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Abstract: The present study focuses on the dynamic system identification of the Suleiman Mosque
minaret in the medieval city of Rhodes, Greece. Suleiman Mosque was built in 1522 at the site of the
destroyed Christian Church of the Apostles. First, we performed sets of ambient vibration measure-
ments at the minaret of the monument. Based on these data, we calculated the eigenproperties of the
minaret. Next, we modeled the monument in three dimensions, using the finite element method. Six
numerical models were considered. Model I is the simplest one (isolated, fixed base minaret). Model
VI is the most complicated one (simulation of the whole mosque also considering soil–structure
interaction and foundation flexibility). The calculated predominant periods and mode shapes of
Models I–VI are validated against the microtremor field measurements, recorded on the minaret’s
two floors and ground level. We elaborate on the reliability of finite element models for earthquake
response evaluation, considering soil–structure interaction and foundation flexibility on the mode
shape eigenfrequencies. Additionally, we discuss the seismic response of the minaret compared to
the whole monument. We observed no significant difference in the first two modes of response,
implying that the minaret’s dynamic behavior is slightly affected by the entire mosque’s presence.

Keywords: microtremors; field measurements; monuments; ambient vibration measurements; modal
analysis; time history analysis

1. Introduction

Currently, there is an urgent need to promote efficient, safe, and cost-effective strate-
gies for the risk assessment and mitigation of historical masonry monuments [1]. Preserva-
tion of cultural heritage assets must guarantee their capacity to last over time against decay,
natural hazards, and extreme events without losing their authenticity and usability. The
assessment of historical buildings’ structural health through non-destructive techniques,
which allow for taking measurements with no damage to the building and without inter-
fering with its regular use, is fundamental to preserving their cultural integrity. For this
purpose, structural health monitoring (SHM) plays a crucial role in providing information
on structures’ dynamic properties and accurately evaluating monuments’ seismic response.

In the last decade, the number of SHM systems designed and implemented on historic
structures increased considerably [2–4]. Ambient noise measurement is one of the most
widespread methodologies for identifying structures’ dynamic properties [5–8]. Among the
numerous recent publications on microtremor measurements, we mention the following:
(a) System identification techniques using ambient noise measurements to estimate natural
structural frequencies, vibration modes, mode shapes, and damping [9–11]. (b) Frequency
domain techniques also using ambient noise measurements in historical masonry structures
to estimate the actual structural pathology of different structural components [12,13]
and the natural frequencies of the monument [5–7,14,15]. (c) Array measurement of
microtremors has been widely used to estimate the elastic dynamic soil properties in
terms of shear-wave velocity, using various techniques [16–19]. During ambient vibration
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testing, the structure is triggered by loads such as the wind or human activity. Thus, the
structure behaves in the elastic range. Comparing the field measurements with the results
of numerical analyses such as modal analysis is a way to upgrade the simulation of a
structure and consider the effects of the soil properties in its dynamic response. Thus, the
data obtained from microtremor measurements can be used to estimate the monument’s
fundamental dynamic properties, namely the frequencies, the modes of vibration, and
the modal damping ratios. This information helps to develop reliable numerical models
and supports the effective planning and prioritization of strengthening interventions to
monumental structures. Furthermore, the ambient noise’s broad frequency content, without
an artificial excitation, is crucial for recognizing the main modal frequencies in a single step.
In general, operational modal analysis (OMA) is more often applied than forced vibration
measurements because the same modal parameters can be obtained from vibration data in
operational rather than laboratory conditions [20]. Several studies have been conducted
using ambient vibration testing for the identification of the dynamic behavior [21–23] and
vulnerability assessment [24,25] of buildings.

In this study, we investigate the Suleiman Mosque situated in the medieval city of
Rhodes, in Greece. Particular emphasis is given to the seismic response of the minaret of
the Suleiman Mosque. We performed sets of ambient vibration measurements. Minarets
are slender structures and generally built near mosques using different structural materials
such as brick, stone, concrete, timber, and steel. They can be classified depending on
the slenderness ratio [26]. Masonry minarets are most vulnerable to earthquakes due to
their slender geometry [27–29]. The seismic behavior of minarets depends on soil type,
boundary conditions, geometrical characteristics, mechanical properties of units, and wind
and earthquake loads. Due to the large number of collapses occurring due to earthquake
effects, minarets’ seismic performances have been widely investigated in the literature. Ex-
perimental and numerical behaviors of masonry and reinforced concrete minarets or towers
with and without restoration were investigated by Şahin et al. [30], Osmancikli et al. [31],
Bayraktar et al. [32], Bernardeschi et al. [33], Bayraktar et al. [34], and Forcellini et al. [35].
Although there are several studies on the SSI effect on buildings, the studies taking into
account the SSI effect on minarets or towers are very limited. To this end, we study the
effect of soil–structure interaction and foundation flexibility on the dynamic characteristics
of minarets.

