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ABSTRACT

This paper presents a solution for seismic retrofitting of existing historical masonry towers, con-
sisting of an internal steel structure equipped with dissipative devices that does modify the verti-
cal bearing mechanisms of the masonry tower and does not alter its external architectural appear-
ance. A historic masonry bell tower in the town of Fermo (Italy) is adopted as testbed structure to
evaluate the potentialities of the proposed retrofit strategy. A finite element model is developed of
both the masonry tower and the dissipation system and numerical nonlinear dynamic analyses are
performed to investigate and compare the seismic response before and after the intervention. The
outcomes of the study highlight the suitability of the proposed retrofit strategy in mitigating the
seismic response of the upgraded structure.

SOMMARIO

Questo articolo presenta una soluzione per 1'adeguamento sismico di torri storiche in muratura,
consistente in una struttura in acciaio, dotata di dispositivi dissipativi viscosi, interna alla torre in
muratura, che non ne modifica la statica verticale e 1’aspetto architettonico esterno. Per valutare le
potenzialita della soluzione proposta, ¢ stato preso come caso studio un campanile storico in mu-
ratura situato nel comune di Fermo. Sono stati sviluppati dei modelli agli elementi finiti al fine di
condurre delle analisi numeriche, dinamiche non lineari, utili ad investigare e confrontare la ri-
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sposta dinamica strutturale prima e dopo l'intervento. I risultati evidenziano 1'idoneita della solu-
zione proposta nel migliorare significativamente la risposta sismica del campanile.

1 INTRODUCTION

Masonry towers are vulnerable structures that are prone to earthquake damage, e.g., [1]-[4]. Many
studies on the structural modeling and analysis of masonry towers can be found in the technical
literature, e.g., [5]-[11], which testifies to the interest of the structural engineering community in
understanding and predicting their seismic behavior. Vulnerability assessments are crucial to de-
sign proper maintenance and retrofit interventions. The review of the seismic interventions in his-
toric masonry towers documented in the technical literature shows a variety of possible solutions
such as: the use of strengthening techniques that include local injections, rebuilding and repoint-
ing of mortar joints, local or diffused metallic or composite reinforcements, tie rods and confining
rings, e.g., [12]-[16]; the application of vertical external prestressing tendons made of steel, com-
posite or smart materials, e.g.,[17]; the adoption of vertical prestressing tendons with added hys-
teretic dissipative devices at the base [18]; the use of base isolation [19]; and the realization of
internal steel structures to bear horizontal loads [20].

The objective of this study is to explore the possibility of a solution that starts from the idea of a
steel structure that is internal to the masonry tower as proposed and realized by Jurina [20] and
adds to such steel structure dissipative devices. In this way there is no alteration of the external
architectural appearance and no modifications of the path followed by the vertical loads. In addi-
tion, this meets the principle of architectural restoration (intervention reversibility). The idea of
exploiting dissipative towers for the seismic upgrading of existing structures with deficient seis-
mic performance is not new in structural engineering, e.g., [21]-[23]. The retrofit solution pro-
posed in this article exploits fluid viscous dampers (FVDs) [24]. A case study is considered, and
numerical seismic simulations are presented to evaluate the potentialities of the proposed ap-
proach.

2  CASE STUDY

2.1 The Church of San Zenone

The case study considered in this article is the bell tower of the Church of San Zenone (Fig. 1,
Fig. 2) in Fermo, a town in the Marche region (Central Italy) that is characterized by historical
stratification dating back to the Roman age, including medieval transformations and reconstruc-
tions. The reader interested in the whole historical analyses and the sequence of construction
phases can refer to [25].

The bell tower (see tower plans in Fig. 3 and vertical sections in Fig. 4, both derived from geo-
metric survey), located on the right side of the main elevation, measures 6.26 x 6.33 m? in plan
and 29.13 m in height. From the access atrium to the main altar the altitude jump is 2.22 m. Two
different masonry typologies that characterize the building: bricks and mortar at the upper part of
the North fronts, including the bell tower, and sandstone blocks and mortar at the bottom of the
main elevation, which belong to the early construction phases of the church.

