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Abstract 

Pounding is one of the greatest sources of seismic vulnerability of pre-normative 
R/C structures, as they have often been built at poor distance from adjacent 
buildings. The effects of pounding can be particularly severe in slender modern 
R/C heritage structures, including civic or bell towers. An emblematic case study 
falling in this class of structures, i.e. a monumental R/C bell tower constructed in 
the early 1960s to replace the former 19th century tower of the Chiesa del Sacro 
Cuore in Florence, is analyzed in this paper. In order to assess the effects of 
pounding, a non-linear dynamic finite element enquiry was carried out by 
simulating collisions with a multi-link viscoelastic contact model originally 
implemented in this study. The survey results show that pounding affects the 
seismic response of the bell tower and the church as early as an input seismic 
action scaled at the amplitude of the normative basic design earthquake level. A 
retrofit hypothesis to prevent pounding is then proposed, which consists in 
linking the two structures by means of a pair of fluid-viscous dampers. The 
technical implementation of this rehabilitation strategy and the benefits induced 
in the response of the bell tower are discussed in detail in the paper. 
Keywords: seismic pounding, modern architectural heritage, historical research, 
structural assessment, seismic retrofit, dampers. 

1 Introduction 

A significant stock of modern heritage buildings is constituted by reinforced 
concrete (R/C) structures designed and erected with no – or very limited – 
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seismic provisions, due to the lack of reference Technical Standards at the time 
of their construction. As a consequence, a need now rises to carefully assess the 
performance capacities of these structures, especially when they are situated in 
medium or high seismicity zones [1].  
     One of the greatest and sometimes underestimated sources of vulnerability of 
pre-normative structures is represented by seismic pounding, which occurs when 
the distance between adjacent buildings is not wide enough to avoid collision 
during their earthquake-induced motion. As it is known, repeated impacts 
occurring across insufficient separation gaps can result in severe structural and 
non-structural damage, and sometimes cause significant portions of the colliding 
buildings to fall down. These effects can be particularly severe in slender R/C 
structures, including various types of civic or bell towers. Indeed, these buildings 
are characterized by high horizontal translational deformability at least in one of 
the two main directions in plan, and by limited structural redundancy. 
     In this respect, the case study analyzed in this paper is emblematic, being 
represented by a R/C bell tower constructed in the early 1960s to replace the 
existing 19th century tower of the Chiesa del Sacro Cuore in Florence. The 
construction of the new tower was part of a comprehensive intervention of 
refurbishment and enlargement of the church carried out during the same period. 
The architectural and structural designers were two well-known Florentine 
professionals of the time, Lando Bartoli and Lisindo Baldassini, respectively. 
The world-famous structural engineer Pier Luigi Nervi co-operated to design the 
bracing system of the new bell tower. In order to emphasize its monumental and 
religious value, the tower was conceived as a slender nude reticular R/C structure 
simulating the shape of two hands joined in prayer. Moreover, it was erected in 
front of the façade of the church, rather than to its right back side, where the 
former bell tower used to be found. This causes the new tower to be totally 
visible from all standpoints of a long straight residential street at one end of 
which the church is situated. Moreover, the space occupied by the demolished 
bell tower was used to add a new wider apse, covered by an octagonal R/C 
dome. Two photographic views of the church, showing its appearance in the late 
1950s, before the enlargement interventions, and in its current configuration, are 
displayed in Figure 1. 
 

 
Figure 1: Views of the church before the enlargement and in current 

condition. 
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     The new tower was built at a very narrow distance from the façade of the 
church. The gap corresponds to the thickness of the wooden formworks used to 
cast the constituting R/C members, plus a thin cardboard sheet inserted to protect 
the façade during casting. The thickness of the gap slightly varies along the 
height, due to small local discontinuities of the formworks, and reaches a 
minimum of about 20 mm at several levels. This is witnessed by the 
photographic images taken during the works, and by a zoomed view in current 
conditions, which are reproduced in Figures 2 and 3, respectively. 
 

 
Figure 2: View of the bell tower and detail of the technical gap on the right 

side of the church during the construction works. 

 

Figure 3: Zoomed view of the technical gap on the left side of the church in 
current conditions. 

