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Abstract. Recent seismic events occurred in areas rich of ancient remains and full of
cultural and artistic heritage in terms of artworks. Earthquakes may damage buildings, but the
vibrations may also induce the uplift and overturning of their content, implying irreparable loss
of cultural values. The seismic assessment of objects is usually tackled modelling them as rigid
blocks. This paper focuses on statues, which generally present a very complicated geometry,
and proposes a general methodology involving different disciplines, for their experimental
seismic assessment. The methodology is here applied to the masterpiece of “Paolo Orsi”
museum in Syracuse (Italy), that is the “Venere Landolina”. Due to the complexity of statues,
traditional techniques cannot be considered reliable for a proper geometry reconstruction;
therefore, Terrestrial Laser Scanner (TLS) and Unmanned Aerial System (UAS) technologies
are here employed to obtain a highly detailed and complete digital model. Aiming at providing
a low-cost scaled physical model of the statue, a wooden specimen has been arranged
employing a Computer Numerical Control (CNC) milling machine, cutting off disks from flat
panels which are then superimposed and glued, progressively reconstructing the actual
geometry of the statue. The specimen, able to approximately reproduce the scaled actual
geometry, was then tested on a shaking table with ground motions compatible with those
expected for the site where the statue is located. The obtained results are finally correlated with
those expected for the real scale statue.
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1 INTRODUCTION

The seismic assessment and protection of the content of buildings represents a challenge
of modern engineering; it is relevant in two main cases, that is machinery located inside
strategic buildings (e.g. hospitals, control towers) which have to keep their operability in the
earthquake aftermath, and artworks whose damage would imply a significant cultural
economic and social loss. It is reasonable to consider such objects as lightweight bodies.

In the context of the seismic protection of artworks, the crisis of the material is
encountered only in few cases, for which FE models are usually employed, mainly to study
and interpret the presence of cracks in statues in static [1] and dynamic [2] conditions. Such
objects mostly tend to get damaged not so much for material crisis as for their uplift and the
subsequent overturning. For this reason, there is a broad literature aiming at a proper
modelling of such systems in seismic conditions; most of these models are based on the rigid
body motion [3]-[10], which is governed by nonlinear differential equation. Even in the case
of simplified geometry the rigid body motion is difficult to be modelled because of the
impairments in the contacts with the base [11] and due to the chaotic character of the rigid
body motion [12]. Analogous studies on geometrically complex objects are rarely considered
[13] since the governing equations are further complicated; moreover, experimental studies
in such cases are prohibitive due to the difficulty to faithfully reproduce specimens consistent
with the original model in the laboratory. The interest towards the seismic protection of
artworks has been growing in the last decades. Some masterpieces, such as Michelangelo’s
David [1], the “Juno’s fountain” [2] and the “Bronzi di Riace”, underwent detailed studies,
and in the latter case their seismic protection is assured by a ball system isolation [14]. Other
studies concerning the seismic isolation of lightweight objects can be found in [15],[16].

The study presented in this paper is focused on statues, and presents a novel
interdisciplinary approach for the experimental assessment of statues involving survey,
technology and structural skills. The proposed methodology is applied to the “Venere
Landolina”, the masterpiece of “Paolo Orsi” museum in Syracuse (Italy). The proposed
approach includes three main phases: a) the 3D digital modelling of the statue by means of
UAS and TLS technologies, b) the reconstruction of a scaled wooden model created with a
CNC milling machine based on the digital model, ¢) the experimental campaign conducted
with the application of ground motions compatible with the design spectrum by means of a
shaking table, the interpretation of the results, and the correlation with the actual geometry
of the statue. The three phases of the proposed methodology are briefly elucidated and then
applied to the chosen case study, showing its applicability to other meaningful artworks.

