Great Statues and Seismic Vulnerability — A Phaognetric
Approach for Early Safeguard

MARCO TANGANELLI, GIORGIO VERDIANI, and RAFFAELLA ROLUCCI,
Dipartimento di Architettura, University of Floremcltaly

In recent years, more and more attention has baiehtp create safeguard measures in protectingempstes, art
items, and large statues, from the uncontrollablent of an earthquake [Agbadian et al. 1988]. lis thaper a
comprehensive analysis of a set of significanuststcurrently located in the Bargello Museum irr&hae (Italy) is
proposed. The work includes the geometrical sufethe object, until arriving to measure their ggis safety
level. While the correct definition of the shapetué elements is fundamental in this processingtmtion will be
given to the phase of the digital survey, here afgel using photogrammetry based on Structure frootiod

procedures. All the steps of the workflow will bealyzed and described in its main issues, lesssarméd, new
procedures. A set of different procedures will bexpared, a brief method based on a 50 MP resolotiarera with
high quality optic and highly accurate modeling dtelintegration with direct measurements and/or [H3er

Scanner Survey. The results of the proceduresb&ilinatched to the results of the simulation anglygiggesting
affordable approaches for any similar conditionsudlthe interpretation of the state of safety a$ timportant
cultural heritage.
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INTRODUCTION

This work has been developed within tRESIMUS Research Project:RESIMUS, un progetto volto alla
vulnerabilita sismica delle opere musealViti 2018]. Its multidisciplinary approach has tlgmal to combine
different knowledges in order to prevent risk te thuseum’s collections in case of earthquakes.séhee working
method, characterized by the collaboration and dbeparison between different professions, was e@pto

Giambologna’s statue of Oceano, now located urtervaults of Bargello National Museum, in Floreacel to the
homonym fountain in Boboli Garden, where it wagorally placed.

The Bargello Museum is an exceptional and privitegase study, both for the importance of the exdibi
collections and for the variety of settings usegkrEBoboli Garden has similar properties, singg @ne of the most
important examples of Italian garden in the wondl as a real open-air museum, for the architectaraiscape
setting and for the collection of sculptures, raggirom antiquity Roman to the 20th Century.

Starting from the application of this method toyioeis case studies, such as Ammannati’s Juno’'stBoufCerri et
al. 2017], Donatello’s Marzocco [Mattoni and Tanghin2018] and also referring to the first signédit

contributions in this direction [Lowry et al. 200Farisi and Augenti 2013; Wittich et al. 2016; Sykps et al. 2017;
Gonizzi Barsanti and Guidi 2017; 2018], the worksveamalyzed in compliance with the guidelines fomomaental

heritage [BBCC 2010], in order to guarantee itsyprgive protection in case of seismic events.
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As recent seismic events proved that artistic ga@svery vulnerable to earthquakes, research caorities are
starting to focus their attention on the preseoratof museum’s collections. The peculiar vulneigbibof
freestanding structures, namely statues, were stapds is the main characteristic, remarks the teeedderstand
their behavior and develop reliable tools to pretheir response to seismic loads. Here the fastlts from this
research while it is still ongoing.

THE HISTORICAL RESEARCH

In the middle of 17th century Florence was onéhefdapitals of the artistic and architectural a@ltlkknown all over
the world as the capital of Renaissance. In theaesy a great work of transformation and embellefinof the city
was carried out. The protagonists of this ventueeewsiorgio Vasari and Bartolomeo Ammannati, urttleraegis of
Cosimo | de’ Medici. Both architects contributedtbhe transformation of Palazzo Vecchio and Pal&ittg where
Cosimo established the base of his governmentifnd |

In 1565 and 1567 Cosimo | commissioned two largmfains for Boboli Garden, depictitddettunoand Oceanoto

be placed on the main axis of the garden to cefebris person and Medici dynasty power (Figs.1 2ndrhe
sequence of the two fountains was certainly noasual event but perfectly designed to exalt the dammponents
necessary for Cosimo to govern: the warrior aneérdeihed temperament, recognizable in the amdgitunoof
Stoldo Lorenzi and the ability to dominate the kmdnquered with justice and magnanimity, cleah peaceful
Oceanoby Giambologna, our case study. [Medri 2003; 30ld976; Paolozzi Strozzi and Zykos 2006]. At the
center stands the statueNéttung commonly calleddceang surrounded by lying river gods that representNite,
the Ganges and the Euphrates, which symbolicallyr ploeir waters into the large basin, which repnésehe
Ocean. The two large fountains occupied their nebposition until 1590 when they were moved to toerent
location, because of the transformation of thaa arfethe garden in a stone theater. In the sanmiedyeBartolomeo
Ammannati was realizing his Fountain of Neptunéiazza della Signoria(Fig.3). In 1559, Cosimo | de' Medici
launched a competition to design a fountain atreetivhen a new aqueduct was also being built, tiseth bring
running water to the city. The plan was for a stadfiNettunoas the primary element, in a chariot drawn by sea-
horses, symbolizing Florence's command of the Medihean. Initially, Baccio Bandinelli was the stal chosen,
but he died before work began. Sculptor Ammannas Wired to take over and completed the work wétistants
and collaborators. The face éttunois said to resemble that of the Grand Duke Cosimo.