Dynamic soil–structure interaction (SSI) effects are usually neglected in most studies.
However, SSIs may have a substantial impact on the seismic response of structures, modify-
ing their dynamic characteristics and seismic performance at the foundation level [36–39].
The seismic vulnerability of slender minarets and towers may be heavily influenced by the
interaction with the foundation soil subjected to strong ground motions. Casolo et al. [28]
conducted comparative seismic vulnerability analysis on ten masonry towers to identify
the factors that play a crucial role in their seismic vulnerability, while Hökelekli and Al-
Helwani [40] investigated the effects of SSIs with infinite elements on the seismic damage
behavior of stone masonry minarets with different soil types, considering the linear behav-
ior of the soil domain. Several other studies also deal with the influence of soil–structure
interactions on the fragility of buildings either on shallow or deep foundations [41–44].

The main objectives of the present paper are (i) to discuss the reliability of finite
element models (compared with the experimental data) to evaluate the actual mode shapes
and eigenfrequencies of the minarets and thus to evaluate the response of the minarets to
potential ground motions in future earthquakes, (ii) to discuss the effect of soil–structure
interactions and foundation flexibility on the dynamic characteristics of minarets, (iii) to
discuss the response of the minaret compared to the whole monument and highlight the
finding that the minaret responds independently from the rest of the structure. The present
paper provides solid evidence of the unique dynamic response of soil–mosque–minaret
systems, using both numerical and experimental data, highlighting the effect of the soil on
the dynamic response.
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Initially, we describe the historical data of Suleiman Mosque, its geometrical and
mechanical properties, as well as the soil properties of the area where the monument is
located. Subsequently, we present the field microtremor surveys performed, as well as the
system identification and OMA we conducted. Six numerical models are presented and
separately studied. In general, it is seen that due to the symmetry of the minaret, the first
and second frequency values are almost the same for all the examined numerical models.
This also implies that the seismic behavior of the minaret dominates the whole mosque’s
seismic response.

2. The Suleiman Mosque in the Medieval City of Rhodes
2.1. Historical Data

Suleiman Mosque, located in the medieval city of Rhodes (Figure 1), was built in the
16th century by Sultan Suleiman the Magnificent, just after the conquest of Rhodes in 1522
(Figure 2a). It is said that the sultan built the monument in 1522 to celebrate the victory
of the Turkish over the Knights. The present study’s subject is mainly the minaret of the
Suleiman Mosque and not the whole structure. The 26 m tall minaret with its two balconies
stands at the northwest side of the monument’s central hall. Many natural disasters, the
most important of which are earthquakes and an explosion underneath the bell tower of a
nearby church, damaged the monument. In the early 1980s, the minaret started declining.
For this reason, rebuilding of the minaret was unavoidable (Figure 2b) due to the advanced
decay of its sandstone blocks. In 1988, the minaret was dismantled and then rebuilt in
2005. The masonry of the new structure was built from fine quality local limestone (more
robust than the former masonry stone blocks) and lime mortar with 10% concrete content,
reproducing the original sculptured moldings and reinforced with horizontal metal hoops,
vertical titanium pins, and lead poured between each course of the masonry [45].
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2.2. Geometrical Properties

The mosque is made of load-bearing masonry. The mosque’s plan view is symmet-
rical in the NW–SE axis and includes three square spaces in a row. The central space,
8.00 × 8.00 m, is the largest one, while the other two have a plan view of approximately
5.00 × 5.00 m. The three spaces are lined so that the northwest side, which is also the
façade, is about 22.00 m. The masonry, internal and external, is about 1.00 m thick. All
three areas are vaulted. The central space has a total height of approximately 15.00 m,
while the other two spaces have a height of about 10.00 m. The information regarding the
structural geometry of the mosque was provided by Dellas et al. [46]. The typical external
configuration of a minaret in height includes the following parts (Figure 3):
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i. the square part of the base of the minaret (kaide);
ii. the transitional part of the conversion of the square cross-section into a cylinder

