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ABSTRACT

ASSESMENT OF THE DYNAMIC PROPERTIES AND RESPONSE
OF MASONRY MINARETS IN ISTANBUL

Al-ASWAD, Mohamad

M.Sc., Civil Engineering, Altinbas University,
Supervisor: Assoc. Prof. Dr. Aykut ERKAL
Date: August /2023

Pages: 64

Over the centuries, numerous Islamic minarets have been constructed in various forms, the
Ottoman minarets were one of them. In this study, seven Ottoman minarets located in
Istanbul were evaluated, 5 of them were constructed using stone masonry, and the rest were
constructed using both stone masonry and brickwork. Firstly, the physical and mechanical
properties of the materials used were determined using a Schmidt hammer test. Regression
analysis was conducted to investigate the relationship between the fundamental period and
the affected parameters. In this study, two equations were derived to estimate the
fundamental period for minarets. The seven minarets were analyzed under their self-weight,

time history analysis, and modal analysis using the SAP2000 software.

Keywords: Minarets, Regression Analysis, Schmidt Hammer Test, Time History Analysis,

Modal Analysis.
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1. INTRODUCTION

The Ottoman minarets hold significant historical value and exhibit unique architectural
features. They consist of several main components: a foot, a boot section, and a transitional
segment that connects the boot to the main body of the minaret. The main body of the minaret
typically has a polygonal shape, and in the body section, there is a balcony that decorates the
upper part of the minaret. Above the balcony, there is the upper body of the minaret, followed
by the spire and a beautiful end ornament. Inside the minaret, there is a spiral staircase
supported by a strong core. This combination of elements showcases the architectural
brilliance of the Ottoman era. Unfortunately, many of the Ottoman minarets in Istanbul have
succumbed to destructive earthquakes over the years, most notably in 1766. Typically,
Ottoman minarets are attached to mosque. For this study, seven minarets were carefully
selected. Figure 1.1 shows the height details of the minarets, ranging from the shortest at
19.48m to the tallest at a height of 74.51m, along with cross sections of the bottom of the
polygonal body.

Minaret of Minaret of Minaret of Minaret of Minaret of Minaret of Minaret of

Fatih Yeni Nusretiye Yeni Valide  Little Hagia  Zeynep Sultan ~ Kepeneki

Mosque Mosque Mosque Mosque Sophia Mosque Sinan Mosque
3.8m 3.1m 2.4m 2.6m 2.2m 1.6m 1.7m

Figure 1.1: The Seven Historical Minarets.
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2. GENERAL INFORMATION

During this study 7 historical Ottoman minarets were studied. Table 2.1 shows the

characteristics of the minarets.

Table 2.1: The Characteristics of the Minarets.

Fatih Yeni Nusretiye Yepl thtl.e Zeynep Kepenekgi
. Valide Hagia Sultan .
Minaret Mosque Mosque Mosque . Sinan
Mosque Sophia Mosque
Mosque
Mosque
Height (m) 74.51 63.46 61.24 49.78 35.39 30.41 19.48
Number of 2 3 2 2 1 1 1
Balconies
Boot

Dimensions | 4.14x4.01 | 4.98x4.33 | 3.00%2.95 | 3.20x3.00 D=3.1 3.64x3.08 D=2.74
(m)

Diameter of

Polygonal 3.80 2.83 1.98 2.58 2.10 1.57 1.73
Body (m)
Diameter of
the Lowest 5.21 4.64 3.64 4.08 3.55 2.75 2.75
Balcony (m)
Height of
Transitional 2.58 5.77 3.99 3.80 4.36 3.90 1.92
Segment (m)
Heightof ) 55 9.24 1175 9.02 5.74 5.74 3.04
Spire (m)
Year of 1463- 1597- 1823- 1708-
Construction | 1470 1663 1826 1710 | 22736 1769 1546
Attached or
Unta;t?hcehed Attached | Attached | Attached | Attached | Unattached | Attached Attached
Mosque
Constituent Stone Stone Stone Stone Stone Brick and | Brick and

