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Abstract 
 
Ancient temples consisting of classical columns have been exposed through the years to dynamic loads with sometimes detrimental ef-
fects. Predicting their dynamic behavior is important for their restoration and preservation. This paper analyzes the behavior of classical 
columns under dynamic loading using simplified two-dimensional finite element models. The adequacy of these models for the predic-
tion of the dynamic behavior of classical columns is verified comparing the numerical results with experimental measurements. The most 

important parameters that influence the model’s behavior are identified. The behavior of classical columns can be predicted in the direc-
tion of excitation with reasonable accuracy using two-dimensional finite element models when the properties of the models are selected 
appropriately. 
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1. Introduction 

During the last years, special attention has been given in the 
preservation of cultural monuments that are exposed to environ-
mental conditions and seismic activities. Ancient temples located 
in the Mediterranean Sea are unique structures consisting of multi-
drum columns used to support the roof of the temples. The deteri-
oration of these columns through the years has increased their 
vulnerability to earthquakes. Predicting their seismic response is 

important in order to find appropriate methods to restore and pre-
serve them. The dynamic behavior of multi-drum columns is high-
ly nonlinear and cannot be estimated easily with analytical meth-
ods. Previous research that examined the dynamic response of 
these complex structures was based either on experimental work 
on scaled-models or simulations with finite elements, finite differ-
ences, boundary elements and distinct elements [1-20]. These 
studies focused mostly on three-dimensional models that can bet-

ter simulate the rotation of the drums around the vertical axis and 
the out of plane motion. However, simplified two-dimensional 
finite element models are easier to formulate, limit the computa-
tional load and can be a useful first step for the investigation of the 
dynamic response of complex structures. 
In this work, the dynamic behavior of classical columns is investi-
gated using a two-dimensional finite element model. The numeri-
cal results are compared with available experimental measure-
ments [15]. The sensitivity of the dynamic response of the classi-

cal columns to various model parameters is quantified. 

2. Geometry of model and measurements 

The geometry of the two dimensional-model used for the numeri-
cal analysis was based on an actual 3-m eleven-drum column 
(Figure 1) used for experimental tests [15].  

 

 
Fig. 1: A Schematic of the Experimental Set-Up (Created by M. Miaoulis). 

 
The height and weight of the column were 0.584 m and 1.7 tn 
respectively. The diameter of the drums decreased linearly from 
0.584 m at the base to 0.445 m at the top. The drums were lying 
one above the other having contact only at the outer part of their 
top horizontal surface through a peripheral ring smoothly polished, 
while the rest remained unpolished and slightly indented. There 
were no links connecting the drums. The column was placed on a 

marble plate of the following dimensions: 0.9 m height; 0.7 m 
width and 0.14 m thickness. The whole arrangement was placed 
on a shake table that could perform seismic simulation in one 
direction. A steel frame surrounded the column and loose ropes 
were connecting it with the drums to avoid their accidental fall. 
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Accelerometers were placed at the top of the column and at sever-
al other locations throughout the column. The acceleration of the 
shaker was also measured via a built-in accelerometer. The accel-
erations were doubly integrated to obtain the corresponding dis-
placements. A random signal of 10 sec duration, containing fre-
quencies from 0 to 10 Hz was used for the investigation (Figure 2). 
 

 
Fig. 2: Input Random Excitation. 

3. Numerical approach 

A two-dimensional (2-D) finite element model (using the ANSYS 
computer software) was created to simulate the dynamic response 
of the 3-m marble multi-drum column described in the previous 
section (Figure 3). The planar approximation of the problem can 
be considered acceptable in this case, since the experimental re-
sults were obtained considering one component of seismic excita-
tion. Moreover 2-D models are easier to process, providing a more 
suitable solution for everyday application. 

 

 
Fig. 3: The 2-D Finite Element Model of the Column. 

 
Each drum was represented by a separate trapezoidal area and 
meshed as a deformable block using higher order plane elements. 
The element used is an eight-node axisymmetric-harmonic, high 

order element, with three degrees of freedom per node (transla-
tions in the nodal x, y and z directions). The element was selected 
since it provides more accurate results for mixed (quadrilateral-
triangular) meshes and can tolerate irregular shapes without as 
much loss of accuracy [21]. The modulus of elasticity and Pois-
son’s ratio were set to 25 GPa and 0.25 respectively. The number 
of elements was chosen in order to balance the accuracy of the 
results and the requirement of reduced analysis times. The 2-D 

model consisted of 693 elements (2477 nodes). To reduce the 
computational time and complexity of the model the smoothly 
polished ring at the top of each drum was neglected. 
The contact between the drums was simulated using a pair of con-
tact elements, each element representing one area (face) of the 
interface (usually identified as “target” and “contact” area). The 
selected 2-D contact elements are appropriate for the simulation of 
surface-to-surface contacts in planar models using the augmented 

