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Abstract

Masonry bell towers represent a large portion of the Italian cultural heritage and are highly vulnerable
to seismic actions mainly due to their relevant slenderness, as also observed in recent seismic events.
The present study investigates the seismic vulnerability and earthquake response of five slender
historical masonry bell towers, which are located in South-East Lombardia (Northern Italy), through
a preliminary simplified procedure suggested by the Italian Code and advanced numerical
simulations. To thoroughly study the seismic response of the bell towers, detailed three-dimensional
FE models with a damage plasticity constitutive law for masonry are developed and non-linear
dynamic analyses are performed using different accelerograms. The results of the non-linear dynamic
analyses show that the geometrical features and the main vibration properties of the bell towers turn
out to be the main parameters influencing the seismic performance of such a construction typology.
Moreover, it can be noted a clear influence of the accelerograms characteristics on both the energy
dissipated by tensile damage and the maximum normalized displacements of the bell towers. On the
other hand, the structural geometrical characteristics play a very important role in terms of damage
distribution among the different parts of the bell towers. In addition, the main limitations of the
simplified approach suggested by the Italian Code for the seismic assessment of the bell towers under
study are highlighted through a comparison with the results obtained from non-linear dynamic
analyses. The main outcomes presented in this study may also represent a useful insight to better
understand the earthquake response and seismic vulnerability of similar masonry bell towers located
in the same region, providing valuable information that can be directly used in seismic risk assessment
at regional scale.

Keywords: masonry bell tower; seismic assessment; simplified procedure; non-linear dynamic
analysis; damage distribution.



1. Introduction

The seismic vulnerability assessment of masonry constructions belonging to architectural heritage
and their preservation against lateral loads are still a critical issue and represent a current challenging
research topic [1-6]. The experience of past seismic events has highlighted that earthquakes of small-
to-moderate intensity can cause severe damage and even collapse of such a typology of structures [7-
14]. In particular, historical masonry towers can be considered highly vulnerable to horizontal loads
due to their high slenderness combined with the presence of severe irregularities, large openings,
leaning phenomena, heterogeneity and very low tensile strength of masonry: a proper prediction of
the seismic response and damage distribution of historical masonry towers and minarets still represent
a complex task [15-36].

This paper presents a numerical study on the seismic vulnerability assessment and earthquake
response evaluation of five slender ancient masonry bell towers that are representative of a structural
typology very common in South-East Lombardia, Northern Italy.

The seismic safety evaluation of the bell towers has been carried out, in a preliminary phase, using a
procedure based on a simplified mechanical based approach in order to assess a seismic safety index
in terms of peak ground acceleration. The synthetic theoretical predictions obtained through the
simplified procedure have been summarized for all the case studies, providing a preliminary
indication of the seismic vulnerability of the bell towers that can be effectively used at territorial
scale. In a second phase, the critical issues related to the application of the simplified procedure for
the seismic assessment of the bell towers have been highlighted through a comparison with the results
obtained through non-linear dynamic analyses.

For the advanced numerical simulations, a detailed three-dimensional FE model with a damage
plasticity constitutive law for masonry has been developed for each bell tower and non-linear dynamic
analyses have been performed. The same masonry material has been assumed for all the bell towers
in order to have an insight into the seismic behavior of the structures only as a function of their
geometry. The seismic response of the bell towers has been evaluated in terms of maximum
normalized displacements, damage distribution and energy density dissipated by tensile damage. The
geometrical features and the main vibration properties turn out to be the main parameters influencing
the seismic structural performance of the bell towers.

Some of the main objectives of this study can be summarized as outlined below: (1) to identify the
most vulnerable parts of the bell towers under study, which are representative of a structural typology
very widespread in South-East Lombardia; (2) to obtain a thorough understanding of the seismic
response and damage distribution of the bell towers through the analysis of important response
parameters for different PGA levels and different accelerograms; (3) to highlight the main limitations
of the simplified procedure through a comparison with the results obtained from non-linear dynamic
analyses. The main findings of this study may contribute to a better understanding of the seismic
vulnerability of this typology of masonry constructions, providing useful information that can be
directly used in seismic risk assessment at regional scale.

The paper is organized as follows. Section 2 provides a concise description of the five case studies.
Section 3 presents the main results of a preliminary seismic vulnerability assessment of the bell towers
using the simplified mechanical based approach suggested by the Italian Code. Section 4 describes
the FE models and the material constitutive law used for masonry in the advanced numerical
simulations: in addition, a preliminary evaluation of the dynamic behavior of the five bell towers
through modal analysis is provided. Section 5 illustrates the main results of the non-linear dynamic
analyses performed on the detailed FE models of the bell towers and a comparative discussion of the
main outcomes obtained in this study is presented in Section 6. Finally, the main conclusions of this
research are reported in Section 7.



2. Description of the towers under study

This section provides a short description of the five bell towers under study, which are schematically
illustrated in Fig. 1. It can be noted that the geometrical characteristics of the bell towers are quite
similar, because the case studies represent a typical structural typology that can be commonly
observed in the South-East of Lombardia, Northern Italy. Moreover, it is reasonable to consider that
the five bell towers are characterized by a similar masonry because they were built in the same
geographical area and approximately in the same period.

Tower 1 Tower 2 Tower 3 Tower 5

Fig 1. Schematic three-dimensional views and photos of the five bell towers under study.

2.1. Tower 1

The bell tower, which is about 29 m high, is characterized by a square plan with sides equal to about
4.5 m. The walls thickness remains constant along the height until about 18.7 m and is equal to around
1 m for all the four sides. A small dome with a diameter of about 3.5 m is present on the top of the
bell tower. The bottom part of the bell tower, up to a height of about 20 m, is almost devoid of any
openings; only the east side presents the entrance door at the base and two small circular openings at
mid-height. In the upper part, each side exhibits a large arched opening that is about 3.1 m high. The
bell tower is characterized by the presence of decorative cornices at regular intervals, pilasters on
both sides of the belfry openings and triangular tympanums protruding above them.

Fig. 2 shows the elevation views of the four sides of Tower 1 along with the sections at relevant
different heights with indications of the main geometrical dimensions.
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Fig. 2. Tower 1. Elevation views, plan and relevant sections of the bell tower with indication of the
main geometrical dimensions.

2.2. Tower 2

The bell tower, which is about 34 m high, is characterized by an approximately octagonal plan in the
lower part (up to a height of about 18 m) and by a square section in the upper part. The length of the



external sides including the section at the base is equal to 4.8 m, while the square section in the upper
part presents a side equal to 4 m. The walls thickness remains constant along the height: in the lower
part it is equal to 0.5 m for the four main sides and 0.9 m for the diagonal ones, while in the upper
part (square section) it is equal to 0.5 m. A small dome, which exhibits a diameter of about 3.6 m, is
present on the top of the bell tower: it is supported by a circular tambour consisting of different layers
that are characterized by a thickness decreasing with the height.

