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Effect of the soil–foundation-structure 
interaction in the seismic assessment of 

the Carmine Bell Tower in Napoli  

F. de Silva  
University of Napoli Federico II, Italy 

The paper discusses the numerical procedure developed to model the soil-
foundation-structure (SFS) interaction of the Carmine bell tower in Napoli. A 3D 
full model was realized with the finite difference code FLAC3D and validated 
against the main frequencies of the tower detected on site. Nonlinear dynamic 
analyses were carried out under the maximum historical earthquake, with emphasis 
on the role of the base deformability and the lateral restraint imposed to the tower 
by the adjacent buildings. Finally, the foundation safety was assessed comparing 
the evolution with time of the seismic loads with the failure locus. 

1 Introduction 
Civic and bell towers, lighthouses, watchtowers, dungeons and dovecotes 
dominate the Italian landscape. As shown by de Silva et al (2015), accelerations 
greater than 0.1 g are expected on a rock outcrop in most of the Italian sites where 
the towers are located. Damages caused by L'Aquila (April 6, 2009, MW=6.3), 
Emilia (May 29, 2012, MW=5.8) and Central Italy (August 24, 2016, MW=6; 
October 30, 2016, MW=6.5) earthquakes testify the emergency in the realization of 
sustainable mitigation interventions to ensure their fruition and conservation.  

The seismic response of structures is generally assessed through non-linear static 
or dynamic analyses performed on fixed-base models (e.g. Ceroni et al. 2010; 
Valente and Milani, 2016). The results of fixed-base analyses are reliable when the 
towers are founded on the rock. As well known (Veletsos and Meek 1974), the 
deformability of the soil modifies the seismic action transmitted by the foundation 
to the structure with respect to the free-field motion (kinematic interaction), while 
the absolute structural displacement is increased, due to the subsoil compliance 
(inertial interaction). With respect to the fixed-base structure, the fundamental 
period of the SFS system increases and part of the seismic energy is radiated into 
the soil. Furthermore, researches by Gazetas (2015) demonstrated that a significant 
amount of energy is dissipated by the soil plasticization under strong motions, 
leading to a reduction of the structural demand. Such beneficial effect is precious 
in the seismic performance of historical buildings, since they were not designed to 
face earthquakes. 
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2 Investigations on structure and soil 
The case study analysed in the following is the Carmine Bell Tower, a very slender 
tower on deformable soil in the East seashore of Napoli (Fig. 1a). Together with a 
church, a friary and a cloister (Fig. 1b), the bell tower composes an important 
monumental complex, holding a significant historical and symbolic value for the 
city. In 1456, a destructive earthquake originated in Ariano Irpino (Fig. 1a) with a 
moment magnitude, MW, estimated as high as 7.6, induced a macro-seismic 
intensity IMCS=VIII at Napoli. The existing bell tower was severely damaged and 
later reconstructed on the residual basement. The shape of the current bell tower is 
shown in Fig. 1c. From the basement up to 40 m the cross-section is squared and 
made of yellow tuff bricks, while the walls at the upper levels are made of clay 
bricks (Ceroni et al., 2009).  

 
Fig. 1:   a) Location of Napoli and of the source generating the 1456 
earthquake in Southern Italy, b) global view of the Carmine monumental 
complex; c) frontal view and cross sections of the bell tower; d) layered soil and 
VP, VS profile below the bell tower. 
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Geophysical surveys and boreholes highlighted that the foundation of the bell 
tower coincides with the E-W main walls, which deepen 2m below the ground 
level (Evangelista et al., 2016; de Silva et al., 2015). The foundation level is located 
exactly where the water table was intercepted. 

The on-site dynamic identification of the structure allowed to reliably recognize 
the main frequencies of the tower and the corresponding modal shapes (Ceroni et 
al., 2010). The first modal shape is parallel to the North-South direction, with a 
natural frequency of 0.68 Hz, while the second one is parallel to the East-West 
direction, with a frequency of 0.76 Hz. Higher order bending modes, characterized 
by low values of participant mass, were experimentally identified at frequencies 
2.28 Hz and 2.35 Hz for the NS and EW direction, respectively. 

