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Abstract: Monumental artifacts belong to our cultural heritage, and there is a great need to protect
them from earthquake damage. This study experimentally investigates the behavior of replicas of
ancient vessels under seismic excitations. Each vessel was placed on a wooden base, which was
attached to a shake table and was excited by earthquake signals. The effect of the amplitude of the
excitation and the friction coefficient between the object and the base of support was examined. The
dynamic response of the vessels included sliding and rocking, which, at high excitation levels, could
involve rotation about their vertical axis and translation motion. High levels of excitation could cause
the vessels to overturn but this did not always occur at the same level of excitation. The coefficient
of friction is a key parameter of their behavior. If it is high, sliding motion is reduced while rocking
parallel to the direction of excitation increases, starting at low excitation levels. This could lead to an
early overturning of the object. The geometric characteristics and irregularities of the vessel can play
an important role in its dynamic response.
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1. Introduction

The preservation of monumental objects (artifacts) is of great importance. Vibrations
can create significant damage to artifacts. Several museums have reported damage to their
artifacts after earthquakes. For example, in 1999, a strong earthquake in Athens damaged
artifacts in the National Museum [1,2]. In 2016, statues collapsed due to earthquakes in
Italy [3]. In Zagreb (2020) and Turkey (2023), historical buildings and museum objects
suffered from damage after strong earthquakes.

Artifacts placed in museums can be damaged if other objects fall on them or if they
start moving due to the vibration of their base of support. Several studies have investigated
the vulnerability of museums’ objects due to earthquakes and examined techniques to
mitigate their damage [3–9].

Past analytical and numerical studies mainly examined the dynamic behavior of
rigid objects of rectangular shape and their conditions of sliding, rocking, and overturning,
focusing mostly on plane motion [10–20]. Numerical simulations extended the investigation
of the dynamic behavior of art objects of different shapes [13,21].

Experimental studies have examined the dynamic behavior of rigid blocks with shake
tables tests [22,23], the seismic assessment of a tall ceramic vase [24], the dynamic behavior
of typical museum arrangements [25], and the dynamic behavior and vibration protection
of ancient columns and statues [26,27].

The study of the dynamic behavior of artifacts with different sizes and materials can
give more information about their behavior under strong earthquakes and can lead to
improved protection measures. Past studies have shown that the dynamic behavior of
art objects includes mostly sliding and rocking if certain conditions are satisfied [1,11].
Rocking can lead to overturning, which can damage the object. Sliding can be acceptable if
it is limited; otherwise, collisions may occur with other objects or the walls of their display
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case. In addition, if the objects are fixed to their base, internal stresses that will develop
due to vibration may exceed their strength.

Most of the studies examined the behavior of freestanding objects numerically, con-
sidering them as rigid bodies responding to the seismic excitation by sliding and rocking,
neglecting rotation about vertical axes. In addition, the criteria for rocking or sliding and
the effect of the coefficient of friction on their behavior have been mostly identified by
considering regular rectangular objects [28]. Limited experimental studies have examined
the dynamic behavior of objects with irregular geometry [24].

This study experimentally examines the dynamic behavior of replicas of freestanding
small ancient vessels under earthquake excitations. Small vessels with different geometric
characteristics were placed on a wooden base that was attached to a shake table. Their
dynamic response was measured. The influence of the coefficient of friction and the
intensity of excitation were investigated. The criteria of rocking, sliding, and overturning
were also examined. The findings of this research are not limited to ancient vessels but can
be extended to any artifacts of similar shape.

2. Experimental Investigation

Small freestanding replicas of ancient vessels with different geometric characteristics
were used. These included two red-figured lekythos, one amphora, and one crater (Figure 1).
The geometric characteristics of the vessels are presented in Table 1, where b corresponds
to half the diameter of the bottom of the vessel and h the distance of the center of gravity of
the vessel from its plane of support.
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The laboratory tests were conducted by setting each vessel on a wooden base (melamine
support base) that was fixed on a shake table by using steel angles. A safety frame was
placed around the experimental set-up. Loose strings connected the top part of the safety
frame with the vessels’ handles to prevent them from falling. The shake table applied the
excitation horizontally in one direction.

