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1 Department of Civil Engineering, Bitlis Eren University, Bitlis 13100, Turkey
2 University of Sarajevo—Faculty of Civil Engineering, 71000 Sarajevo, Bosnia and Herzegovina
3 Institute of Structural Mechanics (ISM), Bauhaus-Universität Weimar, 99423 Weimar, Germany
4 Çan Vocational School, Çanakkale 18 Mart University, Çanakkale 17400, Turkey
5 Department of Civil Engineering, Josip Juraj Strossmayer University of Osijek, VladimiraPreloga 3,

31000 Osijek, Croatia
6 Faculty of Civil Engineering, Transilvania University of Bras, ov, Turnului 5, 500152 Bras, ov, Romania
7 Department of Computer Engineering, Nevşehir Hacı Bektaş Veli University, Nevşehir 50300, Turkey
8 Department of Electrical-Electronics Engineering, Hitit University, Çorum 19030, Turkey
9 Independent Researcher, Bitlis 13100, Turkey
* Correspondence: eisik@beu.edu.tr (E.I.); ehsan.harirchian@uni-weimar.de (E.H.)

Abstract: Minarets are slender and tall structures that are built from different types of materials.
Modern materials are also starting to be used in such structures with the recent developments in
material technology. The seismic vulnerability and dynamic behavior of minarets can vary, depending
on the material characteristics. Within this study’s scope, thirteen different material types used in
minarets in Türkiye were chosen as variables. A sample minaret model was chosen as an example
with nine different heights to reveal how material characteristic change affects seismic and dynamic
behavior. Information and mechanical characteristics were given for all the material types. Natural
fundamental periods, displacements, and base shear forces were attained from structural analyses for
each selected material. The empirical period formula for each material is proposed using the obtained
periods, depending on the different minaret heights taken into consideration. At the same time,
fundamental natural periods for the first ten modes and 13 different types of materials used in the
study were estimated with the established Artificial Neural Network (ANN) model. The real periods
from the experimental analyses were compared with the values estimated by the ANN using fewer
parameters, and 99% of the results were successful. In addition, time history analyses were used
to evaluate the seismic performance of the minaret (three different materials were considered). In
this specific case, the acceleration record from the 2011 Van (Eastern Turkiye) earthquake (Mw = 7.2)
was taken into consideration. Performance levels were determined for the minaret according to the
results obtained for each material. It has been concluded that material characteristics significantly
affect the dynamic and seismic behavior of the minarets.

Keywords: minaret; material; seismic behavior; dynamic analyses; ANN; period

1. Introduction

The combination of many building materials forms sections, and sections generate
members, and members create structures. Humankind has built structures for different
uses in their living spaces by using different materials to meet their needs for shelter,
transportation, worship, and similar needs. With the developments in construction tech-
nologies and engineering, different building materials and construction techniques have
also found a place in the construction sector [1–6]. Structures can be constructed in different
types depending on functional requirements, choice of materials, technical knowledge, and
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experience. Masonry structures are a widely preferred type of building, as they can be
produced easily and at a low cost with the help of natural materials in the region where
the building will be built. The history of masonry buildings dates back to the settled life
of human beings. These structures are formed by placing elements made of adobe, clay,
and/or natural stone on top of each other by applying binder material between them as
carriers [7–13]. Natural stones were extensively used in every culture in the past and today
for different purposes in structures. Especially in many masonry structures, natural stones
are used together with a binding material [14,15]. The masonry construction was widely
used and continues to be used in churches, mosques, minarets, synagogues, and temples
that people built to meet their worship needs [16–20]. Minarets are an important part of
mosques, where worship takes place in Islamic belief. The call to prayer is conducted from
minarets, tall, thin, and fragile buildings that play a significant role in Islamic architecture.
This research will use a minaret as an example. Due to the above-mentioned character-
istics of the minarets, analysis of their behavior when subjected to horizontal loading is
of particular significance. According to the advancements in building and construction
technologies, minarets can now be built utilizing various building materials, including
concrete, reinforced concrete (RC), and steel, in addition to the natural materials used in the
regions where they are located. The mechanical properties of the materials used in minarets
directly affect the behavior under loads, as in all engineering structures. In addition, by
using different types of materials, the damage resistance, deformation capacity, and energy
absorption capacity of engineering structures can be improved [21–24].

Even though some minarets have experienced numerous natural disasters, they have
persevered through the years, much like many other historical monuments, to reach the
present day. In particular, historical masonry minarets are considered within the scope of
invaluable historical heritage in a symbolic sense and attract the attention of many different
disciplines. Apart from examining the structural behavior of the minaret, the material
properties (such as compressive and tensile strength, modulus of elasticity, unit volume
weight, Poisson ratio, and porosity) were also determined using different techniques. Işık
et al. [25] obtained the characteristics of the stone used in the five minarets, one of the
landmarks of Bitlis, with non-destructive methods. They obtained the stresses that occur in
all the minarets under the impact of earthquakes according to the updated seismic design
code in Türkiye. Çalık et al. [26] used analytical and experimental techniques to examine
the dynamic and static behavior of the Merkez Hacı Kasım Muhittin Mosque Minaret in
Trabzon. Pekgökgöz et al. [27] identified the elastic modulus of the stone used to build the
minarets of the Şanlıurfa Ulu Mosque by using ultrasonic test equipment. The investigation
of the Carol I Mosque’s minaret’s response to seismic loads in Constanta, Romania, was
conducted by Suliman et al. [28]. Işık and Antep [29] analyzed the seismic behavior of a
historical masonry minaret in the Ahlat district, taking into account the previous seismic
design code in Türkiye, and obtained the stress and displacement values. The impact
of changing geometric characteristics on the earthquake behavior of different masonry
historical minarets in Bursa was demonstrated by Livaoglu et al. [30]. The outcomes of
vibration testing and numerical modeling in historical minarets by using various variables
were compared by Oliveira et al. [31]. Nine medieval brick masonry minarets in Isfahan
had structural evaluations conducted by Hejazi et al. [32] to account for dead loads, wind,
temperature, and seismic effects. Ural and Çelik [33] investigated the dynamic behavior
of seven masonry minarets in the city center of Aksaray (Türkiye). Carhoglu et al. [34]
conducted a dynamic analysis using three earthquake acceleration records by consider-
ing the minarets of Hagia Sophia. The master’s thesis of Güdü [35] examined wooden
minarets with various construction systems and analyzed two of them in detail. Uğurlu
and Karaşin [36] examined the four-legged minaret in Diyarbakır (Türkiye) using the finite
element method (FEM) and analyzed the cracks formed in the minaret. The study of Kılıç
et al. [37] concerns the seismic behavior of Hızırbey Mosque Minaret in the central district
of Kırklareli (Türkiye). Seismic damage estimation of different ground motion levels in a
historical brick masonry minaret was investigated using updated finite element models,
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which were validated using the ambient vibration data [38]. Adam et al. [39] presented
the condition assessment and structural analysis of the Al-Rifa’i minaret in Egypt. Khider
and Al-Baghdadi [40] examined the seismic behavior of the Alkifil minaret in Iran. Each of
these studies can be considered a case study.