A deep borehole was drilled down to a depth of 59 m very close to the external 
access to the Bell Tower. The underlying lithological sequence is shown in Fig. 
1d. A Down-Hole test was performed in the borehole to measure the compression 
(VP) and shear (VS) wave velocity profiles down to 56m, plotted in Fig. 1d. The 
non-linear soil behavior was investigated through Resonant Column (RC) and 
Torsional Shear (TS) tests, performed on the three specimens shown in Fig. 1d.  

A cone penetration test (CPT) was performed in the cloister down to a depth of 15 
m showing a large variability of the tip resistance, qc, (3-27 MPa) in the Man-made 
Ground, while minor oscillations were observed in the marine sand (qc =15 MPa) 
and in the pyroclastic ash (qc = 8 MPa). To characterize the resistance of the deeper 
MS&PS deposits, triaxial consolidated-undrained (TXCIU) tests were performed 
on the specimens shown in Fig. 1d, leading to a friction angle . More details 
on the field and laboratory tests are reported by de Silva et al. (2015; 2017). 

3 Numerical model 
The three-dimensional model shown in Fig. 2a was realized through the finite 
difference code FLAC3D 5.01.110. The layered soil was modeled until the depth 
of the green tuff formation, assumed as bedrock. The geometry of the tower (Fig. 
2b) was closely reproduced, including the barrel vault on the ground floor and the 
cover dome. Interface elements were applied along the foundation basement, 
where the structure and the soil are in contact. The mechanical properties of the 
interfaces derive from the stiffness and the strength parameters of the underlaying 
made ground (de Silva et al., 2017).  

To avoid undesired wave reflections, ‘quiet boundaries’ (i.e. absorbing horizontal 
dashpots) were applied at the base of the layering and ‘free-field boundaries’ (i.e. 
soil columns reproducing one-dimensional motion) were set along the lateral sides. 

Physical and mechanical properties of the soil and the structural model are 
summarized in Tab. 1 and Tab. 2. The Mohr-Coulomb failure was assumed for the 
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soil, where high deformations are expected after earthquake. The small-strain shear 
modulus, G0, and the Poisson coefficient, , were derived from the VP and VS 
profiles. The friction angle, , was measured through the experimental tests 
described in Section 2, while the dilation and the tensile strength, σt, were set null 
and a cohesion c'=2kPa was set to improve the calculations at low stress values. 

 
Fig. 2:   Soil-Foundation-Structure model (a), detail of the structural 
geometry (b). 

The pre-failure stress-strain behavior of the made-ground, the marine/pyroclastic 
formation and the yellow tuff was modelled as hysteretic. The parameters of the 
sigmoid function, describing the decay of the shear modulus with the shear strain, 
were calibrated on the experimental data (de Silva et al., 2017). The frequency 
dependant damping, D0, was added to the hysteretic damping to cut-off the 
spurious high-frequency motion generated during the small-strain computation. 

Tab. 1: Soil mechanical properties. 

Soil 
Constitutive 

model 
 VP VS G0  D0  c σt 

kN/m3 m/s m/s MPa - % ° MPa MPa 

MG 

upper Hysteretic 
Mohr-

Coulomb 
20.7 

1440 300 187 0.45 0.83

38 2 0 medium 1440 346 249 0.45 0.83

lower 1550 401 335 0.45 0.83

MS&PS 
upper Hysteretic 

Mohr-
Coulomb 

20.60 1550 281 162 0.48 0.65
36 2 0 

lower 16.40 1550 412 278 0.46 0.93

YT 
upper 

Hysteretic 17.20 
1608 677 789 0.39 0.15

- - - 
lower 1622 730 917 0.37 0.15

GT (bedrock) Elastic 19.12 - 756 1114 - - - - - 
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Tab. 2: Structural mechanical properties. 