Two sets of experiments were performed for each vessel. In the first set, the coefficient
of friction between the plane of support and the object was approximately µ = 0.28 (small
coefficient of friction) for all objects. In the second set, a layer of felt was added, increasing
the coefficient of friction to µ = 0.41 (large coefficient of friction). Determining the coefficient
of friction for the vessels was challenging due to their geometry. When placed on an incline
in the upright position, they would overturn before sliding, making it difficult to obtain
the angle at which sliding would occur. For that reason, the coefficient of friction was
determined by placing the vessels (as well as a flat ceramic object) lying down on the
surfaces of contact and measuring the tangent of the angle that would invoke sliding.
According to physics, the coefficient of friction is equal to the tangent of the angle at which
the object is about to slide.

The displacement and acceleration of the support base were measured with a draw
wire (Waycon, 225 mm) and an accelerometer (Kistler, ±2 g), respectively. Initially, the
dynamic behavior of the vessels was observed for all earthquake signals used, measuring
only the motion of the base. Later on, the motion of the vessels was recorded. This
was challenging due to their small mass and curved geometry. Three laser transducers
(Waycon, LAS-T-500-A, Series 1,440,221, 100–600 mm, Taufkirchen, Germany) were used
to measure the displacement of all vessels. The top acceleration was measured only for
the amphora because it was the only vessel with substantial mass such that the addition
of the accelerometer would not affect its motion. Two of the laser transducers measured
the displacement of the top and lower part of the vessel parallel to the direction of the
excitation. The third transducer measured the displacement of the top part of the object
perpendicular to the direction of the excitation. An 8-channel sensor interface system
(Kyowa PCD-330B-F, Tokyo, Japan) was used to collect the data from the sensors. Since
the irregularity in geometry could affect the results during rocking, and the motion of the
object could be large enough that it could not be captured from the transducers for all
excitation levels, lightweight rectangular cardboards were attached at the top and lower
part of the vessel (Figure 2). The use of cardboard provided a more accurate estimation of
the vessel’s response as long as the laser transducers maintained contact with the vessel,
which was the case most of the time. In a few instances, when the rotation was significant
and the instruments lost contact with the vessel, extremely high readings were produced,
which were easily identifiable and were not considered peak displacements. Large rotation
occurred only for a few of the cases examined for high levels of excitation. Even though
significant rotation may reduce the accuracy of the results, a good estimation of the vessel’s
movement can still be obtained. Most of the experiments were recorded by a camera. Hand
measurements were taken at the end of each experiment to identify if the vessel moved
from its original position.

The excitation consisted of earthquake signals with different frequency spectrums.
The intensity of the signals was increased gradually until the overturning of the vessel.
In this article, the results from an earthquake, with a frequency spectrum in the range of
0–6 Hz, are presented. This earthquake (DOI: 10.5281/zenodo.12679347) was selected due
to its broad frequency spectrum. Figure 3 depicts the time history and frequency spectrum
of the earthquake signal for one of the levels of excitation used in the experiments. The
acceleration and displacement were measured by the instruments, and the velocity was
obtained from the acceleration by integration. Mathworks, MATLAB, Release 2022b was
used, for the graphical representation of the data.



Appl. Mech. 2024, 5 859Appl. Mech. 2024, 5, FOR PEER REVIEW 4 
 

 

 
Figure 2. Photograph of the experimental set-up. 