These studies focused on FEM modeling, strengthening the masonry minarets, and
identifying the minarets’ structural characteristics and seismic behavior. Only the material
properties currently used in the minaret were considered, and the variety of materials
used in minarets was not examined in detail as in this study. Unlike many other studies,
nine different minaret heights were considered in the structural analysis. In this study,
unlike other studies, the effect of thirteen different building material types, which are
widely used in today’s minarets, on the earthquake behavior of minarets has been revealed.
This study’s main goal is to examine the behavior of minarets, which were built using
different building materials and have an important place in Islamic architecture under the
influence of earthquakes. This study aimed to reveal the impact of material mechanical
properties on the seismic and dynamic behavior of minarets. Different building materials
were taken into consideration, such as Ahlat stone, Bitlis stone, Küfeki stone, Diyarbakır
basalt, brick, Andesite stone, natural stone, cut stone, adobe, Edremit travertine, Süphan
basalt, Karamürsel Od stone, and the C25-concrete class. The mechanical properties of
each material are taken directly from the literature, or if this information was unavailable,
then the data were taken from the relevant standards. The sample minaret was modeled
using the FEM, and structural analyses were performed for each material separately. Modal
analysis of the minaret was conducted for each material type from which stresses and
displacements were obtained. Eigenvalue analysis was used to determine the fundamental
natural periods for different minaret materials and heights since the fundamental natural
period of the building should be known for the analysis of a building under the influence
of an earthquake. At the same time, natural fundamental periods for the first ten modes for
13 different types of materials used in the study were estimated with the established ANN
model. The periods obtained from the structural analyses were compared with the values
estimated by the ANN using fewer parameters, and 99% of successful results were obtained.
In addition, linear time history analyses were implemented on the minaret (three different
materials were considered) and performance levels were obtained. In this specific case,
the 2011 Van earthquake acceleration records were utilized in the analyses. The empirical
period formula has been proposed for each material, considering the minaret height used
in this study. In addition, a comparison was made for seismic parameters utilizing the last
two Turkish earthquake codes. It was checked whether each material’s performance levels
were achieved using top minaret displacements. The study will significantly contribute
to other studies, including detailed structural analyses of many building materials. The
novelty of this study is that structural analyses were carried out for thirteen different
minaret materials and nine different minaret heights. With the help of the results obtained,
specific empirical period formulas for each material have been proposed. In addition, the
periods for these materials were determined by ANN. Both stresses and base shear forces
and displacements were obtained for each material. The seismic performance of minarets
made of different materials and heights was compared.

2. Information about Materials

Structures can be constructed using different types of materials. One important param-
eter that influences structures’ behavior under loads is the structural material characteristics.
These characteristics directly affect the behavior of structures under loads, especially seis-
mic loads. In linear structural analysis, material features such as compressive and tensile
strength, modulus of elasticity (E), unit volume weight, and Poisson’s ratio (υ) are con-
sidered directly. These properties are very important for revealing the advantages and
weaknesses of the materials and further for the development of the materials. In this study,
a masonry minaret constructed with different types of materials was considered. Materials
in masonry buildings may differ according to region. A total of thirteen different building
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materials were taken into account for the sample minaret model within the scope of this
study. The selected material properties were determined by using previous studies.

Ahlat stone is a product of Nemrut volcanism and is widely used in constructing
houses, tombstones, gravestones, bridges, and minarets in the Lake Van basin. It continues
to be widely used today as both a material for load-bearing walls and a covering material.
These stones are available in various colors, such as light brown, dark brown (chestnut),
and ash [41–44]. Ahlat stone is partially soft when removed from the ground and hardens
under the influence of open air. The desired shapes can be easily acquired using the soft
Ahlat stone by hand or machine [42,45].

Küfeki stone mostly contains limestone, fossiliferous limestone, and clayey limestone.
Fossil limestone with CaCO3 composition, known as “Küfeki stone” since the Ottoman
Empire, is soft and easily shaped when first taken out of the quarry and stored afterward.
Küfeki stone provides increased strength and long-term use benefits in terms of material
and strength properties over time [46–48].

Diyarbakır Basalt has been used as a structural material for thousands of years because
it is a local material and is abundant in the Diyarbakır region and is still widely used today.
Diyarbakır-Karacadağ basalt deposits cover large areas in the Southeastern Anatolia Region
of Türkiye. Basalt stone, formed due to the cooling of lava sprayed by Karacadağ, an ancient
volcanic mountain, is among the hardest and most durable stones known in nature due to
the metallic elements such as Fe, Si, Al, and Mg [49–52].

Bitlis stone is a product of Nemrut volcanism as Ahlat stone and is widely used in
the Lake Van Basin region. It is a good thermal insulation material due to its hollow
structure. Bitlis stone is partially soft when removed from the ground and hardens under
the influence of open air. The desired shapes can be easily given to the soft Bitlis stone by
hand or machine [53–55].

In the 19th century, depending on the technological developments experienced during
the industrial revolution process, standard bricks were produced in Europe with increased
physical qualities and mechanical strength [56]. Bricks (the main ingredient is clay) are clas-
sified as either fired or unbaked. Brick is widely used because of its cheapness, availability,
and ease of use of soil material. In addition, it can be easily produced wherever there is
suitable clay for brick production and is used as a building material in buildings [57–60].

Adobe is one of the oldest building materials obtained by mixing the soil with straw
and water, pouring it into molds, and drying it first in the shade and then in the sun.
The first stage in making adobe is where the clay is kneaded and prepared by hand. The
second stage is the stage where it is shaped in molds and dried in the shade and then in
the sun [57,61]. It is an indispensable material, especially for rural areas, it is a material of
low cost, does not require the establishment of a production facility, and has a high thermal
insulation value [62,63].

Andesite stone has been widely used in the construction industry in recent years,
generally for the construction of pavements and wall coverings and as a load-bearing
wall [64]. Andesite is a volcanic rock type found in different provinces in Türkiye. With
their homogeneous structures, unfading colors, and unpolished, wiped, hammered, or
rough-hewn surface forms, Andesites have been preferred in the domestic and foreign
natural stone industry in recent years [65,66].

Travertine stones have an economic value due to their chemical composition and
common use in the building industry [67]. In the study, Edremit (Van) travertine was taken
into account. It is produced in quarries in the Edremit district of Van province, used as a
building material in historical buildings, and used today as well [68].