cross-section (küp);
iii. the cylindrical section up to the first balcony, which continues higher if there are

more balconies;
iv. the balconies (şerefe);
v. the cylindrical or polygonal section above the last balcony (petek);
vi. the conical part (külah); and
vii. the decorative ending part (alem).
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The minaret base stands at +8.55 m from the ground surface (+0.00), while the top of
the minaret at +34.50 m. The section at the bottom (+8.55) of the minaret up to +11.60 m
is octagonal (section A-A). The external radius is equal to 2.80m at the base and 2.20 m at
+11.60 m. The internal radius is equal to 1.40 m. At the first balcony (+19.83 m) level, the
section is cyclic with an external radius equal to 2.20 m and a width of masonry equal to
0.30 m. The cross-section remains cyclic from the first balcony up to the top of the structure
(+29.00 m). The external radius is reduced up to 1.80 m. Figure 4 shows the architectonic
façade of the minaret and its cross-sections.
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2.3. Masonry Properties

The mosque and the minaret are constructed with ashlar masonry of limestones.
Table 1 shows the material properties of the mosque and the minaret. The minaret and the
mosque density are 22 kN/m3 and 20 kN/m3, respectively. Simultaneously, the modulus
of elasticity is equal to 6 GPa for the minaret and 3 GPa for the mosque. Finally, the
compression strength of the minaret is equal to 11.5 MPa and the compression strength
of the mosque is equal to 2.5 MPa. This significant difference between the compression
strengths of the limestone of the mosque (2.5 MPa) and the minaret (11.5 MPa) can be
attributed to the fact that the herein selected properties of the minaret concern the new
construction, which was built in 2005 (see Section 2.1). The assumed material properties
stem from laboratory studies conducted in [47] and utilized in the numerical analyses
performed during the restoration of the minaret [45]. It is noted that, according to the EC8
provisions, in the numerical analyses, the masonry elastic modulus should be reduced
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by 50% (cracked condition, stage II). However, as proposed by Chatzidakis [45], for the
numerical configurations, we utilize here the initial material properties, as they stem from
laboratory tests.

Table 1. Material properties of the mosque and the minaret.

Minaret Mosque

material limestone limestone
γ (kN/m3) 22 20
Ewc (GPa) 6 3
fwc (MPa) 11.5 2.5

2.4. Soil Properties

The geotechnical information from past geotechnical studies and surveys in the me-
dieval city of Rhodes consists of 17 sampling boreholes. According to [48], the city is
divided into four geotechnical zones. The characteristics of each zone are summarized in
Figure 5. The geotechnical map of Rhodes (Figure 5), was also validated in 2011 through
a comprehensive campaign of field microtremor surveys, which were performed in the
medieval city of Rhodes [49]. It is obvious that the geotechnical information, in terms of
shear-wave velocity, contributes only to the description of the surface soil materials, since
it is limited to the upper 40.0 m, but for the needs of the present study this is sufficient,
as we simulate the soil using appropriate static, linear elastic springs and thus the only
parameter we need for the soil is the shear-wave velocity Vs for the first 30 m of the soil
profile and Poisson’s ratio ν. To this end, for the Suleiman Mosque, which is located in
Zone II according to Figure 5 or in soil class C according to the EC8 soil characterization
scheme [50], the Vs,30 was assumed equal to 270 m/s (the average value for soil class C)
and Poisson’s ratio ν was assumed equal to 0.33.
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3. System Identification and Operational Modal Analysis

To evaluate the structure’s response, the so-called modal model is required, which
expresses the structure’s dynamic behavior. System identification builds a modal model
of a physical system based on experimental data [51]. By knowing the observed system
response (output data) to an excitation source (input data), a parametric modal model can
be obtained, defined by a set of modal parameters (eigenfrequencies/eigenperiods, mode
shapes, damping ratios). Ambient vibration measurements are usually used to perform
OMA and identify the structure’s modal parameters. Different stochastic identification
techniques extract a structural system’s modal parameters, namely the parametric and
non-parametric methods. In parametric methods, the dynamic characteristics are extracted
based on a parametric model updated to fit the recorded data. In contrast, in non-parametric
ones, the modal parameters are estimated directly by post-processing the measured data.
We used the short-term ambient noise measurements to derive the experimental modal
model of the Suleiman Mosque minaret, located in the medieval city of Rhodes, Greece,
and identify its modal properties based on OMA. We used the modal identification results
to determine the optimal analytical model, which presents peculiarities, as it is a high-rise
structure made of load-bearing masonry.