In the lower part of the bell tower, a small opening, which is 1.6 m high, is present on two parallel
sides. The entrance door, which is 2.7 m high, is present on the north side: a window, which is 1.7 m
high, can be found on the south side at the ground level. The belfry presents a large arched opening,
which is 3.4 m high, on each side.

The upper part of the bell tower is characterized by many decorations, such as cornices at regular
intervals, the first of which separates the octagonal section from the square one. Moreover, in the
upper part two rows of pilasters are present on each side, enclosing also the belfry openings.

Fig. 3 shows the elevation views of the four sides of Tower 2 along with the sections at relevant
different heights with indications of the main geometrical dimensions.
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Fig. 3. Tower 2. Elevation views, plan and relevant sections of the bell tower with indication of the
main geometrical dimensions.

2.3. Tower 3

The bell tower, which is about 26 m high, is characterized by a square plan with sides equal to about
4 m. The walls thickness is constant along the height and is equal to 0.8 m for the southern side and
0.65 for the other three sides; the bell tower presents a 1.3 m high basement characterized by a
thickness that is 15 cm larger than the upper part. A small dome, which exhibits a diameter of about
3.65 m, is present on the top of the tower: it is supported by a circular tambour.

Two doors, which are 2.1 m high, and a small window, which is 0.5 m wide and 0.7 m high, are
present at the ground level, respectively on the west, north and east sides: the south side does not
exhibit any openings. Each side of the belfry presents a large arched opening that is 3.3 m high.

The lower part of the bell tower, up to a height of 17 m, is characterized by the presence of many
decorative niches. In the upper part, two pilasters on each side enclose the bell openings.

Fig. 4 shows the elevation views of the four sides of Tower 3 along with the sections at relevant
different heights with indications of the main geometrical dimensions.
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Fig. 4. Tower 3. Elevation views, plan and relevant sections of the bell tower with indication of the
main geometrical dimensions.

2.4. Tower 4

The bell tower, which is about 29.4 m high, is characterized by a square plan with sides equal to 4.6
m. The walls thickness remains quite constant along the lower part of the bell tower with a minimum
value equal to about 0.3 m for all the sides: a significant increase of the thickness can be observed on
the four corners of the square section. A small dome, which exhibits a diameter of about 4.4 m, is
present on the top of the tower: it is supported by an octagonal tambour that is almost 3 m high. In
the lower part of the bell tower, up to a height of 20 m, only two small rectangular windows and the
entrance door at the base are present on the south side. In the upper part of the bell tower, each side
presents a large arched opening that is about 2.4 m high: in addition, each side of the tambour exhibits
a rectangular opening that is about 2 m high. The bell tower is also characterized by the presence of
decorative cornices at regular intervals and many rectangular recesses of 5-10 cm on each side, used
as decorations and supports for statues.

Fig. 5 shows the elevation views of the four sides of Tower 4 along with the sections at relevant
different heights with indications of the main geometrical dimensions.
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Fig. 5. Tower 4. Elevation views, plan and relevant sections of the bell tower with indication of the
main geometrical dimensions.

2.5. Tower 5

The bell tower, which is 35.4 m high, is characterized by a square plan with sides equal to about 4.9
m. The walls thickness varies gradually along the height, from a maximum value of 0.95 m at the
base to a minimum value of 0.4 m below the tambour. A small dome with a diameter of about 3.6 m
is present on the top of the tower: it is supported by an octagonal tambour that is almost 4 m high.



On the north side, a 2.1 m high door is present at the base. On the east and south sides there are no
openings in the lower part, but only a rectangular niche on the south side. On the west side there are
a 2.5 m high door, a 1.2 m high rectangular window and a 2.1 m high arched window.

Above the height of 13 m, the bell tower is almost symmetric: a circular niche, which is 2.2 m high,
and two wide arched windows, which are 2.9 m high, can be found on each side. Above them, each
of the eight sides of the tambour presents an arched opening that is 2.4 m high.

The majority of the bell tower is characterized by the presence of decorative cornices at regular
intervals and some 5-10 cm deep niches, especially around the openings; in addition, in the upper part
two 4.5 m high pilasters are located near the arched openings.

Fig. 6 shows the elevation views of the four sides of Tower 5 along with the sections at relevant
different heights with indications of the main geometrical dimensions.

[ ‘

5 I
5.90 ﬂ 3.60
+2946mF

.-%_-6_0_ W +E
7=29.46 m S

L @ I @
424 412
5.36 0 i

412

+2249m'¥

===

+1581m'¥

I 1-=1=

J BEI= ==
i o = |=| EIElE

424
7.07 7=15.81 m 7=22.49m
+8.74m ¥ 05
z z
4.90 4.64

[ +000m 7. [] . f\‘y J i L:\

f 490 52

490 490 ' —
e — = 7=8.74 m

North East South West x Z=0m

Fig. 6. Tower 5. Elevation views, plan and relevant sections of the bell tower with indication of the
main geometrical dimensions.

2.6. Material characteristics

The masonry of the five bell towers is made with solid bricks and lime mortar. As already mentioned,
in this study the same properties of masonry material were assumed for all the bell towers in order to
have an insight into the seismic behavior of the structures particularly as a function of their geometry.
The mechanical properties of masonry have been defined considering the provisions of the Italian
Code [37-39] and are summarized in Table 1. The values of the modulus of elasticity (E) and shear
modulus (G) are the average between the upper and lower bounds of the range suggested in [37-39],
while the values of the compressive strength (f;,,) and shear strength (ty) are the minimum.

Table 1. Mechanical properties assumed for masonry consisting of solid bricks and lime mortar.
fin [N/mm?] 7o [N/mm?] E [N/mm?] G [N/mm?] w [KN/m?]
24 0.06 1500 500 18
Notation: f,, = compressive strength, 1, = shear strength, E = modulus of elasticity, G = shear modulus,

w = specific weight.

3. Preliminary seismic assessment through a simplified approach

For a preliminary evaluation of the seismic vulnerability of the bell towers under study, a simplified
procedure based on the equivalent lateral static analysis suggested by the Italian Guidelines [39] is
performed. A simplified mechanical model is assumed for the bell tower that is modelled as a
cantilever beam subjected to a system of static horizontal forces. The model of the bell tower is
divided into different blocks presenting uniform characteristics. The safety checks are carried out by



comparing, at the base of each block, the acting and resisting bending moments along the height of
the structure. In order to evaluate the resisting bending moment, zero tensile stresses and a limited
compressive strength are assumed for masonry.