2 SEISMIC PROTECTION OF ARTWORKS: THE CASE OF THE “VENERE
LANDOLINA” IN “PAOLO ORSI” MUSEUM

The proposed methodology aims at the assessment of the seismic safety of lightweight
objects. In the context of artworks, former studies were conducted oriented to their seismic
protection. Some of them are oriented to describe the main mitigation strategies [17], some
others are detailed studies of statues. In the case of the “Bronzi di Riace” a low invasive
semi-passive isolation system (based on a ball system with dissipative wires) on a marble
base was devised [14]. In the case of Michelangelo’s David, a detailed FEM study was
conducted to verify the riskiness associated to cracks observed on one of the legs [1].
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In the following sections a novel methodology for the seismic assessment of statues

involving an experimental campaign on a scaled specimen, reconstructed with a faithful
geometry, is proposed. The proposed methodology includes three phases which are
summarized in Figure 1. All the considered phases require the adoption of advanced
hardware and software tools. The stages of the proposed strategy can be summarized in a
knowledge phase, a prototyping phase and the seismic assessment. The knowledge phase
consists in a non-invasive geometric scanning of the statue (see section 3 for details) and the
manipulation of the output of the survey providing a photorealistic digital model of the
statue. In the prototyping phase the solid model is further processed, and a 3D digital
prototype is elaborated; the obtained simplified model represents the input to create a scaled
physical counterpart, by superimposing of wooden disks shaped with a Computer Numerical
Control machine (see section 4 for details). Finally, the physical prototype is tested on a
shaking table considering ground motions compatible with the design spectrum and duly
modified to account for the scale factor of the specimen; the results obtained by experimental
campaign are elaborated with a tracking motion software and interpreted with the aim of
rating the safety of the statue (see section 5 for details).
The conceived methodology is here applied to a meaningful case study selected in the
archeological museum “Paolo Orsi” in Syracuse (Italy). Specifically, the “Venere Landolina”,
that is the masterpiece of the museum, is considered, Figure 2. The marble structure goes back
to the Il century A.D. and is probably a copy of a former greek statue; its name is related to
Saverio Landolina, the archeologist who discovered the Venere in 1804. This artefact was
selected for its artistic relevance, but also for some geometric features which make this case
study particularly meaningful. The statue is quite slender, which makes it keen to the uplift, and
is also irregular since the position of the center of gravity is not centered with respect to the
base. In the first column of Figure 1 the main steps of the proposed methodology applied to the
Venere Landolina are depicted where the physical model and the intermediated stages of the
digital models are easily identifiable. The statue, which is placed on a 80 cm high pedestal, with
a hexagonal base inscribed in a circle of radius 160 cm, is 165 cm tall, has the base of support
inscribed in a rectangle of 55,6x50,6 cm. The mass of the marble object, approximatively equal
to 430 kg, is estimated considering a volume of 162098.79 cm? and a specific weight equal to
p =0.00265 kg/cm?,

3 3D DIGITAL MODELLING OF THE STATUE

The present study establishes a synergy between the teaching and research methodologies and
between technological innovation and operational technologies of the specific subject areas, in
particular, surveying and data processing and communication.

It is important to develop digital integrated strategies in order to obtain an efficient
performance of all the research indicators. In general, the study wants to provide the scientific
community with an operational protocol for the virtual rendering of artistic and museum objects
[18]. In particular, 3D modelling aims to the development of a physical model for the seismic
evaluation of sculptures. In this regard, 3D computer graphics gives an immediate perception
of reality less affected by discretization modalities than traditional drawing.

The implementation of software which can transform data coming from TLS, UAS
technologies and photogrammetry into 3D models allows the visualization and 3D printing
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concretisation of artistic objects characterised by sinuous geometric shapes. The present
experimental work on “Venere Landolina” has been conducted with the innovative
technological instruments of the Laboratory of Representation, SDS of Architecture, University
of Catania.
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SURVEY

Features:

S
‘]B Equipment:

Laser scanner survey: execution of several scans with TLS technology from
different angles to reconstruct the entire geometry of the object. A dense point
cloud is obtained as output.

Photogrammetric survey: photos taken through UAS technology and camera to
capture images of the object at different heights.

« Laser scanner Leica C10.

Sk
+ SAPR DJI Spark. i ) ‘ Pl

« High Resolution Camera Nikon D3200.