3.1. Mictrotremor Measurements

In the framework of the PERPETUATE project [52], we performed a comprehensive
campaign of field microtremor surveys in the medieval city of Rhodes. Concerning the
minaret of Suleiman Mosque, we conducted single station HVSR ambient noise measure-
ments [53]. The temporary experiment’s scope was to define the site characteristics (fun-
damental frequency and amplification of resonance) of the main geological/geotechnical
formations of the area and the dynamic characterization of the minaret in terms of eigen-
frequencies and mode shapes. The ambient noise was recorded for 15 and 20 min using
a one broadband triaxial Guralp seismometer CMG-40T connected to a Reftek record-
ing system (DAS-130) and a GPS unit. The noise data were analyzed using Nakamura’s
technique. Noise windows of 200 to 400 s in duration were selected, avoiding obvious
parasites (spikes) from external noises (cars, machines, pedestrians). These windows were
divided into smaller windows of 20 to 40 s in duration with 50% overlapping between
the adjacent windows. Each window (total number 19 to 39) was 10% cosine tapered, and
Fourier transformed, and its amplitude spectrum smoothed using a Hanning function. The
transfer function of each window was calculated, as well as its average. The coordinates
of their first maximum peak correspond to the dominant frequency and amplification of
each investigated site. Even though the HVSR ratio’s amplitude does not give the real
amplification potential of a future strong seismic excitation due to different reasons [54], its
estimated values may be used in a qualitative way to characterize the relative differences
in amplification between investigated sites.

On the contrary, there is no doubt about the accuracy of the measured resonant
frequency. Moreover, the amplification factor may validate the resonant frequency’s
reliability. The greater the amplification, the more accurate the resonant frequency is.
Resonant frequencies with measured amplification factors greater than 3.0 are generally
considered accurate.

We placed the instruments on the first and second floor of the minaret, and on the
ground soil, just outside the mosque (Figure 6). The average HVSR was estimated to be
around 3.0–4.0. A second peak appeared on HVSR ratios from 1.34–1.47 Hz with amplitude
lower and/or equal to 3.0. On the minaret’s first floor, the frequency was calculated
between 0.39 and 0.41Hz with an amplification greater than 9.0. A second peak appeared
with amplitude between 10 and 20 at 1.6 Hz. On the second floor, the measured frequency
was 1.63 Hz, while the amplification factor was between 40 and 100 in both horizontal
components (Figure 7).
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Figure 7. Average HVSR ratios at Suleiman Mosque on the soil and the two floors of the minaret [52].

3.2. Operational Modal Analysis Using Ambient Noise Measurements

Field monitoring data can be used to represent the actual state of a structure better,
reducing uncertainties associated with its modeling properties, including non-physical pa-
rameters, such as aging effects and structure maintenance. The use of building monitoring
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data constitutes an essential tool for the identification of the actual structure properties
based on system identification and OMA [20].

We assessed the minaret’s dynamic characteristics using single station HVSR mea-
surements. We employed i) parametric stochastic subspace identification (SSI) [55], ii) the
non-parametric peak picking (PP) identification technique [56], and iii) the frequency
domain decomposition (FDD) [57] methods to perform OMA and extract the natural
frequencies/periods and the mode shapes of the structural system, using MACEC 3.3 soft-
ware [58]. We used both the horizontal (longitudinal and transverse) and the ambient
noise’s vertical components.

In the parametric methods, modal identification is conducted by applying the reference-
based covariance-driven SSI method. The latter involves selecting a mathematical space
state model where the parameters are adjusted to fit the measured data. This model calibra-
tion aims to minimize the deviation between the predicted and measured system response.
A common approach in the modal analysis is to over-specify the model order. The sys-
tem’s physical modes are separated from the noise modes. This separation is performed
manually in a stabilization diagram. The selection of the model order for constructing the
stabilization diagrams for the SSI method depends on the number of modes of interest
and the number of sensors. Herein, we selected a model order range from 2 to 60 in
steps of two. The goal was to use this diagram to detect the columns of stable modes that
satisfy the defined stabilization criteria and continuously select a representative mode from
each column.