A shallow foundation system is present and based on preliminary studies conducted on the site,
the soil condition is characterized by values of the shear-wave velocity (Vs3o) within the interval
of 180 m/s and 360 m/s (soil category C according to the Eurocode 8 classification [26]).
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Fig. 1. Facade nd bell tower view of

the San Zenone Church (Fermo, Italy).
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Fig. 3: Tower plans at different heights.

2.2 Seismic Hazard

Fig. 2. I:I“ohrthern fagade of the church
from architectural survey.

Fig. 4. vertical sections.

The location of the tower is characterized by medium/high seismicity according to the Italian
seismic map, and shows peak ground acceleration (on rigid soil, with Vs3o > 800 m/s) of about 0.2
g with an exceedance probability of 10% over 50 years. In this study, a stochastic ground motion
model [25][27] was exploited to characterize the underlying seismicity and provide a set of simu-
lated earthquake samples to perform structural analyses. The values of the parameters governing
the seismic scenario were set according to [25] to provide a hazard curve representative of the
seismicity expected at the site of the tower. The maximum component S.(T*) was used as the in-
tensity measure (IM) in this study, where T* is equal to 0.75 s, i.e., the average period from the
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two principal modes of vibration of the tower. The IM hazard curve is shown in Fig. 5, while Fig.
6 depicts the response spectra of a set of 20 pairs of earthquake samples selected at intensity level
Tr =475 years.
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3  DISSIPATIVE TOWER

3.1 Concept and global configuration

The intervention strategy has three main goals, namely: (1) to provide the tower with a source of
supplemental damping that is able to reduce the seismic demand in terms of displacement, accel-
eration and stress on the masonry elements; (2) to preserve the modal dynamic properties of the
original tower without adding stiffness to the system in order not to force the structure to behave
differently from its natural tendency, i.e., modal shapes and periods are preserved; and (3) to
leave unaltered the vertical static behavior of the tower that does not reveal deficiencies. Accord-
ingly, the solution that was chosen was a dissipative tower inside the masonry bell tower and ex-
tended from the base up to the bell chamber level, located 21.50 m from the ground level. For the
sake of brevity, the dissipative tower will be referred to as the “inner tower” and the original ma-
sonry tower as the “outer tower”.

The inner tower consists of a steel structure with in-plane dimensions of 2.00 x 2.00 m? and a to-
tal height of 20.00 m, with 8 stories having inter-storey height of 2.50 m each. Every level of the
inner tower is equipped with four fluid viscous dampers (two along each direction). Dampers are
not located according to standard diagonal configuration, rather they are placed exploiting a scis-
sor-jack configuration [28] (Fig. 7), whose geometry was defined in order to significantly amplify
the damper’s axial deformation, and thus, the effectiveness of the damping system, without re-
quiring high displacements of the main structural system. The steel structure has the role of host-
ing the viscous devices and transferring the motion of the outer tower. For this reason, the struc-
ture does not need to be rigid, on the contrary, it is designed to be as flexible as possible in order
not to alter the dynamic behavior of the masonry bell tower. The inner tower is made of four HEA
300 columns continuous from the ground to the top with the strong axis oriented along the Y di-
rection, which is the most deformable direction. Beams are made of IPE 270 profiles, with webs
linked to the columns through bolted connections working as hinge restraints. In this way, the in-
ner tower stiffness is basically governed by the four columns, working like cantilevers. As can be
observed from Fig. 7, the frame structure of the inner tower is arrested one level below the bell
chamber floor. Indeed, the latter set of scissor-jack dampers is directly connected from the top of
the inner tower to the bottom of the reinforced concrete slab. The connection between the inner
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and the outer tower is realized through a strut-and-tie steel system (Fig. 7) that can rigidly connect
the towers in the horizontal plan by uniformly distributing the stresses (generated from viscous
devices) on the masonry structure. At the same time, the connection is sufficiently flexible to ac-
commodate the relative rotations arising from the dynamic motion without undergoing bending.

