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Abstract

After almost 200 years of exposure, the monuments of General Scharnhorst and Biilow have been analysed by means of
ultrasound. Both sculptures are made of Carrara marble, both sculptures have been exposed to the same environmental
influences and both sculptures are, based on the results of the ultrasonic measurements, in alarming conditions. This state-
ment can be made because of the data of three different measurement investigations within the last 12 years. In this short
exposure time, the already low velocities have been reduced by 16.2% and 14.7%. The very low average velocity of 2.8 km/s
for the sculpture of General Biilow and a slightly higher average velocity of 3.2 km/s for the Scharnhorst sculpture indicate
that both sculptures are in a poor condition, even though a protective winter shelter has been used since 2004. Comparing
tomographic velocity measurements performed in 2006 with the measurements made in 2018 was possible and showed that
even areas with a thickness up to 90 cm show alarming low ultrasonic velocities down to 2.6 km/s. Even if the circumstances
for both sculptures have been the same, they differ in their weathering state. The careful and transparent documentation of
all measurements was in this context the most important aspect for the comparative studies. Irregularities in their weathering

behaviour of the two statues can be distinguished, allowing an in-depth analysis of the deterioration of the marble.

Keywords Marble decay - Ultrasonic methods - Tomography - Non-destructive testing

Introduction

Crystalline marble shows a very special weathering behav-
iour in contrast to other natural stones. In addition to exter-
nal environmental factors, the material properties of mar-
bles have a significant impact with respect to the decay
phenomena (e.g. Weiss 2002a; Zeisig et al. 2002; Koch and
Siegesmund 2004; Scheftziick et al. 2007; Saez-Pérez and
Rodrigue-Gordillo 2009; Luque et al. 2011; Shushakova
et al. 2013; Menningen et al. 2018a, b). The weathering of
marble is usually a slow geological process, but fast enough
for monuments to become damaged in less than a decade.
An often discussed phenomenon is the complete structural
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destruction of marbles (e.g. Goretzki et al. 1987; Grunert
1988; Kohler 1988). Within the last several decades, the
degree of marble deterioration has been determined by
means of ultrasonic measurements. To determine the weath-
ering state of culturally important objects made of marble,
various studies have applied ultrasonic measurements (e.g.
Kohler 1988; Diirrast et al. 1999; Weiss et al. 2001; Riidrich
et al. 2001a, b; Siegesmund et al. 2004; Ahmad et al. 2009;
Snethlage 2014; Pascale and Lolli 2015; Babacan and
Gelisli 2015; Mahmutoglu 2017). The particular advantage
of this method is its non-destructive nature; therefore, it is
often used to characterise the in situ state of decay for free-
standing sculptures, monuments, etc. The basic principle
of this method is that an increasing crack growth and pro-
gressive opening of those cracks caused by weathering lead
to a decrease of ultrasonic wave velocities. Kohler (1988)
was able to demonstrate that the ultrasonic wave velocities
are about 5 km/s for quarry-fresh marbles, but can drop to
values of around 1 km/s for extremely damaged marbles.
In 1978, a total structural collapse was noted for a marble
sculpture made of Carrara marble that was protected under
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a pergola in the castle park of Sanssouci. On the basis of
these observations, Kohler (1988) defined the concept of
inner or core weathering as a special form of damage. He
continued to address this hypothesis by determining signifi-
cantly lower ultrasonic velocities at different depth ranges on
a highly decayed marble capital from the Freundschaftstem-
pel (Temple of Friendship) in Potsdam, Sanssouci, where
he observed a higher variation in ultrasonic wave velocities.
Based on many measurements, Kohler (1991) established a
decay classification for marble, which connects decreasing
compressional wave velocities with an increasing state of
decay. This decay/velocity classification allows determin-
ing whether a marble sculpture can only be preserved by
applying ongoing conservation measures. This is generally
the case when the ultrasonic velocities for the compressional
waves show magnitudes less than 3 km/s for most of the
investigated directions ( Snethlage et al. 1999; Siegesmund
et al. 2004; Siegesmund and Diirrast 2014).

The marble sculptures of General von Biilow and von
Scharnhorst are two important free-standing monuments
of cultural heritage in Berlin, designed by Karl Friedrich
Schinkel and realised by Christian Daniel Rauch. Because of
their historical and cultural significance as creative work of
these two famous representatives of German classicism, the
sculptures have been investigated several times by ultrasonic
measurements. The question arises, is further outdoor expo-
sure of the two sculptures still possible, or should conserva-
tion measures be undertaken such as storage in a museum
under controlled climatic conditions where they could be
preserved for subsequent generations.

The state of weathering was investigated three times over
a period of 12 years. The velocity data were used to con-
strain the strong degradation after this short period. Winter
sheltering was implemented since 2004, for the last 3 years,
the sculptures were permanently covered to protect them, so
that moisture influences are negligible. Direct comparison
of tomographic velocity measurements was made with those
done in 2006 and the measurements performed in 2018,
thus allowing an in-depth analysis of the deterioration of
the marble.

Monuments of Scharnhorst and Blilow—
historical background

The sculptures General Gerhard Johann David von Scharn-
horst and Friedrich Wilhelm Freiherr von Biilow (Earl of
Dennewitz) were placed beside the Neue Wache (New
Guardhouse; Fig. 1) in 1822 in Berlin and unveiled on June
18, 1822. In 1950, both sculptures were removed from the
Neue Wache and stored on the Museumsinsel (Museum
Island), before the Scharnhorst sculpture was repositioned
in 1961. While Scharnhorst was placed at the park on the
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opposite side of the Neue Wache, the von Biilow sculp-
ture was kept in storage till 2002, due to political reasons.
They underwent restoration in 1994 and were removed and
put into storage in Berlin-Tegel. Since the 22nd of August
2002, they have been repositioned at the Prinzessinnengarten
(Princesses Garden), where they have remained until now
and aligned as they were at their original location by the
Neue Wache.

Both monuments are made of Carrara marble, standing
on a pedestal with reliefs and a plain marble base, which
was renewed and reduced in height in the 1990s. The total
height of both monuments is 5.2 m, while the sculptures
are 2.7 m in height. Friedrich Wilhelm von Biilow (Fig. 2a)
was one of the most successful Prussian generals during
the Napoleonic wars and his sculpture presents him in an
early nineteenth century general’s uniform. Rauch chose a
depiction of Biilow as a man of action with a self-confident
appearance and a straight look to the left. Biilow’s sculpture
gazes toward the sculpture of General Johann David von
Scharnhorst (Fig. 2b). He was a reformer of the Prussian
army system and introduced compulsory military service,
while his major efforts were focused on a liberal policy in
the armed forces. The themes of combat and victory shown
on the pedestal replicate the depictions visible at the trian-
gular pediment of the Neue Wache (Fig. 1).

Within the last 200 years, both sculptures have undergone
an assembly and dismantling history combined with vandal-
ism and different measures of restoration, structural consoli-
dation with an acrylic resin and cleaning. Since 2004, the
sculptures are placed into an annual protective winter cover
made of wood from November to April (see Fig. 2c). Inspec-
tion and maintenance are now periodically performed, which
was initiated in 2009 by the Berlin Heritage Authority.

