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Abstract 
Greek and Roman constructions represent an extraordinary heritage on which the Mediterranean culture is founded, 
describing among all the traditions and evolution and the complex development of knowledge. Although, some typologies 
of ancient constructions have shown in many cases a high capacity towards aging and extreme natural phenomena, the 
ordinary degradation and/or human induced damages require, in any case, a particular caution in defining a management 
plan for preservation and conservation, compatible with the principles underlined by the Venice Chart. In this context, some 
monuments made up of stone blocks, such as slender structures, present an intrinsic appeal and represents a challenge for 
civil engineering.  
The work investigates innovative strategies to preserve columns made up of rigid blocks by means of simplified analysis 
methods carried out by a wide experimental campaign aimed to investigate the behaviour of such structures. To the scope, 
simplified equivalent non-linear models are developed by investigating the overall dynamic behaviour through the 
fundamental parameters such as the vibration period, the restitution ratio and the equivalent damping factor. 
The proposed approach permits to study innovative static restoration technique based on a suitable alteration of the interface 
mechanical proprieties between stone blocks by means of neoprene sheets. The described strategies produce an 
improvement of the damping capacity and the control of the contact phenomena among blocks only slightly modifying the 
natural vibration period and the static behaviour of columns. For the purpose, examples of models of the columns of the 
temple of Neptune in Paestum (Southern Italy) are considered in case of expected seismic demand for large return period. 
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1. Introduction 
The study of the dynamic behaviour of monumental buildings, such as the Greek temples, is one of the most 
critical issues in the field of conservation and protection of Cultural Heritage, especially in earthquake-prone 
areas (UNESCO, 2013). 

Housner described the behaviour of a rigid body (Housner, 1963), trying to explain the limited damage 
to some structures at the Chilean earthquake of 1960 and other examples of columns and other parts of 
monumental structures that still stand after disastrous seismic events. The model of Housner (Fig. 2), 
considered in numerous studies (bibliography reported in Giannini 1980 and Sorrentino 2003), defines the 
motion of a non-deformable body in rigid contact interface conditions. At present, different approaches are 
available in the literature considering different contact types at the interface (Giannini, 1991) between the 
blocks in both rigid and elastic contact hypothesis. Normally, rigid contact models assume the non-deformable 
joints, infinite compression strength, non-tensile strength and not sliding effects (Heyman, 1997). In the case 
of elastic contact models, it is hypothesized to concentrate the deformability of the section where the impact 
occurs, introducing a suitable link (Giannini, 1991) to describe the constitutive laws. 

Other recent studies seem to show the impossibility of modeling the phenomenon of rocking in multi-
block columns with a single rigid system (Minafò et al., 2016). Some research studies on the seismic response 
of this type of structures were also carried out (Konstantinidis et al., 2005), with the aim of determining the 
level of seismic shaking in conditions of incipient collapse. Moreover, in the literature, there are experimental 
tests on shaking table of a portal made by two columns formed by different rigid blocks (Drosos et al., 2014) 
and release tests to assess main dynamic parameters (Petti et al., 2017, 2018, 2019). 

 
Fig. 1 – The Neptune temple of Paestum (Southern Italy).  

The paper shows a deeper study of the dynamic behaviour of ancient rigid block structures through 
experimental tests on several configurations of Greek temples, such as the Neptune temple in Paestum (Fig. 
1), located in the Southern Italy not far from the Sannio and Irpinia Appennini faults system. Even though the 
valley of the temples in Paestum suffered in several earthquakes in the past (La Greca, 2007), the ancient 
monuments did not undergo particular damages, highlighting a low seismic vulnerability. Nevertheless, 
damages caused by other natural (wind, thunderstorm, etc..) and human-induce hazards, underline the need to 
evaluate the safety evolution of the dynamic behaviour of such constructions. Moreover, the built-up damage, 
could be caused local fragilities, such as partial crushing of blocks and local breaks at the drum interfaces.  

With the aim of assessing the static and seismic safety of the temples in Paestum, the validity range of 
the main dynamical parameters (restitution coefficient, vibration period and damping factors) has been 
evaluated to describe their relationship with the response amplitude.   

Based on the assessment of the overall dynamic response, the study presents new restoration strategy 
that entails a favorably improvement of columns static and seismic behaviour by means of neoprene sheets 
interposed among drums. In such a way, it possible to improve the overall response of ancient structures by 
increasing damping ratios and lowering local stresses, slightly affecting the global behaviour in terms of 
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vibration period. Moreover, the interposition of neoprene sheets brings about an easy substitution of one or 
more damaged drums when needed by avoiding punctual contact effects. At the end, this kind of restoration 
strategy could be very efficient and non-invasive for the structure only having the need of maintenance with 
the replacement of the neoprene sheets when required and, especially, the intervention is completely reversible. 