Süphan basalt is a product of the Süphan volcanic mountain. Süphan volcano, formed
in the Quaternary and has the character of a stratovolcano. It ejected its volcanic material
in three stages. It produced dacite, breccia, and agglomerate in the first stage, basalt in
the second stage, and dacite and trachyte in the last stage [69]. The volcanic material from
the Süphan volcano continues to Van Lake in the south. Süte depression to the west of Mt.
Süphan, Ahlat plain to the north of Mt. Nemrut, and Rahva plain between Bitlis massif
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and Mt. Nemrut constitute the main plain areas of the province [69]. Süphan stone is used
as a building material for different purposes in and around the region.

Karamürsel Od stone is a green volcanic tuff, known as Od stone, with quarries
between Karamürsel-Gönceli near the coast. This stone, extracted from the quarries, was
widely used by the Byzantines and the Ottomans due to its ease of processing. For example,
Pertev Pasha Mosque was built in 1579 with Karamürsel stone and is placed in İzmit
(Center). In addition, this stone was used in the Nuruosmaniye Mosque in Istanbul [70–72].

Another material considered within the scope of this study is natural stone. The
natural stone properties used in the Trabzon Muhittin Mosque Minaret were determined by
Çalık et al. [26], and these values were used in this study for natural stone. It is stated that
the stone used in the minaret is a kind of andesite obtained from the Black Sea region [26].

Since most of the historic minarets in Türkiye were constructed using cut stone, this
type of stone was also considered in this study. For the cut stone, the values obtained from
the earthquake behavior and dynamic analyses of seven masonry minarets in Aksaray
were taken into account by Ural and Çelik [33].

In addition to natural materials, concrete, used in today’s minarets, was also consid-
ered in this study. For concrete, the C25 concrete grade was considered, and the properties
of this concrete grade were taken directly from the Turkish Standard (TS500-2000) [73].

The modulus of elasticity, unit weight, and Poisson ratio values for all materials
considered in this study are shown in Table 1.

Table 1. Characteristics of selected material types.

Material
Modulus of
Elasticity (E)

(MPa)

Unit Weight
(t/m3)

Poisson Ratio
(υ) References

Shear
Modulus (G)

(MPa)

Volumetric
Modulus of
Elasticity (K)

(MPa)

Ahlat Stone 5000 2.45 0.20 [42,45] 2083 2778
C25 Concrete 30,000 2.50 0.20 [73] 12,500 16,667
Bitlis Stone 4006 2.30 0.22 [53–55] 1642 2385

Küfeki Stone 20,000 2.24 0.15 [46–48] 8696 9524
Diyarbakır Basalt 30,727 2.60 0.14 [49–52] 13,477 14,225

Brick 2985 2.10 0.25 [57,60] 1194 1990
Andesite Stone 12,240 2.20 0.30 [65,66] 4708 10,200
Natural Stone 8490 2.30 0.20 [26] 3538 4717

Cut Stone 4000 3.06 0.20 [33] 1667 2222
Adobe 880 2.04 0.20 [48,57] 367 489

Edremit Travertine 14,480 2.01 0.30 [67,68] 5569 12,067
Süphan Basalt 47,630 2.63 0.25 [65,69] 19,052 31,753

Karamürsel Od
Stone 19,100 2.06 0.25 [70,72] 7640 12,733

In addition, for all materials, shear modulus (G) and volumetric modulus of elasticity
(K) were obtained separately by using the Poisson’s ratio (υ) and modulus of elasticity (E)
obtained from the literature review, and all these values are given in Table 1.

The comparison of the elastic modulus (E) of the materials considered in the study is
shown in Figure 1.
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Figure 1. Comparison of the modulus of elasticity of the selected material types.

The modulus of elasticity measures the elastic deformation of the material under force.
The modulus of elasticity indicates the stiffness of the material. The greater the modulus
of elasticity, the material is more rigid, and the elastic strain is smaller. While the lowest
periods were obtained for Süphan Basalt, which has the highest modulus of elasticity, the
highest periods were obtained for adobe with the lowest modulus of elasticity.

3. Sample Minaret and Seismic Parameters for Structural Analysis

Minarets are tall and slender structures built by using different building materials,
in which the azan is recited to indicate that the time of worship has come in mosques.
They are tower-shaped structures that are typically placed either adjacent to the mosque
or separated from the mosque. These structures are important not only from the religious
point of view but as well from the architectural. In general, the minaret consists of a pulpit,
transition section, body, balcony, the upper part of the body, end ornament, and spire. The
parts of the sample minaret model are illustrated in Figure 2.
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Figure 2. Parts of the minaret chosen as an example.

Türkiye Earthquake Hazard Maps (TEHM) and Türkiye Building Earthquake Code
(TBEC-2018) [74] were considered while determining all the seismic parameters (peak
ground acceleration (PGA), peak ground velocity (PGV), map spectral accelerations, and
design spectral accelerations) needed for the structural analysis of the sample minaret.
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Türkiye Earthquake Hazard Map (THEM), published in 2018, superseded the seismic risk
map from 1996 by utilizing advancements in earthquakes and civil engineering, a current
fault database, and earthquake catalogs [75,76]. Four different earthquake ground motion
levels were specified with the current code and these levels are given in Table 2.

Table 2. Earthquake ground motion levels [74].

Earthquake Level Return Period (Year) Probability of Exceedance in
50 Years Description

DD-1 2475 2% Largest earthquake ground motion
DD-2 475 10% Standard design earthquake ground motion
DD-3 72 50% Frequent earthquake ground motion
DD-4 43 68% Service earthquake ground motion

Türkiye Earthquake Hazard Map Interactive Web Earthquake Application (TEHMIWA)
started to be used for obtaining the seismic parameters of any location. The geographic
location of the Ulu Mosque was selected in Bitlis (Türkiye), and seismic parameters were
obtained through TEHMIWA. In order to make comparisons, the local soil ground type ZB,
given in TBEC-2018 [74], was considered the local soil class for all structural models. The
properties of this soil class are given in Table 3.

Table 3. Properties of the local ground class type ZB [74].

Local Soil Class Soil Type
Upper Average at 30 m

(VS)30 [m/s] (N60) 30 [Pulse/30 cm] (cu) 30 [kPa]

ZB Less weathered, moderately
strong rocks 760–1500 —- —-

The PGV and PGA, which were obtained for the sample minaret’s location for different
probabilities of exceedance, are given in Table 4.

Table 4. Comparison of the PGA and PGV for different probabilities of exceedance.

Location

PGA (g) PGV (cm/s)

Probabilities of Exceedance in 50 Year Probabilities of Exceedance in 50 Year

2% 10% 50% 68% 2% 10% 50% 68%

Bitlis 0.490 0.260 0.106 0.077 28.215 15.081 6.508 4.847

The PGA and SDS (design spectral acceleration coefficient) are also compared in
Table 5 according to the two seismic design codes in Türkiye. The DD-2 earthquake ground
motion level is selected as the standard earthquake motion level that is specified in the last
two codes.

