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Abstract In this paper, numerical insights on the seismic behavior of a non-isolated
historical masonry tower are presented and discussed. The tower under study is the main
tower of the fortress of San Felice sul Panaro, a town located near the city of Modena
(Italy). Such a tower is surrounded by adjacent structural elements and, therefore, is not
isolated. This historical monument has been hit by the devastating seismic sequence
occurred in May 2012 in the Northern part of the Emilia region (the so-called “Emilia
earthquake”), showing a huge and widespread damage. Here, in order to understand the
behavior of the structure, its interaction with the adjacent buildings and the reasons of the
occurred damage, advanced numerical analyses (both nonlinear static and dynamic) are
performed on a 3D finite element model with different levels of constraint supplied by the
adjacent structural elements and a detailed comparison between the simulated damage and
the actual one is carried out. The results of the conducted numerical campaign show a good
agreement with the actual crack pattern, particularly for the model of the tower that
considers the adjacent structural elements.

Keywords Non-isolated tower - Masonry - Seismic damage - FE nonlinear
analysis - Cultural Heritage - 2012 Emilia earthquake

1 Introduction

Masonry towers represent a considerable part of the existing architectural heritage in Italy,
as well as in many other European countries. Unfortunately, these structures, which are
noticeable for their prevalent high-rise peculiarity, present a huge seismic vulnerability.
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The seismic behavior of these structures depends on specific features such as the slen-
derness of the structure, the presence on the top part of vulnerable and heavy elements (bell
cells, merlons, bells, etc.) and also on the presence of adjacent shorter structural elements.
Indeed, several towers and belfries are placed in contact with adjacent lower structures, e.g.
belfries alongside the church or towers connected to the curtain wall. As reported in the
Italian guidelines on cultural heritage (DPCM 9/2/2011), the presence of horizontal con-
straints at different heights of a tower may deeply change its structural behavior. On one
hand, they can restrict the actual slenderness (thus reducing the period). On the other hand,
they can induce local stiffening which may produce stress state concentrations and,
therefore, severe localized damages. Moreover, they typically act as mono-lateral con-
strains (depending on the masonry toothing between the parts) which might possibly
produce pounding.

The numerical assessment of the structural behavior of historical masonry towers is still
a challenging task for contemporary engineers. Since the study of this kind of structures is
characterized by significant difficulties related to the description of the complex nonlinear
behavior of the masonry, as well as of complex geometries and boundary conditions, in
most cases the Finite Element Method (FEM) has been used in order to face these issues. In
particular, the macro-modeling approach in which the masonry is typically modeled as an
equivalent homogeneous continuum is the most suitable as compared with other approa-
ches, such as micro-modeling, due to its lower computational effort.

Since the first attempts of fully 3D FE modeling of historical towers in the nineties, see
for instance Macchi et al. (1993) and Casolo (1998), the numerical techniques for the
analysis of these structures have been considerably developed. In order to implement the
strong nonlinearities of masonry, advanced nonlinear analyses have been performed on
several masonry towers considering complex nonlinear constitutive laws. For instance, in
Carpinteri et al. (2005), aiming at assessing the behavior of a historic tower in the case of
increase in the tilt mechanism, the results of a nonlinear analysis have been presented. In
Preciado (2015), the seismic vulnerability assessment of different types of towers and
slender masonry structures (e.g. light houses and minarets) has been performed. In Pineda
(2016), static, modal and transient analyses have been performed on a medieval tower
model, aiming at obtaining the role of the materials in the structural damage and the effect
of the strengthening materials on the increase of structural safety. Relevant is the study
reported in Peiia et al. (2010), where the seismic assessment of an old masonry tower has
been addressed by developing three FE models with different levels of complexity,
whereas a comparative numerical study on a 12th-century masonry tower has been
described in Milani et al. (2012). To assess the safety of the tower under seismic loads, the
authors employed different numerical analyses such as nonlinear static, limit, and fully
nonlinear dynamic analyses. In Casolo et al. (2013), ten existing masonry towers located in
the Po Valley (Italy) have been analyzed in the presence of seismic excitations. The
seismic vulnerability assessment of eight historical masonry towers, located in the North-
Eastern region of Italy, has been carried out in Valente and Milani (2016a) by means of
simplified approaches based on nonlinear static pushover analyses, whereas in Valente and
Milani (2016b) nonlinear dynamic analyses have been performed on the same 3D FE
models of the towers using a real accelerogram. In Acito et al. (2014), the results of a wide
numerical campaign conducted on the clock tower in Finale Emilia (Italy), collapsed
during the main shock of the devastating Emilia earthquake seismic sequence (2012), have
been collected, while, in Tiberti et al. (2016), a numerical insight on the historical masonry
Castle of Finale Emilia has been presented. In Sarhosis et al. (2017) a simple predictive
approach for the seismic vulnerability of existing masonry towers has been proposed,

@ Springer



Bull Earthquake Eng (2018) 16:933-961 935

whereas in Valente and Milani (2017) the effects of geometrical features on the seismic
response of masonry towers have been investigated.

Notwithstanding this quite huge amount of literature, the numerical assessment of the
structural interaction between a tower and its adjacent lower buildings still presents dif-
ficulties that make an already complex problem even more complicated. Indeed, in the
aforementioned cases, for the sake of simplicity, the towers have been studied as isolated
towers, even if in several cases they were linked to shorter buildings.