2. Rigid block behaviour 
The model of Housner is represented by a homogeneous parallelepiped block on a not deformed ground and 
no sliding at the base: the motion is described by a single Lagrangian coordinate, represented by the rotation 
.  

 

Fig. 2 – The model of Housner (1963). 

In the above described model, G represents the centre of gravity, R is the semi-diagonal, h the semi-height, b 
the semi-base, m the overall mass and W=mg the weight of the block. The geometry of the block is described 
by the semi-diagonal R and the angle , which provides a block slenderness ratio. The angle   is the rotation 
with which the block oscillates alternately around its two lower vertices O and O '. 

The fundamental equation of the motion can be written as: 

ߠ̈ = −sgn(ߠ) ∙ 2 ∙ sen(ߙ−  (1) (|ߠ|

The mathematical problem (1) is characterized by a double nonlinearity for the presence of trigonometric 
terms and the sign function which describes the alternation of the rotation point at the base due to the collisions. 
In the case of small rotations and slender blocks (≤20°) the problem can be simplified (2) as follow: 

  
ߠ̈ = 2− ∙ +ߙ 2 ∙  (2) 

where p is the frequency parameter and IO the mass moment of inertia concerning the pole O: 

 = ඨ
ܴ݉݃
ܫ

0ܫ ; =
4
3݉ ∙ ܴ2 

 

 

         

In addition, in the hypothesis of null initial angular velocity, the relation (3) allows to evaluate the natural 
vibration period as follows, showing that the oscillation period depends on the initial rotation: 
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ܶ =
4
 coshିଵ ൬

1
1 − ߠ ⁄ߙ ൰ (3) 

In the case of two drums, the energy dissipation due to the collisions at the base can be described using 
the restitution coefficient (e) (Yim and Chopra, 1980) which depend on the kinetic energy variation (r). For 
rigid conditions the following apply (Petti et al., 2017): 

ݎ =  
1
2 ∙ ܫ ∙ ଶ̇ߠ

ଶ

1
2 ∙ ܫ ∙ ଵ̇ߠ

ଶ = (
ଶ̇ߠ
ଵ̇ߠ

)ଶ = ݁ଶ (4) 

1̇ߠ  and 2̇ߠ  respectively represent the velocities at the time immediately before and after the collision. By 
setting the angular momentum to the rotation pole O, it is possible to evaluate the restitution coefficient as: 

݁ =
ଶߠ̇
ଵߠ̇

= ݎ√ =
1
4 +

3
4 ∙ cos(2ߙ) 

 
(5) 

The relation (5) shows that the restitution coefficient (e) is function of the geometry of the block, and in 
particular of the slenderness. 

In the following figures, some examples of experimental release tests (T1-T10), carried out to validate 
the previous theoretical formulations and assessing the fundamental vibration period, the restitution coefficient 
and the damping factor, in function of the initial rotation angle  , are shown. With regard to the equivalent 
viscous damping , it is possible to consider the following relation (Claugh et.al., 1975): 

ߟ = ݁
ି ଶగక
ඥଵିకమ 

(6) 

                                                               

since ߟ is the reduction ratio obtained by considering two consecutive maximum response values. 
 

 

Fig. 3 –  Experimental test: example of single and multi-block set-up configurations with an example 
of free response time history. 
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Fig. 4 – Experimental overall vibration period trends of the single-block column configuration. 

 
Fig. 5 –  Experimental restitution coefficient of the single-block column configuration. 

 
Fig. 6 – Experimental equivalent damping factor of the single-block column configuration. 
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3. Experimentation of multi-block column scale models   
As described before, the paper presents an innovative restoration strategy with the aim to reduce the continuous 
degradation of the blocks occurring at each impact by placing at the interface of each drum and only at the 
base of multi-block column configurations investigated some neoprene sheets. 

Two different types of column configurations, with neoprene sheets among every drum interface and 
only one at the base interface, were tested, considering three, four and five-block configurations. The blocks 
are made up of cellular cement (siporex, “S”).  

The dynamic motion assessment of the columns was performed by using Micro-Epsilon interferometric 
laser sensors (Opto ILD 1420-200), where the data acquisition system was designed to describe the position 
of the specimens at each instant of the tests. The initial angle  used to carry out the tests for each different 
configuration is equal to 12°. Through simple trigonometric relations, it was possible to determine, for each 
instant of time, the principal descriptive parameters of the dynamic behaviour of the single block have been 
evaluated, i.e. the vibration period, the restitution coefficient and the damping factor. 

The following figures show the results of the release tests conducted for the four-block configuration. 
In the details, ten experimental tests (T1-T10) were performed and the trend lines were evaluated for each 
configuration.  

 
Fig. 7 – Experimental overall vibration period trends of the four-block column configuration: one 

neoprene sheet at the base interface (left), neoprene sheets at every drum interfaces (right). 