B/ OH [ N5 J 9
Fig. 1 Stoldo Lorenzi’s Neptune in the Boboli Garde Fig. 2 Giambologna’s Oceano, in the Bargello
Florence. (Photo: Marco Giorgi) National Museum, Florence. (Photo: Laboratorio

Fotografico di Architettura)
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Fig. 3 Bartolomeo Ammannati's Neptune realized fa@60 to 1565, also known as “Biancone” (the bigtetyuy)
(Photo: Raffaella Paolucci)

SURVEY METHODOLOGIES AND DIGITAL MODELS

According to the considerations emerging from tlESRMUS project, the seismic assessment of artifeedsires
an accurate preliminary representation of the abjeecause only an accurate representation carderogliable
results in terms of seismic assessment. With tlepemtion of the Photographic Laboratory of DIDAL8Bwe
made two photogrammetric surveys, respectivelyhef original Oceano statue, conserved at the Musefim
Bargello, and of its copy, within the Fountain lretPalazzo Pitti Garden. For both the statues é&a8&r scanner
survey was used to better support the scaling antpletion of the photogrammetric operations. In ¢hee of the
statue at the Bargello Museum it was used a pdas&rgrammetry, previously taken in 2011 during dperation
on the digitalization of the “Fontana di Sala Gr@hpVerdiani et al. 2012]. For the “Fontana delola” a new set
of scans was done in October 2018. Finally, difietgpes of seismic analysis were conducted ortwlbemodels
obtained with the survey campaigns.

PHOTOGRAMMETRIC SURVEY

In line with the procedures of “Structure from Mwtilmage Matching” (SfM/IM) [Guidi et al. 2015] dofare,
which is the well-known process of reconstructiéith@ shape of an object through the collimatiopaihts from a
set of photos, the model of the copy of Oceanoat#ained using\gisoft Photoscah Instead, for the model of the
fountain it was preferred to operate usiReality Capturé Although the workflow from the photos to the diea
of the final 3D model is substantially the samebioth software, the changes introduced by the supeperative
speed of RC in all the data processing, made nmbeeeisting the use of Reality Capture. A hypothabisut using

* Group of several laboratories of the Departmemirohitecture
2 https://www.agisoft.com/
3 https://www.capturingreality.com/
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the similar function offered bjutodesk Rec&pwvas taken into consideration, but it was not catgul because of
the quite unpractical need of total upload of tletype set to the Autodesk server.

The first step to obtain an effective alignmenthie correct image shooting. The SfM/IM softwarerasts the
remarkable points from the photos (that it callarheras”), then it derives the photographic pararseted finally
crosses the recognizable points on more photosnfinthe coordinates of the points in the spaceceithe
minimum number of photos that the SfM/IM can auttioaly collimate is three, for each point are riggd at least
three offset and stackable images. Subsequen#iyalignment of the chambers produces two pointedptirst a
sparse one, then a dense one, with a significaidglyer number of points. From the dense cloud ehneesreated
and then a UV mapping on which the texture of thiect is generated and applied.

For the Oceano model, 140 shots were used fromi52eimages taken with a Fujifilm GFX 50S a Mirrade
Medium Format, with a resolution of 51 MP, mountiag-ujinon GF 32-64mm F4 R LM WR zoom lens and a
SONY a7R mirrorless, full frame, with a resolution of 8@yIP, mounting a Sony FE 24-70mm F4 ZA OSS lens.
They generated a sparse cloud of 268.605 poirdenae cloud of 83.000.000 and a polygonal mesi6.&30.000
triangles (Fig. 4). The main issues in the shootifithis statue were the height of the statuefitéelfacts, while it
was not allowed to arrange a scaffolding (neithémdaler) around the statue, a high tripod and staombatic”
positioning were the only solution to allow a gooalerage of the whole statue. For this same redsrning in
mind the even higher statue in the Boboli Gardée, photographers preferred to use a lighter carfoershe
shooting of this second statue.

