister was built, today
only visible in some arches under the “Nuova Marina” street. In the same period three wings of the cloister were raised, requiring further reinforcements in
the ground floor pillars.
The Bell Tower was unfinished until 1615,
when the construction was resumed on the project
of the monk-architect fra’ Nuvolo, whose name is
currently associated to the Bell Tower in the popular slang. The works were completed in 1631 with
the realization of an octagonal cell and a pyramidal spire.
The last important transformation of the Bell Tower dates back, during the Spanish government in
1662, when the convent was incorporated in a royal
fortress and a long corridor was realized to connect
the first story window of the Bell Tower to the bastion, later named Brava tower.
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3.2. Description of the Bell Tower and previous structural analyses
As previously illustrated, the current structure
of the Bell Tower of Santa Maria del Carmine dates
back to the XVII century and it is founded on a former tower of the XIV century, the basement of which
was included in the current structure. From the basement up to 41 m, the Tower has an almost square cross-section (Fig. 8), with masonry walls made of
yellow tuff. The walls are made of an outer and an inner face with infilling of mortar and irregular scraps.
The first 9 m are covered by large plates, internally
made of ‘piperino’ and externally by ‘piperno’, two
types of volcanic stones usually adopted as decorative stone. The topmost part of the Tower has an octagonal cross-section from 41 m up to 56 m, with walls
made of clay brick along the whole thickness. Some
tuff curtains internally covered by clay bricks are present at the highest elevations; these were realized for
closing some openings after the construction of the
Tower. The joints of both masonry textures always
consisted of a pozzolana-based mortar. The wall
thickness decreases from about 4 m to 1 m along the
Tower elevation.
Originally, the adjacent church of Santa Maria
del Carmine and the tower were built separated and
the current configuration is due to modifications occurred along the time to the complex of Carmine, as
summarized in section 3.1. Even if nowadays the Bell
Tower is located between other constructions, historical investigations suggested to exclude any structural connection [CERONI et al., 2009]. Thus, both the
interaction with the church on the North side of the
Tower (up to the elevation of 19 m) and with the
S.S. Rosario friary on the South side (until 16 m)
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a)

b)

Fig. 8 – a) Picture; b) front view and cross sections of the
Bell Tower.
Fig. 8 – a) Fotografia; b) prospetto e sezioni del campanile.

can be assumed as due to only contact constraints;
above 19 m the Bell Tower is completely free on each
side.
A detailed in-situ survey allowed the geometry
of the structure to be accurately reproduced and
the physical and mechanical properties of the masonry reliably measured or back-figured [CERONI et
al., 2009]. In particular, based on coring samples extracted in several points, the unit weight of the tuff
masonry was assumed equal to 12 kN/m3 up to 9 m
and 11 kN/m3 from 9 to 40 m, while it resulted as 16
kN/m3 for the bricks of the walls at the higher levels.
Dynamic in situ tests were also carried out, by
three days of continuous monitoring of the tower
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under environmental actions (traffic, bells, wind, anthropic activities) and localized impulses induced by
an instrumented hammer. The basic instruments of
Operation Modal Analysis allowed to identify the two
main frequencies of the tower and the corresponding modal shapes, which resulted uncoupled: in particular, the first modal shape is translational and parallel to the North-South side, with a natural period
of 1.45 s, while the second mode is also translational,
but parallel to the East-West side, and with a period
of 1.32 s. On the basis of the comparison between
the results of a modal analysis and of the dynamic in
situ tests, the Young’s modulus was assumed as equal
to 900 MPa for the tuff and to 1200 MPa for the clay
brickwall, values comparable to those measured by
the flat-jack tests [CERONI et al., 2009].
Linear dynamic analyses carried out by a detailed 3D Finite Element model of the Tower [CERONI et al., 2010] confirmed that the first two vibration modes are the principal ones; under the hypothesis of Tower constrained at the basement only
(cantilever scheme), they are both characterized by
a translational shape, with a participating mass ratio
of about 85%. Again, the first modal shape is parallel
to the shorter side, with a period of 2.13 s, and the
second mode is parallel to the longer side, with a period of 1.79 s (see Tab. II). Higher modes are characterized by a very low participating mass and, thus,
can be considered as negligible. A better agreement
with the experimental modal shape and frequencies
was achieved in the FE model, when a partial contact
with the surrounding buildings was introduced, in
order to simulate a lateral constraint working for low
dynamic actions. In this case, the estimated periods
are 1.61 s and 1.49 s, i.e. only about 10% higher than
the experimental values.