The acting bending moment is computed through an equivalent static analysis, adopting a linear
distribution of horizontal static forces along the height of the bell tower. The force to be applied in
correspondence with the center of mass of each block is given by the following expression:

Wiz Se(TOwW
_Z:=1WkaFh where F;, =0.85 7 g (1)

F;

where W; and Wy denote, respectively, the weight of the i-th and k-th blocks, z; and z are,
respectively, the height of the centers of mass of the i-th and k-th blocks with respect to the tower
foundations, S.(T;) is the ordinate of the elastic response spectrum, which is function of the main
period T, of the tower along the considered loading direction, q is the behavior factor, W is the total
weight of the tower and g is the gravity acceleration. The resultant of the seismic forces acting at the
i-th section is given by:

n
X, Wiz

Fp; Fy, ()

= n
Zk: Wizk

The acting bending moment is obtained from the following expression:
X Wizk

Mi=Fhi(m_Zi ) (3)

where 7z, is the height of the center of mass of the k-th block (presenting weight Wy ) and z;* is the
height of the i-th section, which should be verified, with respect to the tower foundations.

In this study, the response spectra provided by Eurocode 8 [40] with three different soil types (soil
types A, B, C) are considered. The behavior factor is assumed equal to 2.8, as suggested by the Italian
Guidelines [39] for such typologies of structures in the case of stiffness irregularities along the height
of the bell tower. According to the procedure, for bell towers with hollow section with approximately
rectangular shape, simplified formulas can be adopted for the evaluation of the resisting bending
moment. Under the assumption that the normal pre-compression does not exceed the value of
0.85f, 4, , the ultimate bending moment at any cross-section can be evaluated as:

M, _ o4 b o,4 @
2 0.85af,

where b and a are the section sides in the longitudinal and orthogonal directions of the seismic action,
A is the section area, o, = W/A is the vertical compressive stress in the section (W is the tower

weight above the section considered) and £, is the design compressive strength of masonry, which

is obtained according to the Italian Code [37-39]. The lowest knowledge level (LC1) is adopted for
masonry.

The number of transversal sections considered to estimate the ultimate flexural strength is set equal
to 20 for all the bell towers under study. The positions of transversal sections, where the cross-section
strength is evaluated, are chosen in order to investigate the flexural behavior at meaningful locations,
taking into account mainly the presence of openings and the thickness variation of masonry walls.
Fig. 7 shows the results of the comparison between resisting and acting bending moments in the two
orthogonal directions at the critical sections of the five bell towers for different ground types (A, B,
C) and various seismic intensity levels (Sa,=0.05g, Sa,=0.15g, Sa,=0.25g, Sa,=0.35g). The critical
section is located at the base for Tower 1, Tower 2 and Tower 4: on the contrary, it is located at a



height of 1.45 m for Tower 3 due to the sharp restriction of the section and at a height of 0.5 m for
Tower 5 due to the presence of large openings.
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Fig. 7. Values of resisting (Mr) and acting (Me) bending moment obtained for the critical section of
the different bell towers, considering different soil types and different seismic intensity levels.

According to the simplified procedure, the seismic safety Index is evaluated for the bell towers under
consideration. The seismic safety Index can be defined as follows:
7 =%sw

g

)

where ag;; is the peak ground acceleration corresponding to the collapse of the structure and a, is

the design ground acceleration on ground type A. A value of the seismic safety Index greater than
one corresponds to a safe state for the bell tower under consideration. This index is useful to provide
a quantitative indication of any deficiency in terms of mechanical strength of the bell tower.

The values of the seismic safety Index obtained for the five bell towers under study are reported in
Fig. 8 for both the directions and for four different seismic intensity levels (Say).

-It can be noted that: (i) under Sa,=0.05g, the seismic safety Index is larger than one for all the bell
towers, considering all the ground types; (i1) under Sa,=0.15g, the seismic safety Index is smaller
than one for all the bell towers, except for Tower 4 in the case of ground type A; (iii) under Sa,=0.25g
and Sa,=0.35g, the seismic safety Index is smaller than one for all the bell towers, considering all the
ground types.

-The lowest values of the seismic safety Index are computed for Tower 3. The high seismic
vulnerability of the bell tower is given mainly by the reduced ultimate moment resistance at the base,
also due to the presence of large doors. As already mentioned, the critical section is located in
correspondence with the sharp reduction of the base section (at a height of 1.4 m).

-Low values of the seismic safety Index are computed also for Tower 5. The high seismic
vulnerability of the bell tower is due to the large mass of the structure generating high horizontal
forces and consequently large values of acting bending moment at the base: moreover, the ultimate
moment resistance at the base is reduced by the presence of openings (the door on the north side and
the opening on the west side) in both the directions.

-The largest values of the seismic safety Index are computed for Tower 4. The low seismic
vulnerability of the bell tower is mainly due to the low weight (the lowest weight among the different
bell towers) of the structure that is related to small values of acting bending moment at the base.
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Fig. 8. Values of the seismic safety Index obtained through the simplified procedure at the base
section of the different bell towers for different seismic intensity levels in the X and Y directions.

The seismic safety Index is also computed referring only to the belfry and the results are reported in
Fig. 9 for each bell tower considering three different ground types.

-It can be noted that the seismic safety Index is larger than one for all the bell towers under Sa,=0.05g
and Sa,=0.15g, considering all the ground types.

-The belfry of Tower 3 presents the lowest seismic safety Index, which is smaller than one for
Sa,~0.25g and Sa,=0.35g for all the ground types. The high seismic vulnerability of the belfry is due
to the reduced cross-section area, the notable mass on the top and, above all, the largest openings
percentage among the different bell towers.

-The belfry of Tower 5 presents low values of the seismic safety Index, which is smaller than one for
Sa,=0.35g (for all the ground types) and for Sa,=0.25g (for ground type C). The high seismic
vulnerability is mainly due to the cross section and walls thickness reductions in the belfry.

-The lowest seismic vulnerability is observed for Tower 4, which does not present values of the
seismic safety Index smaller than one for all the PGA values and for all the ground types. Such a
result is mainly due to the small value of the openings percentage and the reduced mass in the upper
part of the bell tower.
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Fig. 9. Values of the seismic safety Index obtained through the simplified procedure at the belfry of
the different bell towers for different seismic intensity levels.



4. FE models of the bell towers

Detailed three-dimensional FE models of the five bell towers under study were created through
the software code Abaqus [41] using the drawings and the data collected from existing available
documentations and during the survey phase. Fig. 10 shows the geometrical and FE models of the
five bell towers. It is worth mentioning that the wooden structures of floors and stairs were not
considered in the FE models. Four-node tetrahedral elements having a size ranging between 20 cm
and 30 cm were used in the discretization of the models. Each FE model was subdivided in elevation
into five different parts that have been investigated in detail in the following sections, Fig. 10. Table
2 summarizes the main characteristics of the FE models of the bell towers. It can be noted that the
bell towers under study present a similar high slenderness that ranges between about 6.4 and 7.2.
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Fig. 10. Top: geometrical and FE models of the bell towers under study. Bottom: indication of the
subdivision of the bell towers into five parts (Levels) in elevation.

