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Abstract:

A multidisciplinary methodology is presented to assess the mechanical behaviour of a marble statue
with complex fracture plans and localized cracks. Firstly, a 3D model is generated by photogrammetry.
Its underlying geometrical data provide valuable insight for the physical characterisation and the
numerical analysis. Indeed, the ultrasound analysis, which is usually impossible on such a complex
shape, is achieved thanks to the accurate measures of distance between transmitter and receiver
obtained from the 3D geometrical model. Finally, an innovative use of FEM/DEM analysis is proposed
to evaluate the mechanical relevance of a non-destructive basing system. Reflecting the advances of
this collective work, the resulting pedestal solution is non-conventional since it is safe, not invasive and
totally reversible. A particular attention is paid to use mainly open-source numerical tools from 3D

acquisition through mechanical analysis in order to enable the reproducibility of the process.

Keywords: White marble statue, Photogrammetry, 3D model, Ultrasonic velocity, Finite Element

Method, Discrete Element Method.



1 Research aims:

Innovative fields of competence are continuously requested by conservation and restoration in order to
enrich the body of heritage and archaeological knowledge. Nowadays, advances in methods and tools
dedicated to numerical modelling and physical characterisations broadly contribute to enlighten the
diagnosis analysis of historical artworks. However, 3D models provided by photogrammetry or laser
scanning are still not fully exploited by the practitioners to perform further insights into a computer-
aided restoration process. This paper aims at presenting how an accurate 3D geometrical description of
an artwork can be used to carry out an ultrasonic analysis and an advanced numerical computation,
respectively performed to evaluate the damage level of material and to estimate the mechanical stresses
generated by a basing system without intrusive bond. Above the proposed methodology, the objective is
to use open-source numerical tools from 3D acquisition through mechanical analysis in order to enable

the reproducibility of the process.

2 Introduction:

By paying attention to the history [1,2], innovative fields of competence are continuously requested by
conservation and restoration in order to enrich the body of heritage and archaeological knowledge.
Nowadays, advances in methods and tools dedicated to numerical modelling and physical
characterisations broadly contribute to enlighten the diagnosis analysis of historical artworks.
Photogrammetry and laser scanning allow the generation of realistic 3D models that have been mainly
used to constitute accurate documentations of architectures and heritages [3-5], web-based
visualization systems [6,7] or virtual reality and multimedia museum exhibitions. Above their
fascinating visual interests, such 3D models contain geometrical data which are still not fully exploited
by the practitioners to perform further insights into a computer-aided restoration process. The meshes
generated from the point clouds have been used to virtually assemble dismounted historic buildings [8]

or statues [9,10] and to simulate their mechanical behaviour by Finite Element Method (FEM). For



instance, the diagnosis of the lesions and stability of Michelangelo’s David have been conducted thanks
to FEM applied on the digital model of the statue [11]. The authors assess the risk of crack propagation
under both static and dynamic conditions, although so far the seismic response analysis was limited to a
truss model to lower the computational cost. Later, dynamic analysis have been performed on 3D
model to evaluate the seismic responses of statues and the structural ability to withstand road transport
vibrations [12,13]. A third potentiality consists in virtually fitting the restoration process in order to
visualize the path of the pins inside the volume [9]. Reassembly of fractured stones relies mainly on
two techniques which consist in drilling into the substrate and installing pins and/or gluing the contact
surfaces by an adhesive. The former is a risky task since the restorer has to optimise the material
thickness between the drilling and the skin to avoid any critical weakening of the artwork [14]. The
mechanical efficiency of these restoration practices on the global stability and the local resistance of

stone can thus be assessed numerically [13,15-17].

Numerical models and results have to be scaled by physical data (density, porosity, mechanical
strengths, Young modulus ...) obtained experimentally. Such data are generally measured by NDT
techniques due to the patrimonial value of the studied artworks. Indeed, ultrasonic analysis is
particularly reliable on marble to evaluate the damage level of basic architectural elements like
gravestone [18] or column [19]. Since the accurate evaluation of the distance between transducers is
required to calculate the ultrasound velocity, practical applications have been carried out only with
simple and planar geometries [18,19]. Measurements on complex geometries are quite challenging and
mostly estimated to perform the ultrasound analysis [20]. The depth of surface cracks on marble
artworks can also be assessed using ultrasonic measurements [21] while difficulties to locate precisely
the transducers and determine the distance travelled by ultrasound is still a drawback of in situ

experiments.