The excitation consisted of earthquake signals with different frequency spectrums. 
The intensity of the signals was increased gradually until the overturning of the vessel. In 
this article, the results from an earthquake, with a frequency spectrum in the range of 0–6 
Hz, are presented. This earthquake (DOI: 10.5281/zenodo.12679347) was selected due to 
its broad frequency spectrum. Figure 3 depicts the time history and frequency spectrum 
of the earthquake signal for one of the levels of excitation used in the experiments. The 
acceleration and displacement were measured by the instruments, and the velocity was 
obtained from the acceleration by integration. Mathworks, MATLAB, Release 2022b was 
used, for the graphical representation of the data. 

 

0 5 10 15 20 25 30 35 40
Time (s)

-0.3
-0.15

0
0.15

0.3

Ac
ce

le
ra

tio
n 

(g
)

(a)

1 2 3 4 5 6 7 8
Frequency (Hz)

0

2

4

Am
pl

itu
de

 (g
) 10-3

(b)

Figure 2. Photograph of the experimental set-up.

Appl. Mech. 2024, 5, FOR PEER REVIEW 4 
 

 

 

Figure 2. Photograph of the experimental set-up. 

The excitation consisted of earthquake signals with different frequency spectrums. 

The intensity of the signals was increased gradually until the overturning of the vessel. In 

this article, the results from an earthquake, with a frequency spectrum in the range of 0–6 

Hz, are presented. This earthquake (DOI: 10.5281/zenodo.12679347) was selected due to 

its broad frequency spectrum. Figure 3 depicts the time history and frequency spectrum 

of the earthquake signal for one of the levels of excitation used in the experiments. The 

acceleration and displacement were measured by the instruments, and the velocity was 

obtained from the acceleration by integration. Mathworks, MATLAB, Release 2022b was 

used, for the graphical representation of the data. 

 

Appl. Mech. 2024, 5, FOR PEER REVIEW 5 
 

 

 

Figure 3. Base excitation: (a) acceleration; (b) its frequency spectrum; (c) velocity; and (d) displace-

ment time history. 

3. Experimental Results 

The dynamic response of the vessels, depending on the surface of their base, included 

sliding, rotation, and rocking, which could lead to overturning. In the next sections, the 

dynamic response of the vessels examined in the experiments is described in detail. 

3.1. Large Lekythos  

Initially, the large lekythos was placed on the wooden base where the coefficient of 

friction between the plane of support and the object was approximately equal to 0.28 

(small coefficient of friction). Figure 4 presents the peak relative displacement (relative to 

the base of support) of the top and lower part of the vessel with respect to the peak base 

acceleration. In addition, the peak displacement of the top part of the vessel perpendicular 

to the direction of the excitation is also presented. The logarithmic scale was selected to 

present the peak displacement due to the wide range of values. At lower levels of excita-

tion, slight motion of the vessel’s upper part was observed with no visible movement of 

its base. Visible rocking started when the peak acceleration was close to 0.18 g. At higher 

excitation levels, rotation around the vessel’s vertical axis occurred simultaneously with 

rocking. This can be observed in Figure 5, which features images taken from a video that 

recorded the motion of the object when it was subjected to the earthquake excitation level 

that led to its overturning. The distance between the two curves corresponding to the 

maximum displacement of the top and bottom of the vessel indicates that rocking took 

place. At higher levels of excitation, the peak displacement of the top part of the vessel 

parallel and perpendicular to the direction of the excitation were approaching each other. 

Overturning occurred when the peak velocity and acceleration of the excitation were close 

to 0.14 m/s and 0.25 g, respectively. In other earthquake excitation signals, the object some-

times fell when the excitation level was high enough, while sometimes (at the same exci-

tation level) it would rock and rotate, coming very close to falling, but, at the last instance, 

it would find its balance, avoiding a fall. 

Figure 3. Base excitation: (a) acceleration; (b) its frequency spectrum; (c) velocity; and (d) displace-
ment time history.



Appl. Mech. 2024, 5 860

3. Experimental Results

The dynamic response of the vessels, depending on the surface of their base, included
sliding, rotation, and rocking, which could lead to overturning. In the next sections, the
dynamic response of the vessels examined in the experiments is described in detail.