Then, for the “Fountain of the Island” 437 shotsrevéaken using a Pentax K-1, CMOS Full-Frame, véth
resolution of 36.4 MP, mounting a lens SIGMA 35ni,4 DG HSM and a SON¥-7R Mirrorless, Full Frame,
with a resolution of 36.4 MP, mounting a Sony FE7®4nm f/4 ZA OSS zoom lens. These two cameras,iteetbye
excellent lens and sensor quality, offer very goodnectivity and allow a full remote control of thleot. Their low
weight and easy balance make quite simple to opéha&m on a pole or a very high tripod. Using ehhigpod,
extended to its maximal height (2,1 m) and with temerators rising it up, it comes out as a simpid well
working solution for all the shooting in the Bob@Qarden.

a b c

Fig. 4. Elaboration of the model in Agisoft Photasca) spare cloud with cameras; b) dense cloudnesh model

4 https://www.autodesk.com/products/recap/overview
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Fig. 6. Textured model of the Oceano’s Fountairnwameras, generated in Reality Capture
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Fig. 7. Comparison between Oceano’s original copy és copy on the fountain

In a couple of hours, the whole work was done. Femub-selection of the shots (402) the photogramicne
processing generated a cloud of 2.429.000 pointsaapolygonal mesh of 159.000.000 triangles (Figs8 6).
Since at the time of the survey campaign the fanriiasin was full of water, its internal profile sveebuilt with the
Mcneel Rhinoceros 6 softwarenaking assumptions about its hypothetical geoyrstape.

3D LASER SCANNER SURVEY

To integrate and complete the photogrammetry df bioé statues it was preferred to use a specser¢gmammetry.
The scans of th©ceanofrom the Bargello Museum were recovered from aviptes survey, made in 2011 and
covering a large part of this statue. (Fig.10). Shbject of the scanning was the group of statedsnging to the
“Fontana di Sala Grande” by Bartolomeo Ammannatit the use of a full panoramic Scanner, produced th
secondary gathering of a large part of Neptund,gtisne bay of distance. The scanner used atithat a Cam/2
Faro Photon using phase shift measurement techyyoleags a good solution, probably not the best orbfeabut
efficient enough to produce a full usable contiitwutfor the scaling of the photogrammetry of thetise.

In the case of the “Fontana dell'lsola” the lasargmetry was operated using a Cam/2 Faro X330 Pétafie
model, a quite interesting unit, with a measuriagge up to 330 meters. With such a range it wasilpesto take
the measurement of the whole fountain and of alitrroundings.

The creation of such a large model when workingacstatue is due to the intention of having somenetds in

more for evaluating the general design and asstteofsland, the real section of the ground andréfetionships
between nearby trees, open spaces (all interedtitegfor studying the effective exposition to theather and to the
wind of this monument). In a certain sense a sdiatd for further study were put apart.

The scan of the fountain was done in 24 scankehtitom a distance of about 10 meters from thatfos; 8 taken
from a distance of about 20 meters, 4 at closerangm low points around the base and 4 from e of about 50
meters.

® https://www.mcneel.com/it/products
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Fig. 9. 3D Laser scanner survey of the “Fountairttad island” in the Boboli Garden

Fig. 10. 3D Laser scanner point cloud of Oceanmuexred from 2011 survey in the Bargello Museumidrioe
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R AUTODESK' RECAP PRO A comea - W — @ X

@ = 0715 m y: 15928 m = 2105 m

Fig. 11. View of the aligned point cloud (colouisbkd on reflectance values)

The scanning resolution was set to “1/4” (the pommte taken with a distance of 6mm at 10 metedisténce) for
all the scan except for the four taken nearby tieement, taken with the resolution set at “1/5& (oints are taken
with a distance of 8mm at 10 meters distance) anacauracy with a 4x redundancy. The alignment eease using
Autodesk Recap.

Fig. 12. View of the aligned point cloud (greysdadéesed on reflectance values)
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MODELING AND SEISMIC ANALYSIS

The modeling and analysis part illustrated belofeneto the original copy of Ocean statue preseiwsitie the
Bargello National Museum. The same consideratiosevaluations were made on the fountain in BoBaliden.