This article presents a complete methodology to face general issues related to the exhibition of an



ancient marble statue on a pedestal. To illustrate its reliability, the methodology is applied to the
mechanical diagnosis of a Roman marble statue found in Alba-la-Romaine (France) with the aim of
designing an appropriate fully reversible base avoiding any material damage and optimizing the
legibility of the sculpture. Main stages of the analysis rely on using data from the 3D model: from the
initial investigation with historians about the original posture, to the ultrasonic material characterisation

and the simulation of the mechanical behaviour of the statue on its base.

3 Materials:

3.1 Statue

The marble statue was discovered in a small sanctuary (sanctuary of Bagnols, France) during
excavation of the Roman city in 1992 [22]. It was found into the ground, lying on its back, all the
members and the head being broken. Those broken parts (arms, legs...) might have been used for lime
production, which could explain that they are still missing despite the large site excavation. The broken
statue is 1.5m high and weighs 498 kg. It describes a naked athletic male with a military coat
(paludamentum) on his left shoulder. Dated between 117 and 138 AD, it should preferentially represent
Trajan Emperor and thus constitutes a rare testimony of the imperial cult attested by the quality of the

execution and its iconographic, stylistic and technical characteristics.

The statue has been cleaned and some earth deposits have been removed just after its uncovering. The
marble surface is in good condition, gently eroded and aged but without any visible feature of
degradation excepted a coarse scratching mark on its belly and chest. Few thin cracks are noticeable
close to the fracture planes of head and left arm. Two parallel cracks of ten centimetres length located
in the left groin could be problematic when the statue is standing. The left leg has been broken above
the knee and the right one at mid-thigh. The fracture planes of both legs are far from flat but describe
sharp angles that end in acute bevel. Because of these complex fractures planes and the cracks on the

left groin, the statue had never been stood up and positioned on a base.



Figure 1: Final presentation of the statue showing the basing principle (pictures Philippe Fournier).

3.2 Marble

The white marble is a fine grained one with a maximum grain size (MGS) of 2mm. Many millimetric
greenish veins enriched in phyllosilicates (mica, chlorites) cross the statue vertically, underlining the
lineation of this marble. A perpendicular and irregular vein of large calcite crystals crosses the statue
just below its chest. Cathodoluminescence and isotopic analyses (6 *O/**O= - 4.72 an § *C/**C = 2.50)
had been performed in 1994 by V. Barbin just after the discovering of the statue. It allowed to identify
the marble as a Pentelic one (unpublished report, Reims University). Macro features such as greenish
veinlets, maximum grain size and petrographic features observed on a thin section and compared to
reference thin sections confirmed the Pentelic provenance: mean diameter around 0.5mm, curved to

embayed crystal boundaries, mosaic and lineated fabric [23].

3.3 Basing system

A non-intrusive and completely reversible basing system is chosen. The principle is to hold the statue

on the internal part of the legs by means of a distributed contact surface over its external face without



any chemical or mechanical bond (Fig. 1). Only the geometrical shape of this contact surface ensures

the stability of the statue. The material of the base must meet 3 criteria:

e a comparable rigidity with respect to the marble to obtain a rigid behaviour of the whole

assembly,

e asatisfying tensile and compressive strength to withstand external and accidental loadings,

e an ability to shape the complex geometry of the statue which is maintained without any

additional support, pin or bond.

An alkali-resistant glass fibre reinforced concrete has been chosen to fulfil these requirements, the
mechanical properties are detailed in Tab. 1. A thin interface layer of epoxy resin, softer than the stone
and the concrete, is introduced between the statue and the base to avoid localised punching damage and

allow a better contact stresses distribution.

The underlying deontological and aesthetic criteria leading to this choice are beyond the scope of this
paper and will not be discussed here. Thus, the objectives are to propose a methodology to assist the

conceptual design of the basing system and to validate its mechanical relevance.

4 Methodology

4.1 3D Model

The MicMac photogrammetric open-source suite of tools [24,25] is used to generate the point cloud.
Accurate and effective 3D reconstruction of heritage objects depends fundamentally on best practices
of the image-based acquisition protocols and the understanding of the software parameters [26,27]. To
validate the whole pipeline, several benchmarks evidenced the metrological performance of MicMac
tools [5,28]. A set of 250 images was acquired with a calibrated Nikon D800E (36 mega-pixels)

mounting 24mm and 50mm lenses. The statue was lying on a pallet in the archaeological warehouse.



Figure 2: 3D geometrical modelling of the statue (visualization with Meshlab).