Table 5. Comparison of PGA and SDS values over the last two seismic risk maps.

Location TSDC-2007
Seismic Zone

TSDC-2007
PGA (g)

TBEC-2018
PGA (g) PGA2007/PGA2018SDS 2007 SDS 2018 SDS 2007/SDS 2018

Bitlis 1 0.400 0.260 1.54 1.000 0.553 1.81

The short period map spectral acceleration coefficient (SS), the local ground coefficients
(Fs and F1), the map spectral acceleration coefficient for the 1.0 s period (S1), the design
spectral acceleration coefficient for the 1.0 s period (SD1), the short period design spectral
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acceleration coefficient (SDS), the vertical elastic design spectrum corner periods (TAD, TBD),
and the horizontal elastic design spectrum corner periods (TA, TB) were attained accord-
ing to the different probabilities of exceedance by considering the specific geographical
locations, which are shown in Table 6.

Table 6. Comparison of the seismic parameters for different earthquake ground motion levels.

Earthquake Level SS S1 FS F1 SDS SD1 TA TB TAD TBD

DD-1 1.19 0.31 0.90 0.80 1.07 0.25 0.05 0.23 0.02 0.08
DD-2 0.61 0.17 0.90 0.80 0.55 0.14 0.05 0.25 0.02 0.08
DD-3 0.24 0.08 0.90 0.80 0.22 0.06 0.06 0.28 0.02 0.09
DD-4 0.18 0.06 0.90 0.80 0.16 0.04 0.06 0.28 0.02 0.09

The design spectra are created by fitting a smoothed envelope curve to the response
spectra calculated from various ground motion acceleration records, taking into account the
ground conditions and seismic characteristics of any region to account for the maximum
earthquake effects that may occur [77–80]. The vertical and horizontal elastic design
spectrum obtained through TEHMIWA for the selected location is shown in Figure 3.
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4. Structural Analyses for Selected Materials

Older masonry structures’ load-bearing systems differ from contemporary engineering
ones. The behavior of masonry structures is very complex as it consists of elements made of
various materials (units, joints, unit-joint interaction), creating a material of heterogeneous
characteristics. Modeling masonry structures is a very complex task and a compromise
between computational time and accuracy has to be made [81]. When assessing and creating
masonry structures, modeling masonry walls is crucial. Numerical modeling with finite
elements in masonry structures represents quite a long computational process [13,82]. Three
modeling approaches, namely, a detailed micro-modeling approach, a simplified micro-
modeling approach, and a macro-modeling approach, can be used to simulate masonry
walls. Figure 4 illustrates these models.
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A FEM model of the reference minaret was generated using the macro modeling
technique for this investigation. One of the most utilized methods in structural studies
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of masonry constructions is the macro modeling methodology. This modeling must dis-
tinguish the binding material (mortar, etc.) utilized in the construction and the building
elements. The masonry unit’s and mortar’s features were homogenized and recognized
as composite masonry material in this modeling. Macro modeling is more convenient
in practice as it requires less memory and time [7,83–86]. According to the assumptions
set out by the software [83] utilized for the numerical modeling, the sign harmony and
direction assumptions of the components employed in the finite element structural models
are illustrated in Figure 5.
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As shown in Figure 5, S22 is vertical stress in the (Y) direction, S11 is vertical stress in
the (X) direction, S33 is vertical stress in the (Z) direction, and (S12 = S21) are shear stresses
in the X-Y plane.

Modeling and structural analyses for the sample minaret were performed using the
ABAQUS software package. In this study, the minaret is considered separate from the
mosque. The stairs were taken into account in the structural analyses and drawn together
with the outer wall to avoid possible problems with the mesh. In order to make comparisons,
the wall thicknesses were chosen at 40 cm for each material. Since height is one of the
important factors affecting earthquake vulnerability in minarets, this value was chosen as
a variable. Nine different minaret heights have been selected, such as 19.40 m, 21.40 m,
23.40 m, 25.40 m, 27.40 m, 29.40 m, 31.40 m, 33.40 m, and 35.40 m. In some figures and
tables, the minaret model of 25.40 m in height has been considered an example. In the
structural model, quadratic tetrahedral elements (C3D10) were chosen as the mesh type.
The sample masonry minaret model consists of 17,673 elements and 33,325 nodes. Notably,
3D models of the sample minaret (H = 25.40 m) obtained from the software are shown in
Figure 6.
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The modal analysis was performed in order to obtain the mode shapes, mass partic-
ipation ratios, frequencies, and the free vibration periods of the structure. The dynamic
features of the minaret were determined by the modal analyses. The first 5 mode shapes
for the sample minaret for Bitlis Stone, whose total height is 25.40 m, are shown in Figure 7.
Since the minaret has a square cross-section, similar shapes and values are obtained in the
X and Y axes.
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4.1. Comparison of the Natural Fundamental Periods

The natural vibration period of the structure must be known for the analysis of any
engineering structure under the earthquake’s impact. The earthquake load on the structure
is directly related to the structure’s natural vibration period (or first mode period). The
earthquake force that will affect the structure is a function of the period [87–91]. Natural
vibration periods for different heights and material types were obtained according to the
modal analysis. The comparison of fundamental natural periods is shown in Table 7. The
first mode was taken into account for each height and material type while making the
comparison. The mass participation ratios for the first ten modes in the X and Y directions
were above 80% considering that the additional modes did not have much effect in the case
of using different materials.

While the most rigid minaret was obtained when Süphan Basalt with the highest
modulus of elasticity was used, the lowest stiffness value was obtained for adobe with the
lowest modulus of elasticity. The comparison of the natural fundamental period obtained
for the 1st mode for different materials for the sample minaret in the case of a minaret total
height of 25.40 m is shown in Figure 8.
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Table 7. The comparison of natural fundamental periods.

