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Abstract

Conservation and protection of art works is a primary goal of each community, since arti-
facts represent a fundamental cultural and economic asset. In most cases, art goods are ex-
hibited in Museums, which are appointed for their protection. Some of them, however, are
exhibited outdoor, since they are conceived and made to enrich the public areas. In these cas-
es, the art goods result to be even more vulnerable, since they are subjected both to natural
hazard (i.e. earthquakes and floods) and to vandalic attacks. Art works have an intrinsic vul-
nerability, due to their irregular shape, slenderness, fragility and to their oldness. This paper
is focused on the dynamic response of statues to blast explosion; a valuable case-study, i.e.
the Fountain of Neptune, located in “Piazza della Signoria”, in Florence. The Fountain of
Neptune is a marble and bronze opus made by Bartolomeo Ammannati between 1560 and
1565. The main character of the Fountain, Neptune, is a marble statue 5.7 meters tall, with a
weight equal to 11.5 ton. A preliminary laser scanner survey has been made to achieve the
geometrical representation of the statue. The geometrical model has been arranged, in order
to be used for structural analyses. A numerical analysis has been performed to find the dy-
namic response of the statue to the loading resulting from a blast explosion. Such response
has been found by assuming the explosion of assigned amounts of TNT. Some different cases
have been considered, and a limit loading condition has been found for the blast, as a func-
tion of its amount.

Keywords: Blast loading; artifacts preservation; art works reliability; seismic vulnerability;
multi-hazard analysis




Marco Domaneschi, Marco Tanganelli, Stefania Viti and Gian Paolo Cimellaro

1 INTRODUCTION

Artifacts are the focus of the artistic and cultural identity of a country. Despite their fun-
damental importance, their safety, usually, is not adequately pursued. Difterent hazard, both
natural and human-induced, can threaten the art goods [1]. Furthermore, they are usually very
vulnerable, due to their geometrical features (in-plan and in-elevation irregularity, slender-
ness) their age, and the possible fragility of their material.

Marble sculptures result to be very vulnerable to overturning, due to their high mass and
the fragility of the material. Furthermore, the marble sculptures can be very tall, to take ad-
vantage of the strength of the material, with a consequent high slenderness. For this reason,
many studies have been made on their vulnerability to overturning, with a special attention to
the seismic excitations [2-4].

The analysis has been performed on a case-study, i.e. the main sculpture of the Fountain of
Neptune, in Florence. It is a marble and bronze opus made by Bartolomeo Ammannati be-
tween 1560 and 1565 [5]. The main sculpture of the Fountain, Neptune, is 5.7 meters tall, and
it has a weight equal to 11.5 ton.

The explosion has been assumed to be caused by the blast of fixed amounts of TNT, com-
patible to a vandalic or terroristic attack. The response of the statue to the assumed blast has
been checked through Finite Element analysis.

The FE methods have been largely developed in these last years [6,7], even thanks to the
outstanding developments occurred in the digital survey, with the consequent improvement of
the artifact modelling [8.9], and the increasing availability of computational resources.

In this study, the FE model used for the analysis has been arranged on the basis of a very
detailed geometrical model defined after a laser-scanner survey, which provided a points-
cloud of the Fountain. The geometrical model described the lateral surface of the manufact; it
has been arranged in order to represent the volume of the manufact, and simplified, in order to
limit the number of tetragons constituting the model, and the main geometrical irregularities.

The analysis has been performed along the “weakest” direction of the sculpture, i.e. the di-
rection with its lowest lateral stiffness. Different amounts of TNT have been considered to
find the limit capacity of the sculpture to blast attacks.

2 THE CASE-STUDY

2.1 The Neptune Fountain

The Fountain of Neptune, placed in Florence in Piazza della Signoria, was made by Bar-
tolomeo Ammannati between 1560 and 1565 [5,10] after the commitment of Cosimo I de’
Medici.

The Fountain, shown in Figure 1a, consists of many different parts, made in marble and
bronze; the main sculpture, representing Neptune, is placed on a central pedestal representing
a horse-drawn cart placed in an octagonal basin, a space further decorated with statues of
Scylla and Charybdis; all around, some minor marble and bronze sculptures were added, rep-
resenting river gods, satyrs and sea-horses. Some of the sculptures currently constituting the
Fountain are copies made the XIX century, to preserve the original artifacts from vandalism.
Indeed, from its construction, the Fountain experienced many vandalic actions. The first doc-
umented damage dates back to 1580, and many other damaged were made along the centuries;
the last event occurred in 2005, when three vandals climbed Neptune, damaging one hand and
the trident of the sculpture.
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a. The Fountain of Neptune b. Neptune

Figure 1. The Fountain of Neptune

2.2 The statue of Neptune

The main character of the Fountain, Neptune, is a marble statue 5.7 meters tall (see Figure
1b), with a weight equal to 11.5 ton. The marble used for the sculpture has been taken by a
Carrara quarry. The mechanical properties assumed in the work, listed in Table 1, have been
found through an experimental survey made on samples of marble similar to the one used for
the statue [11,12]. A special attention has been paid to the value to assume for the friction co-
efficient [13,14], which plays an important role in the prediction of the collapse mode of the
sculptures under horizontal excitations.