Consequently, the statue has been turned over to perform the image acquisition in two stages, i.e. the
front and the back. Convergent images are needed to shoot complex hidden details and an overlap
around 80% is required to ensure the automatic detection of tie points for the image orientation. Then,
the “back” acquisition is properly oriented onto the “front” one according to their common side points.
As the next stages of the analysis rely on the quantitative accuracy, some graduated rulers placed
around the statue aim at scaling the model. Such a scaling operation is provided by the
photogrammetric pipeline. A dense point cloud was finally extracted from the correlation procedure
between master images and all the neighbourhood images. The underlying multi-scale, multi-resolution
and pyramidal matching algorithm based on an energy minimization approach is addressed in [25]. An

accuracy level below 5 mm has been a posteriori checked by comparative measurements between the



real statue and its virtual clone. Since the point cloud does not constitute a geometrical entity, a surfacic
mesh must be suitably generated using MeshLab [29] (Fig. 2). Indeed, a very refined mesh might
contain a lot of details which are not necessarily relevant for the mechanical simulation. As further
explained in section 4.4, the statue and its base are modelled by two distinct objects in interaction by a
contact law. The number of contact points directly depends on the number of mesh elements. As the
calculation of the reaction force at each contact point relies on a non-linear numerical procedure, a
detailed 3D model can be prohibitive in terms of computation cost without bringing substantial
information on the behaviour. On the contrary, a refined mesh is required to study the posture

restoration or to design the basing system which shapes the legs of the statue.

4.2 Ultrasonic evaluation

Ultrasound velocity measurements were carried out on the statue to evaluate the cohesion and
homogeneity of the marble. This method is well known and very efficient to investigate the state of
white marbles ranging them into 5 classes from fresh unweathered marble (class I) to disintegrated and
porous material (class V) according to the ultrasonic velocity [20,30,31]. The experimental campaign
was carried out with a transportable ultrasonic equipment (Au2000, CEBTP) working at 54 kHz with
an assumed accuracy of +10%. The calibration of the device was controlled with a reference resin
cylindrical bar. Pieces of latex were used to improve the contact between the transmitter and the marble
surface. The delay induced by the interposition of these latex pieces was subtracted afterwards from
each measurement to obtain the effective time of flight (TOF) through the statue. 72 positions were
investigated all over the statue and at least 3 measurements were performed and averaged for each

position of the sensors.

By using a ruler or a compass, the accurate measure of the distance between the transmitter and the
receiver is nearly impossible on a 3D complex shape. This difficulty has been overcome by relying on

the 3D geometrical model of the statue. After each measurement, small numbered stickers are put on



the marble surface to materialize the position of both emitter and receiver. Actually, the
photogrammetric acquisition detailed in previous section has been done at the end of the ultrasonic
auscultation. The main advantage of photogrammetry technique is that, besides providing the 3D
position of each pixel, it also gives its colour allowing to identify the texture. The localization of each
sticker is then possible on the 3D model to get its coordinates with a 5 mm accuracy. Thus, the minimal
distance travelled by ultrasonic waves is determined for each measure by associating emitter and

receiver 3D coordinates.

700} -
i y =4209 x L
R? = 0.994
600| i
4
’ s
500f 70
i _ +
- o.,O"+
£ GonheS o
il | o
400} ¢
Q [ O
£ A
5 | 8
O 300} 3 -
[ o8 A X
A
| il
200} _K'A 9 + A Legs
[ A*'" 4 o) Abdomen
; + Chest
__ . X Fracture zones
100 ; i i
i SRR L] R R E Tt KR Linear fit
o D A R 1 3 B BT
0.00 0.05 0.10 0.15

Time of flight [ ms ]

Figure 3: Experimental ultrasound velocity measurements. Travel distance as a function of the time of
flight in different zones of the statue.

When all the measured TOF are plotted versus the distance between the transmitter and the receiver
(Fig. 3), 4 measures exhibit lower ultrasound velocities (from 2145 to 2803 m/s). These measures have

been carried out through the visible fractures, in the left groin and close to the left arm. If these visible



fracture zones are excluded, a very good linearity is observed (R* = 0.99). This indicates that the marble
is very homogeneous whatever the zone under investigation, legs, abdomen or chest. The whole set of
measurements can be represented on the 3D geometrical model providing a much better visualization

of results (Fig. 4).
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Figure 4: 3D representation of the ultrasound velocity measurements inside the statue (visualization
with Paraview).

Finally, with a mean US velocity of 4209 +/- 401 m/s, this marble belongs to the class II (3000 to 5000
m/s) within the damage classification of white marbles. Just an increasing porosity (0.5 to 1.3%)

distinguishes this class II from fresh white marble (class I, porosity <0.5%).