3.1. Large Lekythos

Initially, the large lekythos was placed on the wooden base where the coefficient of
friction between the plane of support and the object was approximately equal to 0.28 (small
coefficient of friction). Figure 4 presents the peak relative displacement (relative to the
base of support) of the top and lower part of the vessel with respect to the peak base
acceleration. In addition, the peak displacement of the top part of the vessel perpendicular
to the direction of the excitation is also presented. The logarithmic scale was selected to
present the peak displacement due to the wide range of values. At lower levels of excitation,
slight motion of the vessel’s upper part was observed with no visible movement of its base.
Visible rocking started when the peak acceleration was close to 0.18 g. At higher excitation
levels, rotation around the vessel’s vertical axis occurred simultaneously with rocking. This
can be observed in Figure 5, which features images taken from a video that recorded the
motion of the object when it was subjected to the earthquake excitation level that led to
its overturning. The distance between the two curves corresponding to the maximum
displacement of the top and bottom of the vessel indicates that rocking took place. At
higher levels of excitation, the peak displacement of the top part of the vessel parallel and
perpendicular to the direction of the excitation were approaching each other. Overturning
occurred when the peak velocity and acceleration of the excitation were close to 0.14 m/s
and 0.25 g, respectively. In other earthquake excitation signals, the object sometimes fell
when the excitation level was high enough, while sometimes (at the same excitation level)
it would rock and rotate, coming very close to falling, but, at the last instance, it would find
its balance, avoiding a fall.
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excitation (small coefficient of friction).

Figure 6 depicts the relative displacement of the large lekythos for a peak acceleration
of 0.23 g, which is smaller but close to the peak acceleration that caused overturning. In the
lower part of the Figure, the base acceleration was added to understand the behavior of the
object with respect to the excitation. At low levels of excitation, the object’s base remained
stationary until the excitation reached a certain point. However, the top of the object might
move slightly due to irregularities and imperfections in its base without visible lifting from
the support surface. Rocking motion started after the 20th second of the excitation which
can be observed by the difference that exists between the displacement of the top and
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lower part of the vessel. According to theory, as mentioned in the following discussion
section, several conditions must be satisfied for the object to start rocking or sliding. These
conditions were not satisfied prior to the 20th second. Actually, rocking started a little
earlier than predicted by the theory. Considerable motion also existed perpendicular to the
direction of the excitation, including rotation of the object about its vertical axis. The object’s
final position was approximately 3 mm and 2 mm, far from its start position, parallel and
perpendicular to the direction of excitation, respectively. This translation occurred as the
object was rocking.
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Figure 5. Photographs showing the seismic response of the large lekythos (small coefficient of friction).
Rotation of the large lekythos about its vertical axis is observed.
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The seismic behavior of the vessel changed when the coefficient of friction increased
(Figure 7). A slight motion of the vessel’s top was observed even at the lowest excitation
levels, with no visible lifting from its base. Visible rocking started when the peak base
acceleration was close to 0.12 g, which is obvious from the distance between the two curves
corresponding to the peak displacement of the top (solid black curve) and bottom parts
(dashed black curve) of the vessel. The vessel moved mostly parallel to the direction of
the excitation (Figure 8) without rotation. Overturning occurred when the peak velocity
and peak acceleration of the excitation were close to 0.14 m/s and 0.25 g, respectively. The
increase in the coefficient of friction reduced the motion perpendicular to the direction of
excitation and the rotation about its vertical axis but did not alter the level of excitation at
which overturning occurred.
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Figure 8. Photographs showing the seismic response of the large lekythos (large coefficient of friction).
No rotation is observed.