Table 2. Main characteristics of the FE models of the bell towers.

Number | Average | Weight Max Height Base Minimum | Base | Openings
of element [kN] dimension [m] walls slenderness | Area | percentage
elements size in plan thickness [-] [m?] [%]
[-] [m] [m] [m]
Tower 1 | 109256 0.3 6100 4.5x4.52 | 29.05 | 0.98-1.02 6.46 14.04 5.14
Tower2 | 100353 0.3 4704 4.8x4.8 33.75 0.5 7.03 9.53 4.96
Tower 3 | 138960 0.25 3037 3.95x3.95 | 26.1 0.8-0.95 6.61 10.19 6.92
Tower 4 86695 0.25 2574 4.6x4.6 29.42 0.3-0.4 6.39 6.46 5.01
Tower 5 | 182035 0.25 5264 49x4.9 35.36 0.95 7.21 15.01 7.20




The non-linear behavior of masonry was defined adopting the Concrete Damaged Plasticity (CDP)
model, which is available in ABAQUS/Standard [41]. A thorough description of the model and a
comprehensive explanation of the values adopted for the main parameters can be found in previous
works of the author [42-43]. The following relationships define the uniaxial tensile o; and
compressive G, stresses:

o, =(-d)E,(¢, —gt”l (6)
Gc = (l_dc)EO(gc _(c"Lp/)

where E, is the initial elastic modulus, & and ¢, are the total strains in tension and in compression,
¢! and ¢ are the equivalent plastic strains in tension and in compression, d, and d_ are the scalar

damage variables in tension and in compression. Fig. 11 shows the stress-strain relationships of the
CDP model adopted for masonry in tension and compression. As already explained, the main
mechanical properties of masonry are assumed by referring to the indications provided in the Italian
recommendations for existing buildings and built heritage [37-39]. In particular, according to Table
8.2.1 in the Explicative Notes to the Italian code [38], which provides reference values for the main
mechanical properties of different typologies of masonry, the following assumptions are made for a
masonry consisting of solid bricks and lime mortar: (i) the compressive strength is equal to c.,=2.4
MPa; (ii) the elastic modulus is equal to 1500 MPa; (iii) the specific weight is equal to 18 kN/m?. The
tensile strength is assumed equal to 6,=0.24 MPa, considering a ratio between the tensile and
compressive strength equal to 0.1. The scalar damage variable in tension (d;), representative of the
stiffness degradation of the material, is assumed to vary linearly: the values range from zero, for the
strain corresponding to the stress peak, to 0.95, for the ultimate strain value of the softening branch.
Table 3 specifies the uniaxial stress-strain values assumed in compression and in tension for masonry
and the evolution of the scalar damage variable in tension.
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Fig. 11. Representation of the masonry constitutive behavior in tension and compression.

Table 3. Uniaxial stress—strain values and scalar damage values utilized in the CDP model for
masonry.

Compression Tension Damage in tension
Stress [MPa] Inelastic strain [-] Stress [MPa] Cracking strain [-] d; Cracking strain [-]
1.9 0 0.240 0 0 0
2.4 0.0053 0.120 0.00025 0.95 0.00121
0.96 0.0107 0.030 0.00057

0.48 0.032 0.015 0.00121



A preliminary evaluation of the dynamic behavior of the five bell towers can be obtained from modal
analysis. Fig. 12 shows the deformed shapes and corresponding periods of the first five vibration
modes of the five bell towers with an indication of the participating mass ratios. The results indicate
that a similar dynamic behavior can be observed for all the bell towers: the first two modes, which
are translational modes with relevant participating mass ratio along the two orthogonal directions,
present similar periods, while the third mode presents a much smaller period. In particular, the period
of the first mode is within the range 0.76 s - 0.88 s for the majority of the bell towers, except for
Tower 2 that is characterized by a slightly larger period (1.04 s). Consequently, the bell towers present
the first two modes with high participating mass ratio in correspondence with the beginning of the
first descending branch of the response spectra (considering soil types A, B, C) and quite relevant
spectral accelerations can be generally expected. Finally, it is worth mentioning that the values of the
fundamental period obtained from modal analysis for the FE models of the bell towers under study
are generally higher than the values obtained using empirical formulas proposed by codes or
developed using ambient vibration tests in the literature and reported in [44-47]. It can be noted that
the difference of values is larger especially for the simplified empirical formulas in which the main
natural frequency is expressed as a function of only the total height of the tower. On the other hand,
the fundamental period obtained from modal analysis is in a good agreement, for the majority of the
bell towers under study, with the following empirical formula suggested in [46], which expresses the
fundamental period as a function of the maximum slenderness evaluated as the ratio between the total
height of the tower (H) and the minimum length of the outer side of the base cross section (B):

(7)

Based on experimental data, the values of Y and z are assumed equal to 3.58 and 0.57, respectively,
for masonry tower structures [46]. The empirical formula provides values of the fundamental period
of the bell towers under study within the range 0.80 s - 0.86 s, as shown in Table 4: for each bell
tower, except Tower 2, the difference between the value obtained from FE models and the one
estimated through the empirical formula is smaller than 5%. It is worth mentioning that Tower 2
presents an approximately octagonal plan (with respect to the square plan of all the other towers) with
small base walls thickness.
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Fig. 12. Deformed shapes and corresponding periods of the first five vibration modes of the different
bell towers with indication of the participating mass ratios (PMR).

Table 4. Fundamental period [s] of the bell towers under study obtained from FE models and
estimated through the empirical formula proposed in [46].

Tower 1 Tower 2 Tower 3 Tower 4 Tower 5
FE model 0.845 1.043 0.805 0.764 0.888
Shakya (2014) 0.809 0.849 0.820 0.804 0.861

5. Non-linear dynamic analyses

The seismic response of the masonry bell towers under study was assessed through bi-directional
non-linear dynamic analyses with response spectrum-compatible artificial accelerograms and real
accelerograms. The set of artificial ground motions consisted of three different pairs of records that
were generated so as to match different Eurocode 8 response spectra (Type 1, 5% viscous damping)
using the computer code SIMQKE [48]: three ground types (A, B, C in accordance with Eurocode 8)
and four PGA values (PGA=0.05g, PGA=0.15g, PGA=0.25g, PGA=0.35g) were considered. In
addition, the real accelerograms registered on May 29 during the 2012 Emilia seismic sequence
(Mirandola station) were also used. The same accelerograms, which present equal intensity in the two



orthogonal directions, were adopted for the numerical simulations of the seismic response of all the
bell towers. The time-history accelerations (denoted as AccA, AccB, AccC as a function of the ground
type, and AccM for Mirandola station) and the corresponding response spectra (for PGA=0.15g) used
in this study are shown in Fig. 13. It is worth mentioning that the vertical component of the seismic
action is not considered in the nonlinear dynamic analyses to better compare the results with the
simplified method that does not take into account such a component.
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Fig. 13. Horizontal components (component blue applied in the X direction and component red
applied in the Y direction) of the accelerograms used in the non-linear dynamic analyses and
corresponding acceleration response spectra.