In addition to this global auscultation, an evaluation of the depth of the crack located at the left groin is
in progress using a YAG infrared laser beam as receiver. The results of this complementary approach

are under process to be published soon.



4.3 Posture restoration

The curators pay a particular attention to exhibit the statue in accordance with its original posture.
Despite the missing parts, the historians based two hypothesis on comparative studies with similar
Roman statues: the right standing leg was straight and the right foot lays firmly on the ground. A
numerical puppet of a whole body is precisely designed with the aesthetic and anatomic characteristics
of the statue using 3ds-Max®. Starting from a neutral position, the puppet's skeleton is then slightly
moved on by inclining the pelvis and the spinal column, adapting the shoulders and rotating the head in
order to fit the 3D model of the existing part. Then, the parts of the puppet which are shared with the
3D model are frozen while the members can be animated to investigate the complete posture. In this
phase, the computer-aided manipulation of the virtual puppet allows adjusting the spatial position and

orientation of the 3D model consistent with anatomic constraints (Fig. 5).

Figure 5: Animated puppet based on the anatomical description of the statue.



Following the expertise of the historians, the right arm held up and leant on a lance. The
paludamentum, the Roman general's coat, which is placed on the left shoulder, coiled around the left
arm to fall on the outer side. These morphological arrangements of the artwork have been confirmed by
this numerical approach. However, a last hypothesis supposing that the left hand maintained a sword

could not be validated because of the lack of clue.

The 3D model is now spatially oriented. This stage, validated in close collaboration with the historians,

is crucial for the next phases. Indeed, any basing principle depends on the genuine posture of the statue.

4.4 Mechanical analysis

As presented in section 3.3, the basing system consists of surfacic support on the internal part of the
legs (Fig. 1). Without any chemical or mechanical bond, its mechanical integrity depends on the shape
and the distribution of contact area between the statue and the base. Thus, the mechanical simulation
must handle contact interactions between non-convex and complex surfaces. This challenging task is
performed with the open-source software LMGC90 [32,33] implementing the Non-Smooth Contact
Dynamics theory [34]. By coupling DEM (Discrete Element Method) and FEM (Finite Element
Method), this software is particularly dedicated to encompass the mechanical behaviour of collections

of objects with various shapes, sizes and interaction laws.

The validation of the basing principle includes two issues. The first one concerns the overall stability of
the statue when placed in its base and the second one focuses on the mechanical stresses generated
inside the statue and the base materials. The geometrical model of the base is generated by subtracting
the mesh of the statue from a prismatic block shape, according to a Boolean operation performed with
the OpenCascade CAD module of the open-source platform Salome. This procedure ensures to
preserve the spatial positioning of the statue determined in previous section. Then, a tetrahedral mesh is
generated with Gmsh [35] to be introduced in numerical simulations (Fig. 6). As discussed in section

4.1, the mesh of the statue is generated from a sub-sampled point cloud in order to avoid prohibitive



computation cost. The interaction between the statue and its base are computed on 1053 contact points,

which is large enough to provide accurate results.

Figure 6: Numerical modelling of the statue and its base (visualization with Gmsh).

The physical properties of materials (Penteli marble for the statue, fibre reinforced concrete for the base
and epoxy resin for the interface) are given in Tab. 1. Since Penteli marble has been widely used for
building and sculpture, its mechanical characteristics have been thoroughly analysed in the literature
[36-39]. Due to the natural heterogeneity and anisotropy of the material, a significant variability in
mechanical characteristics is observed. Thus, the most critical values have been taken for numerical

simulations. Furthermore, the interface is modelled through an elastic unilateral contact law, i.e. the



normal reaction force is proportional to the interpenetration and vanishes when contact separates. In
this case, the rigidity of the contact law represents the stiffness of the epoxy resin. The friction
coefficient is null to remove the tangential part of reaction forces, i.e., this corresponds to the most
critical case as it maximizes mechanical stresses inside the statue. The base is fixed to a steel frame

through 4 pins to avoid sliding and rotating so that rigid conditions are imposed on the bottom of the

base.

statue interface base

ultra-high performance
Material marble, class II epoxy resin fibre-reinforced
concrete

density [kg/m3] 2800 2200 2340
Young modulus [GPa] 45 6 30
Poisson's ratio 0.20 / 0.20
E(\)/Irggﬁessive strength 90 110 100
tensile strength [MPa] 5.3 40 9

Table 1: Physical properties of materials

The statue is exhibited inside a museum to be preserved from climatic conditions. However, since it is
accessible to visitors, 4 loading cases has been considered in order to deal with security issues. The
cases of a horizontal force of 1000 N applied above the gravity centre from front, rear, left or right

directions are combined with the dead-load case.