Experimental methods
Ultrasound

Ultrasonic data are calculated by the measured ultrasonic
travel time determined for the respective measuring distance,
considering the longitudinal wave. This type of wave corre-
lates especially well with the structural properties of marble
(e.g. Kohler 1991; Diirrast et al. 1999; Weiss et al. 2001;
Riidrich et al. 2001a, b) and depends on the mineralogical,
physical and mechanical properties of the stone, its degree
of water saturation and its level of deterioration.

Generally, for ultrasonic measurements, lower frequen-
cies are used to measure opposite positions in transmission,
mostly applied in cases where the reflection method will
give qualitative insufficient results. The reasons for the insuf-
ficient quality can be found in the specific material charac-
teristics. For example, the acoustic attenuation and sound
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PERSPEC TIVIS CHE ANSICHT DES NEUEN WACHT : GEBAUDES IN BERLIN.

Fig.1 Engraving of Karl Friedrich Schinkel’s draft for the Neue
Wache (Konigswache) Berlin, 1858. In front of the neoclassical
building, the monuments of General von Biilow and General von
Scharnhorst are displayed in their primary location. (Schinkelzeich-

scattering are very high for heterogeneous material as natu-
ral stone and concrete. Therefore, low frequencies between
20 and 350 kHz are used for these materials, whereby the
sound radiation is more or less unfocused, with an aperture
angle of 180°. Ahmad et al. (2009) gives a more detailed
overview regarding ultrasonic testing.

To determine the weathering state of important cultural
and historical objects made of marble, the application of
ultrasonic measurements has become established and
ensures a non-destructive examination method (e.g. Kohler
1991; Diirrast et al. 1999; Weiss et al. 2001; Riidrich et al.
2001a, b; Siegesmund et al. 2009; Kohler 2014; Snethlage
2014). The transmission method has been established as
an often used monitoring examination; whereas, the tomo-
graphic approach is less often used (e.g. Cardarelli and
de Nardis, 2001; Riidrich et al. 2001b; Siegesmund et al.
2009; Capizzi et al. 2013; Menningen et al. 2018a, b). The
main reason that the conventional method is favoured is the
very time-consuming tomographic measurement process
and the non-trivial interpretation. While the transmission
method considers the mean ultrasound travel time for one
distance and gives no detailed information about the inter-
nal structure, the tomography allows the determination of

nung 1819 Karl Friedrich Schinkel (1781-1841)—Sammlung
Architektonischer Entwiirfe, Berlin 1858. TU Berlin Architekturmu-
seum, Inv. Nr. SAE 1858,002)

the velocities in a cross-sectional plane. With an optimal
ray coverage, the plane can be spatially resolved and cor-
responding weakness zones can be detected.

Ultrasonic tomography assumes that a longitudinal
wave crosses on its way through an object the weathered
surface, followed by the intact core, and then again the
weathered surface on the other side. Assuming an equal
weathering depth, the transit time of the P-wave will
increase less than proportionately to the total thickness
of the investigated object; so the average velocity will
increase (see Blum and Rahm 1998). For an ultrasonic
tomography on a predefined cross section, different meas-
urement points are defined and marked. The transmitter
is positioned at one defined point of measurement; while,
the receiver is placed at each other defined point on that
cross section. After completion of that array, the transmit-
ter position is changed to the following defined point and
the receiver is again positioned at each circumferential
point, until the cross section is measured.

Textural analysis

Ultrasonic velocities are affected by material specific ele-
ments such as the fabric. The most important fabric elements
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Fig.2 Monuments of General von Biilow (a) and General von Scharnhorst (b) in their current appearance and ¢ Sheltering of both monuments
at their current location (Kai Zimmermann 2008)

are the lattice preferred orientation of the minerals (LPO),
the existing microcrack populations, and the specific shape
fabric, with grain size and grain shape preferred orientation.
These fabrics are responsible for an anisotropy of the mar-
ble, expressed in the directional dependence of the elastic
wave velocities. This means, for example, that the P-wave
velocity shows different values when measured in differ-
ent directions for the same rock sample (e.g. Khazanehdari
et al. 1998; Wildhalm et al. 1999; Siegesmund et al. 1999;
Riidrich et al. 2001b; Weiss et al. 2002; Siegesmund and
Diirrast 2014; Menningen et al. 2018a, b). This is caused
by the anisotropic single crystal properties of calcite, which
influence the ultrasonic velocity distribution (see Mainprice
et al. 1990). To determine, whether there is a directional
dependence influencing the velocity distribution of the mar-
ble sculptures, the crystallographic preferred orientation was
analysed.

Therefore, electronic backscatter diffraction (EBSD)
measurements were done on a piece of marble, taken from
the drill core on the von Biilow sculpture to determine the

@ Springer

LPO, which is also known as texture. EBSD is a texture
analysing technique using scanning electron microscopy
(SEM), where the SEM is equipped with an EBSD detector
(for further information, see Wenk and van Houtte 2004,
Maitland and Sitzman 2010).

General error analysis

Ultrasonic measurements are performed with the aim to get
an insight into the structural properties of a material, includ-
ing information about the weathering state as well as pos-
sible deterioration zones and cracks. From a technical point
of view, several aspects need to be taken into consideration
as they influence the ultrasonic results. First of all, coupling
of the ultrasonic transducers to the respective surface is an
important aspect. An adequate connection is fundamental for
a high signal amplitude, which is necessary for an appropri-
ate evaluation of the measurement.

Since the ultrasound velocity correlates with the rock fab-
ric, extrinsic influences like decay phenomena connected
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with granular disintegration are characterised by a decreas-
ing velocity compared to the unweathered material. It should
also be noted that quarry-fresh material shows intrinsic
velocity variations. Responsible for these fluctuations are the
specific bonding situations within the fabric as well as the
properties of the respective mineral phases. The propagation
of the sonic wave depends on the homogeneity of the mate-
rial, whereby steel or water is ideal. Therefore, they show
only small damping effects on the sonic wave. The more
diverse the densities of involved material compounds are, the
more the acoustic damping will increase, meaning the sound
amplitude will decrease. If there is a density change between
neighbouring compounds, the acoustic impedance will also
change. The biggest impedance change occurs for a transi-
tion of solid state to air, as for example along a crack. Since
dry coupling, meaning attachment of ultrasound probes with
a plain surface without a coupling agent, will always cause
a damping effect comparable to a crack, the application of
a coupling agent is necessary. The thickness of this agent
needs to fit to the surface conditions, but should generally be
executed as thin as possible. Especially for important objects
and sensitive surfaces, the choice of the coupling agent must
be carried out carefully to avoid an irreversible pollution of
them. Possibilities are the application of clay, which can be
removed by a brush or plasticine covered with a foil; while
any damping effect can be tested with a calibration standard.