5.1. Displacements

Fig. 14 shows the maximum normalized displacements (top displacement/height) registered in the X
and Y directions for the five bell towers during the non-linear dynamic analyses under the different
accelerograms with various PGA values.

-The largest normalized displacements are registered for Tower 3 under all the accelerograms. It can
be noted that Tower 3 presents the smallest base section sides and the largest openings percentage at
the base (Level 1) and in the belfry (Level 4). Large normalized displacements are also generally
observed for Tower 4, which is characterized by the smallest base area and reduced walls thickness
along the whole height. It is worth mentioning that both Tower 3 and Tower 4 exhibit the smallest
values of the fundamental period corresponding to the highest values of spectral accelerations.

-The largest normalized displacements are registered for Tower 1, Tower 2 and Tower 3 under AccM
and for Tower 4 and Tower 5 under AccC. On the other hand, the smallest normalized displacements
for all the bell towers are computed under AccA. It is important to point out that, considering the
values of the fundamental periods of the bell towers under study, the lowest spectral acceleration
amplifications are registered under AccA.

-It can be noted that under AccM the largest normalized displacements are observed in the Y direction
for all the bell towers, meaning that the component of AccM applied along the Y direction is more
severe than the component applied along the X direction. In particular, a large difference of
normalized displacements in the two directions is observed for Tower 3 under both PGA=0.25g and
PGA=0.35g.
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Fig. 14. Maximum normalized displacements (top displacement/height) registered in the X and Y
directions for the five bell towers during the non-linear dynamic analyses under the different
accelerograms with various PGA values.

5.2. Damage contour plots

Figs. 15-19 show the tensile damage contour plots of the five bell towers at the end of the non-linear
dynamic analyses under the different accelerograms considering various PGA values. The following
sub-sections describe the evolution of tensile damage for each bell tower: the last sub-section provides
an overall analysis of the main results in terms of tensile damage contour plots for the five bell towers.

5.2.1. Tower 1

-Under PGA=0.05g, some small cracks, which originate from the large openings, are visible in the
upper part of the bell tower, for all the accelerograms. Moreover, in the case of AccC and AccB, some
small horizontal cracks can be observed at the base of the bell tower.

-Under PGA=0.15g, several sub-horizontal cracks can be detected at the base of the bell tower for all
the accelerograms: it can be noted that they are more evident for AccB and AccC. The cracks observed
at Level 4 propagate into the lower Level 3 for all the accelerograms.

-Under PGA=0.25g and PGA=0.35g, vertical and diagonal cracks spread along the height, involving
also the middle part of the bell tower. It is interesting to observe that, passing from PGA=0.25g to
PGA=0.35g, the highest increase of damage is registered under AccM. The dome presents negligible

damage for all the accelerograms.
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Fig. 15. Tower 1. Tensile damage contour plots at the end of the non-linear dynamic analyses for
different accelerograms with various PGA values.



5.2.2. Tower 2

-Under PGA=0.05g, some small vertical cracks can be observed in correspondence with the small
openings located at Level 2 for all the accelerograms, also due to the reduced walls thickness. Some
first small cracks, which originate from the large openings, are observed in the belfry for the case of
AccM and AccC. An onset of horizontal cracks can be detected at the base of the bell tower for all
the accelerograms.

-Under PGA=0.15g, several cracks can be observed near the large openings of the belfry for all the
accelerograms: they start to propagate towards the lower part (Level 3). The cracks in correspondence
with the small openings of Level 2 significantly extend into the neighboring parts for all the
accelerograms and several cracks are registered at the tower base.

-Under PGA=0.25g and PGA=0.35g, extensive damage propagates in the middle and bottom parts of
the bell tower, with a considerable damage concentration in the region (Level 1) below the small
openings for all the accelerograms. Relevant cracks, which propagate into the dome in some cases,

are observed in the upper part of the bell tower.
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Fig. 16. Tower 2. Tensile damage contour plots at the end of the non-linear dynamic analyses for
different accelerograms with various PGA values.

5.2.3. Tower 3

-Under PGA=0.05g, some first small cracks are registered near the large openings of the belfry,
especially for AccM and AccC. A clear horizontal crack is also detected in correspondence with the
sharp reduction of the section near the base, except for the case of AccM.

-Under PGA=0.15g, a significant increase of damage is observed in the belfry for all the
accelerograms and several horizontal and diagonal cracks appear at the base, especially in the case of
AccC. The horizontal crack registered in correspondence with the reduction of the section near the
base is more evident.

-Under PGA=0.25g and PGA=0.35g, a further increase of damage is observed especially in the upper
part and at the base of the bell tower, with some cracks that are clearly visible also in the middle part.
The dome at the top presents negligible damage for all the accelerograms.
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Fig. 17. Tower 3. Tensile damage contour plots at the end of the non-linear dynamic analyses for
different accelerograms with various PGA values.

5.2.4. Tower 4

-Under PGA=0.05g, several vertical cracks are observed in the belfry (Level 4) for all the
accelerograms: differently from the other bell towers, such cracks propagate in the lower part along
the height of the bell tower due to the reduced walls thickness, even for small PGA values. Small
horizontal cracks are also detected at the tower base for all the accelerograms, except for AccM.
-Under PGA=0.15g, an increase of the vertical and diagonal cracks in the belfry and in the lower parts
is observed for all the accelerograms. Moreover, several cracks originate from the door at the base of
the bell tower and some small cracks are detected in the dome.

-Under PGA=0.25g and PGA=0.35g, a significant damage increase can be observed in the different
parts, especially along the height of the structure. A uniform distribution of damage, which is more
widespread than the one observed in the other bell towers, is registered for PGA=0.35g. It can be
noted that damage is slightly less marked in the case of AccA. Moreover, several cracks can be

observed in the dome for all the accelerograms.
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Fig. 18. Tower 4. Tensile damage contour plots at the end of the non-linear dynamic analyses for
different accelerograms with various PGA values.