4. Investigations on subsoil and foundations
4.1. Field investigations
Accurate analyses of the existing information deriving from geological and geotechnical studies in
the surrounding areas permitted to define a hypothetical subsoil model for preliminary soil-structure
interaction analyses [DE SILVA et al., 2014a] and to address site-specific investigations, carried out very recently. A deep borehole (SV1 in Fig. 9a) was drilled
down to a depth of 59 m very close to the external

Tab. II – Numerical and experimental values of the natural period of the Carmine bell tower.
Tab. II – Valori numerici e sperimentali del periodo naturale del Campanile del Carmine.
Mode

Modal shape

Texp (s)

T0 (s) - Fixed Base
cantilever

constrained

1

Flex NS

1.45

2.13

1.61

2

Flex EW

1.32

1.79

1.49

T* (s) - Deformable Base
SAP

SAP-G 0

SDOF-G 0

SAP-G eq

SDOF-G eq

1.93

2.18

2.21

2.21

2.24
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b)

Fig. 9 – a) Piazza del Carmine: plan and location of the investigations; b) stratigraphic section AA.
Fig. 9 – a) Piazza del Carmine: planimetria e localizzazione delle indagini; b) sezione stratigrafica AA.

access to the Bell Tower. The lithological sequence
detected is typical of the Eastern area of Naples, as
reported by previous boreholes carried out in the
Carmine Square and reaching 80 m in depth [AGI,
1967]. Starting from the ground level, the following
layering was individuated (Fig. 9b):
– Man-made Ground (MG), composed by sand
with building debris, resulting from artificial filling works down to around 9 m depth. For the
shallowest 3.7 m, ruins of an ancient building
made of yellow tuff bricks, held together by lime
mortar, have been intercepted. According to the
layout reported by MAGLIO [2012], the ruins belong to the Aragonese boundary wall, built just
outside the Bell Tower, to defend the church and
the neighboring castle;
– Marine Sand (MS), characterized by the presence of calcite debris, alternating with volcanic ash
and pyroclastic silty sand (PS), i.e. cohesionless
pozzolana, roughly 22 m thick;
– Yellow Tuff (YT), from 31 until 53 m depth,
lightly cemented and affected by weathering,
sometimes replaced by thin layers of weakly cemented pozzolana;
– Green Tuff (GT), apparently less weathered
and with a different lithology from the Neapolitan Yellow Tuff, but likely characterized by similar mechanical properties [NICOTERA and LUCINI,
1967]; underneath this formation, deeper existing investigation intercepted sands, reworked
from the action of the sea [NICOTERA and LUCINI,
1967].
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The water table was intercepted at about 2 m
depth (Fig. 9b), as expected according to the groundwater level curves reported by VIPARELLI [1967] and
testified by the presence of drainage pumps operating in the crypt of the church.
Figure 10 reports the profile of tip resistance,
qc, and sleeve friction, fs, as derived from a cone
penetration test (CPT) performed in the cloister
(see Fig. 9a) down to 15 m depth. The data are also plotted in terms of ratio between the tip and the
lateral resistance, FR. Along the first 8 m, the significant irregularity of both qc (3-27 MPa) and FR
(1.8-21.4) profiles indicates a grain size heterogeneity consistent with the thick mélange of building rubble and finer anthropic materials retrieved
in the first meters of the vertical borehole SV1 outside the tower. Minor oscillations of FR (3-5) below
8 m in depth apparently correspond to the marine
sand (mean qc = 15 MPa) and to the pyroclastic ash
(mean qc = 8 MPa).
To measure soil wave velocity, a Down-Hole test
was performed in the borehole SV1 (Fig. 9). Figure 10d shows the compression (VP) and shear (VS)
wave velocity profiles measured down to 56 m. Below the pre-excavation depth, an unusually high value of VS (500 m/s) corresponds to the Aragonese
boundary walls, intercepted down to a depth of 3 m
below the ground level. Thereafter, VS shows more
typical values for cohesionless soils, increasing with
depth in the underlying man-made ground (MG),
then keeping nearly constant (about 300 m/s) in
the upper layer of Marine Sand, except for some
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Fig. 10 – a) Layering of borehole SV1; b) grain size distribution of the MS-PS samples; c) CPT profile; VP and d) VS profiles
resulting from the Down Hole test.
Fig. 10 – a) Stratigrafia del sondaggio SV1; b) granulometria dei campioni MS-PS; c) profilo CPT; d) profili di VP e VS risultanti dalla prova Down Hole.

minor irregularities in the Pyroclastic ash (PS) interbeddings; then grows to 400 m/s in the bottom
of the MS-PS formation, where the pyroclastic material is predominant. A significant seismic impedance contrast is detected intercepting the Tuff formation, with values of VS gradually increasing from
650 m/s at the roof of the YT to 785 m/s in the GT.
As a result, the equivalent shear wave velocity in
the shallowest 30 m, VS30, is equal to 336 m/s, which
leads to a subsoil type C, according to the site classification criteria specified by the National Technical
Code (D.M. 14/1/2008).
The compression wave velocity profile appears
clearly less variable than that of VS. In the shallowest
made ground layer, VP increases and, as soon as the
groundwater level is intercepted, assumes a steady
value of about 1500 m/s, typical for saturated soils,
throughout the whole marine/pyroclastic sand deposit. A further, yet slight, increase of P-wave velocity is observed in the soft rock formation, being VP
about 1600 m/s in the Yellow Tuff (YT) and then nearly 1800 m/s in the lower Green Tuff (GT).