Height
(m)

Periods (s)

Ahlat
Stone

C25
Concrete

Bitlis
Stone

Küfeki
Stone

Diyarbakır
Basalt Brick Andesite Natural

Stone Cut Stone Adobe Edremit
Travertine

Süphan
Basalt

Karamürsel
Od Stone

19.40 0.356 0.147 0.385 0.170 0.148 0.426 0.215 0.264 0.444 0.773 0.189 0.119 0.167
21.40 0.443 0.183 0.479 0.212 0.184 0.530 0.268 0.329 0.553 0.963 0.235 0.149 0.208
23.40 0.544 0.224 0.589 0.260 0.226 0.651 0.329 0.405 0.680 1.183 0.289 0.182 0.255
25.40 0.659 0.272 0.713 0.315 0.274 0.789 0.398 0.490 0.823 1.433 0.350 0.221 0.309
27.40 0.787 0.324 0.851 0.376 0.327 0.942 0.476 0.585 0.983 1.711 0.418 0.264 0.369
29.40 0.928 0.383 1.005 0.444 0.386 1.112 0.561 0.690 1.160 2.019 0.493 0.311 0.435
31.40 1.083 0.447 1.172 0.518 0.450 1.297 0.655 0.805 1.354 2.356 0.576 0.363 0.508
33.40 1.251 0.516 1.354 0.599 0.520 1.498 0.757 0.931 1.564 2.722 0.665 0.420 0.587
35.40 1.433 0.591 1.551 0.685 0.596 1.716 0.867 1.066 1.791 3.117 0.762 0.481 0.672
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4.2. Suggested Empirical Natural Fundamental Periods

Simple equations are often used to calculate the fundamental natural periods since
it is only sometimes possible to make a detailed analysis of a building. Due to this issue,
many researchers have proposed simplified equations. In these equations, the height
of the building (H) is accepted as the basic parameter, and equations can be suggested
with constants specific to the building material. For this purpose, many researchers have
suggested the following relation depending on the material-dependent constants and the
structure’s height [92–97]:

T = cHb (1)

where H is the total height of the structures and c and b are constant. In this study,
correlations have been developed for minarets made of different materials. In the equations,
the first mode values were taken as references, and it was sufficient for the equation to
provide the first mode period value in this study. In a time series analysis, a moving
average is obtained only for a certain number of periodic averages, while the exponential
moving average used in this study is a kind of moving average method that gives weight
to the current frequency values. The empirical periods of natural stones defined in future
studies can be obtained by using these relations. The relations between height and period
obtained for different material types are given in Table 8.

In general, the formula (T1 = CtH0.75) for the first period of the minarets is suggested.
Here, Ct = 0.05, and H indicates the total minaret height. As can be seen from this formula,
the material used in the minaret is not taken into account in the empirical period calculation.
However, the recommended formulas for Ahlat stone, Bitlis stone, brick, and cut stone give
the closest values to this empirical formula. While very high values are obtained for adobe,
very low values are obtained for other remaining materials. Therefore, this study will be
able to make important contributions in this respect.

The formulas were created by adding the trendline to allow the curves to be calculated
for different heights. At this stage, the power trendline “which is the type of curve best
used with datasets” that “compares measures that increase at a certain rate” is used.
The exponential curve and the power trendline, which are typically used to represent
measurements that rise at a given rate, are quite similar; however, the power trendline has
a more symmetrical arc. A strength trendline cannot be created if the data contains zero or
negative values. Obtaining the natural vibration period depending on the height of each
material considered in the study has been presented in Figure 9.
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Table 8. Recommended period relations for the material types.

Material Type Suggested Empirical Relation

Ahlat Stone T = 0.0004H2.3234

C25 Concrete T = 0.0001H2.3222

Bitlis Stone T = 0.0004H2.3249

Küfeki Stone T = 0.0002H2.3253

Diyarbakır Basalt T = 0.0001H2.3245

Brick T = 0.0004H2.3252

Andesite T = 0.0002H2.3254

Natural Stone T = 0.0003H2.3271

Cut Stone T = 0.0004H2.3267

Adobe T = 0.0008H2.326

Edremit Travertine T = 0.0002H2.3268

Süphan Basalt T = 0.0001H2.3266

Karamürsel Od Stone T = 0.0002H2.3228
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4.3. Determination of Natural Fundamental Periods with ANN

Artificial Neural Networks (ANN) is a machine learning method frequently used in
the literature [98,99]. ANN is based on the working principle of the biological neuron cell
and consists of the connections established by many neuron cells with each other [100,101].
A basic ANN structure is given in Figure 10.
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Figure 10. A sample ANN structure.

As shown in Figure 10, the ANN network consists of three layers. In the input layer,
some inputs will start the information flow to the network. These inputs play an important
role in accessing the predicted output information. The data entering the network from
the input layer is transferred to the neuron cells in the next hidden layer. The information
coming to each neuron cell is multiplied by the weights determined by the network and
sent to the summation function. All information coming to the neuron cell is collected
with this function, and the bias value determined by the network is added to it, creating
a net input for the neuron cell [102]. Output information for the neuron cell is obtained
by passing this net input through the activation function in the neuron cell. When the
information passing through the hidden layers reaches the output layer, the output for the
network is produced.

This part of the study aims to establish a feed-forward back propagation ANN network
in calculating the fundamental natural periods for 13 different materials. In line with this
goal, the input parameters to be used in the network were specified, as shown in Table 9.

Table 9. Input parameters.

Input Parameters Description

Modulus of elasticity The value given in the literature for each material has been taken into account.
Poisson ratio The value given in the literature for each material has been taken into account.

H It is the total height of the minaret, and 9 different heights are taken into account.
Mode The top ten modes are considered for each material.

Material Type 13 different material types were considered.

With the input parameters presented in Table 9, natural period estimation of the
network will be performed for different materials. The identification of different materials
in the network within the input information was carried out, as shown in Table 10.

Table 10. Representation of different types of materials in the ANN network.

Material Type

Bitlis
Stone

Andesite
Stone

C25
Concrete

Diyarbakir
Basalt

Natural
Stone

Edremit
Travertine

Karamursel
Od Stone Adobe Cut

Stone
Kufeki
Stone

Suphan
Basalt Brick Ahlat

Stone

ANN
Values 1 2 3 4 5 6 7 8 9 10 11 12 13

In the study, 1400 fundamental natural periods were obtained from the different
modulus of elasticity, the total height of the minaret, the Poisson ratio, and modes for
13 different types of materials. The data set created with these values will be used in
the training (70%), validation (15%), and testing (15%) stages of the ANN. In this study,
MATLAB programming language was preferred because of its flexible structure and easy
coding of multidimensional problems [103]. While establishing the network structure,
some parameters affect the performance of the network and need to be determined. These
parameters are the algorithm to be used in the training of the network, the learning
function, the activation functions that provide the translation of the information, the
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number of hidden layers, and the number of neurons in these layers. Many learning
algorithms, learning functions, and activation functions in network structures can be built
with MATLAB programming language. In line with the experimental studies, trainlm
(Levenberg-Marquardt) is used as the training function, and learngdm (Gradient Descent
Momentum) is used as the adaptation learning function in the created network structure,
while logsig (Log-Sigmoid) in the hidden layer and the tansig (Hyperbolic Tangent Sigmoid)
activation function in the output layer are preferred. There is one hidden layer in the
established network structure and ten neuron cells in this hidden layer. The ANN structure
used in the natural fundamental period estimations is shown in Figure 11.
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The network structure presented in Figure 10 was first trained with the obtained data
set. The performance of the network in the training process is shown in Figure 12.
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According to the regression graphs presented in Figure 12, it can be seen that the
established network structure’s target line in training, validation, and test overlaps with
the fit line and that the data is concentrated on these lines. It shows that the network has a
high estimation rate in the training process. Successful results were obtained as a result
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of experimental analyses with the obtained ANN structure, and the fundamental natural
periods presented in Table 6, which the network had yet to see before, were estimated. In the
experimental studies, it has been observed that the target line and the fit line are separated
from each other in the ANN structures established with different network parameters, and
the R values decrease as the estimation data moves away from these lines. This shows
that the network structures established with different parameters exhibit low performance.
The fundamental natural periods obtained by ANN for 13 different types of materials are
shown in Table 11.