Conversely, in Bartoli et al. (2006, 2013) the evaluation of the seismic reliability of a
masonry tower has been performed by using a dynamic characterization of an elastic FEM,
where the in situ dynamic tests results permitted to estimate the restraint degree offered by
the neighbor building. Moreover, in D’Ambrisi et al. (2012), the aim of the performed
structural identification was the evaluation of the Young’s modulus of the masonry and of
the constraint effect given by the adjacent constructions to a historical masonry tower. In
Pieraccini et al. (2014), the numerical model of the Mangia’s tower in Siena (Italy) was
identified according to the results of the experimental investigation performed by means of
an interferometric radar: the effects of the neighboring buildings at the lower level were
modeled as linear springs. The aforementioned dynamic identifications have been per-
formed in the elastic field, which is a strong limitation when studying the behavior of
masonry structures. Finally, in Bartoli et al. (2016), one of the masonry towers of San
Gimignano (Italy) was investigated, and several FE nonlinear analyses were performed to
evaluate its seismic risk. The effects of the presence of adjacent constructions at the lower
level of the tower were assessed by analyzing two limit cases: isolated tower and confined
tower (with different levels of constraint). As a result, strong differences between isolated
and confined tower FE nonlinear static results were obtained, in terms of both capacity
curves and damage pattern. However, since the analyzed tower did not present seismic
damage, no experimental findings were available to validate the actual seismic behavior of
the tower.

In this paper, the attention is focused on the main tower (the keep) of the fortress of San
Felice sul Panaro (Fig. 1), a town located near the city of Modena (Italy). Such a tower is
linked to adjacent structural elements and, therefore, is not isolated. The fortress has been
hit by the Emilia earthquake and presented a huge and widespread damage.

Aiming at the refurbishment of the whole fortress, a multi-disciplinary project promoted
by the Municipality of San Felice sul Panaro and involving five Italian universities

South-East tower
main tower)

o

South Entrance
building

Fig. 1 San Felice sul Panaro fortress and its constitutive elements
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(Bologna, Ferrara, Genoa, Modena and Reggio Emilia and Parma) is going on. In this
project, starting from the analysis of the geometrical and constructive features of the
Emilian historical fortresses, the interpretation of their seismic vulnerability has been
presented in Cattari et al. (2014), based on an accurate damage assessment after the
earthquake of May the 20th and 29th, 2012. Moreover, advanced mesh generation
approaches that semi-automatically transform 3D point clouds into 3D FE models have
been recently proposed and applied to the San Felice sul Panaro fortress in Castellazzi et al.
(2015, (2016b, 2017), and Bitelli et al. (2016). Finally, experimental in situ tests have been
extensively performed on the fortress (Mazzotti et al. 2016) and few preliminary findings
on the seismic behavior of the main tower of the fortress have been reported in Castellazzi
et al. (2016a).

Within this framework, here we present and discuss numerical insights on the seismic
behavior of the main tower of the fortress. In particular, in order to understand the behavior
of the structure, its interaction with the adjacent buildings and the reasons of the occurred
damage, advanced numerical analyses, both nonlinear static and dynamic, have been
performed on a 3D FE model of the tower considering several levels of constraint offered
by the adjacent structural elements. Numerical results of the conducted numerical cam-
paign show a reasonable agreement with the actual crack pattern, particularly for the model
of the tower that considers the adjacent portions.

The paper is organized as follows. Section 2 presents the description of the tower under
study. Section 3 describes the numerical analyses performed (natural frequencies analyses,
nonlinear static analyses, nonlinear dynamic analyses). Section 4 shows the numerical
modeling of the tower, both in terms of FE discretization and constitutive model for
masonry. Section 5 collects the results of the performed analyses while Sect. 6 presents a
comparison of the obtained results with the actual crack pattern. Concluding remarks end
the paper (Sect. 7).

2 Description of the tower under study

The tower under study is the main tower (South-East tower) of the San Felice sul Panaro
Fortress (Fig. 1a). Such a tower is connected to the South Entrance building along its West
side (see Fig. 1b); while in its North front it is joined with the curtain wall. Both of these
adjacent parts are lower than half of the height of the tower.

The main tower of San Felice sul Panaro fortress is 32 m high with an almost square
plant with sides of slightly more than 10 m. As evidenced by Fig. 2, the tower is composed
of seven layers of different kinds: three groined vaults and three timber decks as well as a
timber-trussed roof. The thickness of the tower’s walls ranges from 2.5 m at the bottom up
to 0.4 m at the top. Several openings of different sizes are irregularly placed along the
tower. The tower is characterized by the presence of an upper part (the crowning) which
presents a larger plan, realized through masonry corbels, which allows enlarging the
perimeter overhanging from the wall below. The external walls of the tower crowning are
constituted by merlons connected by little arches (see South front and East front in Fig. 2).
Moreover, a series of eight walls perpendicular to the perimeter sides are present in the
tower crowning and sustain the complex roof structure (see E-W section and S-N section
in Fig. 2).

@ Springer



Bull Earthquake Eng (2018) 16:933-961 937

South front East front E-W section S-N section

Fig. 2 The main tower of the San Felice sul Panaro fortress
2.1 Emilia earthquake damage

The Emilian territory has experienced a heavily damaging seismic sequence during the
second half of May 2012, whose biggest shocks occurred within the provinces of Modena
and Ferrara. An accurate description of the seismic sequence and its effects on Emilian
medieval fortress is reported in Cattari et al. (2014). The main shocks have been recorded
on May the 20th (M, = 5.9) and May the 29th (M,, = 5.8) (Dolce et al. 2012a, b). The
epicenters of these shocks have been located at about 10 and 5 km from San Felice sul
Panaro, respectively (see Fig. 3).