Figure 9 depicts the relative displacement of the vessel for a peak acceleration of 0.22 g,
which is a little smaller than the peak acceleration that caused the overturning. Rocking
started early since there was a difference in amplitudes between the top and lower parts
of the vessel. The object’s final position was approximately 2 mm away from its starting
position, parallel to the direction of excitation. This change in position occurred as the
object was rocking. The motion of the top part of the object perpendicular to the direction of
the excitation was small. Figures 6 and 9 show the response of the vessel at approximately
the same level of excitation. The response was different due to the coefficient of friction.
The increase in the coefficient of friction caused rocking to occur much earlier and reduced
the motion perpendicular to the direction of excitation.
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to the direction of excitation (large coefficient of friction).

3.2. Small Lekythos

In the next set of experiments, the small lekythos was placed on the wooden base
(small coefficient of friction). The main dynamic response of this vessel was sliding parallel
to the direction of the excitation (Figure 10). This can be observed by the closeness of the
two curves representing the motion of the top and lower parts of the vessel parallel to the
direction of excitation. Sliding and rocking were observed at high excitation levels and
close to the level that the object would fall (Figure 11). Overturning occurred when the
peak velocity of the support base was close to 0.22 m/s. Higher excitation levels, compared
to the large lekythos, were required for the object to fall.
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Figure 11. Photographs showing the seismic response of the small lekythos (small coefficient of
friction).

Figure 12 depicts the displacement of the vessel for a peak acceleration of 0.36 g, which
is slightly lower than the peak acceleration that caused overturning. It is observed that no
rocking occurred since the motion of the top part and lower part coincided. Sliding began
occurring after the 20th second when the excitation was strong enough to overcome the
friction. The object was sliding back and forth parallel to the direction of the excitation till
it reached its final position, which was approximately 7 mm away from its starting position.
Sliding perpendicular to the direction of the excitation was very small.

The seismic behavior of the vessel was altered when the coefficient of friction increased
(Figure 13). Sliding was minimized while visible rocking began at approximately 0.17 g.
Overturning occurred when the peak velocity of the support base was close to 0.14 m/s.
The influence of the surface on the dynamic behavior of the small lekythos was signif-
icant. The object overturned at almost half the base acceleration level required for low
friction (Figure 10).

Figure 14 depicts the relative displacement of the vessel for a peak acceleration of
0.23 g, which is smaller but close to the peak acceleration caused by overturning. The
difference in displacement between the top and lower parts of the vessel indicates that the
rocking motion began around the 15th second of the excitation, corresponding to a base
acceleration of 0.15 g. Weaker motion occurred perpendicular to the direction of excitation.
The object’s final position was approximately 1.5 mm far from its starting position, parallel
and perpendicular to the direction of excitation. The increase in the coefficient of friction
resulted in the motion of the vessel occurring much earlier, reduced sliding, and introduced
intense rocking parallel to the direction of excitation.
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Figure 14. Response displacement of the small vessel for peak base acceleration (pba) 0.23 g: (a) top
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3.3. Amphora

In the next set of experiments, the amphora was used. For the small coefficient of
friction, rocking was the primary motion of the object, beginning at low levels of excitation.
At higher levels of excitation, rocking intensified, and the amphora rotated about its vertical
axis, reaching levels up to 90◦ (Figure 15). The object sometimes would fall when the
excitation level was high enough, and sometimes, at the same excitation level, it would
rock, rotate, and be very close to falling, but at the last instance, it would find its balance
without falling. This is depicted in Figure 16, with the red dots presenting the point where
there is a high possibility of overturning from the corresponding excitation level and above.
The peak velocity of the base at this point was 0.23 m/s.

Figure 17 depicts the relative displacement of the vessel for a peak acceleration of
0.35 g. The motion included intense rocking with rotation and a final displacement of
approximately 2 cm from its initial position, both parallel and perpendicular to the direction
of excitation. Rocking started early when the peak base acceleration was close to 0.15 g.
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Figure 15. Photographs showing the seismic response of the amphora (small coefficient of friction).
Rotation of the amphora about its vertical axis is observed.
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Figure 17. Response displacement of the amphora for peak base acceleration (pba) 0.35 g: (a) top and
lower parts parallel to the direction of excitation; (b) lower part parallel and top part perpendicular
to the direction of excitation (small coefficient of friction).