5.2.5. Tower 5

-Under PGA=0.05g, some cracks are observed in the upper part (Level 5) for all the accelerograms:
damage involves also the regions (Levels 3 and 4) located underneath, in the case of AccB and AccC.
An onset of small cracks is detected at the tower base only in the case of AccC.

-Under PGA=0.15g, some horizontal cracks can be observed at the tower base for all the
accelerograms. As in the case of Tower 3, a clear horizontal crack is registered in correspondence
with the section reduction at the base of Level 2. Damage significantly extends at Level 5 and involves
the openings of the three upper parts for all the accelerograms.

-Under PGA=0.25g, damage concentrates mainly in the three upper parts with reduced walls
thickness for all the accelerograms. Several cracks originate from the openings of the bottom part
(Level 1 and Level 2) of the bell tower.

-Under PGA=0.35g, a widespread damage is observed in the three upper parts and a considerable
increase of cracks is registered at Level 2 for all the accelerograms. Moreover, it is possible to observe
a significant horizontal propagation of the cracks starting from the doors and openings at the base. In
particular, a marked damage concentration is detected between the two openings at the base of the

west wall in the case of AccM.
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Fig. 19. Tower 5. Tensile damage contour plots at the end of the non-linear dynamic analyses for
different accelerograms with various PGA values.

5.2.6. Overall analysis of results in terms of damage contour plots

From a careful analysis of the results in terms of tensile damage contour plots, it is worth mentioning
that a similar onset and propagation of damage can be observed for the majority of the bell towers.
-Under PGA=0.05g, damage is restricted to only some small structural parts of the bell towers: in the
majority of the bell towers, an onset of damage is observed in all four sides near the large openings
of the belfry and some first horizontal cracks are detected at the tower base.

-Under PGA=0.15g, an increase of damage can be observed near the openings of the belfry and at the
base of the bell tower. In some cases, the cracks of the upper parts begin to spread in the lower parts.
-Under PGA=0.25g, several vertical cracks are registered along the body of the bell towers and under
PGA=0.35g a severe widespread damage distribution is clearly visible for all the bell towers.
-Tower 4 and Tower 5 show significant damage in the upper part (Level 5), mainly due to the reduced
walls thickness and large openings percentage. On the other hand, Tower 5 presents limited damage
at the base due to the large walls thickness, even for PGA=0.35g.



-Tower 2 and Tower 4 show a clear damage propagation from the belfry to the body of the bell tower
due to the reduced walls thickness. A similar damage propagation along the height is observed also
for Tower 5, due to also the presence of large openings.

-A very widespread damage concentration can be observed in the bottom part of Tower 2 and along
the height of Tower 4 due to their small walls thickness, for PGA=0.35g.

-In the case of AccM, it is important to observe that, for all the bell towers, the two walls arranged
along the Y direction present more damage than the two walls arranged along the X direction. This
result is due to the different characteristics of the two components of AccM: the component applied
in the Y direction causes more damage in the bell towers than the component applied in the X
direction.

5.3. Energy density dissipated by tensile damage

Fig. 20 shows the energy density dissipated by tensile damage (EDDTD) for the five bell towers at
the end of the non-linear dynamic analyses under the different accelerograms with various PGA
values.

-For all the bell towers, the EDDTD values are significantly smaller under AccA than the other
accelerograms, as already observed in terms of normalized displacements.

-The largest EDDTD value is registered for Tower 4 under all the accelerograms. As already noted
from tensile damage contour plots, damage is distributed uniformly along the whole walls of the bell
tower and is present also in the dome, which, on the contrary, exhibits negligible damage for the
majority of the bell towers. Such results are consistent with the large displacements observed for
Tower 4.

-Large EDDTD values are generally computed also for Tower 5, especially under AccA, AccB and
AccC.

-The smallest EDDTD value is registered for Tower 3 under all the accelerograms and, most visibly,
under AccC and AccM. This result is mainly due to the absence of openings in the central body of
the bell tower and to the constant walls thickness (0.6 m) along the height. Such more regular
configuration along the height of the bell tower does not provide preferential paths of damage
propagation, preventing an extensive spread of the damage observed in the belfry and in the bottom
part: moreover, the enlargement of the base section is effective in limiting the crack propagation at
the base and around the entrance door. In addition, it can be noted that in Tower 3, differently from
Tower 4 and Tower 5, damage is not present in the upper part (Level 5). It can be noted that the
smallest EDDTD values are not consistent with the largest displacements observed for Tower 3.
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Fig. 20. Energy density dissipated by tensile damage (EDDTD) for the five bell towers at the end of
the non-linear dynamic analyses under different accelerograms with various PGA values.



Fig. 21 shows the energy density dissipated by tensile damage (EDDTD) in the different five parts of
the bell towers at the end of the non-linear dynamic analyses under the different accelerograms with
PGA=0.15g and PGA=0.35¢.

-It can be noted that a significant damage concentration is registered in the three upper parts (Levels
3-4-5) of Tower 5 for all the accelerograms. Such a result can be explained by the presence of large
openings and the notable reduction of the walls thickness in the upper parts. It is interesting to point
out that similar EDDTD values are observed for all the accelerograms, especially under PGA=0.35g.
-Among the different bell towers, the lowest EDDTD values in the bottom parts (Levels 1-2) are
registered for Tower 5 for all the accelerograms. It can be noted that Tower 5 presents large walls
thickness at the base, the longest base section sides and the largest base area.

-Tower 4 presents a more uniform damage distribution along Levels 2-5 among the different bell
towers for all the accelerograms, especially under PGA=0.35g. In particular, a large increase of the
EDDTD values is registered at Level 2 under PGA=0.35g with respect to lower PGA values.
Moreover, the highest EDDTD values in the bottom parts (Levels 1-2) or in the lowest part (Level 1)
are generally observed for Tower 4 for the majority of the accelerograms.

-It can be noted that high EDDTD values in the top part (Level 5) are registered only for Tower 5 and
Tower 4, due to the presence of large openings. It is important to point out that, for all the other bell
towers, Level 5 is composed of only the large dome without openings and damage is negligible.
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Fig. 21. Energy density dissipated by tensile damage (EDDTD) in the five parts of the bell towers at
the end of the non-linear dynamic analyses under different accelerograms with two PGA values
(PGA=0.15g and PGA=0.35g).

6. Comparison and discussion of results

6.1. Displacements

Fig. 22 shows the average values of the maximum normalized displacements (top
displacement/height) registered in the X and Y directions for the four accelerograms and for the five
bell towers during the non-linear dynamic analyses with different PGA values.

-It can be noted that the different characteristics of the accelerograms remarkably affect the maximum
normalized displacements of the bell towers. As a matter of fact, a significant difference of maximum
normalized displacements of the bell towers can be observed for the different accelerograms: the
maximum normalized displacement registered under AccA is equal to about 0.4%, while the
maximum normalized displacement registered under AccM is equal to about 1%.