Table 11. ANN results in natural fundamental period estimation.

Mode
Periods (s)

Bitlis
Stone

Andesite
Stone

C25
Concrete

Diyarbakır
Basalt

Natural
Stone

Edremit
Travertine

Karamürsel
Od Stone Adobe Cut

Stone
Küfeki
Stone

Süphan
Basalt Brick Ahlat

Stone

1 0.725 0.417 0.288 0.265 0.502 0.339 0.292 1.395 0.790 0.317 0.212 0.780 0.651
2 0.707 0.399 0.252 0.262 0.547 0.334 0.311 1.345 0.850 0.298 0.207 0.778 0.620
3 0.165 0.088 0.065 0.063 0.115 0.068 0.063 0.285 0.178 0.065 0.050 0.174 0.148
4 0.134 0.079 0.056 0.058 0.107 0.066 0.064 0.240 0.162 0.053 0.057 0.151 0.115
5 0.112 0.062 0.048 0.049 0.091 0.054 0.054 0.194 0.138 0.043 0.051 0.128 0.095
6 0.087 0.042 0.037 0.039 0.073 0.040 0.042 0.154 0.112 0.032 0.039 0.101 0.074
7 0.068 0.027 0.029 0.031 0.059 0.030 0.033 0.125 0.091 0.025 0.030 0.081 0.058
8 0.054 0.018 0.024 0.025 0.048 0.023 0.026 0.103 0.075 0.020 0.023 0.065 0.046
9 0.043 0.013 0.020 0.021 0.039 0.018 0.022 0.085 0.062 0.017 0.019 0.052 0.037
10 0.035 0.011 0.017 0.018 0.032 0.015 0.018 0.070 0.050 0.015 0.016 0.042 0.030

When the estimated values found and the periods obtained as a result of modal
analysis (Table 7) are compared, the absolute error values of the created ANN structure for
each mode and each type of material are shown in Table 12.

Table 12. Absolute error values of ANN for each mode and material type.

Mode
Periods (s)

Bitlis
Stone

Andesite
Stone

C25
Concrete

Diyarbakır
Basalt

Natural
Stone

Edremit
Travertine

Karamürsel
Od Stone Adobe Cut

Stone
Küfeki
Stone

Süphan
Basalt Brick Ahlat

Stone

1 0.008 0.016 0.012 0.002 0.009 0.008 0.018 0.012 0.033 0.038 0.011 0.009 0.017
2 0.026 0.015 0.008 0.011 0.006 0.005 0.009 0.067 0.043 0.059 0.009 0.010 0.008
3 0.003 0.003 0.001 0.007 0.000 0.008 0.003 0.003 0.011 0.044 0.013 0.001 0.008
4 0.036 0.006 0.029 0.018 0.005 0.029 0.012 0.005 0.026 0.087 0.014 0.007 0.007
5 0.012 0.014 0.021 0.004 0.015 0.026 0.010 0.029 0.034 0.014 0.008 0.022 0.014
6 0.004 0.008 0.012 0.001 0.010 0.018 0.000 0.022 0.025 0.004 0.003 0.016 0.009
7 0.011 0.001 0.006 0.007 0.002 0.001 0.015 0.008 0.006 0.023 0.006 0.007 0.001
8 0.012 0.000 0.008 0.007 0.001 0.004 0.017 0.005 0.004 0.021 0.007 0.004 0.001
9 0.004 0.003 0.001 0.002 0.004 0.003 0.012 0.009 0.011 0.003 0.004 0.005 0.002
10 0.011 0.001 0.009 0.004 0.002 0.007 0.014 0.002 0.000 0.018 0.007 0.002 0.001

As a result of the findings, the mean square error (MSE) value of the structure estab-
lished with ANN was calculated as 0.0003, and the root means square error (RMSE) value
was 0.0175. In light of this information, successful results were obtained with ANN in
the natural fundamental period estimation. These results show that the proposed ANN
network structure successfully estimates the natural basis period. In addition, the proposed
ANN network structure and the network parameters that should be used in solving such
a problem have also been determined. With the obtained architecture, the natural basis
period estimation can be determined quickly and accurately.

4.4. Comparison of Stress, Base Shear, and Displacements for Minaret (H = 25.40 m)

Structural analyses of the sample minaret for different types of material were per-
formed considering DD-2 earthquake ground motion level which is the standard earth-
quake ground motion level with a 10% probability of exceedance in 50 years (recurrence
period of 475 years). Three different building materials were taken into account such as
adobe, Süphan basalt, and C25 concrete, and examples for the stress diagrams are pre-
sented in the following Figures (Figures 13–15). The stress diagrams in the minaret made
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of Süphan basalt with the highest modulus of elasticity (E = 47,630 MPa) are shown in
Figure 13.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 17 of 27 
 

4.4. Comparison of Stress, Base Shear, and Displacements for Minaret (H = 25.40 m) 

Structural analyses of the sample minaret for different types of material were per-

formed considering DD-2 earthquake ground motion level which is the standard earth-

quake ground motion level with a 10% probability of exceedance in 50 years (recurrence 

period of 475 years). Three different building materials were taken into account such as 

adobe, Süphan basalt, and C25 concrete, and examples for the stress diagrams are pre-

sented in the following Figures (Figures 13–15). The stress diagrams in the minaret made 

of Süphan basalt with the highest modulus of elasticity (E = 47,630 MPa) are shown in 

Figure 13. 

 

Figure 13. Stress diagrams for Süphan Basalt (H = 25.40 m). 

 

Figure 14. Stress diagrams for adobe (H = 25.40 m). 

Figure 13. Stress diagrams for Süphan Basalt (H = 25.40 m).

Appl. Sci. 2023, 13, x FOR PEER REVIEW 17 of 27 
 

4.4. Comparison of Stress, Base Shear, and Displacements for Minaret (H = 25.40 m) 

Structural analyses of the sample minaret for different types of material were per-

formed considering DD-2 earthquake ground motion level which is the standard earth-

quake ground motion level with a 10% probability of exceedance in 50 years (recurrence 

period of 475 years). Three different building materials were taken into account such as 

adobe, Süphan basalt, and C25 concrete, and examples for the stress diagrams are pre-

sented in the following Figures (Figures 13–15). The stress diagrams in the minaret made 

of Süphan basalt with the highest modulus of elasticity (E = 47,630 MPa) are shown in 

Figure 13. 