In the non-parametric methods, system identification is based on estimating the
positive power spectral density (PSD+) matrix at discrete frequency lines. For the PSD+
calculation of the measured outputs collected from all channels, we applied the correlogram
method. In the PP method, the average normalized PSD (ANPSD) is calculated. The well-
separated modes are estimated by picking the peaks in the ANPSD. In the FDD method,
which is considered an improved version of the PP method, the singular values are obtained
from the PSD matrix decomposition. The modal parameters are computed by picking the
peaks of the first singular value.

The results of the parametric and non-parametric analyses for the minaret are pre-
sented in Figure 8. Table 2 also summarizes the modal identification results in terms of
eigenfrequencies for the minaret computed with the three system identification methods
for two time windows. Comparing the results between the three techniques (SSI, PP, and
FDD), we observe that the estimated frequency values for the three well-separated modes
are very close to each other (practically the same for the first three modes) for the three
identification methods applied. The damping values extracted using the SSI technique and
presented in Table 2 appear consistent with the level of vibration for the first and second
modes. On the contrary, high damping estimates are obtained for the third mode, namely
1.79% and 3.11%. This indicates that the higher modes’ estimates may have been affected
by biases. They do not reflect the ranges under operational conditions generally reported
in seismic design and engineering manuals [59,60].

Table 2. Modal identification results for the minaret estimated using parametric SSI and non-
parametric PP and FDD identification techniques.

Time Window Mode
SSI PP FDD

f (Hz) Damping (%) f (Hz) f (Hz)

1

1 1.63 0.57 1.62 1.63

2 1.80 0.51 1.80 1.80

3 10.09 1.79 9.48 9.46

2

1 1.65 0.63 1.65 1.65

2 1.82 0.56 1.82 1.82

3 9.88 3.11 10.09 10.09
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4. Results and Discussion
4.1. Numerical Investigation

Parametric modal analyses were performed in SAP2000 software [61] using the finite
element method (FEM). The numerical models were composed of elastic beam column
elements and shell elements (Figure 9). SAP2000 software allows the use of surface finite el-
ements (shell elements), quadrilateral or triangular, with four and three nodes, respectively,
which are considered suitable for the simulation of buildings of load-bearing masonry. For
all examined numerical models (Models I-IV), which will be described in the following
section, the only load is the weight of construction (static permanent load). We evaluated
the first twelve eigenmodes. For the modal analyses, the mass was calculated from the
self-mass of the elements.

To simulate the minaret, two different numerical models were constructed using finite
elements. The first model (Figure 9a) is a fixed base cantilever column with distributed
mass. The structure, in this case, is fixed at the level of +8.55 m, and the base of the minaret
is not modeled. The cantilever column, which is 21.25 m in height (we modeled up to
the level of 29.80 m, Figure 4), is modeled with 18 beam elements. The second model
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(Figure 9b) simulates the whole mosque. The structure is modeled from the level of 0.00 m
up to 21.25 m (Figure 4).
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4.2. Modal Analyses

After the synthesis of the two primary models presented in Figure 9, the modal
analyses followed. For the complete investigation and understanding of the minaret’s
dynamic behavior, different simulations were formed, modifying the most important input
parameters. We considered six models. Model I, the simplest one, simulates the isolated
minaret and ignores site effects, soil–structure interaction, and foundation flexibility. Model
VI, the most complicated, concerns the mosque and the minaret and considers site effects,
SSI, and foundation flexibility. More specifically, the studied models are the following:

– Model I includes the minaret isolated from the mosque. The internal staircase is
simulated with elastic beam column elements with the minaret’s masonry characteris-
tics (Table 1). The fundamental frequency of construction for both the X–X and y–y
directions is estimated at 1.55Hz (Table 3). As expected, due to the symmetry of the
model, the first two frequencies are similar.

– Model II investigates the influence of the staircase material on the dynamic behav-
ior of the minaret. In that direction, the staircase’s elastic modulus is quadrupled
compared to the utilized elastic modulus in Model I. From the modal analysis results
(Table 3), it is understood that the modification of the staircase’s elastic modulus does
not significantly affect the minaret’s dynamic characteristics.

– In Model III, the staircase’s linear beam elements are removed. Their weight is
simulated by increasing the specific unit weight of the masonry proportionally. Again,
the eigenperiods and the modes are not significantly affected (Table 3).

– Model IV simulates the whole mosque. Thus, it investigates the minaret’s behavior
in conjunction with the underlying construction of the mosque. The structure is fixed
at its base.