The increase in the coefficient of friction minimized the rotation of the amphora about
its vertical axis (Figure 18). Its final position could be 1–2 cm away from its starting position.
Overturning occurred when the peak velocity of the excitation was close to 0.25 m/s.
Figure 19 presents the peak displacement with respect to the peak base acceleration. The
difference between the peak displacement of the lower part and the top part of the vessel
indicates that rocking started at low levels of excitation. The coefficient of friction played a
less important role than in the previous cases examined.
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Figure 18. Photographs showing the seismic response of the amphora (large coefficient of friction).
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Figure 19. Peak displacement of the amphora under different intensity levels of the earthquake
excitation (large coefficient of friction).
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Figure 20 depicts the response displacement of the vessel for a peak acceleration of
0.37 g. The motion included intense rocking with small rotation and final displacement
from its initial position by approximately 15 mm perpendicular to the direction of excitation.
Rocking started early when the peak base acceleration was close to 0.15 g. The increase in
friction increased rocking parallel to the direction of excitation but reduced the rotation of
the object.
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Figure 20. Response displacement of the amphora for peak base acceleration (pba) 0.37 g: (a) top and
lower parts parallel to the direction of excitation; (b) lower part parallel and top part perpendicular
to the direction of excitation (large coefficient of friction).

3.4. Krater

In the next set of experiments, the response of the krater was examined. High excitation
levels (greater than 0.35 g) were needed for the krater to overcome friction. For the small
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coefficient of friction, sliding occurred mostly in the direction parallel to the excitation. No
rocking or rotation was observed (Figure 21), and the peak displacement of the top and
lower parts of the object practically coincided. Increasing the level of excitation increased
the sliding without rocking or overturning (up to a level of excitation with a peak velocity
of 0.44 m/s). At the high levels of excitation, the vessel would slide back and forth.
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Figure 21. Peak displacement of the krater under different intensity levels of the earthquake excitation
(small coefficient of friction).

Figure 22 depicts the response relative displacement of the vessel for a peak accelera-
tion of 0.55 g. The motion of the object included sliding, starting at peak base acceleration
close to 0.14 g. In addition, small sliding occurred perpendicular to the direction of excita-
tion. The object’s final position was approximately 13 mm and 7 mm far from its starting
position, parallel and perpendicular to the direction of excitation, respectively. The object
moved back and forth parallel to the direction of excitation.
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Figure 22. Response displacement of the krater for peak base acceleration 0.55 g: (a) top and lower
part parallel to the direction of excitation; (b) lower part parallel and top part perpendicular to the
direction of excitation (small coefficient of friction).

The increase in the coefficient of friction led to rocking when the peak acceleration
was close to 0.35 g. The rocking motion was parallel to the direction of excitation and was
accompanied by rotation when it was intense (Figure 23). Figure 24 shows the dynamic
behavior of the vessel for the higher coefficient of friction. The sharp increase in the motion
perpendicular to the direction of the excitation was due to the large motion and rotation of
the vessel, which occasionally caused the laser transducer to lose contact with the vessel.
This can happen when the excitation level is close to the one that causes the object to
overturn. The increase in the friction level significantly affected the behavior of the vessel,
leading to overturning at a peak base velocity of 0.28 m/s.
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Figure 23. Photographs showing the seismic response of the krater (large coefficient of friction).

Figure 25 depicts the relative displacement of the vessel for a peak acceleration of
0.45 g. The motion of the object included intense rocking and rotation, which caused the
laser measuring the motion perpendicular to the direction of excitation to lose contact with
it. This can be observed in Figure 25b at the 22 s of the excitation.