4.2. Laboratory tests
In order to describe the grain size variation
with depth, remolded samples were taken in the
marine sand, at 12 m depth, and in the pyroclastic

soil, around 16 m, 23 m, and 30 m depths. Figure
10 shows the percentage of clay, silt, sand and gravel
for each sample at the corresponding depth. The MS
formation is composed mainly by sand with 30% of
fines, while the PS samples taken by the different layers of pyroclastic soil are characterized by increasing
fractions of silt, corresponding to the volcanic ash,
and gravel, i.e. pumices and lapillus, as typically occurs in the so-called ‘pozzolana’.
Undrained Resonant Column (RC) and Torsional Shear (TS) tests have been performed on three
saturated specimens taken at the same depths of
the grain size analyses, namely at 12 m in the marine sand, 16 m and 30 m in the pyroclastic soil. The
specimens have been consolidated at an isotropic effective stress equal to the mean lithostatic stress, i.e.
70 kPa for the marine sand, 110 and 170 kPa for the
pyroclastic soil.
Figures 11a-b respectively show the results of the
RC and TS tests, in terms of variation of the shear
modulus normalized with respect to its initial value,
G/G0 (circles), and damping ratio, D (triangles), as
a function of the shear strain, J. All the specimens
keep a linear behavior until a shear strain of the order of 0.003% and reveal a shear-volumetric coupling around 0.10%, as testified by the pore pressure buildup measured during the tests. The decay
of stiffness and the increase of damping are comparable for the MS and the PS specimen, whereas the
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Fig. 11 – a) Variation with shear strain, J, of normalized shear modulus, G/G0, and damping ratio, D, measured in RC and
b) TS tests.
Fig. 11 – a) Variabilità con la deformazione tangenziale, J, del modulo di taglio normalizzato G/G0,e del fattore di smorzamento, D,
misurati nelle prove RC e b) TS.

non-linear and dissipative behavior of the pyroclastic soil appears less pronounced when the consolidation stress increases.

4.3. The Bell Tower foundations
In order to reconstruct the shape and the depth
of the Bell Tower foundation, geophysical investigations together with vertical and inclined boreholes
have been recently carried out.
To better address subsequent direct investigations, a preliminary survey [DE SILVA et al., 2014c],
consisting of orthogonal Electrical Resistivity Tomography (ERT) and Ground Penetrating Radar
(GPR) arrays, was performed along the base of the
tower and the church (Fig. 12). The main ERT array
was arranged with electrode stakes set with 1 m spacing along an alignment of 40 m, starting from the
“piazza del Carmine” up to the middle of the church
wall, adjacent to the cloister (Fig. 9a).
The ERT clearly highlights a zone with high resistivity (about 200 :m) along the entire church
wall, extending until a depth of about 1.5 m, probably corresponding to the church foundations.
The structure of the Bell Tower lies upon an area
characterized by much lower values of resistivity
(less than 20 :m), sometimes interrupted by zones with high resistivity as thick as 5 m. Even if the
presence of the groundwater at -2 m affects the
GPR results, similar evidences could be detected
in some reflectors at a depth of about 0.8 m in the
radargram.
The above observations lead to envisage a significant embedment of the foundation in the subsoil.
In order to corroborate such hypotheses by direct
investigations, besides to the above mentioned deep borehole SV1, two more vertical (SV2, SV3) and
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four inclined (SI1, SI2, SI3, SI4) boreholes were drilled across the foundation and/or the subsoil, most
of them along the ERT and GPR traces (Fig. 13a).
The vertical shallow boreholes SV2 and SV3 were driven to ascertain whether the foundation was a
massive masonry block underlying the whole tower
footprint, as apparently indicated by the ERT and
GPR surveys. They however intercepted a fill consisting of debris held together by a weak mortar made
up of lime and pyroclastic soil, commonly used by
the ancient Neapolitan builders in the filling works
(AVETA, 1987).
The first two inclined boreholes SI1 (15°) and SI2
(25°), were drilled from outside a partition wall hiding the stairway on the South side of the tower, and
therefore could not intercept the foundation underneath and behind, since still not enough inclined. A
further borehole, SI3, drilled with a 27° inclination
again from inside the atrium, and another one, SI4,
from outside the structure and inclined 28°, could
cross the tower foundation masonry, at about 2 m below the ground level.
As a result of all the drillings, figures 13b-c and
14 report a reconstruction of the foundation which is
consistent with the traditional building practice at the
age of construction. According to the historical chronicles, in fact, the excavations were deepened not lower than the groundwater level, the foundations built
along the traces of the future main walls and the remaining volume of excavation was then filled [AVETA,
1987]. As highlighted by the lack of masonry along
the vertical drillings and confirmed by the presence at the ground floor of the two barrel vaults in the
N-S walls, the Bell Tower is only supported by the E-W
main walls which deepen 2 m below the ground level,
i.e. exactly at the groundwater table depth.
Standing on a levelling mat made of pozzolanic ash mortar, the E-W foundation walls widen out
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Fig. 12 – Cross section of Carmine bell tower; ERT section and GPR radargram.
Fig. 12 – Sezione del campanile; risultati delle indagini ERT e GPR.