– Model V simulates the whole structure again, but it also considers soil–structure
interactions with appropriate vertical and horizontal springs at the foundation level
nodes, assuming a rigid foundation [62]. As we simulated the soil using appropriate
static, linear elastic springs according to Gazetas, 1983, the only parameter we needed
for the soil was the shear-wave velocity Vs for the first 30 m of the soil profile and
Poisson’s ratio ν, which is considered herein equal to 0.33 (see Section 2.4).

– Model VI, except for soil–structure interactions, also considers the foundation flexi-
bility using appropriate reduction factors of rigid foundation stiffness as proposed
in [63].
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Table 3. Comparison of the considered numerical FEMs of the monument and the experimental results using the SSI method
(f: frequency).

Model Numerical Model
Mode Shape f (Hz)

Experimental Model
f (Hz)

MAC
for 1st Mode
for 2nd Mode

I

f1 = f2 = 1.55
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Model 
Numerical model 

Mode shape 
f (Hz) 

Experimental 
model 
f (Hz) 

MAC 
For 1st mode 
For 2nd mode 

I 

f1 = f2 = 1.55 

    
Translational along the longitudinal (left)–transverse (right) direction and torsional 

f1=1.63 
f2=1.80 

0.95 
0.93 

II f1 = f2 = 1.59 
0.86 
0.83 

Translational along the longitudinal
(left)–transverse (right) direction and torsional

f1 = 1.63
f2 = 1.80

0.95
0.93

II

f1 = f2 = 1.59
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In the isolated minaret (Models I–III) case, the internal staircase’s contribution is
negligible. It can be omitted from the simulation by (i) distributing its weight in the
minaret model, (ii) modifying the gravity of the finite elements, or by (iii) applying an extra
load. For all six models, there is no significant difference in the first two periods of the
minaret, which shows that the minaret’s response is slightly affected by the presence of the
underlying construction. Due to symmetry, the first and second frequencies and the third
and fourth frequency values of the minaret are almost the same, which is also observed by
Bayraktar and Hokelekli [64]. We decided to present only the first two eigenfrequencies
from the modal analyses, as, for the cases in which the whole mosque is simulated, the
third and fourth frequency values of the minaret were found to be subsequent frequencies
of the whole model.

A validation of the whole mosque was conducted by comparing the natural period of
the mosque (third eigenperiod, as the first two corresponded to the minaret) with the simple
empirical relation for masonry mosques’ natural period proposed by Ashayeri et al. [65].
According to this relationship and the characteristics of the mosque, the predicted value
for the period T is estimated to be equal to 0.27 s. This value is very close (about 4%
lower) to the estimated one for Model V (T = 0.28 s) which simulates the whole structure
considering soil–structure interactions. Concerning the minaret, we verified the modal
analysis results in the following ways. First, using the HVSR method, the minaret’s
measured frequency was estimated to be equal to 1.63 Hz. From the various numerical
models of the minaret (Models I–III) the frequencies resulted in the range of 1.55–1.59 Hz
(from 2% up to 5% lower compared to the estimated frequency with the HVSR), while from
the experimental analyses using the SSI method, the frequencies were estimated in the
range of 1.63–1.80 Hz (from 0% up to 10% higher compared to the estimated frequency
with the HVSR). Chatzidakis et al. [45], who performed numerical analyses before the
restoration of the minaret that took place in 2005, found a fundamental frequency for the
minaret equal to 1.7 Hz. It is obvious that all estimated frequencies are in good agreement.

4.3. Comparison Between the Analytical and the Experimental Modal Analysis Results

The experimental modal identification results presented in Section 3 define the monu-
ment’s optimal numerical models that reflect the measured dynamic response. The selection
of the “best” model was made based on the evaluation of the modal assurance criterion
(MAC) [66] for the identified modes quantified as:

MACij =

(
ϕT

j ϕEi

)
(

ϕT
j ϕi

)(
ϕT

Ej ϕEi

) (1)

where ϕj is the eigenvector j from the numerical model and ϕEi the eigenvector i from the
field monitoring test (experimental model). Due to the simple dynamic response of minarets,
MAC results from two nodes are representative of the quality of the numerical models.