     As a consequence of the little width of the gap, the two structures appear to be 
remarkably pounding-prone. This is also highlighted by their modal properties, 
which are discussed in the next section. In order to assess the effects of 
pounding, a non-linear dynamic enquiry was carried out by simulating collisions 
by means of a multi-link non-linear viscoelastic contact model originally 
implemented in this study. The results are summarized in the third section of the 
paper, and show that pounding affects the seismic response of the bell tower and 
the church as early as an input seismic action scaled at the amplitude of the 
normative basic design earthquake level. This causes considerable growth in 
stress levels, especially in the tower members, and results in columns showing 
very poor or no structural safety margins. Based on these results, a retrofit 
hypothesis to prevent pounding is proposed in the fourth section, which consists 
in linking the two structures with a pair of fluid-viscous dampers. The technical 
implementation of this rehabilitation strategy, and the benefits induced in the 
seismic response of the bell tower, are discussed in the final section.  
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2 Structural and modal characteristics of the bell tower and 
the church  

As shown in the right image of Figure 1, the structure of the bell tower is 
constituted by two twin braced R/C frames, each being supported by four 
columns with variable sections along the height. The shape of the tower mirrors 
the geometry of the church nave portion up to the top of the façade. This allows 
creating a narrow arcade, completed by two smaller side frames with the same 
shape as the aisle portions of the façade. The roof of the arcade represents the 
geometrical outer continuation of the church roof, and is made of an R/C slab 
ribbed by the arcade beams of the two main frames, plus a central beam 
stemming from the lateral frames. The slab, an intrados view of which is offered 
in the left image of Figure 4, is the only connection between the eight main 
columns from the foundation – made of a mesh of inverted T-beams – to the 
arcade roof. Over the roof, the columns are linked by six “star”-shaped 
horizontal plates situated at four different levels. These plates also connect the 
eight pairs of diagonal R/C beams constituting the flights of stairs provided to 
reach the belfry, which also represent the bracing system of the tower frames in 
the direction parallel to the façade (right image in Figure 4). The four external 
columns merge in a robust slab situated at the bottom of the belfry, whereas the 
four internal columns cross this slab and continue up to the top of the belfry. 
This final portion of the internal columns takes a trapezoidal shape up to the top 
of the tower, so as to provide visual continuity with the geometry of the external 
columns. The imposing dimensions, the futuristic look, and the architectural and 
structural quality of the tower has conferred it the role of a modern heritage 
building in the Florentine landscape over the past decades. 

 

  

Figure 4: Intrados view of the arcade zone of the bell tower, and zoomed 
view of the stairs and relevant connecting plates. 

     The refurbishment and expansion works carried out in the church before the 
construction of the bell tower remarkably transformed both its architectural 
appearance and structural characteristics. Indeed, the only portions of the original 
building preserved after the works were the longitudinal masonry walls of the 
aisles, the glazed walls situated over the colonnades of the nave, and the wooden 
trusses of the nave roof. The masonry columns of the two colonnades were 
substituted with new R/C members, and the wooden roofs of the aisles with R/C 
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slabs. As mentioned in the introduction, a new wider apse was added, whose 
structure is constituted by four R/C frames supporting an octagonal R/C dome, 
totally covered with decorated glass panes along its perimeter.  
     An accurate 3D geometrical model of the church and the bell tower, 
illustrated in the left image of Figure 5, was developed based on the original 
design documentation collected through record research, as well as on 
supplementary field surveys carried out by means of laser measurements [2].  
 

  

Figure 5: Geometrical model of the bell tower and the church. 

