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The  seismic  assessment  of  art objects  requires  a  multidisciplinary  approach  and  the definition  of  a  specific
methodology  for evaluating  the  level  of safety  and  the  possible  interventions  necessary  for  seismic  risk
prevention,  finding  a  compromise  between  safety  and  conservation.  This  paper  describes  a  first  step  in
this  direction,  in  which  the  different  aspects  of the  procedure,  from  knowledge  path  of the  art  object  to
the  structural  analysis,  were  studied  in the  six Michelangelo’s  statues  located  in  the  “Galleria  dei Prigioni”
(Slaves’  Gallery)  at the  Accademia  Gallery  of  Florence.  We  showed  that  the  general  principles  and  criteria
ichelangelo’s sculptures
eismic assessment
uidelines
arrara marble

expressed  in  the “Italian  Guidelines  for evaluation  and  mitigation  of seismic-risk  to cultural  heritage”,
which  are  specifically  devoted  to masonry  constructions,  could  be profitably  extended  to  other  artworks,
like statues,  starting  from  historical  research,  geometrical  survey  and  material  characterization,  up  to
the  developing  of specific  methods  of  analysis.  This  research  could  be  the  base  for  future  studies  to  be
performed  concerning  the  prevention  of  seismic  damage  of art  objects,  including  both  bare  minimum

c  dev
interventions  and  specifi

. Research aims

The aim of the research was to perform a study of seismic
ssessment of art objects on display in museums. In particular, a
ultidisciplinary methodology was proposed and the six sculp-

ures located in the “Galleria dei Prigioni” (Slaves’ Gallery) at the
ccademia Gallery of Florence were analysed. We  hypothesized

hat the general principles and criteria expressed in the “Italian
uidelines for evaluation and mitigation of seismic-risk to cultural her-

tage” (DPCM2007, [1]), which are specifically devoted to masonry
onstructions, could be extended to other cultural objects, like stat-
es.

In order to develop this methodology aimed to evaluate the
eismic safety level of the art objects, we took the following steps:

the knowledge path, which involves historical research, geomet-
rical survey and material characterization;
the characterization of the seismic action of the site;
the development of specific methods of analysis, according to the
characteristics of the objects and to the required level of accuracy.
This research could be the base for future studies to be per-
ormed concerning the prevention of seismic damage of art objects,

∗ Corresponding author. Tel.: +39 049 827 5622; fax: +39 049 827 5604.
E-mail address: saetta@iuav.it (A. Saetta).

296-2074/$ – see front matter © 2011 Elsevier Masson SAS. All rights reserved.
oi:10.1016/j.culher.2011.06.005
ices,  such  as  isolation  systems.
©  2011  Elsevier  Masson  SAS. All  rights  reserved.

including both bare minimum interventions and specific devices,
such as isolation systems.

2. Introduction

The protection of museum collections against seismic hazard
is increasingly gaining the interest of governments and scientists,
as their damage could irreparably affect the cultural heritage. Rel-
evant experience in studying and promoting seismic mitigation
programs for museum collections has been developed for exam-
ple at the J. Paul Getty Museum in California [2].  Important efforts
to protect art objects have also been carried out in some countries
of the Mediterranean area, which is a zone prone to earthquakes
and famous for its artistic heritage, such as Greece [3,4], Turkey
[5,6] and Italy [7,8]).

Dealing with this issue requires a multidisciplinary approach in
order to formulate a global judgement on the level of risk and to
evaluate effective protection strategies, trying to find a compromise
between the requisite for safety and the principles of conservation.

An essential step in the assessment of the vulnerability of art
objects is to control their global stability condition. To this aim
different methods may  be applied within the framework of rigid
block mechanics, such as dynamic analysis with the integration

of the non linear equations of motion [9],  or approximated rela-
tionships which control sliding and rocking by the seismic Peak
Ground Acceleration (PGA) and the overturning by the Peak Ground
Velocity (PGV) [10,11].

dx.doi.org/10.1016/j.culher.2011.06.005
mailto:saetta@iuav.it
dx.doi.org/10.1016/j.culher.2011.06.005
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Grand Duke of Tuscany, and then placed in the “Grotta del Buontal-
enti” in the Boboli Gardens in Florence, where they remained up to
1909 when they were moved to the Accademia Gallery.
Fig. 1. (a) “Prigione Che Si Sveglia”; (b) “Prigione il Giovane”; (c) “

When rocking and tilting phenomena are predicted by the sta-
ility analyses a possible solution may  be to fix firmly the object
o the base; this solution avoids triggering of every motion phe-
omenon, but it opens up two important questions: the first, which

ocuses more on the procedure and the philosophy of interven-
ion, concerns the choice of fixing the object to the pedestal – the
estraining procedure is not always feasible with low impact tech-
iques and sometimes it requires non reversible interventions such
s drilling and piercing the contact areas of the object in order to
et the best fitting between it and the plane. The second aspect
oes deeper into the technical aspects of the problem: actually, as
ong as the art object is fixed to the ground, it will move together

ith the ground, hence the amount of forces transmitted to the
rtefact can be very high. In this condition the art object is forced
o bend and deform, instead of oscillating rigidly, so requiring an
ccurate evaluation of the stress level: the mechanical limit state of
he material must not be reached at any instant of the earthquake.
o this aim detailed finite element analyses, which account for the
eformability of the object, may  be applied.

.1. Seismic action and reference limit state

The safety and protection of art objects against seismic risk
ould be guaranteed by defining two specific limit states which are
espectively referred to the necessity of safeguarding people (Life-
afeguard Limit State, which is a Ultimate Limit State, ULS) and to
he loss or damage of the artistic assets themselves (Artistic Limit
tate, ALS), according to the suggestions of the DPCM2007, [1].

For an art object, the fulfilment of ALS could be guaranteed with
espect to the reference seismic event used for ULS, since it con-
iders a global loss of equilibrium, which irreparably compromises
he conservation of the art object itself. As for the difference of such
imit states, by considering for example the analysis of equilibrium
f a statue, if the reference seismic action implies the oscillation
ut not the overturning, we can assert that ALS is not verified (the
riggering of oscillations could lead to uncontrollable damage for
he object), while the ULS is satisfied, since no overturning occurs,
o guaranteeing the safety of the persons which are near the object.
. “Galleria dei Prigioni” sculptures

The “Galleria dei Prigioni”, located at the ground floor
f the Accademia Gallery in Florence, houses six important
e Barbuto”; (d) “Prigione Atlante” (Florence, Accademia Gallery).

Michelangelo’s sculptures thus creating a suggestive path leading
the visitor to the centre of the Tribune where the famous David
stands.