Material Constitutive model  G0 ν   c σcy σt 

kN/m3 MPa - % ° MPa MPa MPa

Masonry 
Brick Double Yield 16.3 522 0.15 5 34 0.64 2.4 0.24 

Tuff Double Yield 11.2 391 0.15 5 33 0.38 1.4 0.21 

Foundation Tuff Double Yield 11.2 333 0.15 5 33 0.38 1.4 0.21 
 

A visco-elastic strain-softening behaviour was set for the masonry with a constant 
damping =5%. The shear stiffness of the foundation was reduced to 85% with 
respect to the value associated to the above ground tuff masonry, since the 
underground elements are more affected by aging than the superstructure. The 
elasto-plastic strain-softening constitutive models shown in Fig. 3 were assumed 
for the brick and tuff masonry and simulated through the ‘Double Yield’ model. 
The model consists of a Mohr-Coulomb shear failure locus, in which the tension 
is limited by a cut-off, σt, and the volumetric failure locus is introduced through 
the limit mean stress. The friction angle, , was derived from the relationships 
reported by Augenti and Parisi (2010) for the tuff and from the suggestions by 
Atkinson (1989) for the brick masonry, while the cohesion was back-calculated 
from the friction angle and the peak uniaxial compression strength, σcy. To verify 
the effectiveness of the adopted failure criterion, the uniaxial tensile and 
compression behaviour plotted in Fig. 3 were simulated on a cylindrical masonry 
sample, showing a very good agreement. 

Fig. 3:   Target vs simulated constitutive laws for brick and tuff masonry: 
compression (a) and tension (b). 

The dynamic behaviour of the tower was numerically investigated considering two 
different structural patterns: 

 Free Tower, FT, a simple cantilever scheme;  
 Restrained Tower, RT, with the rotations in the vertical planes prevented from 

0 to 19 m. 
Since the FLAC3D software is not able to directly carry out modal analyses, the 
procedure developed by de Silva et al. (2018) was used to compute the effective 
period of the SFS system. The models were excited by a noise signal (frequency   
f =1-10 Hz, duration t = 5 s) and the structural response was numerically monitored 
over 10 s, to record the free vibration behavior after the forced-vibration stage. 
Tab. 3 compares the experimental frequencies to the values identified from the 
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peak of the Fast Fourier Transform of the free-vibration structural displacements. 
The restrained structure (RT) reproduces better the experimental data, with 
differences as low as -17% and -5% for the first mode along x and y, respectively. 

Tab. 3: Comparison between the experimental and numerical frequencies. 

  

Experimental Numerical
f (Hz) f (Hz) 

 FT RT 

1st 
x 
y 

0.69 
0.76 

0.37
0.37

0.57
0.72

2nd 
x 
y 

2.28 
2.35 

1.65
2.02

2.20
- 

 

4 The input motion 
The historical earthquake was simulated through three natural records generated 
by events occurred in the same seismogenic area of the historical earthquake, as 
shown in Fig. 1a. The selected signals are compatible with the uniform hazard 
spectrum corresponding to a probability of exceedance equal to 10% and computed 
through the ground motion prediction equation (GMPE) by Bommer et al. (2003) 
for MW=7.2 and epicentral distance equal to 63km (Fig.4a). The magnitude and 
the location of the seismic source derives from the simulation of the historical 
damage reported by Fracassi and Valensise (2007). The signal was scaled to a peak 
ground acceleration PGA=0.176g, estimated through the empirical correlation by 
Faenza and Michelini (2010) as corresponding to the local intensity IMCS=VII. The 
recorded signal was assumed as propagating along the straight line joining the 
epicentre to the Bell tower site (Fig. 1a) and the two components of the input 
motion were obtained after projecting the signal along NS and EW directions. In 
the following, the nonlinear dynamic analyses under the Irpinia input motion are 
discussed. The acceleration time histories and the response spectra are plotted in 
Fig.4b and c. The input motions were applied as shear stress at the model base. 