about 30 cm in the middle part and 50 cm in the
angle bars, i.e. approximately one and two spans in
the Aragonese measurement system (1 span | 0.26
m, see AFAN DE RIVERA, 1840). The foundation walls
are made of faced masonry of Neapolitan yellow tuff
and, according to the brick size (16 x 25 cm or 20 x
20 cm) detected in the superstructure [CERONI et al.,
2009], are sealed at the bottom by one row of bricks
in the central part and three rows in the angle bars.
The greater thickness of the base row and the presence of an additional layer of conglomerate increase the stiffness in the angle bar, where loads are concentrated, as intuitively known in the past [ALBERTI,
1458]. The same results were usually obtained building the foundations of the angle bars with stiffer
materials [FORMENTI, 1893].
The different thickness makes the depth of the
foundation level changing along the wall, 2.10 m (| 8
Aragonese spans) in the central part and 2.90 m (| 10
Aragonese spans) below the angle bars according to
the same old widespread practice [SAPIO, 1967].

5. Seismic behavior accounting for soil structure interaction
5.1. Seismic response analysis
Due to the flat ground surface, amplification of
the seismic motion related to topographic effects
could be excluded; thus, for the fairly regular layering of the soil deposits, the stratigraphic amplification was evaluated through a one-dimensional seismic response analysis.
Considering a return period of 475 years, the
Italian seismic hazard map (MPS WORKING GROUP,
2004) reports for the site a reference peak ground
acceleration, PGA, equal to 0.17 g on an ideally flat
rigid outcrop. The disaggregation of the PGA hazard
curve identifies as main contributions to the site seismic hazard the ranges of 4.3<ML<7 for the magnitude and of 15<R<20 km for the epicentral distance.
The Rexel code [IERVOLINO et al., 2009] permitted
to extract a set of 7 spectrum-compatible accelero-
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Fig. 13 – a) Location of surveys and b) reconstruction of the foundation along sections AA and BB; and c) CC.
Fig. 13 – a) Localizzazione delle indagini e b) ricostruzione delle fondazioni attraverso le sezioni AA e c) CC.
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Fig. 14 – 3D reconstruction of the foundation.
Fig. 14 – Ricostruzione tridimensionale della fondazione.

Fig. 15 – Response spectra of the reference input motions,
normalized with respect to the relevant PGA.
Fig. 15 – Spettri di risposta degli accelerogrammi selezionati,
normalizzati rispetto alla propria PGA.

grams belonging to the selected range of magnitude
and distance; all of them were recorded by italian seismic stations on a stiff rock outcrop, i.e. a soil class ‘A’
according to the National Technical Code (Fig. 15).
One-dimensional seismic response analyses were
then carried out with the EERA code [BARDET et al.,
2000], operating in the frequency domain with a linear equivalent approach, along the shear wave velocity profile shown in figure 16a, inferred from the
Down Hole test. The adopted VS profile was obtained
by averaging the values of VS measured in each soil
layer and neglecting the measurements in the Aragonese walls, since they were not intercepted below
the bell tower foundation. Close to the ground level, the VS value was assumed equal to 300 m/s, i.e.
the lowest value measured at the top of the Marine
Sand layer. All the selected accelerograms were applied as reference input motions at a seismic bed-
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rock assumed coincident with the Green Tuff formation. The non-linear and dissipative behavior of the
soils was modeled with the curves shown in figure 17,
describing the variation with shear strain of normalized stiffness and damping ratio. The curves relevant
to the MG and the MS-PS formation were obtained
from the results of TS tests shown in figure 11b, attributing the shallowest specimen to the MG and the
others to the MS-PS layers, depending on the sampling depth. The curves describing the behavior of
the Yellow Tuff were taken from laboratory measurements on the same rock [VINALE, 1988].
Figure 16b shows the variation with the depth of
the maximum acceleration amax induced by the seven
selected earthquakes. Across the yellow tuff, the peak
acceleration amplitude keeps almost identical to the
reference value of 0.17 g. The amplitude starts to increase along the marine-pyroclastic sand (MS-PS) alternation, reaching a mean value of 0.23 g at the top of
the sandy layers; it is amplified up to 0.25 g in the made
ground (MG), especially in the uppermost 4 m layer.
The mobilized shear modulus (Fig. 16c) holds
its initial value G0 throughout the whole tuff formation, indicating a linear behavior of the soft rock. It
is worth noting that non-linear soil behaviour results
more significant in the MS-PS alternation (where
the peak shear strain level was predicted as high as
0.08%) than in the overlying made ground, due to
the shallow velocity inversion. The dark grey line in
Figure 16c represents the variation of the mean decay of the shear modulus, G/G0, along the different
soil layers above the seismic bedrock.