As a result, the fortress presented an extensive damage (Fig. 4) in terms of both the
collapse of the crowning of the minor towers (Fig. 4a) and the appearance of several cracks
of different seriousness on the main tower wall, particularly in the South and North side
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Fig. 3 Main shocks of the Emilia earthquake (May 20th and 29th, 2012)
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Fig. 4 San Felice sul Panaro fortress after the Emilia Earthquake (2012): a collapse of the minor towers’
crowning, main tower’s South front (b) and North front (c)

(Fig. 4b, c, respectively). The most relevant cracks of the main tower consist in diagonal
cracks, clearly visible in the lower half of the South (Fig. 4b) and North (Fig. 4c) front.
These cracks start from the half height of the tower’s trunk (from the side of the South
entrance building, Fig. 1b) and end at the ground level of the opposite side of the tower,
see Fig. 4b, c. By inspecting Fig. 4b, it appears that no relevant cracks are placed in the top
part of the main tower’s trunk. This is probably due to the presence of steel tie-rods in this
portion of the tower, added in the 90s, which may have limited the cracks opening.
However, the results of an accurate thermo-graphic campaign, reported in Mazzotti et al.
(2016), reveal that such part of the structure presents several minor cracks.

3 Performed analyses

One of the main purposes of the paper consists in assessing the effect, on the seismic
behavior of the tower, of the interaction between the tower itself and the other parts of the
fortress. In order to reach such a purpose while keeping low the computational cost and
maintaining simple the model, the tower has been modeled together with some portions of
its adjacent elements (highlighted in red in Fig. 5). Then, to account for the presence of the
non-modeled parts of the fortress (which are deformable), supports on the section surfaces
(yellow surfaces in Fig. 5a) have been implemented and the stiffness of the considered
adjacent parts (red portions in Fig. 5) has been reduced by decreasing their Young’s
modulus E,q. In particular, E,; is assumed equal to E,/J, where E, is the masonry
Young’s modulus and ¢ is a coefficient (6 > 1). Several scenarios corresponding to dif-
ferent values of ¢ have been analyzed. Of course, when § — oo the Young’s modulus of
the adjacent parts E,4; — 0, which corresponds to the case of isolated tower. In order to
overcome possible numerical drawbacks, this condition has been implemented by totally
removing the red parts of Fig. 5a.

Different types of analyses have been performed. In particular, natural frequencies
analyses, nonlinear static (pushover) analyses and nonlinear dynamic analyses have been
carried out. In the last two analysis types, the displacement of the tower’s top has been
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b

@ Control
points

Fig. 5 3D FE model of the case study: adjacent parts (a) and control points (b)

computed as the average of the displacements of the four evenly-spaced control points
depicted in Fig. 5b, as suggested in Lagomarsino and Cattari (2015).

Pushover analysis is a nonlinear static procedure generally used to determine the
structural behavior against horizontal forces. Basically, the numerical model of the
structure is loaded with a proper distribution of horizontal static forces, which are gradually
increased aiming at pushing the structure out from the linear field. Here, fully 3D pushover
analyses have been performed on a 3D model, using horizontal forces proportional to the
modal shapes computed in natural frequencies analyses. These analyses are carried out
until a drop of the 20% of the base shear, which conventionally represents the collapse
condition of the structure.

Nonlinear dynamic analyses have been carried out accounting for the real accelerogram
to which the tower has been subjected. As anticipated, the tower has been subjected to two
big shocks (May 20th and 29th). Indeed, a sequence, close in space and time, of strong
shocks of similar intensity can induce damage cumulation in the masonry structure, which
represents a very challenging issue recently investigated by Casolo (2017). For the tower
under study, after the first shock, the main tower already presented some cracks of which,
unfortunately, only a very poor documentation is available. Complete collapses were
observed after the second shock. Furthermore, the only accelerogram available in the
proximity of the fortress is the one recorded on May 29th, 2012 at the SANO station (which
was installed in San Felice sul Panaro only after the May 20th (Dolce et al. 2012a, b)

Fig. 6 Location of the SANO
station with respect to the fortress
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located at approximately 150 meters from the fortress, see Fig. 6. Such accelerogram is
characterized by a Peak Ground Acceleration (PGA) equal to 0.220, 0.175 and 0.312 g in
NS, EW and vertical directions, respectively [see Fig. 7 (Luzi et al. 2008)]. According to

|< 25s >|

North-South acceleration [m/sz]

East-West acceleration [m/sz]

Vertical acceleration [m/sz]

1 . . . . 1 1
0 5 10 15 20 25 30

Time [s]

Fig. 7 Accelerograms recorded the May 29th, 2012 at the SANO station (Fig. 6)
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the above considerations, in the performed nonlinear dynamic analyses we exclusively
considered the seismic action recorded during the second shock assuming an initially
uncracked structure. Although Italian guidelines on cultural heritage (DPCM 9/2/2011)
recommend to conduct nonlinear dynamic analyses considering at least three different
accelerograms normalized to the expected spectral acceleration in order to perform the
vulnerability assessment of a historical structure, the authors were interested in comparing
the simulated damage with the one experienced by the tower. Therefore, dynamic simu-
lations have been carried out with the aforementioned recorded earthquake only.