Lagrange algorithm. This approach allows the identification of 
new contacts either at the nodes or at the integration points inside 

the contact faces. This formulation can represent successfully the 
motion of the drums including sliding and rocking. The total num-
ber of elements of the model, including those employed for the 
representation of the contacts’ behavior was 923. 
The dynamic response of the column depends on the friction be-
tween the drums, the normal stiffness of the contact areas and the 
damping. The friction that occurs when surfaces in contact are 
sliding was simulated using the Coulomb friction model. Values 

of μ = 0.3 and μ = 0.4 were selected for the friction coefficient μ 
based on the experimental results. The rocking of the drums was 
controlled through the normal stiffness of the contact areas that 
adjusts the penetration of one surface inside the other. The factor 
(KN) that represents the normal stiffness of the closed contact 
areas is unknown. Higher stiffness values decrease the amount of 
penetration but can lead to ill-conditioning of the global stiffness 
matrix and to convergence difficulties [21]. Values in the range of 

50-150 MPa (in ANSYS a negative sign is assigned in front of the 
factor) were used for KN in different tests.  
Rayleigh damping is in general represented by a mass proportional 
and a stiffness proportional element. Their values were obtained 
from the first two modes of the column when moving parallel to 
the excitation. These two modes were corresponding to the first 
two natural frequencies of the column identified at 1.29 and 3.85 
Hz respectively. The analysis showed that satisfactory results 

could be obtained employing only the first mode and the corre-
sponding mass proportional element, simplifying the procedure 
even further. In the model the Rayleigh damping was introduced 
assigning values to the damping ratio ζ in the range from 0 to 10%. 
This two-dimensional model with the properties and assumptions 
made reduced the analysis time and output load by almost 80% 
compared to a possible 3-D FE representation of the column.  

4. Results and discussion 

Results are presented for the top drum in the direction of the exci-
tation in which the dynamic response of the column was highest. 
Figure 4 shows the predicted and observed relative displacement 
of the top drum with respect to the base for damping ratio ζ = 5%, 
friction coefficient μ = 0.3, and normal stiffness factor KN = 100 
MPa/m. During the first 10 s, when the forced vibration occurred, 

the predicted and observed response were in reasonable agreement 
while there was a great difference for the free vibration part of the 
response. In this last part of motion not only the amplitudes of the 
displacements differed substantially but also the predicted re-
sponse exhibited a considerable residual displacement that was not 
observed in the experiment. By increasing the damping ratio, the 
free vibration part of the numerical response was reduced signifi-
cantly with the trade of higher discrepancy of the numerical and 

observed response in the forced part of motion (Figure 5). Values 
of the damping ratio less than 5% result in a better agreement of 
the predicted and observed response in the forced part of the vi-
bration, though substantially increasing the difference in the free 
vibration part.  
 

 
Fig. 4: Relative Displacement of the 2-D Model under Random Excitation 

with the KN = 100 MPa/m, μ = 0.30 and ζ = 5%. 



International Journal of Engineering & Technology 2483 

 
 

 
Fig. 5: Relative Displacement of the 2-D Model under Random Excitation 

with the KN = 100 MPa/m, μ = 0.30 and ζ = 10%. 

 
The coefficient of friction also plays an important role. Increasing 
its value to μ = 0.4 led to better model performance in the free 
vibration regime of motion without altering significantly the re-
sults in the forced vibration part (Figure 6).  
 

 
Fig. 6: Relative Displacement of the 2-D Model under Random Excitation 

with the KN = 100 MPa/m, μ = 0.40 and ζ = 5%. 

 
The value of the normal stiffness factor is also significant. Alter-
ing its value to much higher or lower numbers than 100 MPa/m 
reduced the accuracy of the predicted response (Figure 7).  
 

 
Fig. 7: Relative Displacement of the 2-D Model under Random Excitation 

with KN = 150 MPa/m, μ = 0.40 and ζ = 5%. 

 
Use of a damping ratio equal to 5%, a coefficient of friction equal 
to 0.4 and the normal stiffness factor of 100 MPa/m resulted in a 
reasonable model performance predicting the overall response of 
the column with somewhat smaller amplitudes. Similar observa-

tions can be made using the same set of parameters for predicting 
the dynamic response of the column under an earthquake excita-
tion (Figures 8-9).  
 

 
Fig. 8: Input Earthquake Excitation. 

 

 
Fig. 9: Relative Displacement of the 2-D Model under Earthquake Excita-

tion Excitation with KN = 100 MPa/m, μ = 0.40 and ζ = 5%. 

 
Given the previous observations, we may conclude that a planar 
model with these parameter values can serve as a solid foundation 
for a more detailed numerical investigation considering a three-

dimensional model of the multi-drum column.  

5. Conclusions 

The dynamic response of classical columns was examined using 
two-dimensional finite element models. These simplified models 
can be used at initial stages of the numerical investigation, giving 

beneficial information of how to proceed in the analysis of struc-
tures with complex geometry in a fraction of analysis time and 
output load. The finite element model of a multi-drum column was 
created and the critical properties that affect the predicted re-
sponse were identified. It was found that by selecting appropriate-
ly the properties of the finite element model a reasonable agree-
ment can be achieved between the predicted and the observed 
dynamic response reducing substantially the computational load 

and effort. 
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