 
Fig. 8 –  Experimental restitution coefficient of the four-block column configuration: one neoprene 

sheet at the base interface (left), neoprene sheets at every drum interfaces (right). 
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Fig. 9 – Experimental equivalent damping factor of the four-block column configuration: one neoprene 
sheet at the base interface (left), neoprene sheets at every drum interfaces (right). 

The following figures describe the overall comparison of the obtained results in term of vibration period, 
restitution coefficient and damping factor for all the considered configurations, with and without neoprene 
sheets. In the details, the three-drum (blue), the four-drum (green) and the five-drum (red) configurations are 
shown. 

 
Fig. 10 – Experimental overall vibration period trends of multi-block configurations: three, four and 

five-drums configurations (S= without neoprene, Nb= neoprene at the base, Ne= neoprene everywhere). 

The previous figure shows that the interposition of neoprene sheets among all the drums affects the 
vibration period trends only in the case of configurations with a higher number of drums and for initial rotation 
angles values greater than about 6°.  Instead, the placing of a neoprene sheet only at the base of the column 
affects the vibration period trends only for columns made up of three and four drums. In any case, experimental 
results show a generally increasing of the fundamental vibration period trends, which permits to have an 
improvement of the response in the case of seismic demand.  

Figure 11 shows that with the interposition of neoprene sheets, the more the number of drums increase, 
the less the restitution coefficient trends decrease, due to the impacts that occur at the interfaces. In addition, 
the more the initial rotation angle  grow, the more observed differences increase. Moreover, columns have a 
more homogeneous behaviour for a higher number of drums configurations. 
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Fig. 11 – Experimental restitution coefficient of  multi-block configurations: three, four and five-drums 

configurations (S= without neoprene, Nb= neoprene at the base, Ne= neoprene everywhere). 

 
Fig. 12 – Experimental equivalent damping factor of  multi-block configurations: three, four and five-

drums configurations (S= without neoprene, Nb= neoprene at the base, Ne= neoprene everywhere). 

Figure 12 highlights that the difference between multi-block column configurations with and without 
the interposition of neoprene sheets among all the drums, in terms of equivalent damping, grows for low values 
of the initial rotation angle, where the damping factor assumes the maximum value. The interposition of 
neoprene sheets improves the column damping capacity for low load conditions. On the other hand, the 
presence of a neoprene sheet only at the base of the column leads to: an improvement of the overall response 
regardless of the value of the angle   in the case of three-drum configurations; it does not determine significant 
changes of the response in the case of four-drum configurations; it is slightly worse for five-drum column 
configurations. 
These observations highlight that, from a global point of view, neoprene sheets permit, in any case, the 
reduction of contact effects by avoiding local stress peaks at the interface among blocks.  

In the following tables the comparisons between the case without neoprene and the configurations with 
neoprene sheets at every drum interfaces (Ne) or only at the base (Nb) are highlighted. In the details, the up 
arrow “”, the down arrow “” and the symbol of equivalence “=” mean respectively an increasing, a 
decreasing and an equivalence of the trends compared to the configuration without neoprene sheets. 
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Table 1 – Vibration period (T) 

 3 drums 
configuration 

4 drums 
configuration 

5 drums 
configuration 

Nb  =  

Ne   = 

 Table 2 – Restitution coefficient (e) 

 3 drums 
configuration 

4 drums 
configuration 

5 drums 
configuration 

Nb    

Ne    

 Table 3 – Damping factor () 

 3 drums 
configuration 

4 drums 
configuration 

5 drums 
configuration 

Nb    

Ne    

 

3. Conclusions 
The paper investigated the choice of using innovative restoration technique for ancient columns, such as the 
ones of the Neptune temple in the Archaeological Park of Paestum (Southern Italy), by interposing neoprene 
sheets among drums. To this scope, the study of behaviour of rigid blocks motion was conducted, by comparing 
analytical and experimental results for columns made up of rigid blocks. 

The obtained experimental results leaded to evaluate the principal dynamic parameters such as the 
fundamental vibration period, the restitution coefficient and the equivalent damping factor for single and multi-
block configurations by also using neoprene sheets at every drum interface and a sheet only at the base of the 
column. 

The experimental results of the conducted research confirm that restoration interventions by placing 
synthetic material among drum interfaces of ancient columns can lead to improve the dynamic response of 
structures such as Greek temple, whose columns have a rigid body behaviour. In fact, with this strategy, it is 
possible to avoid local stress peaks, improving the local dynamic behaviour, by increasing the damping ratio 
for low initial rotation angles, slightly affecting the global behaviour in terms of vibration period. 

 Moreover, this kind of intervention could be very efficient and non-invasive for the structure only 
having the need of maintenance with the replacement of the synthetic sheets when damaged and, most of all, 
the rubber sheets lead to avoid contact effects.  
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