Twenty-five seconds nonlinear dynamic simulations (see Fig. 7) have been performed
considering several load cases. For the sake of brevity, three cases are reported: (1) EW
component only, (2) NS and EW components, (3) NS, EW and vertical components of the
earthquake recorded on May 29th. In particular, the measured accelerogram has been
applied to the nodes at the base of the tower for the horizontal components only, whereas
the vertical component has been conceived as a gravitational load (which varies over time),
defined as the algebraic sum, at each time instant, of g plus the amplitude of the vertical
component of the accelerogram. In such analyses, the aforementioned constraint condition
on the yellow surfaces of Fig. 5a has been considered through the implementation of
kinematic master—slave constrains between a node at the base of the tower (master) and the
nodes on the yellow surfaces of Fig. 5a (slaves). The geometric nonlinearity was accounted
for both in pushover and nonlinear dynamic analyses, aiming at considering the possible
reduction of the structure’s capacity due to displacements outside the permitted range of
pertinence of the linearity hypothesis.

4 Numerical modeling

In this section, the FE discretization of the case study as well as the adopted constitutive
law for masonry are described.

4.1 Finite element discretization

Numerical computations have been carried out by means of fully 3D FE meshes (tetra-
hedron elements) with different level of refinement (see Fig. 8). Such meshes have been
obtained starting from a CAD-based geometric modeling developed thanks to a detailed
survey. The meshes are designed to capture the global structural behavior of the tower:
also, the coarse mesh depicted in Fig. 8 appears appealing having at least three tetrahedron
elements on the thickness of the tower trunk’s walls (see the magnified portion). The
horizontal axes of the model (X and Y) substantially correspond to the cardinal directions
(SN and EW, respectively).

Modeling floors and vaults has always been a very relevant issue when dealing with
numerical models (D’Altri et al. 2017). In order to limit the computational effort and
meshing drawbacks, masonry vaults and timber floors have been modeled through
equivalent plates (i.e. with the same in-plane stiffness). Such a simplification, commonly
accepted in the literature (Cattari et al. 2012), is motivated by the fact that we aim at
assessing the global structural behavior of the tower.
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Fig. 8 Adopted meshes
4.2 Constitutive law for masonry

The definition of suitable constitutive laws for masonry is still an open problem. Masonry
is a composite material characterized by an overall orthotropic behavior, both in the elastic
and inelastic fields (Page 1981). However, the macro-modeling approach finds some dif-
ficulties in the description of the orthotropic behavior in linear as well as nonlinear fields.
Even though interesting advances have been achieved in continuum damage models for
masonry materials (Luciano and Sacco 1997; Milani et al. 2007; Mistler et al. 2007) their
applicability to 3D large-scale structures is still controversial due to several factors such as
their limitation to 2D problems and the difficulty in setting the many mechanical param-
eters. Therefore, it is commonly accepted in the literature the utilization of isotropic
models for masonry after an adaptation of the parameters to fit an average behavior
between vertical and horizontal compression.

In this paper, isotropic material behavior both in the elastic and inelastic fields was
supposed. Such an assumption appears specifically appealing for the particular structure
under study. Indeed, the presence of very thick walls makes the use of complex orthotropic
constitutive laws as questionable as the use of more robust isotropic models. Here, the
isotropic constitutive model utilized to perform pushover and nonlinear dynamic analyses
is the so called Concrete Damage Plasticity (CDP) model (Fig. 9), which is available
within the Abaqus software (2014). Although it has been conceived for concrete, the CDP
model has been often successfully used for masonry, see for instance (Castellazzi et al.
2017; Tiberti et al. 2016; Acito et al. 2014). Its features as well as the adopted parameters
are briefly described in the following. The interested reader is referred to Abaqus (2014)
and Castellazzi et al. (2017) for further details.

The simulation of the mechanical behavior of materials with different strength in ten-
sion and in compression is contemplated in the CDP model and distinct damage variables
in tension and compression are implemented, see Fig. 9a, b. The mono-axial tensile and
compression stresses g, and ¢, are computed through the following standard relationships:
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Fig. 9 Concrete damage plasticity model: tensile (a) and compression (b) mono-axial inelastic curves,
yield surfaces in the Westergaard space (c¢) and in the deviatoric plane (d)

o, = (1 —d,)E, (8, — sfl)

o= (1- dc)Em(ec — sfl)

where E,, is the undamaged elastic modulus, d; and d, are the damage variables in tension

and in compression, ¢, and &, are the total strain in tension and in compression, & ! and s’g’
are the equivalent plastic strain in tension and in compression. Under cyclic loading
conditions, the CDP model also takes into account the effect of closing of previously
formed cracks, which results in the recovery of the compressive stiffness.

A Drucker-Prager strength domain is assumed, altered by a K, parameter (Fig. 9c, d)
which represents the ratio between the distance from the hydrostatic axis of the maximum
compression and tensile stress, respectively. As advised in Abaqus (2014), the value 2/3
has been assumed for K.. Moreover, the value 10° has been adopted as the dilatation angle
of masonry and the ratio between the bi-axial, fp, and mono-axial, f.9, compression
strength has been assumed equal to 1.16 (Page 1981). In order to guarantee the global
convergence of the algorithm in the nonlinear range, a smoothing of the tension corner has
been implemented through an eccentricity parameter equal to 0.1 and 0.002 has been
assumed as viscosity parameter. Indeed, as shown in Tiberti et al. (2016) and Castellazzi
et al. (2017) through a sensitivity analysis, the overestimation of the collapse base shear
when using this value of the viscosity parameter is substantially negligible for this kind of
structures.
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This constitutive model uses a fracture energy-based regularization to describe the
softening in tension and compression (i.e. both tensile and compressive fracture energies
are scaled in relation to the finite element size). In this way, the mesh size does not
significantly influence the model response.