First, the displacement and the distribution of contact pressure at the interface between the statue and
the base are shown in Figs. 7 & 8 in the case of gravity load. While the supporting leg was originally
the right one, the gravity centre is now shifted to the left, slightly backward, owing to the missing parts
(arms, head and legs). Consequently, the maximal pressure arises under the left leg and is about
0.26 MPa. The other main contact surfaces are located under the right leg, on the bottom front and the

top back of the left leg, in agreement with the location of the gravity centre.
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Figure 7: Numerical simulation under gravity load. Displacement of the statue in its base.

Marble is a natural geo-material showing a much larger mechanical strength in compressive conditions
rather than in tensile ones. To evaluate the strength when submitted to multi-axial stresses, the
Hoek & Brown criterion is widely used in geotechnical applications [40,41]. According to the maximal
and minimal principal stresses, it can be written as a ratio of the most critical stress divided by its
corresponding mechanical strength, providing a risk level between 0 and 1. Under gravity load, the
Hoek & Brown criterion field is shown in Fig. 8. The maximal value is observed at the junction of legs
and does not exceed 0.08, which corresponds to a safety factor of about 12. Actually, it relates to

horizontal tensile stresses generated by the angled surfaces supporting each leg that tend to spread the



legs apart. Furthermore, the weight of the statue leads to vertical compressive stresses in the left groin

which avoid the opening of the visible cracks and prevent their eventual propagation.

Secondly, the critical combination of the gravity load with a 1000 N horizontal force along the x
direction toward the left side is presented. The distribution of contact pressure at the interface between
the statue and the base is shown in Fig. 9. The maximal pressure, now located under the right leg, is
about 0.81 MPa. The maximal value of the Hoek & Brown criteria, reaching 0.12 which corresponds to

a safety factor of about 8, is still observed at the junction of legs for the same reasons discussed above.

Globally, this study shows that by relying on a large contact area between the statue and the base
(~ 0.135 m?), displacements and mechanical stresses are relatively low and do not lead to any risk to
this masterpiece.
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Figure 8: Numerical simulation under gravity load. Distribution of contact pressure at the interface
between statue and base — Hoek & Brown risk level in the statue (visualization with Paraview ).
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Figure 9: Numerical simulation under gravity load and an accidental horizontal force in the left
direction. Distribution of contact pressure at the interface between statue and base — Hoek & Brown
risk level in the statue (visualization with Paraview).

5 Conclusion

This paper describes a multidisciplinary methodology aiming at assessing the mechanical behaviour of
a marble statue with complex fracture planes and localized cracks. The underlying geometrical data of
a 3D model, generated by photogrammetry, provide valuable insight for the physical characterisation
and the numerical analysis. Indeed, the ultrasound analysis of a complex shape is achieved thanks to
the accurate measures of distance between the transmitter and the receiver obtained from the 3D
geometrical model. This approach is a first step into further developments of ultrasound tomography
methods that are currently led by some of the authors. Then, the original posture of the statue is
recovered by animating a virtual 3D puppet satisfying anatomic constraints. Finally, an innovative use
of FEM/DEM analysis is proposed to evaluate the mechanical relevance of a non-destructive basing

system. Furthermore, we paid attention to mainly use open-source numerical tools from 3D acquisition



(MicMac suite tools and MeshLab) through mechanical analysis (Salome, Gmsh, LMGC90 and
Paraview) in order to enable the reproducibility of the process. Reflecting the advances of this
multidisciplinary work, the resulting solution is non-conventional since it is safe, not intrusive and fully
reversible. The minor drawback, associated with the fact that this not intrusive pedestal slightly hides a
part of the statue, is worth being paid. Five months were necessary to perform our collaborative
approach. The uncommon mechanical analysis entailed various numerical developments which
required about 55% of the overall time. The three other steps, i.e., 3D reconstruction, marble analysis
and posture restoration represent 15% each. For the future, the mechanical analysis step should be

compressible.

Actually, the 3D model has not only been used for mechanical purpose. The design process of the base
has been done on small scale 3D printed models. When the solution was mechanically validated, a full
scale polystyrene model of the statue has been drilled with a CNC machine to help the museum
scenography and the final manufacturing of the base. To assess the overall process, a 3D reconstruction
could have been done on the final realisation to evaluate the resulting accuracy of this fully computer-
aided restoration process. However, the proposed methodology conveys further insights to improve the

body of heritage and archaeological knowledge, being respectful of the artwork integrity.
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