Non-destructive ultrasonic measurement often forms
the base for further investigations and decisions. Since the
ultrasonic method indicates the degree of weathering, it is
necessary to execute the analysis with a high degree of accu-
racy. The European standard EN 14576:2004 needs to be
considered as well as the following aspects, where results
are received with a reproducibility of less than 5% deviation
(Kohler 2018).

The very common source of error is the instrument set-
ting, especially an improper or broken cable and power sup-
ply as well as discharged batteries. These aspects influence
the signal quality and, therefore, the exact determination of
the travel time. The distance between emitter and transducer
needs to be specified very carefully, (less than 1% deviation
according to the EN), bearing in mind, that in coarse-grained
materials, the distance needs to be approximately 10 times
larger than the general grain size. Another aspect is the con-
sideration of the relationship between measured distance
and frequency, where the distance needs to be a multiple
of the wavelength. The most frequent operation error is the
wrong setting for the signal amplification, which needs to be
properly scaled. Since the travel time is determined by the
first arrival of the signal, wrong settings lead to undersized
signals with a higher travel time or an overdriven signal
resulting in a travel time which is too short.

These differences can sum up to a number of micro-sec-
onds, which result in discrepancies particularly with regard

to short measuring distances. Furthermore, the signal ampli-
tude depends on the coupling to the surface (pressure and
coupling agent), transducer arrangement (direct or indirect
transmission) and choice of the right frequency, fitting the
measuring distance, material damping or the presence of
cracks and fabric decay.

A large influence on the velocities is caused by the pres-
ence of water in the measured object. The velocities of a
deteriorated piece of marble can increase from 2.5 km/s
up to 6 km/s, constituting a fresh, unweathered marble,
caused by water saturation (c.f. Riidrich et al. 2001b; Weiss
2002a,b; Siegesmund et al. 2009; Siegesmund and Diirrast
2014). Therefore, it is mandatory to ensure almost dry condi-
tions before the ultrasonic measurements are taken. Other-
wise, it is almost impossible to ensure a measured velocity
which is not influenced by water saturation and it is neces-
sary to assume lower velocities than the measured velocities.

Besides the described extrinsic effects, the intrinsic prop-
erties of the marble also have an effect on the measured
velocities. The most important fabric elements are the crys-
tallographic preferred orientation (CPO) or the lattice pre-
ferred orientation (LPO) of the minerals, the existing micro-
crack populations, and the specific shape fabric, with grain
size and grain shape preferred orientation. These fabrics are
responsible for a physical anisotropy expressed inter alia in
the directional dependence of the elastic wave velocities.
This means, for example, that the P-wave velocity distri-
bution shows different values when measured in different
directions for the same rock sample.

Results
Decay phenomena and rock status

Both sculptures consist of a whitish marble variety known as
the Carrara type from Italy. Several types of decay phenom-
ena are visible on the sculptures as shown in Fig. 3. Areas
which are directly exposed to weathering influences, like
arms, hands and garment folds show characteristic sugaring
of these surfaces (Fig. 3a). These are highly pronounced for
the left hand and arm of the Scharnhorst sculpture (Fig. 3b),
where the original surface is almost completely lost. This
pronounced surface roughness can be traced back to chemi-
cal solution processes, while less exposed areas show almost
no alteration of the surface. In some cases, cracks can be
found, which are visible due to the increased accumulation
of dirt in those areas (Fig. 3c). Especially the garment folds
show many black dots (Fig. 3d), which probably are caused
by microbial growth and can be found more prevalently in
the narrow gaps between the folds. Another phenomenon is
an ochre coating spread all over the sculptures, as shown in
Fig. 3e. The cause of this coloration is still under discussion
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Fig.3 Various decay phenomenon found at the monument of Gen-
eral von Biilow and Scharnhorst with a sugaring of exposed surfaces,
b strongly weathered surfaces with sugaring of exposed surfaces, ¢

since it may be microbial growth or residues of former con-
solidation measures. Close examination needs to clarify this
phenomenon. Several replacements of filigree parts can be
found for example in the folds of the coat (Fig. 3f), where a
restoration mortar was used to substitute the missing areas
or (Fig. 3g) the total substitution by reconstructions made
of marble. At the edge of Scharnhorst’s coat, so-called
Craquele can be observed on the surface, with a network
of cracks; while the underlying fabric shows strong disag-
gregation (Fig. 3h).

The marbles show macroscopically a grain size of about
300 pm for General von Scharnhorst and about 200 pum for
General von Biilow. A microscopic analysis by thin sec-
tion was done for the sculpture of General von Biilow. The
microfabric in Fig. 4a—d shows an inequigranular grain size
distribution; while the grain shape is almost polygonal with
interlobate to almost straight grain boundaries. Calcite is the
main component of this marble, while accessory quartz and
an opaque black mineral, probably graphite, can be found.
To see if the fabric of the marble is deteriorated, the thin
section was made using a blue coloured resin, to visualise
open cracks and open grain to grain contacts. In Fig. 4, the
left border of the images is parallel to the former surface of
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cracks, d microbial growth, e discolouration, f lost material which
was reconstructed by restauration mortar and g substitution made of
marble and h Craquele on the surface

the sculpture, showing the fabric in a depth profile. Figure 4a
and c¢ shows that small cracks (marked with red arrows)
run along the grain boundaries and can primarily be found
between the grain to grain contacts, as so-called intergranu-
lar cracks. In Fig. 4c, an intragranular crack is observable,
but this type of crack is less common. The crack distribution
shows that they mainly occur in the first millimetres of the
surface. They do not spread surface parallel, but slightly
oblique into the depth of the drill core. Cracks at the outer
areas of the drill core, parallel to the core should be disre-
garded, because they are caused by drilling and not related
to weathering. Granular disintegration is observable in this
core, but it is only weakly pronounced. Another important
method for visualising these open grain boundaries is the use
of scanning electron microscopy (SEM). SEM images were
taken at a depth of about 4 cm (Fig. 4e) and at 6 cm (Fig. 4f)
to the former surface. The grain contacts show no signs of
granular disintegration at those depths.

Lattice preferred orientation

The analysed LPO, displayed as a lower hemisphere ste-
reographic projection in Fig. 5a and b, can be described as
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Fig.4 Thin section images with coloured resin to visualise open of a crack system, showing intergranular cracks as the most common
cracks. The left rim of all pictures is parallel to the former surface of crack type, beside an intragranular crack, d image (c) under crossed
the sculpture. a polarised image showing the area close to the former polarizers, e scanning electron microscopy performed for a piece of
surface, with slightly oblique cracks (red arrows) b cross-polarised the marble core taken from a depth of 4 cm and f 6 cm

image of the same region with the same magnification as (a); ¢ detail

@ Springer



249 Page8of23

Environmental Earth Sciences (2020) 79:249

an almost girdle like c-axis distribution with a low, elon-
gated c-axes maximum intensity of 1.7 mrd (multiple ran-
dom distribution) with an oblique orientation (Fig. 5a).
The a-axes (Fig. 5b) show a great circle distribution sur-
rounding the c-axis distribution with a maximum inten-
sity of 1.4 mrd. The weak texture is typical for Carrara
marble and has been analysed by different authors (e.g.
Leiss and Ullemeyer 1999; Weiss et al. 1999; Riidrich
2003; Riidrich et al. 2013).