Starting from the model obtained with the surveyimgruments, the “finite element method” (FEM) rebdsed for
structural analysis was obtained by simplifying ihiéal model to make it suitable for a numeriealalysis. At first
step, the number of polygons was reduced througltladratic Edge Collapse Decimati@nocedure ifMeshLab
software[Cignoni et al. 2008], after which, it was implentesh and transformed from a surface model into amel
model with Strauss 7(Fig. 13). According to simplified methodologiesdaapproaches for the evaluation of the
vulnerability of artistic artifacts [Liberatore el. 2000; Ciampoli and Augusti 2000], a preliminayyalitative
evaluation of the object was carried out. The chisdy belongs to a typological categdiy (STAT-statue, sculpture
and large vases), in particular A2 (object restinga flat surface or pedestal), with consequerggmaty of behavior
A, specifically R4, or oscillatory response modéwaverturning as a mechanism of associated damage.

The structural analysis was performed on a FEM rhodesisting of 125.600 four-nodes tetrahedral ésopetric
elements with the software Straus7. The sculptsirmade in marble, with an Elastic Module of 50.08Pa, a
Poisson coefficient of 0,2 and a density equal. T®@ kg/m3, while the pedestal is made in concreiil, an Elastic
Module of 28.000 MPa, a Poisson coefficient of &l a density equal to 2.400 kg/m3. The statuepettstal
system were assumed as a single continuous bodiieAbwer face of the pedestal the X, Y and Z ldispments
were locked to simulate a joint at the base. Thjgothesis allows us to evaluate the effects prodiucdhe linear
elastic field by seismic actions in terms of digglment and stress.

a b c

Fig. 13. FEM analysis on the 3D model of the Océandth differently simplified versions of the mesh
2.000.000 triangular faces b) 23.200 triangularéaac) 103.300 solid tetrahedral elements
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Fig. 14. Static analysis for vertical loads, viesfghe stress states ZZ

Fig. 14 shows the results provided by the analggisonsidering only the proper weight as loadingdition. In
line with the position of the statue, there is anantration of stress at the ankles, specificdl@ MPa of
compression in the front and 0,5 MPa of tractionhi@ back. However, the compression and tensileegatio not
reach the resistance limits of the material.

A modal analysis has even been performed; it pealvitie natural frequencies of the main modes oétiin and it has
been used also useful for quantifying the alphaksetd coefficients, according to the classical fdation proposed by
Rayleigh [Chopra 1995] to be used in the dynamédyais over time.

Figure 15 shows dynamic analysis performed in otdexvaluate the possible response of the statdespe as a
single set. The seismic input was obtained thrathghltaca [2008] from 7 accelerograms of real sgisgwents,
compatible with the elastic spectrum proposed leyltalian code [NTC 2018] for the site of Florenwadth a soil

type B and a return period of 1950 years. The dyoamalysis provided results both in terms of dispment and
of stress states. For all analysis, no signifiatiaplacements are ever achieved in the three mesatidns. The
maximum value of stress achieved along the Z doeds equal to 3,7 MPa in case of traction ané,© MPa in

case of compression. The tensile stress valuaysclese to the assumed limit of the material.

Linear analyzes allow to highlight the areas inahhthe highest stress conditions are reachedl| &nalyzes carried
out, it emerges that stress levels are concentiatdtie area of the ankles. The obtained resultsvah first

evaluation of the elastic behavior of the statusther modeling will be performed considering thendinear

behavior of the materials and inserting the eféécton-linearity produced by the pedestal statuga surface.
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Fig. 15. Dynamic analysis, views of the stressesta@iZ at 2,04 s for GMN earthquake

CONCLUSIONS

Italy hosts a great quantity of fundamental cultimeritage masterpieces; their protection from ratevents and
disasters plays an important role in the culturel aconomic asset of the Country. The assessmehedafeismic
safety of art goods, such as marble statues, egjaicomplex series of procedures, which involfferdint research
field. The quality of the geometrical representatiof the objects is a required starting point forediable

assessment.

The analysis performed on Nettuno/Oceano evidetfredmportance of adopting the most recent tectyietofor
performing the digital survey and to provide themetrical data to use for analysis. An accuratggmial mesh is
at the base of advanced seismic analysis andcamsh this paper, it can give clear indicationsatithe weakness
and the potential risk in the possible evolutionsrgs which can possible afflict the statue.

It should be noted that, even if in this work vempfessional tools have been used, similar analyespite less
accurate and trustable in the results, could bfapeed by using mobile photography and cheaper casne

This “democracy” in the production of 3D modelscdrrectly exploited, may produce in the next yeargreat
resource for the analysis of our outstanding patmiynof statues and monuments.
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GREAT STATUES and SEISMIC VULNERABILITY
A PHOTOGRAMMETRIC APPROACH FOR EARLY SAFEGUARD
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