     The mechanical properties of concrete and steel and the reinforcement details 
were also drawn [2] from the original design drawings, as well as from the 
calculus and technical reports of the bell tower and the church. These data were 
transferred into the finite element model of the two structures generated by the 
SAP2000NL calculus program [3].  
     The results show a first mode of the tower alone, mixed translational along 
the direction orthogonal to the façade (named y in Figure 5) – rotational around 
the vertical axis (z), with vibration period of 1.94 s and effective associated 
masses equal to 80% of the seismic mass of the tower along y and 22.4% around 
z. The corresponding shape is plotted in the right image of Figure 5. The second 
mode, concerning the bell tower alone too, is mixed translational along the 
direction parallel to the façade (x)-rotational, with period of 1.39 s and associated 
masses equal to 93.1% along x, and 66.9% around z. The third mode is 
translational along x–rotational, with period of 0.39 s and associated masses 
equal to 3.4% along x, and 2.7% around z. The fourth mode is translational along 
y-rotational, with period of 0.38 s and associated masses equal to 14.9% along y, 
and 3.9% around z. These first four modes activate a summed effective modal 
mass equal to about 95% of the seismic mass of the tower for all three reference 
axes, that is, greater than the 85% value representing the minimum percentile 
fraction required by the Italian Technical Standards [4] to develop a complete 
modal superposition analysis. The church structure features all mixed 
translational–rotational modes too, the former of which with period of 0.48 s. 
The first modes that include a significant translational contribution in y direction 
are the fifth and sixth ones, with vibration periods of 0.21 s and 0.17 s, equal to 
about 1/9 and 1/11 of the first period of the tower along the same axis. This 
highlights very different dynamic properties of the two structures along the 

x 

y z 
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potential pounding direction, as expected from their structural characteristics. In 
total, 20 modes are needed for the church to activate a summed modal mass 
greater than 85% of its total seismic mass.  

3 Impact model for the analysis of pounding 

The finite element analysis of pounding between bell tower and church was 
carried out according to a classical “contact element approach”, which offers a 
straightforward idealization of the problem, as it corresponds to the intuitive 
interpretation of the phenomenon. Impact is simulated by a contact element that 
is activated when the gap at rest between the structures shrinks, which allows 
solving the problem within the framework of an ordinary time-history response 
analysis [5]. The impact effects are evaluated by the coefficient of restitution r, 
which accounts for the energy dissipation related to the damage effects occurring 
during collision, defined as follows: 
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where 1v , 2v  are the approaching velocities, and '
1v , '

2v  are the post-impact 
(rebound) velocities. In earlier finite element pounding computations [6], the 
contact element has been modelled by the classical Kelvin-Voight rhelogical 
scheme, i.e., combining in parallel an elastic spring, which is able to trasmit the 
impact forces, and a linear viscous damper, which accounts for the energy 
dissipation occurring during collision. In later studies, a gap element has been 
incorporated in series with the damper, so that the latter is activated only at the 
approaching stage of the colliding structures, rather than in the rebound phase 
too. This improved model corresponds to the analytical formulation first 
proposed in [7], where a no-tension constrain was assigned to the damping 
component of the reaction force of the contact element. The relevant finite 
element scheme is sketched in the left image of Figure 6, where the structures are 
idealized as rigid masses, denoted with symbols m1 and m2, the existing gap at 
rest is named rest-gap, and the gap that disconnects the damper in the rebound 
phase reb-gap. Moreover, in this scheme the additional spring with kd stiffness 
placed in parallel with the damper is aimed at driving the damper to the pre-
impact position before a new contact occurs. In model [7] the impact force 
transmitting spring is assumed to be non-linear and governed by Hertz analytical 
law, which expresses the contact force as an n-power law of the relative 
displacement between the colliding members. For pounding computation, the n 
exponent is fixed at 3/2 and, as a consequence, the kH stiffness of the Hertzian 
spring has the dimensions of a force divided by a 3/2-power law of displacement. 
The damping coefficient is defined as a non-linear function of the time-varying 
interpenetration depth of the deformed colliding structures, δ(t), according to the 
following relation: 

 
21

21
Hnl )δ(ξ2)(

mm

mm
tktc

+
=  (2) 

308  Structural Studies, Repairs and Maintenance of Heritage Architecture XIII

 
 www.witpress.com, ISSN 1743-3509 (on-line) 
WIT Transactions on The Built Environment, Vol 131, © 2013 WIT Press



where the impact damping ratio ξ is expressed as: 
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     As compared to more elaborated non-linear impact models recently proposed 
in literature, this model – also named “Hertdamp” for the assumption above – 
represents a reasonable balance point between the need to reach accurate results 
in the reproduction of structural pounding and to limit the computational effort. 
Nonetheless, the implementation of this model in commercial finite element 
programs is not straightforward, especially because the damping coefficient of 
the damper elements included in their basic libraries is generally assumed to be a 
constant.  