To see which amount of anisotropy for the ultrasonic
velocity is controlled by the lattice preferred orientation,
modelling of the intrinsic velocity distribution (see Main-
price et al. 1990) was performed using the Matlab-based
software MTEX (see Hielscher and Schaeben 2008; Bach-
mann et al. 2010; Mainprice et al. 2011). To calculate
the velocity distribution for the polycrystalline data, the
measured texture data were used to calculate the intrinsic
Vp distribution, based on the calculated ODF data. The
modelled pole figure (Fig. 5¢) shows a minimum veloc-
ity of 6.5 km/s according to the position of the c-axes
maximum (see Fig. 5a), while the maximum velocity
of 6.75 km/s is arranged along the a-axes maxima. The
modelled intrinsic velocity distribution for this marble
exhibits a low anisotropy of 3.7% assuming a crack free
material. Many marble varieties with a strong crystallo-
graphic preferred orientation show a high anisotropy in
their velocity distribution, which increases according to
an increasing weathering state (e.g. Riidrich et al. 2013).
This effect needs to be considered for the interpretation
of the tomograms (e.g. Cardarelli and de Nardis 2001;
Riidrich et al. 2001b; Menningen et al. 2018a, b).

On-site ultrasonic diagnostics
Field measurements in transmission

In May 2018, non-destructive ultrasonic measurements
were applied to the sculptures, to form the basis for further

c (006) a

a <110>

Vo L

investigations and decisions. Since the ultrasonic method
indicates the degree of weathering, the ultrasonic measures
were used in transmission and in the tomographic approach.
Moisture has a huge impact on the ultrasonic velocity; there-
fore, it is necessary to ensure that longer dry conditions have
existed before the velocities are measured. The sculptures
were covered for almost 3 years (see Fig. 2c), ensuring a
dry state for both sculptures. The night before the measure-
ments were to take place, heavy rainfalls occurred in Berlin.
Since the sculptures were wrapped in foil, and seemed to be
dry in the morning, moisture influence should be negligible.
However, at the pedestal and the head moisture influence
cannot be totally excluded to affect the measured velocities.

The measurements were performed with a broadband
transmitter, (UP-FH, for further information see www.geotr
on.de), where the necessary frequency could be chosen with
respect to the measuring distance. Thus, one transmitter for
all measurements could be used, which increases the accu-
racy as described before (see General error analysis).

Figure 6a shows the analysed velocities [km/s] measured
for General von Biilow during transmission. Each value is
colour coded for a specific state of weathering. The ana-
lysed compressional wave velocities range between 1.8
and 4.0 km/s, while the highest measured velocity (4 km/s)
was detected at the replaced sword. The highest velocity
for the original material is 3.5 km/s for his right foot. With
2.8 km/s, the average velocity is very low and is classified
as granular disintegration. The overall measured velocities
show a distribution that indicates a dependence on how
exposed elements are and their geometry. The lowest and
most alarming velocities classified as brittle are found at the
filigree parts of the sculpture and at the completely exposed
areas of the arm. Moreover, even thicker parts of the sculp-
ture such as the trunk exhibit ongoing signs of deterioration
with a velocity of 3.1 km/s.

Velocities measured for General von Scharnhorst
(Fig. 6b) indicate a slightly better weathering state for this
sculpture, with a maximum velocity of 4.1 km/s at the hip

b
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Fig.5 Texture (LPO) given for a the c-(006) and b a-axes < 110> . Intensities are given in mrd (multiple of random distribution), ¢ 3D velocity
distribution (km/s) modelled from the EBSD data of the sculpture von Biilow (lower hemisphere, stereographic projection)
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Fig.6 Results of the ultrasonic transmission measurements per-
formed in 2018 for General Biilow (a) and General von Scharnhorst
(b). Arrows indicate the measurement direction from the left to right.
Dots represent a transmission direction from the front to the back of

and head and the lowest measured velocity of 1.6 km/s at
a garment fold. The mean velocity is, compared to Gen-
eral von Biilow, slightly higher with 3.2 km/s, reflecting the
overall better conditions of this sculpture, 66.66% of the 27
measured velocities can be classified as increasingly porous.
The geometry and exposition dependent velocity distribution
as measured for Gen. von Biilow can also be observed for
the Scharnhorst sculpture, while the thicker areas generally
show higher values.

Ultrasound velocity and travel path

The velocities variate according to the length of the ray path.
This path length varies between 3 and 64 cm for General v.
Biilow, and 2 and 50 cm for General von Scharnhorst. To
analyse what impact these lengths have on the velocities of
the rays, they are plotted against each other in Fig. 7 (blue
dots). Most velocities are analysed for ray paths between 2
and 20 cm, which range between 1.8 and 4.0 km/s for the
first 10 cm, and 2.0 and 3.5 km/s for the distances between
10 and 20 cm for Biilow (blue dots in Fig. 7a). The veloci-
ties determined for the distances above 20 cm show a less
strong variation of the values with velocities between 2.7
and 3.4 km/s. The velocities at short travel paths vary more
strongly, while velocities at longer ray paths vary less.

the sculpture. The different colours represent the damage classifica-
tion after Kohler 2018, displayed between the sculptures. Vertical
sectional plane for the trunk is given for both sculptures

However, the number of longer travel paths is relatively low.
Nevertheless, this velocity variation is not uncommon for
weathered marbles and is a logical consequence of deteriora-
tion and the low probability that a short ray path will cross
unweathered material; whereas, long travel paths almost
always pass weathered and unweathered, or low weathered,
areas of the stone (Blum and Rahm 1998, Siegesmund et al.
2004). In comparison, for the General Scharnhorst sculpture
(blue dots in Fig. 7b), fewer determined velocities are in the
class granular disintegration. The weathering state is bet-
ter than the sculpture of Biilow, but the velocities are low
as well. The variation of velocities with a short ray path,
smaller than 10 cm, is with 1.7-3.2 km/s lower than for the
Biilow sculpture; while, they vary between 2.7 and 4.1 km/s
for distances between 10 and 20 cm, which is higher than the
values measured for Gen. Biilow. The longer ray paths also
show a smaller range for this sculpture, while the variation
within these distances is between 3.4 and 3.8 km/s. There-
fore, both sculptures have a comparable weathering state,
while the sculpture von Scharnhorst shows higher velocities
considering the long travel paths, which is reflected in the
slightly higher mean velocity of 3.2 (+0.62) km/s compared
to the 2.8 km/s (£ 0.45) for Gen. v. Biilow. Both sculptures
have suffered during the last decades; while General v.
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Fig.7 The measured transmis- Bulow
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Scharnhorst shows a lower state of deterioration, even if the
Biilow sculpture was less exposed to the environment.