The Gallery takes its name from the four big unfinished sculp-
tures showing male nudes known as the Slaves or Prisoners:
“Prigione Che Si Sveglia” (Awakening Slave), “Prigione il Giovane”
(Young Slave), “Prigione Barbuto” (Bearded Slave) and “Prigione
Atlante” (Atlas Slave), Fig. 1; besides them in the room the sculp-
tures of “San Matteo” (Saint-Matthew) and “Pietà da Palestrina”
(Pietà Group) are displayed, Fig. 2.

3.1. Historical research

The Slaves were carved by Michelangelo between 1530 and
1536 and were intended for the tomb of Pope Julius II. After the
death of Michelangelo they were given as a gift to Cosimo I, the
Fig. 2. (a) “San Matteo” and (b) “Pietà da Palestrina” (Florence, Accademia Gallery).
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Table 1
Summary card of the macroscopic evaluation of “Atlante”’s sculpture.

Author: Michelangelo Buonarroti Object:
“Atlante”
(Fig. 1)

Structural typology: monolithic statue
Location: Florence, Galleria dell’Accademia, Sala dei
Prigioni

Statue
Kind of stone: crystalline marble – Carrara marble Colour:

uniform white
Texture: isotropic; massive; foliated Grain size: fine

(< 2 mm)
State of conservation: good
Exposed surface: partially washed out; weakly scaled;

corroded
Manifest presence of pins/rods/clamps: Yes
Surface patina: Yes – biological

origin
Surface deposits: No
Presence of fractures/fissures: No

Base
Kind of stone: sandstone – “Pietra Serena”
Structural typology: composite
Texture: anisotropic; weakly laminated Grain size: fine
State of conservation: optimal
Exposed surface: not deteriorated
Manifest presence of pins/rods/clamps: No
Surface patina: No
Surface deposits: No
Presence of fractures / fissures: No
Link between statue and base: gypsum filling, without

visible pins. It forms a “collarino” of 4–6 cm height in
the back part and of 16–17 cm in the front part. Its
function is merely aesthetic and does not guarantee
any mechanical fixing between the two stones

Notes
The marble reveals latent foliation which is clearly

present along the left side of the block where the stone
results subdivided in “sheets/layers” of
pluricentimetric thickness and tends to scale (Fig. 4).
This indicates a mediocre-to-low quality of the block
chosen for the carving of sculpture. One must take into
account that the planes/levels of foliation present
weak mechanical surfaces along which the marble is
easily inclined to subdivide in scales

The marble presents localized surface patinas and stains
of  a pink-reddish color, both from iron
oxide/hydroxide or lead, and from possible biological
action

The right side of the statue presents three square holes
(side measuring ca. 2–2.5 cm)  enclosing iron pins set
in  lead (Fig. 5a); another square hole (side measuring
2  cm)  holding another iron pin is situated under the
right knee at the base of the statue (Fig. 5b).

The light corrosion from water washout observed on
some portions of the stone surface indicates a
temporary setting of the statue at the exterior or at
least its exposure to the action of water (from former
cleaning?).

The base, made of “Pietra Serena”, is composed of three
superposed parts: a plinth of 20 cm height; a central
part of 40 cm height (probably obtained by
juxtaposition of 4 rectangular slabs); a summit/top of
L. Berto et al. / Journal of C

In the same year Michelangelo’s statue of “San Matteo”, sculpted
n 1505–1506, was transferred from the court to the inside of the
allery. Such a sculpture was the only one finished of the series
f twelve Apostles commissioned for the Cathedral of Florence. It
tood inside the Opera of Santa Maria del Fiore until 1834, when it
as moved outside to the court of the Gallery where it has remained

or 75 years.
Regarding the “Pietà da Palestrina”,  discovered in the Barberini

hapel in Palestrina and purchased by the Accademia in 1939, it
as long attributed to Michelangelo though experts now consider

uch an attribution to be dubious.
All the sculptures, with a possible exception of the “Pietà da

alestrina” for which there is no precise information, are simply
upported by bases lying on masonry footings built in 1909 below
he Gallery floor. The original timber pedestals of the four Slaves’
culptures were replaced in 2000 with new bases made of “Pietra
erena” (a litharenite pertaining to the Langhian Marly-Arenaceous
ormation of the northern Tuscan Apennine quarried very near the
own of Florence, [12]) on which the sculptures were simply leant
n lead sheets. The new bases are made of three parts: the lower
ne is a solid compact block 20 cm height over which a hollow par-
llelepiped of 8 cm thick and 40 to 45 cm high is superimposed,
raced with some steel ties; a cover 15–20 cm thick is used as upper
losure (Table 1).

.2. Geometrical survey

The geometrical survey is fundamental for defining the model
o be used in the analysis phase; the level of accuracy required by
he survey has to be related to the adopted methods of analysis and
o the aims of the analysis itself.

In this work the data obtained by two different geometrical sur-
eys, with highly different detail level, were used: firstly, a rough
urvey based on the measurement of the most significant geomet-
ical dimensions (i.e. maximum depth, width, and height of the
bject) was performed in order to obtain the necessary data for

 preliminary stability analysis and secondly the high accurate 3D
igital representation of each sculpture obtained with laser scanner
echnology by the Visual Computing Laboratory, ISTI-CNR. Such a
urvey has allowed to compute accurately some fundamental geo-
etrical properties, such as the volume of the statue, its height,

nd the position of the centre of gravity. It is worth mentioning
hat, for the scope of this work, the original survey precision was
educed and a surface with around 50 k faces was chosen. With this
esolution it is possible to obtain reliable results with an accept-
ble computational time. A range of resolutions, between 500 k and
0 k, were considered and tested in order to assure accuracy of the
esults.

. Stone characterization

Another important step in the path to knowledge is the
haracterization of the material, which consists in assessing its
ature, the presence of imperfections or impurities, the state of
onservation, etc. This phase of knowledge, which may  consist
n visual inspection and non-invasive or slightly invasive tests,
ims to evaluate the principal mechanical properties in terms of
trength and deformability of the material, and defining the critical
ones.

All the “Galleria dei Prigioni” statues are made of white Car-
ara marble. As far as the marble provenance is concerned, there
s not direct historical documentation, but it is worth mention-

ng that archaeometric studies and multimethod techniques based
n spectroscopic, isotopic and petrographic measurements on the
arble of David [13] and of the Crouching Boy (“Adolescente”)

t the Hermitage [14] confirmed that Michelangelo used marble
ca. 15 cm height which presents a small lacuna at the
upper left corner

blocks coming from the quarries of Fantiscritti (Val di Miseglia)
and of Polvaccio (Val di Torano) respectively.