Since in situ tests performed on the structure, which are available in Mazzotti et al.
(2016), present inhomogeneous findings, reference to Table C8A.2.1 of Circolare 617-02/
02/2009 (DM 14/01/2008) is made in order to select the mechanical parameters of the
material. Such parameters are chosen by considering the lowest knowledge level (the so-
called LC! in Circolare 617-02/02/2009 (DM 14/01/2008) and a masonry typology with
quite regular courses constituted by clay bricks and very poor mortar. The parameters used
in numerical analyses are collected in Table 1 and the adopted mono-axial inelastic stress—
strain relationships for masonry are reported in Fig. 10. Such inelastic curves are rea-
sonably comparable with those used in Tiberti et al. (2016) and Acito et al. (2016), where
the numerical analyses of coeval and very similar masonry towers, which are located no
more than 12 km far from the tower under study, have been presented. Indeed, medieval
masonry materials in the region hit by the 2012 earthquakes seem to exhibit a quite similar
and low strength (Borri et al. 2013). As it is still unknown how the tie-rods are connected to
masonry walls, they have not been explicitly modelled and the same mechanical properties
throughout the model for all masonry material have been adopted. In this paper, a masonry
tensile strength value (f;) equal to 0.12 MPa has been considered. In any case, a sensitivity
analysis of the model response (in terms of pushover curve) to the tensile strength value is
reported in the following. Finally, a linear variation of both compressive (d.) and tensile
(d;) scalar damage variables from zero (for deformations which correspond to the stress
peak, see Fig. 10) to 0.9 (for deformations which correspond to the lowest extremities of
the softening branches, see Fig. 10) has been assumed.

5 Numerical results

In this section, the results of the performed analyses are discussed. Natural frequencies,
nonlinear static and nonlinear dynamic analyses results are presented.

5.1 Natural frequencies analyses

First, aiming at assessing the accuracy of the FE models based on the meshes introduced
Sect. 4.1 (Fig. 8), a natural frequencies comparison has been carried out, see Table 2. In
particular, the isolated tower case (d — oo) has been analyzed. As can be noted in Table 2,

Table 1 Material properties

used in the numerical analyses Material properties Values

Young’s modulus E,, [MPa] 1500
Poisson’s ratio 0.2
Dilatation angle 10
Eccentricity 0.1
foo/feo 1.16
K. 2/3
Viscosity parameter 0.002
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Fig. 10 Compression and tensile mono-axial inelastic curves

Table 2 Natural frequencies comparison between the meshes depicted in Fig. 8

Mode # Finer fr. [Hz] Fine fr. [Hz] Var. (%) Coarse fr. [Hz] Var. (%)
1 1.865 1.872 0.36 1.892 1.37
2 1.896 1.903 0.37 1.923 1.39
3 4.271 4.303 0.73 4.388 2.66
4 6.658 6.726 1.01 6.895 3.48
5 6.693 6.756 0.93 6.914 3.18

the frequencies percentage differences between the coarse mesh and the finer one are
extremely low, under the 3.5% for the first five modes. Therefore, the model based on the
coarse mesh appears satisfying for natural frequencies analysis purposes and has been used
in the following.

In order to achieve a first preliminary assessment of the adjacent portions effects on the
dynamic behavior of the tower, natural frequencies analyses have been conducted con-
sidering different configurations of the adjacent parts. In particular, six values of the
adjacent parts Young’s modulus have been considered, varying from the isolated tower
(0 — 00) to the non-isolated tower with § = 1. Natural frequencies and percentage vari-
ations with respect to the isolated tower case are collected in Table 3, whereas modal
shapes of the extreme cases (0 — oo and § = 1) plus an intermediate case (6 = 10) are
illustrated in Fig. 11.

As it can be noted from Table 3, the variation of the natural frequencies from the less
rigid to the stiffest case is significant. In particular, such variation is more significant for
the EW directed modal shapes (up to 46.4%) than the NS directed ones (up to 20.3%).
Clearly, this is due to the greater stiffness of the constraint in the EW direction (South
entrance building) respect to the one in the NS direction (curtain wall).

5.2 Nonlinear static analyses

In this section, the results of nonlinear static analyses are reported. As a preliminary step,
in order to assess the mesh dependency of nonlinear analysis results, a comparison in terms
of pushover curves (Fig. 12) and damage contour plots (Fig. 13) between the coarse and
the fine mesh outcomes has been carried out for the isolated tower case (6 — o00). As can
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Table 3 Natural frequencies

Modes Adjacent parts configuration
# Description 0 — 00 0 =100 0=10 0=5 0=2 o=1
1 1st bend. EW fr. [Hz] 1.892 1.970 2.175 2.306 2.552 2.770
Var. 4.1% 14.9% 21.9% 34.8% 46.4%
2 1st bend. NS fr. [Hz] 1.923 1.941 1.956 2.012 2.131 2.313
Var. 0.9% 1.7% 4.6% 10.8% 20.3%
3 Torsional fr. [Hz] 4.388 4.686 4712 4.750 4773 4.954
Var. 6.8% 7.6% 8.2% 8.8% 12.9%
4 2nd bend. EW fr. [Hz] 6.895 6.948 7.532 7.728 8.251 8.546
Var. 0.8% 9.2% 12.1% 19.7% 23.9%
5 2nd bend. NS fr. [Hz] 6.914 6.930 6.985 7.007 7.092 7.319
Var. 0.2% 1.0% 1.3% 2.5% 5.8%

Isolated

1.923 Hz 4.388 Hz

iy B

Non-isolated

2.175Hz 4721 Hz 7.532Hz

Non-isolated
tower

2.313Hz 4954 Hz
Mode #2 I Mode #3

8.546 Hz 7.319Hz
Mode #4 . Mode #5

2.770Hz
Mode #1

Fig. 11 Modal shapes
be observed in Fig. 12, the pushover curves obtained using the two meshes are substan-

tially equivalent. In addition, by inspecting Fig. 13 it emerges a very good agreement also
in terms of damage pattern. According to these results and aiming at keeping the model as
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Fig. 13 Mesh influence on the cracks distribution

simple as possible, the FE model based on the coarse mesh has been used in the following

nonlinear analyses.