Transmission velocities only reflect the mean value for
the measured distance and give no information about the
inner structure. In addition, ultrasonic measurements have
been performed in a tomographic application. The meas-
urements were executed at the trunk in the middle of both
sculptures at a height of about 1.4 m above the pedestal (see
Fig. 6) for 14 different measuring points, with 91 measured
travel paths.

Ultrasonic tomography

The 2D tomographic analyses was done using the software
GeoTomCG, which uses an inversion calculation based on
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SIRT (simultaneous iterative reconstruction technique). For
further information about the software, see GeoTom, LLC,
2017. To process the data, the measured minimum and maxi-
mum values, received for the tomographic plane, have been
used as a limiting factor. The initial velocity model has been
calculated based on the average velocity. These processed
tomograms are transferred to the programme Surfer and are
depicted as contour plots in Fig. 8, where the lower margin
of both plots refers to the front of the sculptures (north is
the viewing direction), while the upper margin refers to the
back.

The tomogram calculated for General v. Biilow (Fig. 8a)
shows a small channel of lower velocities (2.5-2.8 km/s) in
the middle of the sculpture that are elongated to the west.
The low velocities in the western part of the tomogram are
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Fig.8 Ultrasonic tomograms
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in an area with low or no ray coverage. The highest velocities
can be found in the northern direction, which is the front of
the sculpture. The higher ultrasound velocities are arranged
like a “U” dipping to the west, surrounding the low east—west
striking velocity channel. The majority of the tomogram is
characterised by velocities between 2.8 km/s and 3.6 km/s;
the highest values can be found selective along the rim of the
tomographic plane. This area needs a sensitive and careful
interpretation because the number of rays, travelling this area
is very low. The tomogram displayed for General v. Scharn-
horst (Fig. 8b) shows fewer areas with lower velocities where
values range between 3.0 and 5.0 km/s. The small zone in the
western part of the tomogram is again an area with low ray
coverage. The highest velocities can be found in the northern
part of the tomogram; while the lower velocities run through

30 40 50 60 70 80

Distance [cm]

the tomogram as a belt in the middle of the tomographic plane,
striking east—west, further as an area in the north-east and
south-east of the tomogram. Most areas of the tomogram show
velocities between 3.4 and 4.2 km/s, confirming the transmis-
sion measurements, that this sculpture is in a slightly better
state of condition than v. Biilow.

Discussion

Ultrasonic measurements can provide a non-destructive
insight into the structural properties of a material. In
the case of objects of cultural heritage, urgent attention
is given to the weathering state as well as possible dete-
rioration zones and cracks. This method is proven and
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powerful, but some basic knowledge is indispensable for
accurate velocities and a competent interpretation. Based
on this method, decisions regarding conservation and
restoration measures can be made, as well as the highest
impact decision, the replacement of important sculptures.

In 2018, fortuitous circumstances allowed the com-
parison of the present results with the velocities acquired
in 2013 and 2006 for the sculptures von Biilow and von
Scharnhorst. This has given the present study an opportu-
nity for a closer examination of the development of deteri-
oration within the last 12 years. Due to the good documen-
tation of those investigations, most boundary conditions
are known, e.g. the equipment used, measured areas and
the exact distances between transmitter and receiver posi-
tions. This improves the comparability of those studies
with the latest results. Even if technical conditions, appli-
cation errors and the possible deviation of 10% between
different measurement teams (see DBU final report AZ.
29544/01) influence the results and consequently the com-
parability of different measurements, the highest impact
causing deviations, is given by possible water saturation.

Ultrasonic velocities of marbles strongly depend on the
moisture content of the rock. Marbles can show veloci-
ties of 3.0 km/s and less in the dry state; while velocities
may reach about 6.0 km/s under water-saturated condi-
tions (Riidrich et al. 2001a; Weiss et al. 2002a; Sieges-
mund et al. 2009; Menningen et al. 2018b). The pore space
developing in marbles is small but very efficient in reduc-
ing the velocities and also increasing them due to fluid
saturation. Therefore, ultrasonic velocity measurements
are extremely sensitive on type and degree of fluid satura-
tion (see Weiss et al. 2002a).

Before the measurements were done in 2018, the sculp-
tures had been covered for about three years. This means
both sculptures were protected from the rain, with the
exception of the aforementioned rainfall the night before
measuring, and thus can be considered dry. The investi-
gations in 2006 and 2013 were executed after 2 weeks of
coverage, while the exact date is not known. In 2006, the
measurements were done in November, after 3 months of
restoration, when besides different measures, a structural
strengthening was performed with the application of 3%
Paraloid B72 (Acrylic resin) in acetone to both sculptures.
Two weeks before the ultrasonic measurements were done,
the sculptures have been completely covered against direct
rainfalls. In September and October 2006, 16 days with
rainfall have been reported. The amount of precipitation
has been low, while the 29th of October showed a higher
amount of rain with 13 mm (see https://www.wetteronli
ne.de/, data for Berlin-Tegel in 2006). Therefore, the influ-
ence of water cannot be absolutely excluded, but should
be not that high.
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Comparative investigations
Field measurements in transmission

The applied transmission measurements executed in 2018
were done at the same locations on the sculptures as in
the former investigations. Thus, the results of 2018 can be
compared to them and give an impression about the damage
influences on the sculptures within the last 12 years. In 2006
and 2013, the measurements were executed with a 250-kHz
transmitter on the filigree parts and 48 kHz for the pedestal.
In contrast, the 2018 study used a broadband transmitter,
so that one transmitter could be used for all measurements,
which increases the accuracy as described in the section gen-
eral error analysis.

Figure 9 shows the measured velocities [km/s] received
for General von Biilow in 2006, 2013 and 2018. The veloci-
ties for most parts of the sculpture slowed down during the
investigated timespan and changed from the classification of
increasingly porous (green) to granular disintegration (blue).
The maximum velocity in 2006 was measured on a part of
the substituted sword handle with 5.2 km/s. While the han-
dle slowed down to 2.5 km/s, the highest measured velocity
(4 km/s) was in 2018, detected on the substituted sword. As
this was an additional measurement, no correlating value
with the study in 2006 exists. The maximum velocity meas-
ured for the original material in 2006 was 4.2 km/s, in com-
parison with the maximum of 4.0 in 2013 and 3.5 km/s in
the present study. The lowest velocity measured in 2006 was
2.1 km/s for the left arm, which showed no reduction in 2013
and slowed down to 1.9 km/s in 2018. The lowest velocity
in 2013 measured on the left hand was 2.2 km/s, which is
the same in 2018 as in 2006. In 2018 the lowest velocity
detected was on a mantle fold with 1.8 km/s, which was
much higher in 2006 (3.3 km/s) and 2013 (3.2 km/s). The
mean velocity was 3.4 (+0.62) km/s in 2006, 3.0 (+0.67)
km/s in 2013 and has decreased to 2.8 (- 0.46) km/s in 2018,
which is a reduction of 15.7% during the last 12 years and
5.7% within the last 5 years.