In the next paragraph some general remarks on Carrara mar-
ble and a procedure for macroscopic evaluation of the petrographic

characteristics of ancient statues and their state of conservation are
explained. Finally, as an application of such a procedure, observa-
tions drawn from the autoptic examination of the exposed surface
of the Michelangelo’s sculptures are reported.
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.1. Notes on the Carrara marble

Carrara marble is a general name indicating a variety of different
arble types with varying colors, (from pure white -statuario- to

ark grey -bardiglio-, passing through the most common greyish
ordinario, sometimes yellowish and pinkish -pavonazzetto), and
extures, (normally massive and isotropic, sometimes foliated, with
oliation marked by grey veins or patches -venato-, or brecciated -
alacatta and arabescato). Some of these varieties, namely statuario
nd bardiglio, were used in antiquity by the Etruscans from the V
entury BC on for funerary stelae, and even more mainly by the
omans starting from around 50 BC until the end of the Empire for
tatuary and architectural elements. Their use was resumed from
he late middle age and was progressively increasing up to modern
imes, [15].

All Carrara marbles outcrop in the Apuan Alps, a chain geo-
ogically forming a tectonic window in the northern Apennines.
he marbles belong to the Apuan metamorphic complex having a
alaeozoic base covered by a metasedimentary sequence (Middle
riassic-Oligocene) containing marbles, calcschists and metacon-
lomerates at different stratigraphic levels [16]. It is from these
trata that the marble varieties described above have been and are
urrently exploited. Genetically these varieties are connected to
wo main metamorphic events occurring as the result of a gradual
eformation related to the tectonic subduction of the continen-
al crust of the Tuscan domain (27–20 million years ago) and the
ubsequent rising of the metamorphic units back towards the sur-
ace (11–8 million years ago) [16]. The various geological phases
onnected to these events affected all the metasedimentary lay-
rs, including marbles, generating complex deformative structures
hat in turn influenced the meso-and-micro scale variability of
he Carrara marbles. In fact, such variability may  be connected
o local variation of the metamorphic grade (350–500 ◦C) and
ressure (0.4–0.8 GPa) that affected the carbonatic protoliths in

 typical high-pressure “Green Schists” metamorphic phase [17].
his is evidenced through fabric analysis performed in thin sec-
ion under a polarizing microscope: Carrara marbles are mostly
howing a crystalloblastic-homeoblastic fabric formed by a mosaic
f calcite crystals with straight-to-curved boundaries, often pass-
ng to true polygonal equilibrium-fabric characterized by abundant
riple-points; other common fabrics are slightly heteroblastic,
ometimes weakly lineated, with more interlocked crystals show-
ng embayed, more rarely sutured boundaries. In general, common
ccessory minerals are quartz, albitic plagioclase, K-micas, pyrite,
agnetite. Almost always present are tiny, dusty black particles

f carbonaceous matter/graphite that when scarce and dispersed
re responsible for the greyish colour of the ordinario; when dis-
ersed and abundant give the dark grey of the bardiglio; when
oncentrated in stains and veins generate the venato.

The main physico-mechanical properties of the best quality
arrara Marble now on the market (the variety named “Bianco
cquabianca”, very likely equivalent to the statuario quarried in
ntiquity), reported in the most updated literature, [18,19] are sum-
arized in the paragraph below either in terms of the main average

alues along with standard deviation (st.dev.), if relevant (mea-
ured according to the European Norms UNI EN), or in terms of
ange of values:

apparent density (UNI EN 1936–07): 27.1 kN/m3;
open porosity (UNI EN 1936–07): 0.4%;

water absorption at atmospheric pressure (UNI EN 13755–08):
0.19 w%;
uniaxial compressive strength (UNI EN 1926–07): 103.5 MPa  (st.
dev. 20.7);
l Heritage 13 (2012) 7–21

• flexural strength in natural conditions (UNI EN 12372–07):
12.6 MPa  (st. dev. 1.3);

• flexural strength after 48 frost cycles (UNI EN 12371–03): 7.9 MPA
(st. dev. 0.8);

• Young’s modulus (UNI EN 14580): 60,000–7,000 MPa.

As far as the tensile strength is concerned, little data is avail-
able in literature due to the difficulties in the testing methods. As
reference an optimal range 4–9 MPa  could be assumed, [19].

4.2. State of conservation and macroscopic evaluation of the
petrographic characteristics of ancient statues

The seismic vulnerability of a natural stone material depends
mainly on:

• the structural characteristics, like shape, dimensions and mutual
spatial correlation of the minerals/clasts/microfossils composing
the rock;

• the textural characteristics, like stratification/layering, schistos-
ity/foliation, brecciated/cataclastic fabric, fissuring/cracking, etc.,
intrinsic to the materials themselves;

• the physical-mechanical properties which again largely depend
on the texture and the structure of the material.

The above-mentioned textural and structural characteristics
may  constitute elements of weakness in the materials, or in any
case elements of anisotropic behaviour, which may  increase the
seismic vulnerability. It is in fact easy to understand how, for exam-
ple, sussultatory earthquake shocks can dangerously reverberate
on a statue carved from a not very compact and tectonic limestone,
i.e. with many surfaces of minor cohesion, on which flow or sliding
phenomena can occur. In the same way  it is easy to understand
how compact micro-granular rocks, for example micro-granites
and fine-grained marbles, offer a guarantee of optimum resistance
to seismic damages while porous and mylonitic structures are with-
out doubt weaker.

As known, a stone material installed in a building, or a statue,
once exposed to atmospheric elements, (thermal changes, action
of freezing and thawing salt crystallization, atmospheric pollu-
tion, biodeterioration, etc.) is subject to chemical-physical decay
phenomena (the stress-corrosion of the Anglo-Saxon authors) and
biological deterioration, which mainly produce superficial degen-
erative morphologies. Such phenomena, in some cases, may  cause
an even more significant deterioration, [20], when it involves larger
zones of the objects, causing a real structural weakening. It is thus
easy to acknowledge that the marble or the stone of a sculpture after
many years of outside exposure could be subject to a variation of
its textural characteristics (e.g. broadening of sedimentary joints
or schistosic planes, respectively in sedimentary and metamorphic
rocks) and structural characteristics (e.g. increase of micro-porosity
in sandstones, granites and marbles), as well as to a “weakening”
of at least some of its physico-mechanical properties (e.g. increase
of the “creep” due to loading stress in columns, pillars, caryatids
and telamons). It should be also taken into account that possi-
ble damage occurring to stone materials during the quarrying and
the subsequent shaping in the laboratory are not negligible; these
are operations which may  introduce superficial defects on which
mechanical forces can concentrate with damaging effects (accord-
ing to the theory of Griffith, [21], and Irwin, [22]), or also profound
and latent defects, for example the case of what the Italian quarry-

men  of Carrara call “peli” produced by quarry extraction or during
heavy mechanical workmanship. In case of artefacts subject to seis-
mic  action the determination of their evident state of conservation
by macroscopic observations is thus of fundamental importance.
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Fig. 3. Possible operational outline for the petrograp

Moreover, some non-destructive tests, such as ultrasonic test-
ng, could be very useful in evaluating the mechanical properties of
he materials.