5.2. Simplified modelling of Soil-Structure Interaction
The variation of period and damping of the Bell
Tower taking into account soil-structure interaction
was preliminarily evaluated based on the charts of
Fig. 5. On the basis of the VS profile (Fig. 16a), an
equivalent shear wave velocity of 330 m/s can be estimated for the site. The corresponding value of V is
16, yielding a modified period T* = 1.10 T0 = 2.12 s
(Fig. 5a) and an equivalent damping ratio [* = 0.78
[ = 3.9% (Fig. 5b).
For a more realistic assessment of soil-structure interaction effects, a Finite Element model of the Bell
Tower was developed with the code SAP 2000, by discretizing the actual geometry of the Tower into beam
elements with variable hollow section along the height
(Fig. 18a). In this model, the partial interaction with
the surrounding buildings was neglected by assuming
a cantilever scheme. Since the geometry of the tower
was regularized and simplified assuming equal dimensions in the two directions, a unique fundamental period of T0 = 1.93 s (participating mass ratio 60%) was
estimated by linear modal analysis of the fixed base
tower. Such a value is intermediate and only r10%

RIVISTA ITALIANA DI GEOTECNICA

EFFECTS OF SOIL-FOUNDATION-STRUCTURE INTERACTION ON THE SEISMIC BEHAVIOR OF MONUMENTAL TOWERS:…

a)
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Fig. 16 – VS profile assumed in the seismic response analyses (a); peak acceleration (b) and mobilized normalized stiffness
(c) induced by the reference input motions.
Fig. 16 – Profilo VS assunto nelle analisi di risposta sismica locale (a); accelerazione di picco (b) e rigidezza mobilitata (c) indotte dagli
accelerogrammi selezionati.

Fig. 17 – Variation with shear strain, J, of normalized shear modulus, G/G0, and damping ratio, D of Made Ground (MG),
Marine Sand and Pyroclastic Sand (MS and PS) and Yellow and Green Tuff (YT and GT).
Fig. 17 – Variazione con la deformazione tangenziale, J, del modulo di taglio normalizzato , G/G0, e del fattore di smorzamento, D, di
terreno di riporto (MG), sabbia marina e terreno piroclastico (MS e PS) e tufo giallo e verde (YT e GT).

different with respect to those obtained by CERONI et
al. [2009] in the two directions (2.13 s and 1.79 s, see
Tab. II) with a detailed 3D finite element model, in
the same hypothesis of cantilever scheme. The numerical value given by the SAP model results 33-46% higher than the experimental values, due to the simplified
geometry assumed. The associated vibration mode is
translational, as typical of a cantilever (Fig. 18b).
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The linear static analysis of the cantilever
scheme, subjected to a horizontal force system linearly distributed along the height with a unitary resultant, yielded a structural stiffness k = 12048 kN/m
as the inverse of the displacement in correspondence to the highest point.
In order to investigate soil-foundation-structure
interaction through the simplified approach pro-
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posed by VELETSOS and MEEK [1974], the Bell Tower
was first assimilated to a simple degree of freedom
system (SDOF). A ‘consistent mass’ m* was attributed to the equivalent simple oscillator, predicted by
the well-known expression:
(8)
where T0 and k were set as in the previously mentioned by the SAP model.
The stiffness of the base springs, simulating the
translational and rotational soil-foundation impedances (see Eqs. 1-2), were calculated through literature formulas for arbitrarily shaped footings on homogeneous soils [GAZETAS, 1991], conservatively neglecting the embedment. The soil volume involved in the
inertial soil-structure interaction was assumed as extending to a depth of 22 m, i.e. twice the foundation
width underneath its level; as a result, an equivalent
shear wave velocity of 330 m/s and a small-strain soil
stiffness G0 = 207 MPa were attributed to the layered
subsoil. To account for soil non-linearity, the analysis
was repeated considering a mobilized shear modulus
Geq = 190 MPa, i.e. reduced to 90% of G0, according
to the mean decay resulting from the seismic response
analyses in the uppermost 22 m layering of deformable soils (see light grey dashed line in Fig. 16c).
As expected, equations (4) and (5) yield an increase in period and a decrease in damping due to
soil-structure interaction, being these effects more
pronounced when a non-linear behaviour is mobilized in the foundation soil. In detail, the equivaa)