The computation of the MAC values and the correlation of the experimental and
numerical modal models’ responses are made at two nodes for the minaret (one node per
floor at the minaret corresponding to the sensor locations). A good correlation between the
two tested modes is considered to be achieved for MAC values greater than 0.8. Indicatively,
in Table 3, the modal analyses of the considered numerical finite element models of the
monument are compared with the SSI method’s experimental results. In general, it is seen
that high MAC values are obtained for the structural modes of interest, indicating a perfect
correlation between the experimentally and numerically derived mode shapes. Based on
the MAC results, almost all the models correlate well with the experimental results for the
modes under investigation (MAC > 0.8).

Moreover, the comparison of the experimental results with finite element models
(FEMs) in terms of eigenfrequencies presented in Table 4 indicated that the experimental
results give about 1.9–7.9% higher frequencies for the first mode. In contrast, for the second
mode, the observed frequencies are almost 11.7–16.5% higher.
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Table 4. Deviation of the eigenfrequencies between the experimental models and FEMs.

Model Deviation (%)

I
4.3–6.1

13.9–14.8

II
1.9–3.6

11.7–12.6

III
4.3–6.1

13.9–14.8

IV
5.6–7.3

15.0–15.9

V
6.2–7.9

15.6–16.5

VI
6.2–7.9

15.6–16.5

4.4. Summary of the Results

From the modal analyses it is seen that due to symmetry, the first and second frequency
values and the third and fourth frequency values of the minaret are almost the same. It is
noted that for the cases that the whole mosque is simulated, the third and fourth frequency
values of the minaret are found to be subsequent frequencies of the whole model. In
general, for all six models, the minaret responds independently from the rest structure,
implying that it could be simulated alone, without the rest of the underlying building.

Regarding the HVSR method, there are several studies in the literature [67,68] which
prove that it is able to detect building fundamental modes and frequencies. These studies
verified the suitability of the horizontal-to-vertical spectral ratio (HVSR) for estimating the
dynamic characteristics of buildings when only single station seismic noise measurements
are available. This verification is also achieved in the present study. Using the HVSR
method, the minaret’s measured frequency is 1.63 Hz. From the various numerical models
of the minaret (Models I–III) the frequencies are in the range of 1.55–1.59 Hz, while from
the experimental analyses using the SSI method the frequencies are 1.63–1.80 Hz. The
differences in terms of frequencies are up to 10%.

Regarding the MAC values presented in Table 3, we observe that they are high (>0.8),
indicating a perfect correlation between the experimentally and numerically derived mode
shapes. Thus, almost all the models correlate well with the experimental results for the
modes under investigation.

Finally, the comparison of the experimental results with the FEMs in terms of eigenfre-
quencies shows that the experimental results give about 1.9–7.9% higher frequencies for
the first mode, while for the second mode, the observed frequencies are almost 11.7–16.5%
higher. Therefore, it can be concluded that the finite element models are reliable to evaluate
the actual mode shapes and eigenfrequencies of the minarets and thus to evaluate the
response of the minarets to potential ground motions in future earthquakes.

The present paper provides solid evidence of the unique dynamic response of soil–mo-
sque–minaret systems, using both numerical and experimental data, highlighting the effect
of the soil in the dynamic response.

5. Conclusions

The present paper examines the dynamic system identification of the minaret of the
Suleiman Mosque located in the medieval city of Rhodes, Greece. First, we performed sets
of ambient vibration measurements at the minaret of the monument. Based on these data,
we calculated the eigenproperties of the minaret. Next, we modeled the monument in
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three dimensions, using the finite element method. Six numerical models were considered.
Model I is the simplest one (isolated, fixed base minaret). Model VI is the most complicated
one (simulation of the whole mosque and considering soil–structure interactions and
foundation flexibility). Our primary goal was to verify the efficiency of the gradually more
complicated numerical models against system identification of the dynamic characteristics
from ambient noise measurements. The main conclusions are the following:

• We conclude that all six numerical models approach the fundamental eigenfrequencies
of the actual construction that resulted from the experimental field measurements.

• Secondly, from the parametric analyses, the soil–structure interactions and the foun-
dation flexibility do not significantly affect the minaret’s response in terms of the
eigenperiods on the bases of the performed models.

• Additionally, we conclude that the seismic response of a minaret, which is a high
and flexible masonry structure, and part of a mosque with bulky and relatively rigid
elements, is independent of the underlying construction. Thus, it could be simulated
alone, without the rest of the underlying building.

• Finally, the simulation of the internal staircase does not affect the dynamic character-
istics of the construction. The fundamental eigenvalues are slightly modified. The
same conclusion regarding the internal staircase simulation’s influence is reached by
Oliveira et al. [69].
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