Beyond the choice of the mesh, in nonlinear analyses the constitutive model of the
material plays a crucial role. As anticipated, the CDP model has been adopted in this paper
(Abaqus 2014). Anyway, in order to further validate the consistency of the model response
for the case under study, several nonlinear static analyses on the same mesh have been also
performed using Diana (2013), adopting the crack model implemented within the software
package (assuming mechanical parameters equivalent to the ones utilized in the CDP
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model, as carried out in Castellazzi et al. (2016a). A good agreement between the results
obtained from the use of the two constitutive models has been observed. As an example,
Fig. 14 depicts the comparison of the damage pattern obtained using the present CDP
model and the one implemented in Diana for the East load case of the non-isolated tower.
As can be noted, the simulated crack patterns are in good agreement.

Finally, as already mentioned, a sensitivity analysis of the global response in terms of
pushover curve to the tensile strength value f; has been carried out. Particularly, pushover
curves obtained by using the tensile strength values f; = 0.09 MPa and f; = 0.138 MPa,
corresponding to the extreme values of cohesion 79 = 0.06 MPa and 7y = 0.092 MPa of
Table C8A.2.1 Circolare 617-02/02/2009 [following the simplified relationship f; = 1.57
(DM 14/01/2008)], have been compared with the one obtained using the value assumed in
this paper f; = 0.12MPa). The corresponding tensile mono-axial inelastic curves are
depicted in Fig. 10. Figure 15 collects the obtained pushover curves (West load case). As
can be observed, a greater gap appears between the inelastic branches of the curves with
0.12 and 0.09 MPa rather than with 0.12 and 0.138 MPa. However, such discrepancy
seems to be enclosed within the engineering accuracy tolerance and the pushover curves
appear substantially equivalent. Therefore, in absence of reliable experimental results the
tensile strength value equal to 0.12 MPa is, in the authors’ opinion, a reasonable com-
promise for the case study at hand.

In order to better highlight the differences between considering an isolated tower rather
than a non-isolated tower and to not burden the text, nonlinear static analyses have been
carried out on the extreme cases of isolated tower (0 — oo) and non-isolated tower with
0 =1 only. Figure 16 shows the eight pushover capacity curves for each principal
direction (East, West, South, North) of both the extreme cases. Of course, the reaction of
the constraints in the yellow surfaces of Fig. 5 has been accounted for the computation of
the base shear in the non-isolated tower case.

ABAQUS DIANA

Fig. 14 Example of damage contour plots comparison between Abaqus and Diana
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Fig. 16 Pushover curves

On one hand, pushover curves of the isolated tower are quite similar in each direction,
exception made for the West case which presents a slightly upper curve.

On the other hand, non-isolated tower pushover curves are clearly sensible to adjacent
parts. Indeed, stiffer elastic branches as well as curves with greater base shear values than
the isolated tower can be observed. Furthermore, they considerably differ the one from the
other depending on the direction of the applied horizontal force. In particular, pushover
curves in the West and North directions show a considerable increment of the elastic
branches slope and of the base shear, whereas such phenomena are less significant in the
East and South directions. As could be expected, the adjacent parts have a significant role
in the behavior of the tower particularly when the tower is pushed against them, i.e. when
the adjacent parts present a horizontal compressive stress state.
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Figures 17, 18, 19, 20 show the damage contour plots comparison between isolated and
non-isolated tower provided by the pushover analyses for East, West, North and South
directions of the horizontal force, respectively. For the sake of brevity, in such figures only
the sides parallel to the direction of the horizontal forces are reported since they show the
most significant damage. Such plots are taken in the displacement demand d,, condition,
evaluated as briefly reported in the “Appendix” (for quantitative values refer to Fig. 26).
This condition conventionally represents the operation point of the tower for the consid-
ered design seismic action. It can be noted that, for all the cases of isolated tower, the main
damage mechanism is represented by large diagonal cracks that extend for almost the
whole height of the tower’s trunk.

On one hand, the East directed force damage contour plots (Fig. 17) show that the
damage pattern is slightly influenced by the adjacent parts. Indeed, in the elements between
the tower and the adjacent parts the damage immediately appears for the presence of
tensile stress peaks. This is in agreement with the little variation of the curves between the
isolated and non-isolated tower, see Fig. 16 (East load case). Furthermore, no substantial
damage pattern changes between the isolated and the non-isolated tower case are recorded
for the North (Fig. 19) and South (Fig. 20) load cases.

On the other hand, concerning the results of a West directed force analysis (Fig. 18), the
damage pattern is strongly affected by the presence of the adjacent buildings. In this case,
indeed, the effect of the constraint offered by the South entrance building consists in
confining the cracks to the upper parts of the tower’s trunk, over the height of the adjacent
parts.