3.2 Viscous Dampers Design

Fluid viscous dampers are designed to add supplemental damping for a total amount equal to
&1 = 20%, which is high enough to improve the seismic performance of the outer tower without
negatively affecting the response in absolute acceleration. The target design strategy of the retrofit
intervention is the mitigation of the seismic response at an intensity level characterized by
Tr = 475 years. Linear viscous dampers (oo = 1.0) are considered in this application. Once as-
signed the target damping ratio (&4 = 20%), the size of the dampers (viscous coefficients c) was
set according to a storey-shear proportional distribution approach (based on the first mode of vi-
bration), for its simplicity and given its acknowledged suitability [29]. Dampers’ coefficients ci,
expressed in (kN-s/m)* and obtained by the design procedure in [25][30][31], are listed as follows
from level 1 to level 8: 1000, 993, 968, 927, 868, 788, 676, 543.

4 NUMERICAL MODEL AND SEISMIC ANALYSIS

4.1 Finite Element Model

A three-dimensional finite element model of the tower (Fig. 8) was developed in SAP2000 [32].
The masonry walls were modelled through four-node thick shell elements, thus, accounting for
transverse shear deformation according to the Mindlin-Reissner formulation. The in-plan geome-
try of the tower was accurately reproduced as well as the variation in the wall thickness and the
openings along the height of the structure. The tilted configuration (almost 2 degrees with respect
to the vertical) of the tower was also modelled. Concerning the boundary conditions, the base of
the tower was assumed to be fixed. The presence of the adjacent building was considered in the
model by following a simplified approach, according to which the portions of the structure at
which the interference is expected are restrained along specific degree of freedom by means of
proper supports. It was assumed that the walls of the adjacent building (the main fagade of the
church and the inner parallel wall) only affect the tower motion along the X direction, hence a set
of simply supports effective in X were distributed at a height of 10.00 m along the two corners of
the tower. The equivalent height of 10.00 m was set based on the consideration that the part of the
fagade up to the rose window inferior level (up to 10.00 m from the base) is sufficiently rigid to
affect the dynamic behavior of the tower, whereas the upper part is more deformable and thus it is
neglected in terms of boundary conditions

The masonry tower model is integrated with the model of the inner steel tower equipped with flu-
id viscous devices. Steel elements are modelled as frame elements, while the dampers are intro-
duced as a link element with an “exponential damper” property.

4.2 Dynamic Time-History Analyses

The structural seismic performance of the retrofitted tower was evaluated and compared to the
seismic response of the structure before the intervention. A set of 20 seismic time-history analyses
were performed at the intensity level with Tr = 475 years, and a pair of X-Y ground motion time-
series was used in each case of analysis.

A comparison between the seismic performance before and after retrofitting is provided in the
following figures: a direct comparison of the maximum displacement profiles along the height of
the tower, before and after retrofitting, is given in Fig. 9; a chart of the maximum stress compo-
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nents on the masonry structure (a single shell element at the base of the tower was monitored) is
provided in Fig. 10. From both figures it can be observed that the response of the retrofitted tower

is notably reduced.
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Fig. 7. Scheme of the inner tower, con-
nections, scissor-jack-damper system.
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Fig. 9. Maximum displacements along
the height of the tower, before and after
retrofitting along the Y direction.

Fig. 8. Inner and outer tower finite ele-
ment model.
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Fig. 10. Masonry median stress values
(single shell element at the base of the
tower) before and after retrofitting.
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5  CONCLUSIONS

A preliminary study for seismic upgrading of a bell masonry tower through an internal dissipative
steel tower with added dissipative fluid viscous dampers was conducted in this paper. A numeri-
cal model of the masonry tower and the dissipation system was first developed, and then numeri-
cal seismic simulations were performed to assess the feasibility of the proposed retrofit strategy.
The numerical results indicates that the seismic response of the upgraded bell tower is significant-
ly improved. Seismic displacements were mitigated, and effective seismic energy dissipation was
observed with consequent beneficial effects on the level of stress of masonry elements. This pre-
liminary investigation needs further developments before real-world application.
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