-A considerable difference of maximum normalized displacements of the bell towers in the two (X
and Y) directions is observed in case of AccM, especially under PGA=0.25g and PGA=0.35g. Such
a result explains the largest values of the average normalized displacements computed in the Y
direction for the majority of the bell towers.

-The difference of maximum normalized displacements is more limited considering the different bell
towers with respect to the case of different accelerograms. In fact, it can be noted that the maximum
values of normalized displacements under PGA=0.35g are within the range 0.6% and 0.8% for the
five bell towers and within the range 0.4% and 1% for the different accelerograms.
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Fig. 22. Average values of the maximum normalized displacements (top displacement/height)
registered in the X and Y directions for the four accelerograms (left) and for the five bell towers
(right) during the non-linear dynamic analyses with different PGA values.

6.2. Onset and propagation of damage

As already mentioned, a similar onset of cracks and damage propagation can be identified for the
majority of the bell towers. For small PGA values, it is possible to observe vertical and diagonal
cracks starting from the large openings of the upper parts of the bell towers: then, for higher PGA
values, cracks propagate along vertical or inclined paths into the lower parts of the bell towers. In
addition, for small PGA values, horizontal cracks due to tensile stresses can be detected in the bottom
parts in correspondence with the base. For high PGA values, widespread damage distributions are
registered along the whole height of the bell towers, especially in presence of reduced walls thickness,
as in the case of Tower 2 and Tower 4. Moreover, remarkable damage concentrations due to vertical
irregularities can be detected in correspondence with sharp sections reductions along the height, as
observed for Tower 1 and Tower 5 at the base of Level 2 and for Tower 3 in correspondence with the
section reduction in proximity of the base.



6.3. Energy dissipated by tensile damage

Fig. 23 shows the average values of the energy density dissipated by tensile damage (EDDTD) for
the four accelerograms and for the five bell towers at the end of the non-linear dynamic analyses with
different PGA values.

-The EDDTD values are smaller in the case of AccA than in the cases of the other accelerograms, for
all the PGA values: it can be noted that such a difference increases for higher PGA values. It is
important to point out that the lowest spectral acceleration amplifications are registered in the case of
AccA for all the bell towers, proving that the characteristics of the accelerograms may significantly
affect the damage level in the bell tower.

-The largest EDDTD values are registered for Tower 4 and Tower 5. It is worth mentioning that
Tower 4 is characterized by the smallest volume and presents the smallest walls thickness at the base:
moreover, such a small wall thickness characterizes the whole height of the bell tower. On the other
hand, Tower 5 exhibits large openings in the middle-upper parts (Levels 3-5) and a notable walls
thickness reduction along the height. As a consequence, a significant difference should be
highlighted: Tower 4 presents severe uniform distributions of damage along the height of the
structure, while Tower 5 exhibits considerable damage concentrations in the middle-upper parts near
the large openings.

-It is worth mentioning that a clear correlation between large normalized displacements and EDDTD
values does not clearly emerge from the results obtained. In fact, Tower 3, which exhibits the largest
normalized displacements, shows the lowest EDDTD values among the bell towers. On the contrary,
Tower 4, which exhibits large normalized displacements, shows the highest EDDTD values among
the bell towers because of severe uniform distributions of damage along the whole height.

25

N
«

0.05g m0.15g W0.25g m0.35g 0.05g m0.15g mW0.25g m 0.35g

20 Averagevalues Averagevalues

15

N
o

=
w

10

A A A A A4 d0

AccA AccB AccC AccM Tower 1 Tower 2 Tower 3 Tower 4 Tower 5

[N
S)

w

Dissipated energy [J/m?]
Dissipated energy [J/m?]

Fig. 23. Average values of the energy density dissipated by tensile damage (EDDTD) registered for
the four accelerograms (left) and for the five bell towers (right) at the end of the non-linear dynamic
analyses with different PGA values.

Fig. 24 shows the average values of the energy density dissipated by tensile damage (EDDTD) in the
five parts of the bell towers for the four accelerograms and for the five case studies at the end of the
non-linear dynamic analyses with PGA=0.15g and PGA=0.35g.

-A similar EDDTD distribution among the five parts of each bell tower can be observed for the
different accelerograms. In particular, the belfry (Level 4) presents the highest EDDTD values for all
the accelerograms, under both PGA=0.15g and PGA=0.35g: moreover, high EDDTD values are
registered also for Level 3 for all the accelerograms, especially under PGA=0.35g. It can be noted
that the difference of EDDTD values between Level 3 and Level 4 decreases when PGA increases:
in fact, as observed from the damage contour plots, extensive damage spreads below the belfry under
high PGA values. On the other hand, it is important to point out that the EDDTD values registered at
Level 1 and Level 2 are lower for AccA than for the other accelerograms.

-Among the different bell towers, Tower 5 presents the highest EDDTD values in the middle-upper
parts (Levels 3-4-5), which are characterized by large openings and remarkable reductions of walls
thickness.

-Tower 4 presents the most uniform distribution of damage in Levels 2-5 among the different bell
towers. Due to the reduced values of the walls thickness (30-40 cm) along the whole height of the



bell tower, the noticeable damage initially generated in the belfry propagates easily in the lower parts
of the structure. Moreover, it can be noted that the highest EDDTD values in the bottom parts (Levels
1-2) are observed for Tower 4 and Tower 2 because of the reduced base walls thickness.

-A similar damage distribution can be observed for Tower 1, Tower 2 and Tower 3, which present a
recurrent significant damage concentration in Levels 3-4 under PGA=0.35g and a remarkable damage
increase in the bottom part (Level 1) passing from PGA=0.15g to PGA=0.35g.
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Fig. 24. Average values of the energy density dissipated by tensile damage (EDDTD) registered in
the five parts of the bell towers for the four accelerograms (top) and for the five bell towers (bottom)
at the end of the non-linear dynamic analyses with PGA=0.15g and PGA=0.35g.

6.4. Simplified approach and non-linear dynamic analysis

A comparison of the results obtained through the simplified approach proposed by the Italian Code
and the non-linear dynamic analyses is carried out for different seismic intensity levels.

-For smaller seismic intensity levels (Sa,=0.05g), the seismic safety Index computed according to the
simplified method is larger than one for all the bell towers considering the different ground types.
The non-linear dynamic analyses show very limited damage patterns, with recurrent damage
concentrations near the large openings of the belfry and some small horizontal cracks at the base.
Such a result obtained from the non-linear dynamic analyses allows identifying the potential structural
weakness zones of the bell tower from which damage may propagate for higher PGA values.