Fig. 4:   Single and mean scaled acceleration spectra vs. that predicted 
through the GMPE (a) by Bommer et al. (2003); components of the acceleration 
time history (b) and spectrum (c) of the Irpinia input motion. 
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5 Results of non-linear analyses 
Fig.5a shows the evolution of the plastic states of the free and restrained tower. 
The contours are associated to the time histories of the of the base (b) and top (c) 
displacement of the tower. In both cases, the structural yielding starts around 
t=10s, when plastic deformations occur at the base of the free tower and above the 
lateral contact with the adjacent buildings for the restrained structure. Plastic points 
tend to diffuse with time, generating a sort of spread plastic hinge. The collapse of 
the tower is recognized in both cases around t=12s, when the strains reach in the 
whole cross section the compression limit εc=1% set for the tuff masonry. Due to 
the different position of the spread plastic hinge, the free structure and its 
foundation collapse together, while the foundation of the restrained tower attains 
the plastic state around t=36s (Fig. 5a), later than the structural failure.  

A kind of harmonic oscillation with increasing amplitude can be recognized from 
the displacements recorded on the top tower (Fig. 5b) before t=10s. After the 
uncontrolled growth indicates the failure, i.e. the occurrence of plastic 
deformations in the horizontal cross section of the tower (compare to Fig. 5a).   

Fig. 5:   Free vs restrained tower: evolution of the plastic states occurred in 
the tower masonry (a), displacements of the upper level (b) and of the foundation 
(c) of the models.  

The displacements recorded below the foundation show the same values of the free 
field results (Fig. 5b) until the behaviour of tower base is reversible. As plastic 
deformations are accumulated in the foundation (t=10s for the free tower and t=36s 
for the restrained model), permanent displacements of the base occur. In spite of 
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the larger amplitude of the EW (y) component of the input motion, the scatter is 
more significant along the NS (x) direction, where the foundation is more 
deformable, due to its geometry. As expected, the presence of the lateral restraint 
inhibits the foundation movements, thus reduces the final displacement.  

6 Seismic assessment of the foundation 
The stability of the foundation was assessed comparing the histories of the vertical, 
N, and horizontal forces, Hx-Hy, together with the overturning moments in x and y 
directions, Mx-My, versus the associated failure loci, as reported in Fig. 6 for the 
north footing and x-direction. The failure loci were computed following the 
procedure proposed by Nova and Montrasio (1991), in which the soil-foundation 
interface friction angle was set equal to the friction angle of the made ground and 
the geometry of the foundation was inferred from the on-site surveys.  

 

a) 

b)  c) 

Fig. 6:   Time histories of N, Hx and Mx versus the failure locus of the north 
footing: global view (a) and cross-sections (b-c). 

The same histories of the load forces and moments are projected in Fig.6b-c on 
two orthogonal cross sections of the domain in the Hx-N and Mx-N planes, 
respectively. The load pattern of the restrained model approaches the failure locus, 
due to the reduction of N; rather surprisingly, safer conditions are predicted for the 
free tower. With respect to the failure conditions expressed in terms of stress and 
strain states resulting from the non-linear dynamic analyses, the macro-element 
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approach leads to a safer behavior of the foundation. The difference can be 
ascribed to the evolution of the resisting section provided only by the finite 
difference model. Slippage and separation provided by the interfaces reduce, 
indeed, the contact area between soil and foundation, while the whole area of the 
footing is assumed in the macro-element approach to compute the resistance, 
independently from the actual history of the unloading-reloading cycles. 

7 Conclusions 
The paper illustrated the numerical procedure developed to model the soil-
foundation-structure interaction of the Carmine bell tower in Napoli. The lateral 
restraint along the tower height was found to strongly affect the soil-structure 
interaction, since it changes the position of the plastic hinges and the evolution of 
the failure. The failure locus approach leads to a safer behavior of the foundation 
with respect to the finite difference analyses, since the reduction of the soil-
foundation contact area associated to slippage and separation is neglected.  

The Carmine bell tower is intended as a prototype study for the seismic safety of 
historical towers, highlighting the need for an interdisciplinary action strategy to 
achieve the safe fruition and the conservation of the historical heritage.  
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