3D DIGITAL MODELLING

Features:

Software

Features:

Software

Point cloud obtained via combination and alignment of the data acquired with
TLS and UAS technologies. 3D polygonal mesh obtained from the point cloud
and subsequent mesh optimization.

Cyclone, 3DF Zephyr, Geomagic Wrap, Rhinoceros 5.

DIGITAL MODEL SEMPLIFICATION

Conversion of the 3D polygonal mesh into a 3D solid scaled digital model.
Definition of simplified equally spaced horizontal polyline sections.

AutoCAD.

PHYSICAL MODEL

Features:

Equipment:

Cut of thick horizontal wooden sections of the object with a milling machine.
Superimposition of the sections with guided vertical bars and subsequent recipro-

cal gluing to obtain the wooden prototype.

Computer Numerical Control (CNC) milling machine.

DESIGN

SEISMIC ASSESSMENT

Features:

Software

Definition of artificial accelerograms compatible with the target floor spectrum.
Scaling of the accelerograms and integration to obtain displacement input ground
motions for the shaking table.

SeismoArtif, SeismoSignal.

EXPERIMENTAL CAMPAIGN

Features:

Equipment:

Software

Testing of the specimen with the design ground motions. Processing of the
acquired video record to obtain the seismic response. Correlation with the real
scale object.

+ Shaking table L.O.F.HL.S. ND13014.
* High Frequency Camera Sony DSC-RX100 M5,

Tracker.
Figure 1: The proposed methodology.
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Figure 2: Venere Landolina

The methodological process of the 3D model production through a high precision
mathematical representation of the object surface, provided the virtual development of the real
artistic object.

The formal complexity of the examined sculpture suggested, as previous research [19], an
integrated survey analysis obtained through the combination of range-based and image-based
techniques. More specifically, starting from data acquired with TLS, Terrestrial Laser Scanner,
and SfM, Structure from Motion, the research produced a 3D model able to provide complex
information, to visualize formal material and colour data and to analyse and interpret
architectural data.

From the operational point of view, two survey campaigns have been conducted: the first
instrumental survey campaign was conducted with Leica Scan Station C10, Figure 3; the second
photogrammetric survey was performed with digital camera and UAS technology, Figure 3.

In the first campaign, in particular, four targeted scans were obtained in order to accurately
align the various digital images in the post processing phase through Cyclone Software.

In the second campaign various shots were taken at different heights turning around the
sculpture.

SfM technique can produce a texturized 3D model starting from a set of digital shots. 3DF
Zephyr Aerial can automatically process image features, all the visible key-points on different
shots, creating correspondences for the image matching. The detected features were then
computed in a 3D sparse point cloud and all the coordinates to the key-points of the surrounding
items were optimized to generate a dense point cloud.

In order to acquire a greater amount of data, UAS technology has been introduced. It can
produce high-resolution imagery which is almost impossible to obtain with traditional systems.
In the specific case, a quadcopter DJI Spark weighing just 300 grams captured aerial imagery
of the upper surface of the Venus.

This technology has aroused considerable interest in the scientific community and UAV,
Unmanned Aerial Vehicles, are used in different fields of engineering, architecture and
archaeology [20]-[23].

It generates, rapidly and at low cost, the necessary data for the production of precise models
with the integration of vertical and oblique imagery.
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Figure 3: TLS and UAS technology

The point cloud obtained with instrumental survey was imported to 3DF Zephyr Aerial and
the dense point cloud obtained from digital automatic photogrammetry was aligned to it. Such
a model was then exploited to start the mesh generation and texture mesh generation in order
to obtain a photorealistic 3D model.

Finally, Geomagic Wrap performed a long and patient retopology procedure in order to
optimise the polygonal model generated through the integration of the different applied
techniques, Figure 4.

The last phase was extremely important to create the final printing of the model. The use of
quick prototypization generated a single copy of the physical model exclusively designed for
the study and the proposed research. For the correct interaction between the survey product and
the printing instrument, it was necessary to convert the model to .dxf format in order to ensure
system compatibility.