Figure 10 displays the velocity evolution for the sculp-
ture General von Scharnhorst using the same classification
and colour code as in Figs. 6 and 9. In 2006, the velocities
indicate a slightly better weathering state for this sculpture
with a maximum velocity of 4.6 km/s and a minimum veloc-
ity of 2.4 km/s; whereas the velocities received in 2018 at
the same position are now reduced to 4.1 km/s (max) and
1.6 km/s. They remained almost stable until 2013. The
mean velocity decreased from 3.7 (+0.63) km/s in 2006
down to 3.4 (£0.88) km/s in 2013 and 3.2 (£0.62) km/s
in 2018. The velocity reduction is about 14.7% within the
last 12 years and 5.1% since 2013. The sculpture of Gen. v.
Biilow shows a higher decrease of the ultrasonic values and
that the deterioration is constantly increasing, independent
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Fig.9 Measured ultrasonic velocities, analysed using the pulse trans-
mission technique, given for the sculpture of General v. Biilow in
2006, 2013 and 2018. Arrows indicate a lateral (east—west) attach-
ment of the probes, while the dots represent the north—south direction

of the preventive measures applied within the last 15 years.
Especially the filigree parts such as folds, and completely
exposed areas show the lowest and alarming velocities which
need to be classified as brittle.

To analyse what impact the path lengths have on the
velocities of the rays, they are plotted against each other
for General von Biilow in Fig. 7 a. Most velocities are ana-
lysed for ray paths between 2 and 20 cm, which ranged in
2006 (orange dots) between 2.6 and 5.2 km/s for the first
10 cm and between 2.1 and 4.2 km/s for distances between
10 and 20 cm. In 2018 (blue dots), these values are lower
with 1.8-4.0 km/s for the first 10 cm and 2.0-3.5 km/s for
the distances between 10 and 20 cm. The velocities deter-
mined for the distances above 20 cm show a less strong vari-
ation of the values with velocities between 3.1 and 4.2 km/s
in 2006 and 2.7 and 3.4 km/s in 2018. The velocities at
shorter travel paths vary more strongly, while velocities
at longer travel paths vary less. If the velocities of the last
three studies are compared (Fig. 7a), the ultrasonic veloci-
ties measured for General v. Biillow generally slowed down
throughout the last 12 years and the most common damage
classification changed from increasingly porous to granular
disintegration. In comparison, fewer velocities examined
for General Scharnhorst are located in the classification

of the arranged probes. Colour code represents the damage classifica-
tion modified after Kéhler 2018. Numbers give the measured veloci-
ties in km/s

granular disintegration (Fig. 7b) and the weathering state
can be described as better than the sculpture of Biilow, but
the velocities are also low and decreased within the last
12 years. The variation of velocities with a short ray path,
smaller than 10 cm is with 2.4 and 3.8 km/s lower than for
the Biilow sculpture. They vary between 3.1 and 4. 6 km/s
for distances between 10 and 20 cm in 2006, which is higher
than the values received for Gen. Biilow. In 2018 (blue dots),
these velocities are slower with 1.7-3.2 km/s for the first
10 cm and 2.7-4.1 km/s for the distances between 10 and
20 cm. The longer ray paths also show for this sculpture
a smaller range, while the variation within these distances
was higher in 2006 (3.3—4.5 km/s) and is now between 3.4
and 3.8 km/s. Therefore, both sculptures have a comparable
weathering state, while the sculpture von Scharnhorst shows
higher velocities considering the long travel paths, which is
reflected in the slightly higher mean velocity of 3.2 (+0.62)
km/s in 2018 compared to the 2.8 (+0.46) km/s for Gen-
eral v. Biillow. Both sculptures have deteriorated during the
last decades, however the General v. Scharnhorst sculpture
shows a lower state of deterioration, even if this sculpture
was longer exposed to environmental influences as v. Biilow.
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Fig. 10 Measured ultrasonic velocities, analysed using the pulse
transmission technique, given for the sculpture of General v. Scharn-
horst in 2006, 2013 and 2018. Arrows indicate a lateral (east—west)
attachment of the probes, while the dots represent the north—south

Laboratory measurements

To see if the distribution of velocities shows any directional
dependence, a drill core from the General v. Biilow sculpture
was analysed by ultrasonic measurements. The drill core
was examined as a depth profile along the 10-cm drill core
with incremental measuring points of 1 cm, starting close
to the former surface of the sculpture at 1 cm and ending at
9 cm from the end of the core. The depth profile has been
measured in two different directions (Fig. 11 red and blue
graph). A third direction (green graph) represents the value
determined for the whole length of the core. Reorienting the
core to the compass direction of the von Biilow sculpture,
the blue line represents measurements in the east—west direc-
tion, whereas the green graph is oriented to the north—south
direction. Therefore, the blue and green graphs in Fig. 11
depict the velocities measured in the horizontal orientation,
equivalent to the horizontal in the sculpture, while the red
graphs depict the vertical orientation. The measurements
were done under dry (marked with a square) and water-satu-
rated conditions (marked with a circle). The results obtained
for the core are depicted in Fig. 11 and show an interesting
trend for the values under dry conditions. Contrary to the
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expected trend, the velocities taken at the surface of the core
are higher than the values at a depth of 9 cm. The velocities
are 4 km/s for the first centimetre and slow down to 3.1 km/s
within the first 3 cm; while, the last 6 cm shows a small
range within the velocities around 2.7 and 3.2 km/s. The
velocity for the whole length of the core is 3.4 km/s. Based
on these data, a directional dependency cannot be detected.
This can be caused by a low pronounced preferred orienta-
tion as shown in Fig. 5a and b or because the measurements
have been executed at intermediary areas and missed the pre-
ferred directions. The velocities under water-saturated con-
ditions show a comparable distribution for the blue graph,
measured in the east—west direction, with little higher values
between 3.7 and 4.7 km/s compared to the results for the dry
sample ranging between 2.6 and 4.1 km/s.

Both graphs show higher velocities at the surface and
lower velocities at a depth of 9 cm. The red graph shows
the fastest velocities, which were measured under water-
saturated conditions in the vertical direction. The veloci-
ties increase from 5.1 km/s up to 5.7 km/s for the first two
centimetres, before they decrease down to 4.3 km/s until a
depth of 8 cm, where the velocity finally increases for the
last centimetre, up to 5.4 km/s. This behaviour can also be
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Fig. 11 Ultrasound velocities 6
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observed for the blue graph under water-saturated condi-
tions, which increases from 3.7 up to 4.5 km/s. The value
for the north—south direction of the core is again within
the range of the other two directions. The values suggest
that there is a directional dependence of the ultrasound
velocities, but these results do not seem to be reliable.
In many studies of ultrasound velocity distribution and
their development due to weathering, the variation in dif-
ferent directions increases with increasing deterioration,
expressed in a higher anisotropy. Therefore, the core shows
a contrary trend, with less anisotropy within the different
directions in a deteriorated state. It seems to be more plau-
sible that other effects influence these results. The core has
a diameter of 20 mm, which triggers different problems
that need to be considered. First, a relatively small change
in the short travel time will cause a large change in veloc-
ity, which is caused by the relationship of travel time and
velocity. Second, the small diameter combined with a big
length of the core causes a fast drying of the water-satu-
rated sample. Therefore, the difference between the hori-
zontal and vertical direction under saturated conditions
can be influenced by the drying process. Third, the small
diameter combined with the frequency of 350 kHz and the
chosen probe tip can cause wrong results, especially for
the high velocities. Based on the correlation of frequency
and wavelength (see Deutsch et al. 2002), the wavelength
caused by the specific wave velocity—frequency combina-
tion can be determined. In this study, all wavelengths show
sufficient sizes, but nonetheless the diameter of the sample
is very small and could influence the results.