Based on the above-mentioned considerations an attempt was
ade in this work to establish a possible standard procedure for

etrographic evaluation of natural/artificial stone statues, (Fig. 3)
n order to obtain a more ample and articulated evaluation of their
eismic vulnerability. This procedure must necessarily start with
he correct identification of the stone material used both for statue
nd its base, defining, if possible, its origin (i.e. identification of the
istorical or modern quarries). This information can be obtained by
utoptic means [23], or by microsampling from hidden or already
eteriorated parts, which would allow the study of the mineralogic-
etrographic/geochemical properties of the stone, [24]. Moreover
ossible previous restorations and repairs have to be identified and
lassified, since they may  also have a significant influence on the
aterial characterization.
Subsequently one must define, on the one hand, the physical-

echanical characteristics of the material – by comparison of the
ublished data or through laboratory tests carried out on quarry
amples of the rock used or of similar rocks – and on the other
and, the general condition of the sculpture under examination by
etailed macroscopic observation, and possibly also by microscopic
bservation with a stereomicroscope, of the exposed surface. In this

ay one may  evaluate the type of texture and grain of the material
sed, the presence of possible fractures, pins, forms of alteration
nd decay, patina’s and surface deposits, as well as the overall
tate of conservation. These observations can be summarized and
aluation of statues in stone exposed to seismic risk.

transferred on a general card, accompanied by photographic docu-
mentation, which may  be called “Summary card of the macroscopic
evaluation”. As an example Table 1 reports the card for the case of
the “Prigione Atlante”.

It should be pointed out that the state of preservation of the
material constituting the artefact is one of the fundamental infor-
mation necessary to perform reliable vulnerability analysis. In fact,
a deterioration phenomenon, leading to a reduction of the mechan-
ical characteristics of the material, has a direct consequence on the
structural response of the element to the external actions.

4.3. Autoptic examination of the external surface of the
Michelangelo’s sculptures

The result of the macroscopic observation carried out on the
six marble sculptures by Michelangelo is summarized on Table 2
following the organization of the cards adopted for the macroscopic
evaluation.

The detailed observation of the sculptures shows, on average, a
good state of conservation except for the “San Matteo” and the “Pri-
gione Atlante”, with mediocre conservation, because they display
several zones affected by rain washing processes due to weather
exposure. Nevertheless, a significant presence of iron pins and mil-
limetric or sub-millimetric fractures was evidenced in most statues

together with a moderate phenomenon of marble-scaling which
can be mainly related to mechanical workmanship. Moreover, nat-
ural foliation of the rock of mediocre quality used to carve the
statues “Prigione Atlante” and “Pietà di Palestrina”  was evident as
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Table 2
Sum up of the information obtained through the macroscopic study of the six statues.

Statue Textures Grain size State of
conservation

Exposed surface Pins/Rods/Clamps
Surface patina
Surface deposits

“San Matteo” Anisotropic
Compacted
Foliated

Fine (< 2mm)  Mediocre Smooth, partially washed out,
locally not cohesive, scaled and
corroded

No
Patinas due to biological
actions (oxalate
Black crusts and algal depositsNOTES: small open compound fissure, approximately 22 cm, starting from the inguinal area and ending in

the  area of contact between left and right thigh. Dimensions < mm

“Pietà da
Palestrina”

Anisotropic
Compacted
Foliated

Fine (< 2mm)  Good Smooth Yes
Biological localized patinas
Traces of concrete and mortar

NOTES: open compound fissure of dimensions around mm,  up to the chest along a foliation plan, latent microfissure in
the left ankle of the left figure. Mediocre quality of the marble block

“Prigione Che Si
Sveglia”

Isotropic
Massive
Compacted

Fine (< 2mm)  Good Partially washed out, low
damage level

Yes
Colored patinas
No deposits

NOTES:

“Prigione il
Giovane”

Isotropic
Massive
Compacted

Fine (< 2mm)  Excellent Not damaged Yes
Pinkish patinas likely of
biologic origin
No deposits

NOTES:

“Prigione
Barbuto”

Isotropic
Massive
Compacted

Fine (< 2mm)  Good Smooth, with scales, low level
of damage

No
Pink-reddish patinas likely
from biological actions
No depositsNOTES: Open compound fissure from side to side, plastered over in the central area, dimensions cm

“Prigione
Atlante”

Isotropic
Massive

Fine (< 2mm)  Mediocre-good Partially washed out, weakly
scaled, corroded

Yes
Pink-reddish patinas

c
l
v
F
w

Foliated
NOTES: Latent foliation along the left side of the block

an be seen in Fig. 4 where the manifest foliation affecting the

eft side of the Atlante’s block is shown: i.e. the marble is subdi-
ided in pluri-centimetric layers and tends to scale. Furthermore,
ig. 5 shows the iron pins set in the “Prigione Atlante” statue, along
ith micro-scaling of the marble. The presence of reddish surface

Fig. 4. “Prigione Atlante”. View of the manifest foliation.
No deposits

stains (probably due to iron or/and lead oxidation) is also evident.
It is worth noting that in case of sculptures with large iron pins
and rings, an evaluation of their penetration depth in the marble
through proton magnetometry or, alternatively, through specific
radiographic techniques, may  be useful to fully comprehend the
local state of conservation.

Finally, in the specific case of the “Prigione Barbuto”, a through-
going fracture, filled up with stucco, marks the central part of the
sculpture, constituting a possible weak plane in case of seismic
events (Fig. 6). Such fracture probably dates back to the time when
the sculpture was staying in the Boboli Gardens in Florence. The fact
that the fracture is visible all around the surface of the sculpture
indicates that it is almost certainly through-going, as hypothesized
by the scientists who  have recently performed a monitoring study
[25] and confirmed by the direct examination of the statue. More-
over, such a monitoring study showed a relatively stable trend of
the fracture.

5. Seismic action characterization

A fundamental step for the seismic risk assessment is the eval-
uation of the seismic demand. In this study the seismic input
was evaluated according to the recent Italian building code (NTC
2008, [26]), which acknowledges the most recent official proba-
bilistic seismic hazard maps (MPS04) published by INGV [27] for
the Italian territory. Such maps display, for each point of a regular
grid spaced by 0.05◦, the horizontal peak ground acceleration on

stiff soil (ag) and the spectral acceleration (Sa) for different return
periods (Tr) corresponding to nine probabilities of exceedance
in 50 years, from 2% (Tr = 2475 years) to 81% (Tr = 30 years). The
values are evaluated on three percentiles (16th, 50th, 84th). For
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ig. 5. “Prigione Atlante”: (a) Iron pins set in lead along the right side of the statue
olding iron oxided pin, situated under the right knee, at the base of the statue.

g values the associated disaggregation analysis is also avail-
ble.