Dense point cloud
StM

Dense point cloud
TLS

Mesh con Texture
Merged

Figure 4: Elaboration of the 3D textured model
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4 RECONSTRUCTION OF A WOODEN SCALED PHYSICAL MODEL

The digital model arranged in the previous section has to be manipulated to generate proper
input files to reconstruct a scaled and simplified physical model of the statue. In particular, a
wooden specimen (with scale factor 1:2) is created by superimposing thick sections to each
other obtained by flat OSB (Oriented Strand Board, a product made of glued wood shavings
layers) 9 mm panels. To this purpose, the solid model is cut with equally spaced horizontal
planes (with spacing equal to the thickness of the OSB panels), identifying the contour of each
section; each of the considered horizontal section is approximatively considered representative
of a certain thickness (9 mm), Figure 5a. It is worth to mention that the main difficulty in
reproducing the actual behaviour of the statue results not from the complex geometry but to the
complex interface between the statue and its support on which it can rock, wobble and slide.
The real marble statue might have different properties from those associated to the woodden
specimen; for this reason, additional tests will have to be performed considering different
contact materials.

91 sections are considered in this case taking into account the additional thickness of the glue,

and the corresponding contours represent the input for the CNC milling machine. The cuts were
performed adopting a cutter with a diameter of 3 mm and 2 blades, considering a depth
increment equal to 4,7 mm, a cut velocity equal to 800 m/min and a safety vertical distance
equal to 12 mm. The shaping of the 91 sections took 48 hours of worktime for the CNC
machine, Figure 5b. In addition, each section is endowed with 2 (to 4) 10 mm holes intended
to allow the insertion of vertical wooden bars to guide their superimposition, Figure 5c. Each
section is then refined sanding their border. The assembly of the specimen and the subsequent
glue hardening took 15 days. The final physical specimen has a height of 87,5 mm, a volume
of about 20257,897 cm®and a weight of 12,073 kg and a footprint of about 28x28 cm. The
position of the center of gravity is in relation to the left base edge at 19,7 cm (dir. x), 33,7 (dir.
y), -14,0 cm (dir. z), Figure 6. Such edges have been chosen considering the smallest base of
the statue; however, for a comprehensive study additional experimental tests considering
different input direction should have been performed.
The simplified scaled digital model of the statue depicted in Figure 5a-d allowed to easily
identify some geometric features of the specimen, as shown in Figure 6 where the adopted
reference system is also identified. As better shown in the next section, the specimen will be
subjected to ground motions through a single degree of freedom shaking table. The two edges
around which the specimen can rotate are identified as 1 and 2, and the relevant geometrical
moments of inertia around the edges are equal to 11 = 4,2808 x 10’ cm® and I, = 3,6318 x 10’
cm?®, respectively. The critical angles which may lead the statue to the overturning are 51 =
30,31° and &2 = 13,84° in the negative and positive directions, respectively.

5 THE EXPERIMENTAL CAMPAIGN

Aiming to a proper seismic assessment of the statue, the scaled wooden specimen was
subjected to shaking table tests considering different ground motions. The experimental setup
includes a single degree of freedom shaking table (from the LO.F.HI.S. series ND13014 (Low
Frequency High Stroke and Velocity Shaker) and a high frequency acquisition camera (DS-
RX100 M5) for contactless displacement data acquisition. To this purpose, the video records
are processed using the Tracker Video Analysis and Modeling Tool software ver. 5.0.7" [24].
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Details on the experimental setup, on the contactless data acquisition and the subsequent data
processing can be found in [11].

(a) (b) (c) (d)
Figure 5: Wooden scaled specimen: (a) simplified digital model, (b) CNC machine, (c) superimposition of the
sections, and (d) near-final result.

The design of the experimental campaign was performed considering the design spectrum
for the location where the Venere Landolina is located (Syracuse, Italy) according to the Italian
code [25], considering a soil type C and the SLA limit state according to the Italian guidelines
for artistic heritage [26]. A floor spectrum is duly considered which allows accounting for the
location of the statue inside the museum (second of three levels with equal interstorey).

Since no specific data of the building were available the fundamental period Ts of the
structure was estimated according to the following approximated formula Ts=C H ¥4 =0.32 s

In Figure 7 the adopted design spectrum is depicted, together with the main data for its
definition.