By inspecting the pushover curves of Fig. 16 and the damage contour plots of Figs. 17,
18, 19, 20 it appears that the greatest change between the isolated and non-isolated tower is
recorded in the West load case. Therefore, for this load case a parametric study of the
influence of adjacent parts’ stiffness on pushover analyses has been carried out by
assuming several intermediate values of 0. As expected, by decreasing the value of J, an
increment of the elastic branches’ slope and of the base shear is achieved, see Fig. 21.
However, also for very small values of the adjacent parts’ stiffness (i.e. 0 = 100) it
emerges a significant increment of base shear without significant changes in the elastic

oo 0 oo 0o 0 00 oo 0 oo O0 0 00

DAMAGET
0.90

v

\ | 4 mq

Isolated Non-isolated Isolated Non-isolated
South front North front

Fig. 17 Damage contour plots: East directed force (pushover analysis)
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Fig. 19 Damage contour plots: North directed force (pushover analysis)

branch. Moreover, a considerable change of the damage pattern is obtained by decreasing
the value of 9, see Fig. 22. Indeed, the main diagonal crack which extend for almost the
whole height of the tower’s trunk in the isolated tower (6 — 00) tends to be confined in the
upper part of the tower by decreasing the value of §. Finally, concerning the case with
0 = 5 it already appears that the cracks are almost-totally confined on the upper half of the
tower’s trunk.

5.3 Nonlinear dynamic analyses
Here, nonlinear dynamic analyses results are presented and discussed. The suitability of

both the mesh and the constitutive model for nonlinear analyses have been assessed in the
previous section. Anyway, an additional aspect which characterizes dynamic simulations is
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the damping. Indeed, the magnitude of the structural response (displacements, velocities
and accelerations) recorded in dynamic simulations are significantly influenced by the
damping. The definition of reliable damping models for masonry structures is still an open
problem (Elmenshawi et al. 2010). Here, a Rayleigh damping model has been used for
each dynamic simulation assuming that the global damping matrix C is obtained as a linear
combination of the global stiffness K and mass M matrices:

C =aM + bK

where a and b are constants of proportionality:

ue 201wy (E 01 — &) b 2(& 01 — &)
»? — w3 ’ w? — 03

being ¢, and &, two values of the damping ratio at two chosen frequencies @; and w,. In
the performed nonlinear dynamic analyses the values of a and b for the Raleigh damping
model were determined by assuming for @; and w, the natural circular frequencies of the
two principal modes and for £; and &, the values 0.05 and 0.10 respectively, as suggested
for masonry structures in Pefa et al. (2010) and Chiozzi et al. (2015).

As in the previous section, for the sake of brevity and in order to enhance the differences
between considering an isolated tower rather than a non-isolated tower, only the nonlinear
dynamic analysis results of the extreme cases of isolated tower (§ — oco) and non-isolated
tower (with 6 = 1) are presented.

A first dynamic simulation has been performed by applying the only EW component of
the considered earthquake on both the isolated and non-isolated tower, see Fig. 23. As can
be noted, the displacement time-history of the non-isolated tower shows greater maximum
and residual displacements than the isolated tower, see Fig. 23a. In particular, such dis-
placements are recorded along the East direction. In addition, by comparing the damage
contour plots (Fig. 23b) arises that in the isolated tower two almost-specular diagonal
cracks appear in the tower’s trunk (both in the South and North fronts), whereas only one
diagonal crack appears in the non-isolated tower. Therefore, the influence of the adjacent
parts is evident also in nonlinear dynamic simulations.

Fully dynamic simulations have been carried out on the isolated and non-isolated tower
accounting for the NS and EW components as well as for the NS and EW components plus
the vertical component, see Figs. 24 and 25. Also in these cases, a strong influence of the
adjacent parts on the seismic behavior of the tower is recorded. Indeed, maximum and
residual displacements change sign from North to South and from West to East passing
from the isolated to the non-isolated tower cases, see Fig. 24. Such a change is more
pronounced in the EW time-history than in the NS one. In addition, the greatest residual
displacement is recorded along the East direction for the non-isolated tower. Furthermore,
the displacements recorded for the load case with vertical component are systematically
greater than the ones without cases for both the isolated and non-isolated tower. Also, the
damage contour plots at the end of such simulations (Fig. 25) shows the influence of the
adjacent parts on the damage distribution. Moreover, by comparing Fig. 25a with Fig. 25b
it emerges the influence of the vertical component on the damage pattern. Indeed, a slight
change of the tower’s trunk crack pattern is observed with, however, an increase of the
damage in the tower’s crowing in the case with vertical component.
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Fig. 23 Nonlinear dynamic analyses results with the EW component of the earthquake: comparison
between isolated and non-isolated tower in terms of a time-history and b damage contour plots

6 Results comparison

The comparison between the results of nonlinear static and dynamic analyses in terms of
displacements is shown in Fig. 26. In particular, the displacement demands evaluated
through the pushover analyses, dg.,, are reported in green color, the maximum displace-
ments recorded in the nonlinear dynamic analyses, d,,,, are reported in red color and the
residual displacements of the dynamic analyses d,.; are reported in yellow color. The
displacements of the dynamic analyses depicted in Fig. 26 are related to the case with the
combined NS, EW and vertical recorded components. The seismic demand displacements
of pushover analyses have been compared with the maximum displacements recorded in
dynamic analyses since they are both related to the effect of an earthquake on the structure.
This is further motivated as the intensity (PGA) of the accelerogram used in dynamic
analyses is akin to the design action one.