Regarding the parameters for determining the reference peak
round acceleration for the seismic assessment of the statues, in
his study we assumed the same parameters as for the Accademia
allery building, that is a nominal life VN = 50 years and a func-

ional class CU = 1.5, which corresponds to a design for the Ultimate
imit State (ULS) with a seismic action characterized by a return
eriod Tr = 712 years, that is an event with a 10% probability of being

xceeded in a 75 years period (reference period VR). According to
he ground investigations and the geological study the foundation
oil could be classified as B or D type, which corresponds to an hori-
ontal Peak Ground Acceleration S ag (PGA) ranging between 0.18 g

Fig. 6. “Prigione Barbuto”. View
h is characterized by a micro-scaling of the marble; (b) Detail of the square hole,

and 0.27 g for Tr = 712 years, (where S is the soil factor). On the safe
side, in the following analyses the soil type D was assumed.

Moreover, since the sculptures are located at the ground floor of
the Gallery, it was assumed that such a ground acceleration would
be directly transmitted to the objects.

Regarding the horizontal peak ground velocity value Vg (PGV), it
may  be taken directly related to PGA via the corner period Tc, which
is the upper limit of the period of the constant spectral acceleration
branch [28]. In this work, according to NTC2008, [26], the following

relationship was  assumed:

vg = 0.16 · S · ag · Tc (1)

 of the passing fracture.
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here, for the case study with D soil type and Tr = 712 years,
c = 0.7 s and consequently vg = 0.29 m/s.

In order to perform the dynamic time history analyses, three
ouples of ground motions records were selected from the Euro-
ean Strong-motion Database (ESD) by using the software REXEL
29]. In the selection a range of magnitude M = [4–7] and of source
o site distance R = (0–40 km)  were considered on the basis of the
isaggregation analyses provided by INGV and of the study of the
istorical seismicity of the Florence area, carried out by Vannucchi
30]. As recommended by the Eurocode 8 [31] and NTC2008 [26],
he records were properly scaled to the value of PGA expected for
he site. The compatibility with the design spectrum was required
ithin the period range (0 s to 2.0 s), which is the period range of

reatest relevance to the analyzed objects. Three different time-
istory analyses were performed and the one causing maximum
esponse in terms of stress level was considered.

. Rigid body models

.1. Basic assumption

The response of an unanchored rigid body on a horizontal
igid floor to earthquake base excitations has been studied by
everal authors dealing with different features of this complex phe-
omenon [9,10,32]. According to Lowry et al. [33], six types of
otion may  be defined:

rest, when the rigid body moves firmly with the base during all
the excitation;
sliding motion, when the body moves without losing the contact
with the base;
rocking motion around one of the two bottom corners without
sliding;
sliding-rocking, when a combination of rocking and sliding
motions occurs;
free flight, when contact between body and floor is lost;
impact, when contact between body and floor is re-established.

In some cases the rocking may  lead to final overturning of the
ody.

A more detailed description of such types of motions can be
ound in reference [33,34].

Our study focused on the criteria for triggering of rocking and
verturning, which are two very dangerous conditions and could be
espectively related to the achievement of the Artistic Limit State
ALS) and Ultimate Limit State (ULS). Actually, as previously stated,
he triggering of oscillations could lead to uncontrollable damage
f the object, thus causing the exceeding of the ALS, while if over-
urning occurs the safety of the persons which are near the object
s not satisfied anymore, exceeding the ULS.

Concerning the sliding, in a preliminary phase we assumed that
he coefficient of friction between the block and the base is suffi-
ient to prevent the occurrence of such phenomenon as the first
ritical event. Once the minimum values of PGA, which cause rock-
ng, are calculated (i.e. the values for which the ASL is reached)
ome considerations about coherent and reliable values of friction
oefficients should be carried out.

We  also considered the case of non-symmetric body with
espect to the vertical central axis, in addition to the classical one
f symmetric rectangular body, which has been studied in depth
n literature [34] and to which the stability analysis of art object is

ften referred to [35].

When a rigid 2-D body is subjected to horizontal base acceler-
tion ag, it will be set into rocking when the overturning moment
f the inertia forces around one of its edges exceeds the restoring
b

Fig. 7. Geometric parameters of the rigid block.

moment due to the gravitational force (Fig. 7). In such a condition
the block will oscillate around the base edge, which is assumed
as the centre of rotation O or O’ depending on the acceleration
sign. Hence the critical peak acceleration (ag,c) corresponding to
the onset of the rocking motion around the point O is given by:

ag·c
g

= b

h
(2)

where g is the gravitational acceleration, b is the distance between
the base corner O and the vertical projection of the centre of gravity
CG; h is the height of the centre of gravity from the base of body.

A similar relationship may  be written for the rotation around
the edge O’ obtaining a second rocking condition. In the case of a
symmetric body, b and h are respectively equal to one half of the
total width (B) and the total height (H) of the body (i.e. b = B/2 and
h = H/2), so only one rocking condition exists. It should be noticed
that, when the object is non symmetric and may rock on two  sides,
it is usually sufficient to evaluate the rocking condition correspond-
ing to the minimum value of b. However, if the rocking could have
other consequences, either in terms of damage/failure of the object
itself or of human safety, it should be necessary to evaluate the
rocking condition corresponding to both values of b.

The overturning of blocks by earthquake motion have been
analyzed by Housner, in a pioneering study [32], who presented
an approximate criterion based on energy considerations and by
Ishiyama, [10], who  proposed an overturning criterion involving
the maximum horizontal acceleration and velocity of the earth-
quake excitation. The lower limit of the maximum acceleration
(PGA), which can induce overturning, is given by the rocking con-
dition (2).  Regarding the velocity the lower limit Vc to overturn a
rocking body is:

vc ∼= 0.4

√
2 · g · (i2 + r2) · (1 − cos�c) · 1

r · cos2�c
(3)

where i is the radius of gyration of the block about CG, r is the
distance between O and CG and �c = arctg

(
b
h

)
, as shown in Fig. 7.

For slender body with a rectangular form, the overturning cri-
terion may  be simplified as:

vc < 0.4 ·
√

4
3

· gb2

h
· ∼= 14.46

b√
h

(unit : cm, s) (4)

or in terms of B and H in the more approximate form:

vc < 10 · B√
H

(unit : cm, s) (5)
Different methods to include the non-symmetry in the Ishiyama
criterion have been proposed among others by Boroshek and Romos
[33], who introduced an approximate formula in case of limited
eccentricity.
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Table 3
Geometric characteristics of the equivalent blocks.

Bx (m)  By (m) H (m)

“San Matteo” 0.76 0.60 2.72
“Pietà da Palestrina” 1.36 0.78 2.52
“Prigione Che Si Sveglia” 1.18 0.64 2.82
“Prigione il Giovane” 0.82 0.72 2.56
“Prigione Barbuto” 0.92 0.74 2.58
“Prigione Atlante” 1.16 0.90 2.78

Table 4
Results of the simplified analysis for rocking and overturning in x and y direction.