Appl. Mech. 2024, 5 872

Appl. Mech. 2024, 5, FOR PEER REVIEW 19 
 

 

The increase in the coefficient of friction led to rocking when the peak acceleration 

was close to 0.35 g. The rocking motion was parallel to the direction of excitation and was 

accompanied by rotation when it was intense (Figure 23). Figure 24 shows the dynamic 

behavior of the vessel for the higher coefficient of friction. The sharp increase in the motion 

perpendicular to the direction of the excitation was due to the large motion and rotation 

of the vessel, which occasionally caused the laser transducer to lose contact with the ves-

sel. This can happen when the excitation level is close to the one that causes the object to 

overturn. The increase in the friction level significantly affected the behavior of the vessel, 

leading to overturning at a peak base velocity of 0.28 m/s.  

 

Figure 23. Photographs showing the seismic response of the krater (large coefficient of friction). 

 

Figure 24. Peak displacement of the krater under different intensity levels of the earthquake excita-

tion (large coefficient of friction). 

Figure 25 depicts the relative displacement of the vessel for a peak acceleration of 

0.45 g. The motion of the object included intense rocking and rotation, which caused the 

laser measuring the motion perpendicular to the direction of excitation to lose contact 

with it. This can be observed in Figure 25b at the 22 s of the excitation.  

Figure 24. Peak displacement of the krater under different intensity levels of the earthquake excitation
(large coefficient of friction).

Appl. Mech. 2024, 5, FOR PEER REVIEW 20 
 

 

 

 

Figure 25. Response displacement of the krater for peak base acceleration 0.45 g: (a) top and lower 

parts parallel to the direction of excitation; (b) lower part parallel and top part perpendicular to the 

direction of excitation (large coefficient of friction). 

4. Discussion 

According to Augusti et al. [11], the horizontal velocity for overturning slender par-

allelepipedal objects satisfies the following expression: 

𝑣 > 10
2𝑏

√2ℎ
         (1) 

where b corresponds to half the diameter of the bottom of the vessel in cm, and h is the 

distance of the center of gravity of the vessel from its plane of support in cm.  

According to Equation (1) and the characteristics of the vessels used in the experi-

ments, overturning should occur at peak velocities greater than 0.12 m/s for the large and 

small lekythos and 0.19 m/s for the amphora and the krater. In the conducted experiments 
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4. Discussion

According to Augusti et al. [11], the horizontal velocity for overturning slender paral-
lelepipedal objects satisfies the following expression:

v > 10
2b√
2h

(1)

where b corresponds to half the diameter of the bottom of the vessel in cm, and h is the
distance of the center of gravity of the vessel from its plane of support in cm.

According to Equation (1) and the characteristics of the vessels used in the experi-
ments, overturning should occur at peak velocities greater than 0.12 m/s for the large
and small lekythos and 0.19 m/s for the amphora and the krater. In the conducted experi-
ments for all vessels overturning occurred at peak velocity of excitation in accordance to
Equation (1). The overturning velocities observed from the conducted experiments were
large lekythos 0.14 m/s, small lekythos 0.22 m/s (small coefficient of friction) and 0.14 m/s
(large coefficient of friction), amphora 0.23–0.25 m/s, and krater 0.28 m/s (large coefficient
of friction).

The coefficient of friction plays an important role in the seismic behavior of the vessels.
A high coefficient of friction may prevent the vessel from moving. However, at high levels
of excitation, depending on the geometry of the vessel, sliding or rocking can take place
according to the following equations.

According to theory [11], sliding can take place if

∣∣ag
∣∣ < b

h
g and

∣∣ag
∣∣ > µg (2)

while a necessary condition for rocking is

∣∣ag
∣∣ > b

h
g (3)

where ag is the peak base acceleration, and µ is the coefficient of friction between the object
and the plane of support.

In the conducted experiments, it was observed that the high coefficient of friction
delayed the beginning of motion. When motion was initiated due to high excitation levels,
it primarily involved rocking confined to a vertical plane parallel to the direction of the
excitation, minimizing sliding or rotation of the vessels until overturning occurred at high
excitation levels.