Particularly, Fig. 26 shows that for pushover analyses the seismic demand displacement
in East direction is slightly greater than in the others, both in the isolated and non-isolated
tower. Furthermore, the displacement demands evaluated with pushover analyses are
reasonably comparable to the maximum displacements evaluated with nonlinear dynamic
analyses.
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As regards the residual displacements of dynamic simulations, they are deeply influ-
enced by the presence of adjacent parts. In fact, as it can be noted, the presence of adjacent
portions changes the direction of residual displacements from West (isolated tower) to East
(non-isolated tower) and from South to North. Generally, the results of the non-isolated
tower are more in agreement with the actual behavior of the tower than those of the
isolated tower. Focusing the attention on the EW direction, Fig. 27 shows a significant
residual displacement of the tower in the East direction, in agreement with the numerical
results of the non-isolated tower. Moreover, also the maximum displacement of the
dynamic simulations is recorded in the East direction.

The actual crack pattern of the main tower is shown in Fig. 28. The main and more
severe cracks are depicted through thicker lines and local collapses of masonry portions are
filled with a red diagonal texture. Comparing the actual crack pattern with the numerical
predictions (both nonlinear static and dynamic), several similarities appear. In particular, it
arises that the main diagonal cracks (thicker lines in North and South front, Fig. 28) are
captured with a reasonable accuracy by both nonlinear static analyses (Fig. 17) and non-
linear dynamic analyses (Figs. 23, 25), especially for the simulations which consider the
adjacent parts of the tower. Indeed, concerning the West load case (Fig. 22), it appears that
the adjacent parts deeply influence the crack pattern. By comparing the actual crack pattern
(Fig. 28, South front) with Fig. 22, it arises that the non-isolated tower with 6 > 5 seems to
better fit the actual crack pattern, since such cracks are constricted in the upper half of the
tower’s trunk. Furthermore, a good agreement between the damage prediction and the
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Fig. 28 Actual crack pattern of the main tower

actual crack pattern is also observed for the West front, i.e. the side of the tower connected
with the adjacent South entrance building (for instance, compare Fig. 20 with Fig. 28,
West front).

The simulated crack pattern of the East front (Figs. 19, 20) is not completely in
agreement with the actual one (Fig. 28, East front), especially for what concerns dynamic
simulation, see Fig. 25. In addition, the smaller cracks appeared on the tower (Fig. 28) are
reproduced more coarsely. This could be addressed to the fact that small cracks are more
influenced by the specific masonry texture than large cracks, and the actual masonry
texture is not contemplated in the adopted homogenized model.
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Finally, it has to be pointed out that, although nonlinear static and dynamic analyses of
monumental buildings are usually characterized by high computational costs, the nonlinear
analyses, carried out on a standard workstation (processor Intel Xeon 3.10 GHz) requested
a moderately short amount of time. In particular, nonlinear static analyses needed an
average computational time of 4 h and 40 min, whereas 25-s nonlinear dynamic simula-
tions lasted for approximately 18 h.

7 Conclusions

In this paper, numerical insights on the seismic behavior of a non-isolated historical
masonry tower have been presented and discussed. The main tower of the fortress of San
Felice sul Panaro, which has been damaged by the Emilia earthquake, has been studied.

In order to understand the behavior of the structure, its interaction with the adjacent
buildings and the reasons of the occurred damage, advanced numerical analyses have been
carried out on a 3D FE model with different level of constraint offered by the adjacent
structural elements (from isolated to non-isolated conditions of the tower). The displace-
ment demands evaluated with pushover analyses are reasonably comparable to the maxi-
mum displacements evaluated with nonlinear dynamic analyses. Furthermore, the results of
the conducted numerical campaign shown a good agreement with the actual crack pattern,
particularly for the analyses which considered the interaction with the adjacent parts of the
tower. Indeed, the numerical results highlight that the crack pattern evaluated on the
isolated tower is significantly different from the one evaluated on the non-isolated tower,
with the same load conditions. Therefore, the presence of shorter adjacent structural ele-
ments considerably changes the seismic behavior of the tower, modifying the tower’s crack
pattern. In the actual seismic behavior of the tower, the presence of adjacent structural
elements has led the pounding between the neighboring parts. Such a phenomenon has not
yet been adequately analyzed for masonry structures by the scientific community and need
to be further studied. However, the role of the mono-lateral effect provided by the adjacent
structural elements has been highlighted in the pushover curves, for opposite directions of
the load, and in nonlinear dynamic analyses time-histories. It is worth to note that, as the
studied tower represent a recurrent structure in the medieval architecture (Cattari et al.
2014), the issues discussed in the paper can be extended to similar towers with shorter
adjacent structural elements.
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Appendix

The displacement demand d,,,,, obtained from the transformation of the MDOF structure in
an equivalent SDOF system is determined using the following standard analytical rela-
tionship (DM 14/01/2008):
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{1+(RH—I)%}F,T*<TC

Sae(T)L,T* > T¢

ddem =

where

HOTEN . . .
o [ = %Z.@z is the transformation factor, where ®; is the i-th component of the

eigenvector @; and m; is the mass of the node i;

e Tc is the corner period of the plateau of the acceleration-displacement response
spectrum;

e T* is the period of the equivalent SDOF system (the procedure for the reduction of the
pushover curve to an equivalent SDOF system with a bilinear elastic-perfectly plastic
force—displacement diagram is reported in detail in DM 14/01/2008;

o Se(T) = %SQE(T*) is the elastic displacement response spectrum. S, (7*) is the
elastic acceleration response spectrum, where the spectral accelerations are defined as a
function of the period, according to DM 14/01/2008, by assuming a seismic action with
a return period of 495 years for the site of San Felice sul Panaro;

® R, = S4/Say is a reduction factor and it can be determined as the ratio between S,, the
acceleration of the SDOF system with unlimited linear behavior and S, the yield
acceleration of the SDOF system with limited strength.
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