b)
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lent period grows by about 15% (1.93 s to 2.21 s)
and 17% (1.93 s to 2.24 s), respectively for linear
and non-linear soil behaviour. At the same time, the
equivalent damping is respectively reduced by 33%
([* = 3.32%) and by 37% ([* = 3.22%) with respect
to the usual value adopted for structures ([ = 5%).
As a confirm, for the soil stiffness G0, corresponding
to the equivalent shear wave velocity 330 m/s, such a
simplified approach provides predictions similar to
those obtained from the charts.
Finally, in the third and more detailed approach, soil deformability has been introduced in
the FE model by SAP, by supporting the base of the
tower with translational and rotational springs (see
Fig. 18a), with the stiffness constants equal to the real components, ku and kT, of the impedance functions expressed by equations 1-2, for the cases of linear and non-linear soil behaviour.
Figures 18(b-c-d) respectively compare the first,
the second and the third modal shapes of the structure for the fixed-base scheme (FB) and the two cases of structure on a compliant base, i.e. with soil stiffness corresponding to either G0 or Geq. Because of
the model symmetry, the structure is not affected by
torsional modes, and the flexural vibrations modes
are uncoupled and coincident along both horizontal directions. In any case, the first mode is principal, but the presence of the compliant base affects
the dynamic behaviour of the soil-structure system
by also decreasing the mass participating to the first
mode (MFB = 60%, MG0 = 54%, MGeq = 57%, see Fig.
18a) and slightly increasing the contributions to
c)

d)

Fig. 18 – Section and structural model a) of the bell tower; first b), second c) and third d) vibration modes, periods and participating mass of the structure on fixed base (FB) and on deformable soil, with linear (G0) and non-linear (Geq) soil behaviour.
Fig. 18 – Sezione e modello strutturale a) del campanile; primo b), secondo c) e terzo d) modo di vibrare, periodi e massa partecipante della
struttura a base fissa (FB) e deformabile, in caso di comportamento lineare (G0) e non lineare (Geq) del terreno.
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the higher modes (for the second mode MFB = 9%,
MG0 = 12%, MGeq = 10%, see Fig. 18b; for the third
mode MFB = 9%, MG0 = 10%, MGeq = 8%, see Fig. 18c).
When introducing soil deformability, the wavelength of the first modal shape increases (light grey
lines in Fig. 18b) with respect to the fixed-base solution (black line). Nevertheless, the first mode wavelength is about unaffected by the non-linear soil response, being the increase of the fundamental period almost the same for both cases of tower on a compliant base (T* = 2.18 s for linear versus T* = 2.21
s for non-linear soil behaviour). On the contrary,
the 2nd and the 3rd modal shapes of the tower with
the compliant base model differ sensibly from those
computed with the fixed base.
It is worth noting that the modified period T*
predicted by the FE model with compliant base is
similar to the value computed with the simplified approach by VELETSOS and MEEK [1974] (cf. Tab. II).
This means that, introducing in the equivalent oscillator the consistent mass, the soil-structure period
T* may be easily achieved through the simplified approach by VELETSOS and MEEK [1974], once the fixedbase period T0 has been derived from a detailed
structural model.
The modified values of period, T*, and damping,
*
[ , given by the simplified approach by VELETSOS and
MEEK [1974], were used to calculate the spectral accelerations expected to affect the structure for a ‘life
safety’ limit state design earthquake. Figure 19 shows
the mean acceleration spectra resulting at the foundation level (-2.00 m below the ground level) from
the seismic response analyses, compared with those
specified by the NTC for the soil class C; the plots
are drawn for the case of fixed base with a structural damping ratio [ = 5% (Fig. 19a), and considering the interaction with a linear soil behavior and
[* = 3.32% (Fig. 19b), as well as with a non-linear soil
behavior and [* = 3.22% (Fig. 19c).
In any case, the spectral accelerations resulting
by the seismic response analyses (black lines) underestimate those specified by the Code (grey lines) for
periods up to 0.5 s (i.e. those typical of the ordinary/
squat structures), significantly exceed the code provisions in the range of periods from 0.3 s to 0.7 s,
thereafter the difference decreases with the structural slenderness.
Introducing soil deformability, the period of the
soil-structure system increases, implying a reduction
of the spectral acceleration with respect to the fixedbase case. In the range of periods measured experimentally (1.32-1.45 s) and numerically predicted by
the fixed-base models (1.49 s to 2.13 s), the seismic actions estimated by the seismic response analyses are up
to 35% higher than those specified by the NTC, and
the difference decreases with the period (Fig. 19a).
It can also be noted that the spectral acceleration is
slightly variable with the degree of soil non-linearity,
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Fig. 19 – a) Standard Code (NTC) response spectra vs
mean spectra resulting from seismic response analyses
(SRA) considering [ = 5%; b) [* = 3.32%; c) [* = 3.22%.
The black circle indicates the spectral acceleration for the
FB structure (a), for the structure with compliant base in
case of linear (b) and non-linear (c) soil behaviour.
Fig. 19 – a) Confronto tra gli spettri da Normativa (NTC) e da
analisi di risposta sismica locale (SRA), considerando [ = 5%;
b) [* = 3.32%; c) [* = 3.22%. Il simbolo circolare nero indica
l’accelerazione spettrale per la struttura a base fissa, FB (a), per la
struttura su base deformabile in caso di comportamento lineare (b)
e non lineare (c) del terreno.

because the equivalent values of period and damping
ratio computed in the two cases are close and the decrease of acceleration due to the elongation of the period is counter-balanced by the damping reduction.