Generally, the velocities measured for the core are low
and can be classified as granular disintegration (see Fig. 11);
while at the SEM pictures, taken at a depth of 4 cm (Fig. 4e)
and at 6 cm (Fig. 4f), the marble shows no open grain
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boundaries. The reasons for higher values, analysed for the
surface could be a former consolidation. In 2006, a consoli-
dation with Paraloid B72, an acrylic resin, was mentioned
in the restauration history provided by the Berlin Heritage
Authority.

Ultrasonic tomography 12 years later

In Fig. 12, the Vp-travel path plots are given for the veloci-
ties determined for the tomographic planes for both sculp-
tures in 2006 and in 2018. In 2018 they range between 2.3
and 5.1 km/s for General v. Biilow (Fig. 12a, blue dots)
with an average value of 3.3 (+0.44) km/s, while they are
slightly higher for General v. Scharnhorst and range between
2.6 km/s and 5.1 km/s with an average value of 3.8(%0.43)
km/s (Fig. 12b, blue dots). The Vp-travel path plot shows,
according to the transmission measurements described
before, generally lower velocities for Biillow, with a broader
range of them, even for long distances; while the variation is
lower for the long distances of General v. Scharnhorst. Even
if both sculptures exhibit ultrasound velocities that can be
classified as increasingly porous, the slightly better condi-
tions of General von Scharnhorst, with fewer values in the
category of granular disintegration can be observed easily
in Fig. 12.

Independent of the length of the travel path, all meas-
ured the velocities continued to decline since 2006. The
mean velocity of 4.0 (+0.5) km/s declined around 0.7 km/s
down to 3.3 (£0.44) km/s in the last 12 years for General
v. Biilow and around 1.0 km/s from 4.8 (+0.5) km/s down
to 3.8 (+0.43) km/s for General v. Scharnhorst. The most
astonishing result is that even the velocities for long dis-
tances of more than 40 cm show a significant reduction of
about 1 km/s, indicating a strong deterioration. Another
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Fig. 12 Measured ray velocities
(km/s) of the tomogram for von
Biilow (a) and von Scharnhorst
(b) in 2018 (blue dots) and 2006
(red dots) plotted according to .
the distance (cm) the ray needed | ’
to travel. The dashed line repre-
sents the average velocity

Vp [km/s]
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interesting aspect is that all velocities for the shorter dis-
tances of General v. Biilow are the same or higher than the
values for longer distances. Higher velocities are not uncom-
mon for shorter distances and can be caused by different
reasons (e.g. Lindner et al. 1999), but that more or less all
measured velocities for short distances of a weathered mar-
ble are higher than those for longer distances is quite unusual
(e.g. Fleischer 2002; Riidrich et al. 2013).

Besides the transmission measurements, a 2D tomo-
graphic reconstruction was done for both sculptures in 2006.
Since this measuring investigation was well documented,
it was possible to choose in 2018 the same height and
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transmitter—transducer positions as in 2006. Consequently,
it was possible to compare the tomograms of 2018 with the
tomograms of 2006. An exception is that the better ultra-
sonic probes in 2018 enabled to detect more signals than
in 2006. As a result, the tomograms of 2018, used for the
comparison of both investigations and modelling AVp, have
been reduced to the same amount of measuring points as
in 2006. This leads to 41 measured rays for the sculpture
General von Biilow and 73 measured rays for General von
Scharnhorst.

The tomographic data of 2006 were used to model tomo-
grams and to compare them to the tomograms of 2018, for a
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better interpretation of the alterations that occurred within
the last 12 years. Due to the smaller number of measured
velocities in 2006, the AVp tomograms have been modelled
with the same number of travel paths for the 2018 tomo-
grams (small tomograms in Figs. 13 and 14b). Neverthe-
less, the tomograms for General von Biilow shown in Fig. 14
demonstrate that the distribution of the velocities in 2006
is comparable to the 2018 data set with significantly lower
values, regarding their spatial arrangement. Both tomograms
show low velocities in the middle of the tomograms with
3.5 km/s in 2006 (a) and 2.5 km/s in 2018 (b); while, the
outer part shows higher velocities ranging between 4.2 and
4.8 km/s in 2006 and 3.4 km/s and 4.0 km/s in 2018. The
higher number of measured rays reveals that, in 2018, the
low velocities in the middle expand to the western surface.
Disregarding the additional rays as shown in the small tomo-
gram, this area is invisible, according to the 2006 tomogram.

The A-Vp tomogram shown in Fig. 13c depicts that the
highest reduction occurs in the eastern part and the middle
of the tomographic plane, separated by an area with less
reduction, tending to the south, the back of the sculpture.

The tomograms for General v. Scharnhorst, depicted in
Fig. 14 show a different distribution. Here, the velocities in
2006 (a) ranged between 4.2 and 6.2 km/s, while the zone in
the south-west showing high velocities was only passed by a
few crossing ray paths; therefore, this area should be inter-
preted with care. The velocities of 2018, shown in Fig. 14b,
are lower than in 2006 (a), but unlike the tomograms of
General v. Biilow, the reduction is primarily located at the
outer areas of the sculpture. The A-Vp tomogram in Fig. 14c
shows that the eastern and western areas are stronger dete-
riorated than the middle, where the reduction was not that
high.

The distribution of the ultrasonic velocity depends on the
lattice preferred orientation. Therefore, the modelled three-
dimensional ultrasonic velocity for the sculpture of General
von Biilow (see Fig. 5¢) was rotated about 90° (Fig. 15) to
have the same orientation as the two-dimensional tomo-
grams (Fig. 13). The displayed velocity is given at the lower
hemisphere and cannot be directly transferred to the meas-
ured layer in Fig. 13, as they show different dimensions.
Nevertheless, the area of low velocities in Fig. 13 could be
influenced by the texture, while an isotropic velocity distri-
bution could also be possible. Since the two-dimensional
velocity distribution for the specific section could not be
determined, no clear determination of the intrinsic velocity
distribution can be given for the specific tomographic sec-
tion. The amount of decay phenomena and heterogeneities
can only be quantified if the anisotropic velocity variation
is considered. But as the texture is only weakly pronounced
and even the measurements at the drill core showed no clear
directional dependence, the influence based on anisotropy
seems to be negligible.