-For medium seismic intensity levels (Sa,=0.15g), the seismic safety Index computed according to
the simplified method is smaller than one at the base of the majority of the bell towers, especially in
correspondence with openings. The non-linear dynamic analyses show more extensive damage
patterns in the upper part and at the base of the bell towers.

-For higher seismic intensity levels (Sa,=0.25g and Sa,=0.35g), the seismic safety Index computed
according to the simplified method is smaller than one at the base of all the bell towers and in
correspondence with the belfry of the majority of the bell towers. The non-linear dynamic analyses
show severe damage patterns in the upper part and at the base of the bell towers, along with very
widespread damage distributions along the height.

-From the analyses of the results, it can be stated that the simplified method may provide a preliminary
conservative global assessment of the seismic safety of the structure, but it is not able to accurately
identify the structural weaknesses and seismic vulnerability of all the different parts of the bell tower.
-The simplified method indicates the bottom part of the bell tower as the potential critical region,
which is subjected to high gravity loads and exhibits a reduced resisting bending moment in
correspondence with openings. The seismic safety Index is smaller than one for intermediate seismic



intensity levels (Say=0.15g) for the majority of the bell towers. Conversely, the non-linear dynamic
analyses show severe damage concentrations mainly in the upper parts of the bell towers, which are
characterized by large openings and reduced walls thickness: for high PGA values, widespread
damage is observed also along the whole height of the bell tower. Such a discrepancy can be clearly
observed for Tower 5. The simplified method indicates that the base section is the most vulnerable
part, while the non-linear dynamic analyses show damage concentrations in the middle and upper
parts of the bell tower, presenting large openings and remarkable reductions of walls thickness. On
the contrary, damage patterns at the base are limited due to the largest section sizes and walls
thickness.

-Other two relevant discrepancies between the results of the simplified method and the non-linear
dynamic analyses can be observed in the case of Tower 4 and Tower 3.

-According to the simplified method, Tower 4 presents the highest seismic safety Index due to the
smallest weight and the lowest height among all the bell towers. In addition, the bell tower is also
characterized by large base section sides providing high values of resisting bending moment. On the
contrary, the non-linear dynamic analyses highlight that Tower 4 presents the highest EDDTD values:
this result is mainly related to the small values of the walls thickness. The damage originated near the
openings of the upper part propagates along the whole height of the bell tower.

-According to the simplified method, Tower 3 presents the lowest seismic safety Index. Such a result
can be mainly attributed to the resisting bending moment reduction of the critical base section due to
the presence of openings in both the directions: moreover, the dimensions of the critical base section
sides are the smallest among the bell towers. On the contrary, the non-linear dynamic analyses show
that Tower 3 presents the lowest EDDTD values. Such a result is mainly due to the regular thickness
of the walls along the height and the absence of openings in the central part of the tower.

7. Conclusions

This study has provided a comprehensive insight into the seismic vulnerability and earthquake
response of five slender historical masonry bell towers through a simplified approach suggested by
the Italian Code and advanced numerical simulations. The five case studies investigated in this work
represent a common structural typology that is widespread in South-East Lombardia, Northern Italy.
For the non-linear dynamic analyses, detailed FE models of the bell towers have been developed and
a damage plasticity behavior exhibiting softening in both tension and compression has been adopted
for masonry.

The following observations and remarks can be made from the analyses carried out in this study.

-A careful examination of the results indicates that the simplified procedure may provide reasonable
synthetic predictions only for a fast preliminary assessment of the seismic vulnerability of the bell
towers. It can be noted that the simplified procedure is generally more conservative than the non-
linear dynamic analyses: such a result is partially due to the assumption that tensile resistance is
neglected for masonry within the simplified approach. Moreover, the simplified approach is not able
to accurately identify the real structural weaknesses of the different parts of the bell towers, especially
the high seismic vulnerability of the belfry.

-The results of the non-linear dynamic analyses show that the seismic response of the bell towers is
affected by both the main geometrical features of the structure and the spectral accelerations
correlated to the main vibration modes. High slenderness, presence of large openings, small walls
thickness and reduced base sections make the bell towers particularly vulnerable to seismic actions,
especially in cases where the related vibration modes with considerable participating mass ratio
correspond to high amplifications of the spectral acceleration.

-The evaluation of the maximum normalized displacements obtained from the non-linear dynamic
analyses highlights the relevant influence of the accelerograms characteristics. A significant
difference of normalized top displacements is observed for the different accelerograms used in this
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study: in particular, the largest normalized displacements are registered for AccM and the smallest
ones are registered for AccA. On the other hand, similar values (within the range 0.6%-0.8% under
PGA=0.35g) of normalized top displacements are obtained for the different bell towers. Moreover, it
1s important to point out the effects of the different characteristics of the two orthogonal components
of an accelerogram. For all the bell towers, the largest normalized displacements are registered in the
Y direction under the application of AccM, which means that the north-south (Y direction)
accelerogram component is more severe than the east-west (X direction) one.

-A clear influence of the accelerograms characteristics can be also observed for the EDDTD values
registered at the end of the non-linear dynamic analyses: significantly lower EDDTD values are
computed in the case of AccA. On the other hand, the accelerograms characteristics have minor
influence on damage patterns and EDDTD distributions: in such cases, the geometrical features of
the bell towers appear to play a more important role than the accelerograms characteristics.

-The highest EDDTD values are registered in the upper parts (Level 4 and Level 3) of the bell towers
for all the accelerograms. The belfry (Level 4) shows significant damage even for small-to-moderate
seismic intensity levels, while the part below the belfry (Level 3) suffers widespread damage,
especially for high PGA values. The dome (Level 5) generally presents negligible damage, except for
Tower 4 and Tower 5.

-The examination of tensile damage contour plots shows that the first visible cracks are concentrated
near the large openings of the upper part and at the base of the bell towers, even for small PGA values.
Increasing the PGA values, damage is generally distributed throughout the different parts of the bell
towers, especially in presence of reduced walls thickness. A remarkable damage concentration due to
vertical irregularities can be detected in correspondence with sharp reductions of the sections along
the height of the bell towers.

-Large normalized displacements are generally correlated to high EDDTD values, especially in the
case of extensive damage and global collapse of the bell tower. However, in some cases, a clear
correlation between maximum normalized displacements and EDDTD values does not clearly
emerge, especially in the case of concentrated damage and collapse mechanisms involving only a
specific part of the bell tower.
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Highlights
e seismic assessment and earthquake response of slender historical masonry bell towers

e seismic response is affected by the main geometrical features and main vibration properties
of the bell towers

e damage distribution among the different parts of the bell towers for different PGA values

¢ influence of different accelerograms on the energy density dissipated by tensile damage and
maximum top displacements

¢ main limitations of the simplified approach are highlighted through a comparison with non-
linear dynamic analyses
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