5.3. Pseudo-dynamic analyses
Following the conventional engineering practice, pseudo-dynamic linear analyses were finally exe-
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cuted combining the effects of the main vibration
modes of the structure, under the seismic action expressed by the acceleration response spectra. The
first six vibration modes (three for each horizontal
direction) were considered, involving about 75% of
the participating mass.
The reduction in damping caused by soil-structure interaction was accounted for, by considering
the acceleration response spectra in figure 19, corresponding to damping factors modified through
equation 5. Summarizing, the cases analysed are:
– Fixed-base structure (FB), loaded by the acceleration response spectra in figure 19a, with [ = 5%;
– Structure on base springs with small-strain stiffness, calculated as a function of G0, loaded by
the acceleration response spectra in figure 19b,
with [ = 3.32%;
– Structure on base springs with reduced stiffness,
calculated as function of Geq, loaded by the acceleration response spectra in figure 19c, with
[ = 3.22%;
The plots in figures 20(a,b,c,d,e) show the structural deformation resulting from the pseudo-dynamic analyses performed with the FE SAP model using
both the NTC spectra (a, b, c) and those derived
from the seismic response analysis, SRA (a, d, e).
The structural displacements obtained by the
seismic response analyses (dashed lines in Fig. 20a)
exceed those obtained by NTC spectra (continuous
lines) for the fixed base hypothesis and are lower
when introducing soil deformability. The compliant
base, in fact, slightly increases the mass involved in
a)

b)

SILVA - CERONI - SICA - PECCE - SILVESTRI

the higher modes (see Fig. 18), emphasizing the effects of the seismic actions at low periods, where the
NTC spectra exceed the predictions of the seismic
response analyses. Due to such variation in the structural behaviour, the total deformation of the tower with a compliant base (uSS) is higher than that
computed with a fixed base (uFB), and increases as
soil stiffness reduces from G0 to Geq. In detail, in
the case of linear soil behaviour (G0), the difference
between the peak values of uSS and uFB amounts to
6% or 15%, for inertia forces respectively derived by
seismic response analyses or specified by the Code;
reducing the soil stiffness to Geq, the difference increases up to 12% and 23% if SRA and NTC spectra
are respectively considered. However, soil deformability tends to reduce the flexural displacements
(uf) (coinciding with uFB for the fixed base case),
because part of the seismic energy transmitted to the
structure is converted into rigid displacements due
to the base motion (uT). By using the standard NTC
spectrum, the reduction is negligible (uf = 0.92 uFB
in the G0 case and uf = 0.98 uFB in the Geq case), but
it becomes significant considering the SRA spectra
(uf = 0.84 uFB and uf = 0.89 uFB respectively in the G0
and Geq case).

6. Conclusions and perspectives
The fine tuning of the seismic protection of monuments requires accurate analyses, possibly accounting for the dynamic interaction between soil, founc)

d)

e)