Rocking ag,c. (g) Overturning vc (m/s)

x y x y

“SanMatteo” 0.28 0.22 0.46 0.36
“Pietà da Palestrina” 0.54 0.31 0.86 0.49
“Prigione Che Si Sveglia” 0.42 0.23 0.70 0.38
“Prigione il Giovane” 0.32 0.28 0.51 0.45

T
R

ig. 8. “San Matteo”. Determination of an equivalent block and the centre of gravity.

In this work the relation (4),  valid for rectangular blocks, was
pplied also for non symmetrical bodies by replacing h with an
quivalent object height h’ defined as:

′ = 4
3

· h3

i2 + r2
(6)

Such a relation was obtained by equating the second members
f the relationship (4) with the second members of the relationship
3) written for slender body (for which �c is small enough).

.2. Application to sculptures

The aim of our analysis was to evaluate the critical PGA and PGV,
hich could cause rocking and overturning. Two different methods
ere applied with different level of accuracy.

A preliminary stability analysis of the sculptures was  performed
y considering a prismatic block (equivalent block), which closely
esembles the object’s shape, and by applying the classical formulas
or symmetric rigid bodies. Such a model represents the simplest
pproximation to the object, which may  be obtained starting from
asic measures of the most relevant dimensions. For the case of
San Matteo” Fig. 8 illustrates the equivalent block and the position
f the centre of gravity (CG), which corresponds to the centre of
olume when a homogeneous body is considered.

In Table 3 the geometric characteristics of the equivalent block
pproximating the six sculptures are listed, in particular: the width
long the x and y axes (respectively Bx and By) and the height (H)
f the body.

The application of the relationships (2) and (5) around x and
-axis allows to determine the critical values ag,c and vc, that are

he values of PGA and PGV required for rocking and overturning
espectively, which have to be compared with the seismic input for
he reference return period (i.e. for Tr = 712 years: PGA = 0.27 g and
GV = 0.29 m/s, Section 5). The results of this preliminary analysis

able 5
ocking. Critical acceleration for x and y direction.

Rocking bx (m) bx’ (m) by (m)  

“San Matteo” 0.409 0.313 0.375 

“Pietà  da Palestrina” 0.448 0.575 0.409 

“Prigione Che Si Sveglia” 0.500 0.496 0.426 

“Prigioneil Giovane” 0.348 0.341 0.547 

“Prigione Barbuto” 0.358 0.264 0.532 

“Prigione Atlante” 0.557 0.567 0.404 
“Prigione Barbuto” 0.36 0.29 0.57 0.46
“Prigione Atlante” 0.42 0.32 0.70 0.54

are summarized in Table 4, where the values higher than the refer-
ence ones are highlighted. It is worth noting that only two  statues
(i.e. “San Matteo” and “Prigione Che Si Sveglia”) might develop in a
rocking motion around y-axis for the reference seismic event.

A second stability analysis was  carried out by taking into account
the actual geometrical configuration of the sculptures and there-
fore, by adopting specific models for non-symmetric bodies. In
order to accomplish this aim it has been necessary to perform
geometric survey operations with higher level of precision, which
allowed a more accurate evaluation of the mass property of the
artefacts, in particular the position of their centre of gravity (CG).

This study used the data of the 3D survey described in Section
3.2. The coordinates of CG of each artefact are reported in Table 5
where bx and bx’ denote the horizontal projection along x direction
of the distance between CG and the base corner O and O’ respec-
tively. Similarly, by and by’ are defined along y direction. Table 5
shows the minimum values of PGA which cause rocking along the
two directions (i.e. respectively agc,x and agc,y). Such results evi-
dence that all the sculptures might develop a rocking motion in the
y direction for an earthquake with PGA lower than the reference
one. Furthermore, for “San Matteo” and the “Prigione Barbuto” also
the x direction is critical. For the Prigione Barbuto, it is important
to note that the analysis of the rigid body involving the upper part
of the sculpture, above the fracture, should also be carried out. In
the framework of a simplified approach, this part was considered
as a rigid block on an inclined plane identified by the fracture. By
assuming an average inclination of the fracture ˇ ∼= 10◦, the relation
proposed by Boroschek and Iruretagoyena [36] for rocking on an
inclined plane provides a value for horizontal acceleration needed
to initiate rocking higher than those reported in Table 5:
ag,c

g
=

B
H − tanˇ

1 + B
H tanˇ

= 0.24 (7)

by’ (m) h (m) agc,x (g) agc,y (g)

0.189 1.326 0.236 0.143
0.255 1.163 0.385 0.219
0.295 1.175 0.422 0.251
0.296 1.096 0.311 0.270
0.294 1.290 0.205 0.228
0.260 1.290 0.437 0.202
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Table 6
Overturning. Equivalent object height and critical velocity.

Overturning h’ (m)  vc (m/s)

x x’ y y’ x x’ y y’ min

“San Matteo” 1.224 1.259 1.249 1.302 0.53 0.40 0.49 0.24 0.24
“Pietà  da Palestrina” 1.024 0.963 1.077 1.136 0.64 0.85 0.57 0.35 0.35
“Prigione Che Si Sveglia” 0.947 0.949 0.859 0.958 0.51 0.51 0.85 0.44 0.44
“Prigione il Giovane” 0.949 0.951 1.003 1.048 0.74 0.74 0.62 0.42 0.42
“Prigione Barbuto” 1.180 1.209 1.100 1.190 0.48 0.35 0.73 0.39 0.35
“Prigione Atlante” 1.065 1.068 1.142 1.181 0.79 0.78 0.55 0.37 0.37

Table 7
Return period corresponding to the first critical event and to the overturning motion.

First critical event Tr (year) Overturning direction Tr (year)

“San Matteo” Rocking y 131 y 450
“Pietàda Palestrina” Rocking y 388 y 1334
“Prigione Che Si Sveglia” Rocking y 568 y > 2475
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When in our analyses we hypothesized that the statues have
been efficiently restrained to the pedestal, for example by inserting
metal pins, the stability analysis was repeated by considering the

0.00

0.10

0.20

0.30

0.40

0.50

0.60
agc,x (s) agc,y  (s)
agc,x (s+b) agc,y  (s+b)
Sag  Tr=712yr

a g
/g
“Prigioneil Giovane” Rocking y 

“Prigione Barbuto” Rocking x 

“Prigione Atlante” Rocking y

As far as the sliding phenomenon is concerned, the dimen-
ionless values of acceleration ag/g given in Table 5 represent the
inimum values of the friction coefficient between the statue and

he pedestal necessary to prevent the occurrence of such a sliding
otion before rocking. It is worth noting that the highest value of

riction coefficient (0.27) was found in the case of “Prigione il Gio-
ane”. This is however a low value when compared with the usual
ange of friction between stone and other materials.