Another aspect which influences the damage and the spa-
tial distribution is the geographic exposure of the sculpture
(see Brimblecombe 2014). The western area is the main
weather side in Berlin (see www.de.windfinder.com). The
long time span of outside exposure indicates that the main
influence on the rock fabric is caused by weathering. Since
the main wind direction is west, the impact of weathering
should be more pronounced for the west-facing surfaces.
Decay caused by cyclical influences of wind, wind-driven
rain and other changes of humid and dry conditions should
be most pronounced on these sides of the sculptures.

Conclusions

After almost 200 years of exposure, several relocations, van-
dalism and restauration measures, the monuments of General
Scharnhorst and Biilow have been analysed by ultrasonic
measurements. The data of three different measurement
studies in the last 12 years have been compared to describe
the weathering behaviour of two important sculptures with
a comparable weathering history. Both sculptures are made
of Carrara marble, both sculptures have been exposed to
the same environmental influences and both sculptures
are, based on the results of the ultrasonic measurements, in
alarming conditions.

The correlation of the dimension and the effective deg-
radation mechanisms was described by Siegesmund et al.
(2013). The filigree parts such as the folds and the com-
pletely exposed areas like the arms show generally the
lowest and alarming velocities, which need to be classi-
fied as brittle. Due to the small dimension of these areas,
the different degradation mechanisms lead to a very strong
degree of decay. This can be confirmed by the results for
both sculptures, but even thicker parts as the trunk exhibit
ongoing signs of deterioration with velocities of 2.6 km/s
for the sculpture of Biilow, signalling the advanced decay
progress. Consistent with the results in 2006 and 2013, the
sculpture of General v. Scharnhorst is in a better condition,
compared to Biilow, but some conspicuous features need to
be considered.

The transmission measurements from 2018 indicate that
the filigree parts of both sculptures show lower velocities
around 2 km/s, compared to thicker parts with velocities
between 3 and 4 km/s. The velocities analysed for the first
10 cm vary much more for General v. Biilow than for Gen-
eral v. Scharnhorst. Generally, since 2006 the reduction is
higher for Biilow than for Scharnhorst.

The direct comparison of the velocity reduction for
each measured point since 2006, displayed in Fig. 16,
shows that the transmission measurements (yellow dots)
performed for Biilow (a) show a high reduction for short
paths and a lower total reduction for longer distances. This
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Fig. 13 Ultrasonic tomogram
for General v. Biilow meas-
ured in a 2006, with lower ray
coverage, b 2018 higher ray
coverage and ¢ AVp modelled
by the difference of (a) and (b),
while the amount of rays for
the measurement in 2018 was
adjusted to the lower amount
of rays for the 2006 tomogram
(small picture in b)
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Fig. 14 Ultrasonic tomogram
for General v. Scharnhorst
measured in a 2006, with lower
ray coverage, b 2018 higher ray
coverage and ¢ AVp modelled
by the difference of (a) and (b),
while the amount of rays for
the measurement in 2018 was
adjusted to the lower amount
of rays for the 2006 tomogram
(small picture in b)
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Fig. 15 Reoriented, modelled 3D velocity distribution adjusted to the
2D tomogram of the sculpture von Biilow. The orientation is the same
as for the sculpture, see compass direction

trend changes for the absolute reduction measured for the
tomogram (grey dots). Here, the reduction increases with a
greater thickness of the sculpture. This observation differs
from the observations made for Scharnhorst (Fig. 16b),
where the results for the tomographic plane show the same
distribution, with higher reductions for short travel paths
as measured for the different transmission measurements.
Moreover, the values for the tomographic layer decreased
more notably than for the single measurements. This
unexpected result for Biilow may be explained by differ-
ent reasons. First of all, the total number of measurements
for a short distance have been smaller for Biilow in 2006
than for Scharnhorst; therefore, less velocities could be
compared for these distances. Another aspect that could
influence these results is a consolidation, which was per-
formed in 2006 for the sculptures. Here, 3% Paraloid B72
was applied to optimise the conditions of that sculpture.
The high volatility of the used solvent could lead to an
enrichment of that consolidation material on the surface.
This could also be an explanation for the higher veloci-
ties on the surface and the lower velocities in the middle
of that sculpture, analysed by the tomogram. The lower
velocity could also be strengthened by the influence of the
texture, as described above. In contrast to this, the veloci-
ties analysed for General von Scharnhorst show a “nor-
mal” distribution with lower velocities for short distances
and higher velocities for long distances. The velocities
for the tomogram show a high reduction, with an average
decrease of 1 km/s and a standard deviation of 0.6 km/s.
The monument of Biillow shows an average reduction of
0.7 km/s and a standard deviation of 0.3 km/s. Due to the
generally worse conditions for Biilow, the deterioration
progress slows down as compared to Scharnhorst.

@ Springer

A surprising aspect is the strong velocity decrease since
2006. In 2004, an annual winter sheltering was initiated for
both sculptures between November and April; therefore,
deterioration increasing effects such as ice crystallisation
should not affect the decay anymore. The reasons for the
decrease must, therefore, be the ongoing thermohygric
deterioration, induced by temperature changes under humid
conditions (e.g. Koch and Siegesmund 2004; Menningen
et al. 2018a). Another influence can possibly be a higher
degree of dryness in 2018, compared to the former measure-
ments, as the sculptures have been covered for three years.
The huge influence of humidity to the ultrasonic velocities
was reported several times; therefore, this effect cannot be
excluded, especially for the thicker parts like the torso.

The degree of deterioration for both sculptures shows an
alarming state and therefore, restoration measures need to
be undertaken. One possibility could be the application of
consolidation materials, which is difficult, as there are sev-
eral requirements that need to be fulfilled. The consolidation
materials need to reach a high penetration depth, which is
almost impossible based on conventional application meth-
ods as rinsing or the usage of a brush as the marble has a
very low water uptake. Another aspect is the material itself.
Acrylic resins and their application depths are connected to
the used solvent and a possible and very common migration
back to the surface as soon as the solvent evaporates. Also,
the physical properties of the consolidation material can
cause further problems. An alternative could be the appli-
cation of vacuum induced treatments. In October 2018, the
Neptune grotto in Potsdam, Park Sanssouci was reopened
after a successful acrylic total impregnation (ATI) by Ibach
GmbH (see Lachmann 2019). The use of a modified fluid for
the so-called ATI 50 treatment should cause lower thermal
expansion as the former formulation, as well as the thermal
stress, which occurs during the treatment should be lower
(see Sobott and Jbach 2019). Another possibility is the trans-
fer of both sculptures to a museum storage to ensure stable
environmental conditions, while the sculptures could be
replaced with copies.

In conclusion, the analysis of comparative ultrasonic
measurements is a powerful tool for providing a deeper
knowledge of the weathering behaviour. The careful and
transparent documentation of all measurements was in this
context the most important aspect for the comparative stud-
ies and allowed to distinguish between irregularities, espe-
cially as two sculptures with almost the same conditions
could be investigated.
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Fig. 16 Difference between

the measured ray velocities in
2006 and 2018 (km/s) for von
Biilow (a) and von Scharnhorst
(b). The grey dots represent the
reductions for the tomogram,
while the orange dots represent
the transmission measurements,
plotted according to the distance
(cm) the ray needed to travel
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