Table 1. Mechanical properties of the marble

Density [kg/m3] 2700
Young Modulus [MPa] 50000
Poisson coefficient [MPa] 0.2
Compressive strength  [MPa] 50
Tensile strength [MPa] 5
Friction coefficient - 0.8

2.3  The structural model

The structural model of Neptune has been made on the basis of a geometrical survey
made on the Fountain of Neptune, made through laser-scanner. The geometrical survey pro-
vided a points-cloud, which has been used to find the geometrical model consisting of a de-
tailed lateral surface described through 1234492 polygons [15]. Such geometrical model has
been deeply simplified to obtain the structural model to use for the dynamic analysis, made of
a lower number of polygons. Besides being simplified (the number of polygons of the lateral
surface of the model has been reduced to 29000), the model has been changed by a “surface”
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to a solid one; finally, a model made of 152000 tetragons has been obtained. Figure 2 shows
the various steps of the modeling procedure.

a. Points-cloud b. Geometrical model ¢. Structural model d. Main information

Height
5.68 m

Volume
4.27 mc

Weight
11.5 ton

Footprint
100 x 134 cm

Figure 2. Geometrical and structural models.

3 THE BLAST ACTION

The loading acting to the sculpture as an effect of the blast has been assumed equal to the
reflecting pressure, which has been determined according to the empirical approach [16,17]
based on the Kingery and Bulmash [18] contribution.

The pressure applied to the statue surface has been quantified as a function of the normal
reflected pressure peak, P9, defined as a function of the Hopkinson-Cranz scaled distance Z,
as provided by Karlos and Solomos [19]:

=~ (M

where W is the assumed charge mass (expressed in metric tons) and R is the distance (ex-
pressed in meters) of the target surface from the center of the blast. The quantity has been
found through the equation (2), according to [16].

1
Py (2) = (1 + W) exp[2.0304 — 1.8036In Z — 0.09293 In2Z — 0.8779 sin(In Z) — 0.3603sin*(In2)] (2)

After the peak, the pressure wave presents a degrading wave phase [16] of duration #), which
ends with the zeroing of the pressure (positive phase), and a further phase characterized by the
negative sign of the overpressure (negative phase). There are various expressions to describe
the reflected pressure, such as has the modified Friendlander equation [20], based on the
Heaviside function. In this work, however, a simplified approach has been adopted, and the
trend of the pressure in the positive phase has been assumed as triangular, with an effective
positive duration, 79, quantified through the expressions proposed by Vannucci ef al. [21]:

t0(2) = toy W3 (3)

as a function of the scaled positive duration, 7., quantified through the equation (4).
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tow (Z, W) = exp{0.592 + 2.913InZ — 1.287In*Z — 1.788In3Z + 1.151In*Z + 0.325In°Z — 0.383[n°Z
+0.090in” Z — 0.004In8Z — 0.0004In°Z (4)
+0.537co0s7[1.032(InZ — 0.059)] sin[1.088(InZ — 2.023)]}

In this work, two different cases of analysis have been made, differing from each other for
the assumed amount of TNT, respectively equal to 10 kg and to 50 kg; both cases are compat-
ible to the quantities compatible to vandalism actions [22]. The placement of the explosive
has been assumed equal to 8.8m from the statue, i.e. along the external fence. In Table 2 the
main data describing the blast loading have been listed.

Table 2. Main data regarding the blast loading.

Quantity [unit] case #1 case #2
Mass of TNT, W [ke] 10 50
Distance, R [m] 8.8 8.8
Scaled distance, Z [m][kg'"?] 4.08 2.39
normal reflected pressure peak, Py, [MPa] 0.1676 0.6029
Scaled positive duration (¢y) [ms][kg"?] 3.53 2.25
Effective positive duration () [ms] 7.62 8.30

4 THE ANALYSIS

4.1 The preliminary investigations

Some preliminary investigations have been made before performing the dynamic analysis.
The analyses have been made by assuming the TNT placed along the direction with the mini-
mum inertia of the statue, as shown in Figure 3; furthermore, the pedestal of the statue has not
been included in the analysis. Indeed, due the position of the statue within the Fountain, the
pedestal is not fully involved by the pressure wave induced by the explosion (see Figure 4).

e
S~ Footprint of the statue
|
|
| [ ] Contour of the statue
® Center of the statue’s footprint
° O  Center of the statue’s volume

Figure 3. Direction of analysis of the sculpture

First of all, a modal analysis has been made through the software Marc & Mentat [23] to
check the dynamic properties of the statue. The results of the modal analysis, in terms of fre-
quencies and correspondent shapes, have been shown in Figure 5. The Fundamental period
found for the sculpture is equal to 0.081 sec, compatibly to the ones found for similar statues
[3]. As can be seen, the first mode is mostly translational, along the X direction, whilst the fol-
lowing ones have a relevant rotational response.
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Figure 4. Position of the sculpture within the Fountain

Mode #1: 12.39 Hz Mode #2:21.32 Hz Mode #3: 55.69 Hz

i

Figure 5. Modal shapes of Neptune.