Regarding the overturning criterion, the values of h’ for rotation
round each of the four edges of the body are reported in Table 6,
ogether with the corresponding values of the critical velocity (PGV)
valuated in accordance to relationship (4).  As evidenced in Table 6,
he “San Matteo”, may  develop overturning due to seismic event
ven when weaker than the reference one.

To better understand the seismic vulnerability of the artefacts
he return periods (Tr) corresponding to the critical values of PGA
nd PGV were evaluated by means of an iterative procedure start-
ng from the seismic INGV data. The results are summarized in
able 7, which reports for each sculpture the first critical event
either rocking or overturning with the related direction), with the
orresponding return period Tr and the direction of a possible over-
urning with the associated value of Tr. In all cases, with the only
xception of the “Prigione Barbuto”, the first critical motion is rep-
esented by rocking along y direction. Only for the “San Matteo” the
eismic event, which causes overturning, shows a return period
ower than 712 years that is the Tr of the ULS seismic action.

.3. Comments and discussion

In this Section 6 we have described two methods of different
ccuracy to evaluate the global stability of sculptures schematized
s rigid body. The marked difference between the results of the two
ethods can be generally explained considering the eccentricity of

G with respect to the centre of the base, which may  be relevant
specially along the y direction. In all cases, except for the “Prigione
he Si Sveglia” along the y direction and the “Prigione Atlante” in
he x direction, (for both of them the real height of CG is signifi-
antly lower than half of the total height of the sculpture) the first
ethod overestimates the stability capacity of the artefacts. There-

ore, the precise determination of the centre of gravity is essential

or a correct evaluation of the seismic vulnerability of the block.

The results of the stability analysis show that all the sculptures
o not satisfy the Artistic Limit State (ALS) check with respect to
he reference seismic event used for Ultimate Limit State (ULS)
7 y > 2475
0 x 1334
3 y 1752

(Tr = 712 years), since they all tend to oscillate with a real possibility
of damaging with seismic action characterized by a return period
Tr shorter than 712 years. The ULS limit state is exceeded only for
the “San Matteo”, which may  exhibit overturning for Tr = 450 years.

The most critical statues are “San Matteo”, “Prigione Barbuto”,
“Prigione Atlante” and “Pietà da Palestrina”,  which show rocking for
seismic action with Tr shorter than 400 years, and overturning for
seismic action with Tr in most cases shorter than 1400 years, which
corresponds to a reference period VR of about 150 years.

The basic requirement to preserve these sculptures from seis-
mic  events is therefore to avoid their rocking and overturning,
depending on the required level of protection. To this aim a possible
seismic protection strategy is to alter the aspect ratio, for example
by firmly fixing the sculptures to the bases and/or to lower the cen-
tre of gravity by adding a ballast weight to the base. Such a solution
requires a careful verification of the feasibility of the connections
both in terms of static and conservation needs, since the restrain-
ing procedures are not always feasible with low impact technique.
Furthermore for such a solution it is necessary that the art object
has sufficient strength to withstand the transmitted seismic force
without damage and that it fulfils the needs of conservation and of
aesthetic displaying.
San Ma�eo Piatà  da  
Palestrina

Pr igion e Che  
Si Sveglia

Prigion e il  
Giovane

Prigion e 
Barbuto

Pr igion e 
Atlante

Fig. 9. Rocking analysis: results of the detailed model for the statue (s) and the
system statue with base (s + b).
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ig. 10. Finite element models for the Michelangelo’s sculptures: (a) “Prigione Atlan
he  Si Sveglia”; (f) “San Matteo”.

tatue with base assembly (s + b). The results are shown in Fig. 9 and
ompared with those obtained in case of statue unconnected to the
ase (s). Such a strategy satisfies both the ALS and ULS requirements
or the reference seismic event (Tr = 712) for all the sculptures with
he exceptions of “San Matteo” and the “Prigione Atlante”. A possi-
le method to stabilize these two statues would be the lowering
f their centre of gravity, for example by placing a ballast weight
nto the hollow base. About 250 kg of ballast centred on the base
f the pedestal would be sufficient to obtain a critical acceleration
gc equal to the reference one (ag712 = 0.27 g). This technique is not
pplicable for the base of “San Matteo”, which is a solid block; there-
ore, for such a statue a possible strategy may  be to substitute the
ase itself.

A different approach aimed to the seismic protection of the
culptures would be to decouple the motion of the object from that
f the floor so that only a part of the seismic force will be trans-
erred to the object, reducing both the loss of equilibrium risk and
he level of stress. To this aim, it may  be sufficient to introduce a
ow friction interface between the statue and the base, or similarly
etween the statue and base system and the floor, which would

rovide a beneficial sliding motion that would reduce the effect of
he inertial force.

Despite the theoretical simplicity of these mitigation measures,
hey may  be difficult to implement in practice, for example in these
) “Prigione Barbuto”; (c) “Prigione il Giovane”; (d) “Pietà da Palestrina”; (e) “Prigione

large sculptures, since they need an accurate definition and control
of the friction coefficient and may  result in significant horizontal
displacements. For these reasons the use of specific mechanical
devices, such a seismic base isolators, may be preferred.

7. Finite element modelling

The solution of fixing firmly the object to the base requires
to control that the stress level induced in the statues does not
reach the maximum resistance of the material at any instant of the
earthquake. In order to accomplish this aim, an accurate structural
analysis of the statue should be carried out.

7.1. Application to sculptures

In this work, based on the 3D laser scanner survey described at
Section 3.2,  a solid mesh was created for each sculpture, Fig. 10,
and finite element analyses were performed using Midas Gen7.4
[37]. In particular in this phase of the research linear time history
analyses were carried out in order to obtain an overview of the

general stress level and a stress pattern of the weakest areas. In
this way it is possible to determine for the statues in its original
state which zones are affected by the highest tensile stress and
thus which could be the first to crack.
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Fig. 11. Maximum principal tensile stresses (MPa) du

Regarding the material properties, they were evaluated based
n the values given in Section 4.1 and on the results of the autop-
ic examination of the external surface of the sculptures (Section

.3). To account for the effects of the deterioration concerning “San
atteo” and “Prigione Atlante”, a reduction of about 20% of the
echanical properties was considered and to account for the uncer-

ainty of the material, a partial material factor for the marble �m = 2

Fig. 12. Maximum principal tensile stresses (MPa) due to seism
eismic action (a) “San Matteo” (b) “Prigione Barbuto”.

was applied. The following maximum and minimum strength val-
ues were then assumed in this study:
• uniaxial compressive strength: fcd = 31–72 MPa  (25–58 MPa  for
deteriorated sculptures);

• tensile strength ftd = 2–4.5 MPa  (1.6–3.6 MPa  for deteriorated
sculptures).

ic action (a) “Pietà da Palestrina” (b) “Prigione il Giovane”.
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Fig. 13. Maximum principal tensile stresses (MPa) due to s

Concerning the elastic modulus a sensitivity analysis was
erformed considering a range of values of E from 50,000 to

0,000 MPa. The results for the analyses with E = 50,000 MPa, the
orst case scenario, are shown below.