0>0

87 cm

s>
19,7cm 83 cm
28 cm

33,7cm

28 cm

4 z 7

Figure 6: Main geometric features of the wooden specimen and adopted kinematic model and markers layout
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Seven artificial spectrum-compatible accelerograms were then generated through the
software SeismArtif [27]. Since the scale factor A of the specimen with respect to the actual
statue is equal to 2, in order to obtain the ground motion to be applied to the shaking table, the
time axis was scaled by a factor A%, according to the Froude analogy [28]. One of the generated
accelerograms is reported in Figure 8 (light grey) together with the corresponding scaled one
(black); in the same Figure the theoretical (dashed lines) and experimental (dashdot lines) uplift
accelerations (for both side) are also reported. The spectrum compatibility of the generated
accelerograms is duly verified, Figure 7; then, the scaled accelerograms are integrated twice
thus defining the input ground motions to be applied to the specimen with the shaking table.

S*’ lgl —Floor spectrum N1C18 SLA
1,50 ) Vy=50years
’ —— Target floor spectrum - Se(T) NIC18 c ]
u
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Figure 7: Design spectrum adopted to generate the ground motions and spectrum compatibility

Each of the accelerograms was then applied twice to the specimen considering both sides.
The results obtained for all the considered tests, after being duly processed considering the
markers layout identified in Figure 6, are collected and reported in Figure 10 for all the
considered tests.

Real scale accelerogram - dt-0.01414 5
i, g/ Uy [mf — Sealed accelerogram - di=0,0100 s
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(a) (b)
Figure 8: Design of the experimental campaign: (a) artificial accelerogram and corresponding scaled one, (b)
input ground motion for the shaking table.

The obtained results show that, as expected, the specimen uplifts for all the considered
ground motions (the normalized Peak Ground Acceleration is greater than the ratio bi/h,
i=1,...,4); however, no overturning is observed. The obtained responses in terms of rotation
angle 6, normalized by the minimum critical angle 6>, show that the specimen tends to a more
pronounced rocking around the edge 2. The average maximum angle over the seven ground
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motions for the positive and negative directions are Gav max1 = 8,26° and @ ay max2 = 24,82°,
respectively; the corresponding absolute values are G max1 = 12,30° (observed for the 5%
accelerogram*) and Gap_max2 = 47,26° (observed for the 1% accelerogram), respectively, which
are those reported in Figure 9.
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Figure 9: Normalized angle response vs time: (a) positive and (b) negative ground motions

The specimen and the real scale statue, according to the Buckingham theorem, should
provide comparable response in terms of angles, therefore, the safety rating obtained for the
wooden specimen should apply for the real statue as well.

CONCLUSIONS

In this paper a novel interdisciplinary methodology to experimentally assess the
seismic safety of lightweight artefacts is proposed. The procedure is here applied to the
Venere Landolina statue, preserved in Paolo Orsi museum in Siracusa (Italy).

The proposed strategy involves the construction of a scaled wooden specimen based
on a digital model obtained by means of a laser scanner non-invasive relief and
photogrammetry survey using UAS and TLS technologies.

After processing and scaling the 3D digital model, the physical model is obtained
through superimposition of wooden thick sections, properly shaped by means of a
Computer Numerical Control machine.

The specimen is then tested on a single degree of freedom shaking table, considering
seven artificial spectrum-compatible ground motion, duly modified to account for the
scale factor of the specimen with respect to the real statue. Specific guidelines for
artistic heritage are employed to generate the accelerograms.

The obtained results show a limited variability of the specimen response to the different
inputs, and a substantial safety of the statue with respect to the design earthquake. As
expected, the different properties of the specimen with respect to the load directions
imply a strong asymmetry with respect to the uplift side.

The proposed methodology, which involves several disciplines, has the great
advantage to allow conducting experimental tests (through the construction of a

10
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faithful physical model) on objects of priceless value. The original artefact does not
undergo any direct contact and does not need to be moved to capture its geometry.
Objects with complex geometry can be handled without loss of generality. The
obtained results show the applicability of the proposed geometry on a larger scale.
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