 

Figure 6: Finite element schematization of Herzdamp model (left), and multi-
damper model elaborated in this study for the analysis of pounding 
impact. 

     In order to overcome this limitation, a special “multi-damper” model 
constituted by an in-series assemblage of m linear dampers was devised in this 
study. The response of the model is based on the sequential activation and 
disconnection of the dampers, following the variation of the interpenetration 
depth δ(t). This way, the resulting equivalent damping coefficient of the 
assemblage becomes a function of δ(t), and expression (2) – as well as any other 
relation between cnl and δ(t) likely to be selected in the analysis – can be easily 
reproduced in piece-wise linear form in the finite element computation. The 
version of the multi-damper model with m=5 components is drawn in the right 
image of Figure 6. The activation of each damper is governed by a gap (named 
gap-Ci in Figure 6, with i=1,..,5 in this case, and i=1,..,m in general), to which an 
initial opening is assigned. As the gap closes, the damper starts to react, adding 
its response to the already activated dampers. Like for the non-linear damper in 
the Herzdamp computational model, each element is combined with a linear 
spring (kdi) that drives it to its pre-impact position. The remaining components of 
the assemblage (non-linear Hertzian spring, rest-gap, and reb-gap) are the same 
as in Herdamp model. An extensive numerical enquiry was carried out by 
varying the number of linear dampers from 3 to 9, to evaluate the relevant 
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influence on the reproduction of relation (2) [2]. The 5-damper assemblage in 
Figure 6 proved to bear satisfactory simulation capacities, while at the same time 
it helped constrain solution times within reasonable limits. Therefore, this 
version of the multi-damper model was incorporated at the interface between the 
bell tower and the church for the time-history analysis of pounding. 

4 Non-linear dynamic analysis of pounding between bell 
tower and church 

Five multi-damper elements were incorporated in the computational model at the 
interface between the bell tower and the church, in the positions marked by the 
pairs of joints denoted by letters A-A’ through E-E’ in Figure 7. These joints 
represent the potential physical impact spots situated on the four rear columns 
and at the top of the rear arcade beam, and the corresponding spots on the church 
façade. Details about the calibration of the characteristic parameters of the 
contact model are reported in [2].  
 

 

Figure 7: Position of the five multi-damper elements incorporated in the 
computational model. 

     The pseudo-acceleration elastic response spectrum plotted in Figure 8 was 
adopted for the seismic analyses carried out at the basic design earthquake level 
(BDE, with a 10% probability of being exceeded over the reference period of 50 
years fixed for the building [4]), which is referred to the city of Florence and the 
local soil conditions of the church site (classified as “C-type” according to [4], 
i.e., deep deposits of dense or medium-dense sand, gravel or stiff clay from 
several ten to several hundred meters thick). The resulting peak ground 
acceleration is equal to 0.197 g. 
 

 

Figure 8: BDE-scaled pseudo-acceleration elastic response spectrum. 
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     The non-linear dynamic analyses were carried out by assuming seven 
artificial ground motions generated from the response spectrum in Figure 9 as 
inputs. The accelerograms were applied in y direction, in order to assess the 
highest pounding effects. As way of example of the results of the numerical 
enquiry, Figure 9 includes plotting of the interpenetration depth and contact 
force time-histories obtained from the most demanding of the seven motions for 
the element linking joints C and C’, for which the maximum values of both 
quantities were surveyed. These graphs highlight maximum δ values equal to 
5.6 mm, and peak impact forces of about 165 kN. Similar results are obtained for 
the other contact elements, assessing severe pounding response conditions. These 
data are reflected in the stress states of the tower members, and particularly of 
the columns, where maximum percent increases of about 33% in bending 
moment, 25% in shear, and 9% in normal force, are observed. This causes the 
current safety margins of the most stressed columns to annul totally as early as 
the BDE level of seismic action, and prompts to adopt a pounding mitigation 
strategy. 
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Figure 9: Interpenetration depth and impact force time-histories obtained 
from the most demanding input motion for C-C’ joints. 