 

Figure 13. Stress diagrams for Süphan Basalt (H = 25.40 m). 

 

Figure 14. Stress diagrams for adobe (H = 25.40 m). Figure 14. Stress diagrams for adobe (H = 25.40 m).

The stress diagrams in the minaret made of adobe material with the lowest modulus
of elasticity (E = 880 MPa) are shown in Figure 14.

The stress diagrams in the minaret made of C25 concrete, having a modulus of elasticity
of E = 30,000 MPa, which is significantly different from other materials considered in this
study, are shown in Figure 15.

The comparison of the obtained results for all material types is shown in Table 13.
The material with a higher modulus will have the least period and maximum stiffness

and attract more shear than the material with the least modulus. In this context, the highest
displacements and base shear were obtained for adobe with the smallest modulus of
elasticity, while the lowest displacements and base shear were obtained for Süphan Basalt
with the highest modulus of elasticity. On the other hand, the situation is the opposite of
the resulting stresses.
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Table 13. Comparison of the analysis results for different material types (H = 25.40 m).

Material Displacement
(mm)

Base Shear Force
(N) S11 (MPa) S12 (MPa) S22 (MPa)

Ahlat stone 175.5 1.89 × 106 2.66 2.35 2.00
C25 concrete 71.8 2.98 × 106 6.52 5.82 4.80
Bitlis stone 190.2 1.74 × 106 2.42 2.04 1.88

Küfeki stone 83.4 2.42 × 106 4.67 4.52 2.51
Diyarbakır basalt 72.4 3.08 × 106 6.20 6.04 3.28

Brick 210.1 1.55 × 106 1.81 1.68 1.92
Andesite stone 105.4 2.07 × 106 5.06 3.50 4.58
Natural stone 129.9 1.97 × 106 3.34 2.97 2.48

Cut stone 219.8 2.23 × 106 2.03 2.35 1.98
Adobe 384.8 1.14 × 106 0.97 0.91 0.86

Edremit travertine 92.6 2.03 × 106 5.26 3.64 4.71
Süphan basalt 50.9 3.29 × 106 8.23 6.54 6.39

Karamürsel Od
stone 81.8 2.25 × 106 5.31 4.21 4.13

4.5. Performance Levels of Minaret (H = 25.40 m)

In this study, the performance levels of different materials were determined by using
the roof drifts of the minaret model. For this, the limit value assumptions specified in the
Türkiye Earthquake Risk Management Guide for Historic Buildings (TERMFHB-2017) [104]
were taken into account, and these limit states are given in Figure 16. It is remarked that
it is adequate to conduct linear calculation for the Damage Limitation (DL) performance
level and one of the linear or non-linear calculation methods for the Controlled Damage
(CD) and Prevention of Collapse (PC) performance levels. In the case of DL, the drift ratio
under earthquake does not exceed the 0.3% limit. In the case of CD, the drift ratio under
earthquake does not exceed the 0.7% limit and in the case of PC, the drift ratio under
earthquake does not exceed the 1% limit.
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Figure 16. Pushover curve and limit states [104].

A response spectrum analysis was performed using the Abaqus finite element model.
This analysis can be used to calculate the peak response (stress, displacement, etc.) of the
minaret to a particular base motion. Linear analyses were performed on the minaret’s
models. In structures with sufficient ductility, the horizontal part of the curve is prominent
and long. However, in cases where ductile behavior is limited, as in masonry structures in
general, the Controlled Damage (CD) and Prevention of Collapse (PC) performance levels
are in close proximity. In the fully brittle behavior, the structure reaches power exhaustion
without inelastic deformation. In this type of brittle behavior, evaluation according to
deformation is insignificant, so a small earthquake load reduction coefficient is accepted,
and the structure is evaluated according to strength.

The performance levels obtained for the DD-2 earthquake predicted in TBEC-2018 and
specified as the design earthquake ground motion level are given in Table 14.

Table 14. Design earthquake displacement controls (H = 25.40 m).

Material Type Roof Displacement
(mm)

Peak Drift Ratio
(%) DL < 0.3% CD < 0.7% PC < 1%

Adobe 384.8 1.51 76.2 × 178 × 254 ×
Brick 210.1 0.83 76.2 × 178 × 254

√

Cut stone 219.8 0.87 76.2 × 178 × 254
√

Bitlis stone 190.2 0.75 76.2 × 178 × 254
√

Ahlat stone 175.5 0.69 76.2 × 178
√

254
√

Natural stone 129.9 0.51 76.2 × 178
√

254
√

Andesite stone 105.4 0.41 76.2 × 178
√

254
√

Edremit travertine 92.6 0.36 76.2 × 178
√

254
√

Karamürsel Od stone 81.8 0.32 76.2 × 178
√

254
√

Küfeki stone 83.4 0.33 76.2 × 178
√

254
√

C25 concrete 71.8 0.28 76.2
√

178
√

254
√

Diyarbakır basalt 72.4 0.29 76.2
√

178
√

254
√

Süphan basalt 50.9 0.20 76.2
√

178
√

254
√

Here, the × sign indicates that the performances are not insufficient, and the
√

sign
indicates that the performances are sufficient. All materials except adobe were found to
be sufficient for the prevention collapse performance level for the standard earthquake
ground motion level. Cut stone, brick, Bitlis stone, and adobe materials did not provide
the recommended performance level for controlled damage. All other materials provided
this level of performance. While C25 concrete, Diyarbakır, and Süphan basalt had a
sufficient performance for the damage limitation, other materials were not sufficient at this
performance level.
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4.6. Time-History Analyses for Different Materials

In this study, time-history analyses were also performed for the sample minaret made
of three different materials such as adobe, Süphan basalt, and C25 concrete. The numerical
analysis of the equation of motion, which is constructed by taking into account the mass,
stiffness, and damping parameters of the structure, under a chosen acceleration record, is
called a time-history analysis. In this method, the earthquake load reduction coefficient
is also used in the calculation of the stress and internal forces in the sections to consider
the inelastic behavior of the structure. Time-history analyses were performed by using
the acceleration records of the 2011 Van earthquake, which happened close to the selected
location for the reference minaret. The Van earthquake acceleration-time curve for South-
North was used in this analysis and is shown in Figure 17.
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Figure 17. South-North acceleration-time curve of the 2011 Van earthquake.

The time-displacement curves of the sample minaret for the 2011 Van earthquake were
given in Figures 18–20 for adobe, Süphan Basalt, and C25 concrete, respectively.
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The comparison of performance levels for the minaret made of three different materials
is given in Table 15.

Table 15. Comparison of performance levels of three different material types (H = 25.40 m).