The level of stress in the material as an effect of the gravitational loads has been checked
by performing a linear elastic analysis; the maximum stress achieved in the sculpture at its
base (see Figure 6) is equal to about 1.35 MPa, well below the limit value of the material.
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Furthermore, the limit conditions in terms of top displacement (dii» = 1.38 m) for the over-
turning (see Figure 7) have been found. The limit top displacement has been found by impos-
ing the gravitational load of the sculpture center at the limit of the inertial core of the

sculpture print.
1.39m

(
[
.

|

Figure 6. Maximum stress (Pa) Figure 7. Top displacement at the overturning
under gravitational loads

The horizontal force corresponding to the overturning, instead, has been found by equaliz-
ing the capacity moment to the moment of demand. The moment of capacity is defined as the
product of the gravitational load, supposed to be applied to the centroid of the volume and the
distance between the centroid and the turning point of the basement; the moment of demand,
instead, is defined as the product of the horizontal force - supposed to be applied to the statue
centroid - and its distance to the turning point, i.e. the height of the statue centroid, 4. This
simplified analysis has been made by representing the sculpture as a rigid body simply sup-
ported on the pedestal.

4.2 The dynamic analysis

The response of the case-study to the considered blast excitation has been found by per-
forming a dynamic analysis through the Finite Element model described in § 2.3 through the
software Marc & Mentat [23]. The duration of the positive pressure wave is very short, so that
the blast can be assumed as instantaneous loading. In the numerical simulation, the blast oc-
curs at the time 7 = 1 sec, after the application of the static (gravitational) load. The response
of the system to the blast loading has been checked for further 9 seconds, as shown in Figure
8.

start stop
simulation simulation

1s 9 seconds

T %

Rt bis

Figure 8. Duration of the analysis and loads timing.
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The base restraint has been assumed to be as a simple support, with a friction coetficient
between the contact surfaces equal to 0.8, to account for probable roughness of the surfaces
and the presence of mortar. The top displacement of the sculpture, i.e. the displacement at the
top of the head of the sculpture, has been compared to the displacement experienced by the
two extremes (front and back) of its base. Figures 9 and 10 show the displacement histories

found for the two assumed quantities of explosive.
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Figure 9. Displacements histories for the case # 1 (W =10 kg)

-0,02

As can be noted, for the blast induced b8y 101i'<g of TNT (Figure 9), the maximum top dis-
placement, recorded along the X-direction, is around 3 ¢m, much lower than the overturning
limit of the statue. The sculpture exhibits a rocking response, with a different period in the
two directions. The dynamic response sculpture of the sculpture is almost symmetric in the X-
direction, whilst it is strongly non-symmetric along the Y-direction. In both cases, after the
rocking the sculpture settles in a different equilibrium asset.

X-direction
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Figure 10. Displacements histories for the case # 2 (W= 50 kg)

-0,02

When the higher loadiné condition is considered (Figure 10), the maximum displacement
achieved by the sculpture head overcomes 1 meter, resulting close to the overturning limit
found according to the simplified static analysis. Even in this case, the sculpture exhibits a
symmetric response along the X-direction, differently from the Y-direction. The rocking has a

period much larger than in the other cases (around 2 seconds), similar for the two directions.

In this case, the system does not achieve a different equilibrium within the duration of the
analysis; it should be underlined, however, that no damping has been introduced in the analy-

S18S.
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5 CONCLUSIONS

In this paper the capacity of the main sculpture of the Fountain of Neptune in Florence has
been checked with reference to an explosion due different amounts of TNT, respectively
equal to 10 kg and to 50 kg. Before performing the dynamic analysis of the statue under the
assumed blast conditions, some preliminary analyses have been carried, to check the dynamic
properties of the sculpture, its limit condition to overturning and the static response under
gravitational loads only.

The dynamic response of the statue under the assumed blast cases has been found by per-
forming a nonlinear dynamic analysis on a very detailed FE model. The structural model has
been set on the basis of a detailed laser-scanner survey, by arranging the geometrical model,
starting from the points-cloud.

The analysis evidenced a rocking response of the statue along the X-direction, accordantly
to results provided by the modal analysis. The dynamic response of the statue shows even a
torsional behavior, which can be noted by observing the displacement histories of its base
points along the Y-direction. The torsional response of the system becomes even more evident
at the increasing of the assumed loading intensity. The blast due to the higher amount (50 kg)
induces on the system a dynamic response close to its capacity; the maximum top displace-
ment overcomes 1 meter along the X-direction, whilst along the Y-direction the system does
not find a new static equilibrium within the analysis duration.

Further analyses should be made to check the role of the blast position on the statue re-
sponse, and to assess the best possible restraint condition to minimize the vulnerability of the
sculpture.
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