5 Proposal of a pounding mitigation strategy 

The pounding mitigation strategy selected for this case study, recently proposed 
for application to adjacent frame buildings [5], consists in linking the potentially 
colliding structures with high-capacity fluid-viscous (FV) dampers. This class of 
dissipaters has been the subject of a wider research activity developed over the 
last two decades by the second and third author, which included several FV 
damper-based seismic protection technologies [8–17]. The analytical expression 
of the damping reaction force FFV exerted by the dissipaters is [7]: 

 
α

⋅⋅= )())(()( FVFV tdtdsgnctF   (4) 

where t=time variable; d=displacement; d =velocity; c=damping coefficient; 
sgn(·)=signum function; |·|=absolute value; α=fractional exponent ranging from 
0.1 to 0.2. In order to keep the architectural intrusion of the intervention to the 
minimum, only two FV dissipaters were installed, and namely in the positions 
marked by the pairs of joints A-A’ and E-E’ in Figure 7. The design analysis led 
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to select the following properties of the two devices, identified by the acronym 
ASR500-100 in the reference manufacturer’s catalogue [18]: cFV=600 kN(s/m)α: 
α=0.15; maximum reaction force FFV,max=500 kN; stroke s=±50 mm; maximum 
damping energy capacity Ed=100 kJ. Details of the installation are illustrated by 
the drawing in Figure 10.  
 
 
 
  
 
 
 
 
 
 
 

Figure 10: Details of the installation of the FV dissipaters. 

     The dissipaters are housed in the terminal zones of the nave walls, at the 
corner with the façade. Here, a portion of masonry about 1.6 m long is 
demolished to allow their incorporation, as well as to facilitate installation. Each 
dissipater is connected to the interfaced tower column by means of chemical 
anchorages, where four steel bars are inserted and screwed to the end steel plates 
of the device. On the wall side, the dissipater is joined to a R/C block, 0.8 m high 
and with base dimensions of 0.6 m (coinciding with the wall thickness) × 0.6 m 
(i.e., the residual length of the 1.6 m long demolished portion of the wall, not 
including the FV device length). Here, four threaded steel axes are encapsulated 
and grouted in the concrete casting. The connecting bars of the damper are 
screwed both to its end plate and to the axes embedded in the R/C block. A steel 
box composed of plates and profiles is built around the hollow created after the 
demolition of masonry, so as to restore continuity between the walls of the 
façade and the nave in the top corner area. The steel box hides the intervention in 
the inner side of the church. A transom-window is mounted on the external side, 
so that the dissipater can be accessed for the necessary inspection and control 
activities, and be removed if required in case of future laboratory testing 
activities. 
     A new set of non-linear dynamic analyses was carried out to evaluate the 
benefits of the intervention. To this aim, the five contact elements were removed 
from the computational model and substituted with the two FV dampers, so as to 
reproduce the new structural configuration. The results are summarized in Figure 
11, which includes plotting of the time-history of relative displacements of the 
bell tower with respect to the church (measured again at the top C-C’ position in 
Figure 7), obtained from the most demanding input ground motion scaled at 
BDE amplitude.  
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Figure 11: Relative displacement time-history of the tower with respect to the 
church obtained from the most demanding input motion. 

     The graph shows that the maximum value of the positive relative 
displacement, i.e. the component directed towards the façade, is equal to 
13.8 mm. As this value is lower than the assumed gap depth at rest, pounding 
does not occur, thanks to the protective action offered by the dissipaters.  
     In addition to preventing structural collision, the installation of the FV 
devices allows improving the seismic performance of the bell tower also with 
respect to theoretically free vibration (non-pounding) response conditions. 
Indeed, bending moment, shear, and normal force in the most stressed columns 
are about 33%, 39%, and 42% lower, respectively, as compared to the 
corresponding values in free vibration conditions, bringing these members to 
safer levels.  
     Based on these data, in the special case study examined in this paper, 
similarly to standard frame buildings, the proposed FV damper-based 
intervention confirms to be not only an effective pounding mitigation technique, 
but also a global seismic retrofit strategy for adjacent structures featuring 
inadequate gaps at rest. 
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