Material Type
Natural

Fundamental
Period (s)

Roof
Displacement

(mm)

Roof Drift Ratio
(%) DL < 0.3% CD < 0.7% PC < 1%

Adobe 1.433 180.27 0.71 76.2 × 178 × 254
√

C25 concrete 0.272 67.29 0.26 76.2
√

178
√

254
√

Süphan basalt 0.221 56.6 0.22 76.2
√

178
√

254
√

While the × sign indicates that the performances are not insufficient, the
√

sign
indicates that they are sufficient performances. C25 concrete, Süphan basalt, and adobe
were found to be sufficient for the prevention collapse performance level for the standard
earthquake ground motion level. Adobe material did not provide the recommended
performance level for controlled damage and damage limitation. Both other materials
provide these performance levels.

5. Results and Conclusions

Although the history of masonry buildings dates back to ancient times, they could
have been and could still be built from different building materials. Within the scope of
this study, the usage of different material types for a sample minaret model was examined
in detail. Within the scope of the study, previous studies for thirteen different types of
minaret materials were compiled, and material properties were determined. In addition to
the naturally obtained materials, the concrete material widely used today has also been
considered. Structural analyses were performed for each material type, respectively.

The modulus of elasticity, which measures the elastic deformation of materials under
force, has the highest value for Süphan basalt and the lowest value for adobe. Among the
materials considered, the material with the highest unit volume weight value is cut stone,
while the material with the lowest value is Edremit travertine. While Poisson’s ratio has
the highest value for Diyarbakır basalt, the lowest value is obtained for Edremit travertine.

In this study, the predicted values in the last two earthquake hazard maps and the
seismic design codes used in Türkiye were compared for the selected location because of
the need to use site-specific design spectra for the minaret according to the current seismic
design code. As a result, the predicted PGA on the updated seismic hazard map (2018)
for the selected location was lower than the previous one (2007). This may be different for
different locations.

It is known that the change of the design spectra obtained specifically for the site will
significantly change the target displacement values predicted for the building performance.
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Therefore, in cases where the target displacement values need to be adequately represented,
it is impossible to determine the performance levels of structures under the earthquake
effect accurately.

While the highest period was obtained for adobe with the lowest modulus of elasticity,
the lowest period was obtained for Süphan basalt with the highest modulus of elasticity.
This situation remained valid for frequency values as well. As the elasticity modulus
increases in the material, the period values decrease, causing the structure to behave more
rigidly. The material elasticity modulus is a parameter that directly affects the rigidity
of the structures. The period values obtained from the structural analysis results for all
different materials.

Meanwhile, empirical period formulas based on height were proposed for each ma-
terial. Minaret wall thickness was chosen equally for all materials used in the sample
model. It will be useful to examine the thickness variation in future studies. The proposed
empirical period correlations were obtained only according to the height considered. This
study will contribute to developing the relations obtained by considering different heights
for these materials.

According to the structural analyses considering the response spectrum, the highest
roof draft was obtained at 38.5 cm for the adobe with the lowest modulus of elasticity. The
lowest roof draft was obtained for Süphan basalt at 5.1 cm. The highest base shear force
was obtained for Süphan basalt, while the lowest base shear force was obtained for adobe.
The tensile, compressive, and shear stresses have the highest values for Süphan basalt, and
the lowest values have been obtained for adobe.

Due to the random location of the minaret considered in Bitlis, the analysis was
carried out in the time history by selecting the acceleration records of the 2011 Van (Eastern
Türkiye) earthquake, which is the closest and most effective earthquake to this region.
The time-history analyses were performed for minarets made of three different materials.
This analysis was also carried out for concrete which can be classified in the non-natural
material class, and adobe and Süphan basalt, which have the lowest and highest modulus
of elasticity, respectively. A displacement of 18 cm was obtained for the adobe, where the
displacement of Süphan basalt was 5.7 cm. With the increase of the modulus of elasticity,
more rigid structures are obtained, and as a result, they have a smaller displacement under
the effect of earthquakes.

According to the analysis results, the maximum shear force and stresses that occur in
the structure are high because the total weight of the material with a higher unit volume
weight is also high. In addition, the maximum displacement in the structure increases with
the weight of the structure. Therefore, a material with a high modulus of elasticity has a
higher maximum shear force and stress levels. In contrast, the maximum displacement and
period are lower in the materials with a lower modulus of elasticity. It is understood from
the analysis results that the change in the Poisson ratio in the materials does not make a
significant change in the displacement, basic shear force, and period values and that the
stresses (S11, S12, and S22) increase when the Poisson ratio increases.

While minarets made from C25 concrete, Diyarbakır, and Süphan basalt are within
limits for the DL drift ratio for the design earthquake, all other materials do not meet
this limit condition. CD status was not met for minarets made of adobe, brick, cut stone,
and Bitlis stone but was satisfied for minarets made of other materials. It was not met for
minarets made of all materials in the case before the collapse. While all DL conditions
were met for the minarets made of C25 concrete and Süphan basalt, the minaret made
of adobe fulfilled only the PC damage limit state. At the same time, successful results
were obtained with fewer parameters in the natural fundamental period estimation thanks
to a generated feed-forward and backpropagation ANN structure. The findings also
determined the proper network structure and the necessary adjustments and parameters.
These parameters constitute a pioneering model for decision support systems in natural
fundamental period calculations.
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There is a significant consistency among all the results obtained. In this context, it is
important that the structural analyses required for the material selection and design to be
used in the minaret-type structures, which are delicate due to their construction style, are
carried out with precision. While the ductility of such slender and tall structures should
be as high as possible, it has been observed that even if the stresses that will occur in the
structure can be carried, in case of constructed with masonry technique with low ductility,
damage caused by brittle fractures in big earthquakes cannot be avoided.

In market investigations between Süphan basalt, adobe, and concrete materials, adobe
was obtained as the most economical material, while the material with the highest cost was
Süphan basalt. While the cost of concrete was three times the cost of adobe, Süphan basalt
was obtained at seven times the cost of adobe.

The scope of this paper was minarets with a single balcony and a circular cross-section.
Future investigations can be conducted for minarets with two or three balconies and differ-
ent cross sections. This study was also carried out by taking into account equal minaret
thickness in order to make comparisons. In the codes, only the minaret height, or the
minaret height and the base width, are taken into account without paying attention to the
material differentiation in the empirical relations related to the masonry buildings. This
study proposes new empirical formulas for determining the natural periods of minarets
constructed of different materials. These proposed formulas will be a source for experimen-
tal studies to be carried out on minarets using these materials. This study will also be a
source for the structural analysis of minarets.
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18. Erdil, B.; Tapan, M.; Akkaya, İ.; Korkut, F. Effects of structural parameters on seismic behaviour of historical masonry minaret.
Period. Polytech. Civ. Eng. 2018, 62, 148–161. [CrossRef]
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