The dynamic analyses were carried out considering the three
ouples of contemporary earthquakes selected in Section 5, each

Fig. 14. “Pietà da Palestrina” (a) Position of the fissures, (b) photographic de
c action: (a) “Prigione Atlante”; (b) “Prigione Che Si Sveglia”.

couple of the available records were applied along the main direc-
tion of the base of the object, considering also a rotation of 90◦,
therefore six load cases were analyzed for each sculpture, that is

three couples of earthquakes acting along two  different orienta-
tions (xy and yx).  For each model all the nodes of the base were
fixed.

tail of the ankle zone fissures, (c) detail of the tensile stress contour.
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Scopigno, Head of the Visual Computing Laboratory ISTI-CNR Pisa.
0 L. Berto et al. / Journal of C

The results of the analyses in terms of distribution of principal
ensile stress for the worst load case in decreasing order of stress
evel are shown in Figs. 11–13.

“San Matteo” (Fig. 11a) seems to be the most critical sculpture:
he maximum level of tensile stress is about 1 MPa  in the ankles of
he statue, which represents the weakest zone of the body where

 sharp reduction of its cross section is located. In regard to the
Prigione Barbuto” (Fig. 11b) the results of the linear analysis show

 maximum tensile stress of 0.70 MPa, also located in the zone of
he ankles. Lower values for tensile stress were found in the other
culptures, for which the stress never exceeds 0.5 MPa.

.2. Comments and discussion

As expected, due to the massive proportions of the statues, the
esults of the dynamic analyses showed a low stress level, which in
ost cases was safely far from the tensile strength threshold, with

nly some exceptions. In particular, for the “San Matteo”, the max-
mum tensile stress (1 MPa) is a rather worrying value due to its

ediocre state of conservation and the presence of submillimetric
ractures. For “Prigione Barbuto”, even if the stress level is low com-
ared with the strength (2–4.5 MPa), due to the presence of the
hrough-going fracture a careful examination would be required,
or example by using non linear analysis.

Finally, in the case of the “Pietà da Palestrina”,  the analysis has
hown a zone of high concentration of tensile stress approximately
round the ankles, which is a critical zone due to the presence of
ssures (Fig. 14).

. Conclusions

In this work, a multidisciplinary methodology for the seismic
ssessment of art objects was developed and the six Michelangelo’s
arble statues, on display at the Accademia Gallery of Florence,
ere studied.

The general principles and criteria expressed in the DPCM2007,
1], which are specifically devoted to masonry constructions, were
xtended to artworks, like statues, starting from historical research,
eometrical survey and material characterization, up to the devel-
ping of specific methods of analysis. The fundamental role of
nowledge path was highlighted. In particular, the stone character-
zation was treated, with specific reference to the Carrara marble
nd to the macroscopic evaluation of the petrographic character-
stics of ancient sculptures. As a first methodological result of the
nowledge path a general card “Summary card of the macroscopic
valuation” for the characterization of the material was proposed.
he information acquired through such a knowledge phase has
o be used for the definition of the interpretative models of the

echanical response of the objects.
For the sculptures of the Accademia Gallery two  different

pproaches for the definition of suitable models were followed: the
rst one in the framework of the rigid body mechanics to evaluate
he stability condition, the second one considering the deformabil-
ty of the object to evaluate the stress state.

The results of the stability analysis showed that all the statues
end to oscillate with seismic action with return period shorter
han 712 years (ULS), moreover, “San Matteo” may  exhibit overturn-
ng. The most critical statues are “San Matteo”, “Prigione Barbuto”,
ollowed by the “Prigione Atlante” and the “Pietà da Palestrina”.

A first feasible seismic protection strategy could be the fixing
f the sculptures to their bases, a procedure that would comply

ith both the ALS and ULS requirements for the reference seismic

vent (Tr = 712) for all the sculptures except for “San Matteo” and
he “Prigione Atlante”, for which an alternative solution could be the

odification of the base dimension and/or its weight.
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The solution of fixing the statues to their bases requires also the
performance of a strength verification of the artefacts. To this aim,
preliminary dynamic analyses with detailed finite element models
were carried out, which showed tensile stress levels generally low,
although some critical aspects were evident.

A different and more effective solution could be the adoption of
seismic isolators underneath the bases that would provide a dras-
tic reduction of the seismic action transmitted to the statue itself.
It should be pointed out that in order to make an objective judg-
ment on the safety and state of conservation of the statues and to
evaluate the need of an intervention, it was necessary to take into
account all the information acquired during the different phases of
knowledge and analysis. It is only after the merging and analysis
of such information that the need of a more accurate and local-
ized investigation on a particular zone of the statue can become
evident.

In particular, the results of the autoptic analysis carried out on
the external surface of “San Matteo”, which revealed a mediocre
state of conservation with presence of fissures, together with
the results obtained from the stability and the numerical anal-
yses suggested there was  a need for the performance of more
detailed investigations on the material and also an opportunity
for the evaluation of the use of seismic isolation devices. Pre-
liminary investigations would be performed in order to evaluate
this solution, and the results of both experimental and numeri-
cal analyses will be subject of a future publication. Similarly for
the “Prigione Barbuto” the combination of both macroscopic and
structural analyses showed the need to verify the real state of the
fracture, e.g. axial ultrasonic tomography could confirm that it is
actually through-going as well as evaluate the consolidation carried
out on the fracture itself. Moreover, a refined numerical analysis,
which takes into account the presence of the fracture, should be
performed. Furthermore, the possibility of incorporating seismic
isolation should be investigated. Finally, for the “Pietà da Palest-
rina” the need for deeper investigations of the critical zone was
evidenced by both the autoptic and numerical analyses. In par-
ticular, a study measuring the propagation velocity of the sound
waves could be useful in order to fully define the intrinsic state of
conservation.

The results of this study could be the base for a more spe-
cific detailed analysis of each sculpture, in particular of the ones
that have the tendency to overturn. As previously stated, allowing
sliding could be a reliable alternative even if this implies careful
laboratory tests to evaluate the friction coefficient in order to con-
trol the resulting displacements. Finally, lightweight isolators, i.e.
of the Getty type or a small version of the double pendulum type,
will be considered as a solution for every specific artefact.

As a conclusion, the main result of the research we  have
described in this paper was  the proposal of a multidisciplinary
methodology to be used for studying the seismic vulnerability of
art objects, such as important statues. Actually to obtain reliable
results, it is crucial and mandatory to consider all the aspects of the
problems, i.e. the knowledge of the material’s nature, the survey
phase, the structural analysis, etc., and to merge every aspect into
a general overview of vulnerability.
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