Fig. 20 – Structural deformation computed by the spectra derived from NTC (a,b,c) and seismic response analyses (a,d,e),
considering linear (b,d) and non-linear (c,e) soil behaviour. The deformed shapes are expressed in terms of total displacement (uSS) and its rigid (uT) and flexural (uf) components compared to fixed base case (uFB).
Fig. 20 – Deformate della torre risultanti dagli spettri NTC (a, b, c) e dalle analisi di risposta locale (a, d, e), considerando comportamento
lineare (b,d) e non lineare (c,e) del terreno. Le deformate sono espresse in termini di spostamento totale (uSS) e sue componenti rigida (uT) e
flessionale (uf), confrontate con il caso a base fissa (uFB).
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dation and structure. Focusing on the Italian monumental towers, a simplified approach, based on parametric analyses on several prismatic towers with variable slenderness and soil properties, has been firstly proposed for preliminary estimates of the equivalent period, T*, and the damping coefficient, [*,
of the whole soil-structure system approximated with
an equivalent oscillator. As expected, the period T*
increases with respect to the fixed-base value. The
damping ratio [* decreases for slender or very slender towers, while increases for squat structures due
to the radiation damping. The above effects decay as
the soil stiffness increases.
Deeper evaluations of the interaction effects on
very slender structures have been carried out on the
Carmine Bell Tower, an iconic monument for the
city of Naples. Boreholes, geophysical investigations,
CPT and cyclic/dynamic laboratory tests have been
performed to reconstruct the geometry of the foundation and the geotechnical model of the subsoil.
The experience showed the effectiveness of preliminary geophysical surface tests, such as ERT and GPR,
to better calibrate direct investigations addressed to
recognize the shape and the depth of the foundation, due to the lack of knowledge on the original
design and construction procedures.
After the characterization of the dynamic behavior of the layered soil, seismic response analyses were
carried out to predict the seismic action at the foundation level.
To assess the role and significance of soil-foundation-structure interaction, the dynamic behavior
of the Bell tower was simulated by a Finite Element
structural model. Firstly, the period of the fixed-based
structure given by the FE model was used for estimating the soil-structure interaction effect by means of a
simplified method based on literature formulations
assimilating the structure to a simple oscillator. Then,
linear dynamic analyses of the Tower were carried out
by the FE model by introducing translational and rotational springs at the basement, in order to simulate
the dynamic impedance of the subsoil.
An increase of the period and a reduction of the
damping were recognized, by comparing the results
of the analyses on the fixed-base structure with those
on the soil-structure system. The two methods yielded the same equivalent periods of the soil-structure
system, provided that the fixed-base oscillator is assimilated to the complex model through a consistent
mass, evaluated assuming the same fixed-base period
and static stiffness.
The pseudo-dynamic analyses of the finite element model of the tower resting on either rigid or
deformable base pointed out that the demand resulting from the seismic response analyses requires
a higher dynamic performance of the tower, with respect to that assumed on the basis of the standard
code spectra. On the other hand, for the same seis-
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mic input, the effect of the interaction slightly reduces the spectral acceleration with respect to the fixed
base system, but increases the overall displacements
of the tower. On such a basis, further analyses on increasingly complex models are planned in the future
to assess the seismic safety of the structure and the
foundation of the tower.
Summarizing, the study permitted to test the
performance of simplified models in predicting the
expected effects of soil-foundation-structure interaction on the dynamic response of a monumental tower, at least in this paradigmatic case of a very slender
structure on deformable soil. After a careful calibration of the equivalent lumped parameters representing soil and structure, the procedure yielded reasonable predictions, although its effectiveness deserves
to be further assessed, e.g. on squatter structures
and/or stiffer subsoil conditions. Although the experience insofar well illustrated the very complex conditions in which a monumental site has to be investigated (especially in a chaotic urban context such as
a popular district in Naples…), it encourages to proceed in protecting monumental towers from the seismic extreme events, to let them watch over the safety
of the related population.
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Effetti dell’interazione terrenofondazione-struttura sul comportamento
sismico di torri monumentali: il caso
studio del Campanile del Carmine a
Napoli
Sommario
Tra tutti i territori ad alta sismicità, l’Italia vanta un cospicuo
patrimonio edilizio monumentale, caratterizzato da vulnerabilità ed
esposizione elevate rispetto all’edilizia comune. L’ottimizzazione degli
interventi di protezione sismica su edifici monumentali, considerato
il valore storico e artistico, richiede simulazioni realistiche del loro
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comportamento dinamico, spesso condizionato dall’interazione tra
struttura, fondazione e terreno.
Uno studio parametrico sulla risposta dinamica di torri
monumentali al variare della snellezza strutturale e della
deformabilità del sottosuolo ha condotto alla formulazione
di un approccio semplificato, che consente di quantificare
approssimativamente gli effetti dell’interazione in termini di
incremento del periodo e variazione dello smorzamento di un
oscillatore a base fissa equivalente sulla base di alcuni parametri
sintetici del terreno e della struttura.
Valutazioni più accurate sono state effettuate con riferimento al
caso studio del campanile della chiesa del Carmine, situato nella
zona litoranea di Napoli. Separata dalla chiesa adiacente e alta
circa 70 m, la struttura è in muratura di tufo a sacco con pianta
approssimativamente quadrata (11 x 11 m) per i primi 41 m, ed in
mattoni laterizi con pianta ottagonale da 41 m a 56 m. Indagini
storiche, carotaggi verticali ed inclinati in fondazione, tomografie
geoelettriche e georadar hanno consentito la ricostruzione della
geometria delle fondazioni dirette. La stratigrafia del sito è stata
ricostruita attraverso un sondaggio geognostico profondo 59 m,
che ha intercettato riporti antropici ed alternanze di sabbie marine
e terreni piroclastici, poggianti su un banco di tufo giallo e verde
napoletano. Le proprietà meccaniche dei diversi terreni sono state
indagate attraverso una prova CPT, una prova Down-Hole e prove
cicliche e dinamiche di taglio torsionale.
La simulazione del comportamento dinamico del sistema terreno
– struttura è stata effettuata attraverso un approccio semplificato
ed analisi dinamiche lineari su un modello agli elementi finiti.
Entrambi i metodi sono stati applicati considerando sia le azioni
sismiche di Normativa, sia quelle determinate attraverso analisi
di risposta locale. Il confronto tra i risultati delle analisi sulla
struttura a base fissa e sul sistema terreno – struttura evidenzia un
sensibile effetto della deformabilità dei terreni in termini di aumento
del periodo fondamentale e riduzione dello smorzamento equivalente
della struttura, che si riflettono anche sull’accelerazione spettrale e
sugli spostamenti della torre.
Parole chiave: risposta sismica locale, interazione terrenofondazione-struttura, torre in muratura, oscillatore equivalente
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