Sliding was observed mostly for the small coefficient of friction and for the small
lekythos and the krater. Figures 10 and 21 show that at the large levels of excitation, sliding
kept occurring, exceeding the first limit of Equation (2). Peak base acceleration higher than
(b/h)g occurred in one or two instances, followed by much lower values of acceleration,
which did not suffice to invoke rocking.

Rocking occurred several times at values of peak base acceleration lower than (b/h)g,
particularly for the large coefficient of friction, which plays an important role. The seismic
behavior of objects is also influenced by the eccentricity of their center of mass [22,29] and
the imperfections of their base.

It is noteworthy that (i) the difference in behavior between the small lekythos and
amphora with close values of b/h, and (ii) the similarity in behavior between the small
lekythos and the krater, which had a large difference in b/h but almost equal (small) height
and distance of their center of gravity from their base of support. The overall geometry
and existing irregularities play an important role in the dynamic behavior of the objects.

In future research, the effect of the frequency content of an excitation signal on the
seismic response of the vessels will be explored using harmonic excitation, allowing the
study of each frequency’s impact separately. In addition, ways to minimize the motion of
monumental objects and increase their seismic safety without altering their appearance



Appl. Mech. 2024, 5 874

need to be studied. There is a lot of research in the area of civil engineering, where non-
conventional techniques have been used to control seismic vibrations of structures [26,30].
Base isolation and dampers have already been used for the reduction in the response of
large art objects [13,27]. All existing techniques can be studied and compared to identify the
most appropriate method for protecting these fragile objects, considering that the materials
of several have deteriorated and weakened.

5. Conclusions

The dynamic behavior of replicas of ancient vessels was examined. These replicas
included two lekythos with different sizes: one amphora and one krater. The geometric
characteristics, the level of excitation and the coefficient of friction at the interface of the
vessel and its base of support are important parameters that influence the dynamic behavior
of the vessels. The results of this study are summarized in the following paragraphs.

The large lekythos, when the coefficient of friction was small, at low levels of excitation,
exhibited slight motion of the top part. At higher levels of excitation, its dynamic response
included rocking and rotation around its vertical axis. Increasing the coefficient of friction
led to rocking parallel to the direction of excitation, even at lower excitation levels, while
reducing the out-of-plane motion. However, this did not affect the level of excitation at
which overturning occurred.

The dynamic response of the small lekythos was different than the large one. When the
coefficient of friction was small, its primary response was sliding parallel to the direction of
excitation. Higher excitation levels, compared to the large lekythos, were required for the
small lekythos to overturn. Increasing the coefficient of friction significantly affected the
dynamic response of small lekythos. Sliding was minimized, visible rocking started from
low levels of excitation, and overturning occurred at nearly half the base acceleration level
required in the low friction case.

The main dynamic response of the amphora, when the coefficient of friction and the
level of excitation were low, was rocking. The increase in the excitation level intensified
rocking while initiating rotation about its vertical axis. The large coefficient of friction
minimized rotation but played a less significant role than in the previous cases.

The krater had similar behavior with the small lekythos. For the small coefficient of
friction, sliding parallel to the direction of excitation was the main motion. The increase
in the coefficient of friction influenced considerably the behavior of the krater, producing
rocking parallel to the direction of excitation, which was accompanied by rotation when
the excitation was intense.

Concluding, the coefficient of friction between the interface of the vessel and its base
of support plays an important role. A high coefficient of friction reduces sliding and
facilitates rocking at lower levels of excitation than expected, increasing the probability
of overturning.

The overall geometry of the vessel and existing irregularities also influence its dynamic
behavior.

The peak base acceleration required to invoke rocking and overturning must be
applied to the object for a period of time to generate the necessary conditions. Overturning
will not always occur at the same level of excitation. The vessel at high levels of excitation
may rock and rotate, being close to falling, but, at the last moment, may find its balance,
avoiding falling.
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