Stone Stone

Materials Masonry | Masonry | Masonry | Masonry Masonry Masonry Masonry




2.1 MINARET OF FATIH MOSQUE

Istanbul’s conquest was an important historical event in world history. The Fatih Mosque
and its complex were among the earliest incredible works of Ottoman Turkish architecture
that were built and constructed in Istanbul (Figure 2.1). Fatih Mosque and its complex were
constructed between 1463 and 1470 by the architect Sinaniiddin Yusuf bin Abdullah in the
Fatih district in Istanbul. The complex consists of schools, a clinic, a library, and tombs. The
16-line Arabic inscription on both sides and above the gate indicates the date of construction.
The inscription was created by Ali bin Sofi, a popular calligrapher of that era. The names of
the ancestors of Fatih Sultan Mehmed Han through the lineage to Osman bey are stated in
the inscription. The mosque has been exposed to several earthquakes in the past, the most
serious occurred in 1766. On the third day of Eid Al-Adha in 1766, the mosque collapsed as
a result of the earthquake, as well as its huge dome and the top section of the minarets. The
mosque was repaired by the architect Mehmed Tahir Aga and the restoration work was
finished in 1771. Two minarets stand on the right and the left of the mosque. The minarets
were restored in a wavy baroque design and decorated with ornate carvings. The minaret's

stone spires were replaced in 1965 by lead-coated wooden spires [1].

Figure 2.1: Fatih Mosque.
3



2.2 MINARET OF YENI MOSQUE

The Yeni Mosque bears the classical Ottoman architectural style with its plan scheme,
construction techniques, materials, and decorations (Figure 2.2). The Yeni Mosque is located
in Eminoni district. The construction was started in 1597 during the reign of Sultan III.
Mehmed Han, by the architect Davut Aga. The mosque is located at sea level, which caused
the groundwater to flow to the mosque's foundation level. The architect used large piles for
the foundation. Although the occurrence of many earthquakes until these days, the
foundation has not been affected. That indicates the solidity of the work. The construction
works were finished in 1663 by the architect Mustafa Aga. The Yeni Mosque has a large
dome in the center supported by four columns and surrounded by four half-domes. The
mosque consists of a courtyard, a harem, and a fountain. Two minarets are located on the
northwest corner of the mosque. Each of the minarets has three balconies. The entry to the
minarets is accessible through the mosque's side corridors. The minaret's spires are lead

coated. The Yeni Mosque was repaired Between 2007 and 2009 [1].
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2.3 MINARET OF NUSRETIYE MOSQUE

The Nusretiye Mosque was built during the reign of Sultan II. Mahmud Han in Tophane
area. The Nusretiye Mosque was designed and constructed by architect Krikor Amira
Balyan. The construction started in 1823 and was completed in 1826. The mosque's
architecture combines both imperial and baroque designs. The Nusretiye Mosque has a very
attractive stone structure with a single dome 14 meters in diameter and 33 meters in height
(Figure 2.3). The candlesticks of the mosque are made of green stone. The courtyard of the
mosque is paved with marble. Due to the lack of visibility of Ramadan mahyasi from the
sea, the two beautiful minarets, up to the lower balconies were demolished after the
completion of their construction and rebuilt higher than it was. The transition segment of the
minarets is leaf-decorated and pear-shaped. The polygonal body is rising on the pear-shaped

transition segment. The minarets have wavy balconies and long conical spires [2].
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2.4 MINARET OF YENI VALIDE MOSQUE

The Yeni Valide Mosque, tombs, school, and fountain are all parts of the Yeni Valide
Complex. The Yeni Valide Complex is one of the complexes that formed the basis of
Ottoman social life. The structure is located northwest of Mihrimah Sultan Mosque in
Uskiidar. The complex was established on a rectangle shape area. The complex was
constructed by the architect Mehmet Aga. According to the inscription on the gate, the
construction started in 1708 and was completed in 1710. Yeni Valide Mosque has two
minarets, which are regarded as the last example of classical Ottoman style and each has two
balconies (Figure 2.4), located at the corners where the mosque and the last prayer hall meet.
The wooden entrance doors of the two minarets, located at the last prayer hall, open into the
corridor at the main entrance of the mosque. The minarets were built of limestone. There is
an unadorned transition segment between the boot section and the polygonal body of the

minarets [3].

Figure 2.4: Yeni Valide Mosque.
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2.5 MINARET OF LITTLE HAGIA SOPHIA MOSQUE

Justinian started constructing the Little Hagia Sophia Mosque as a church (Church of SS
Sergius and Bacchus) in 527 and completed it in 536. In 1510, the church was converted into
a mosque (Figure 2.5). The church has 5 domes. The last prayer hall, a muezzin mahfili (a
raised platform in a mosque from which the Quran is recited and where the muezzin chants),
minber, and mihrab were added to the mosque later. A single minaret standing separately
from the mosque was built in 1762. The little Hagia Sophia Mosque has dimensions of 30m
x 34m. The dome high is 19m. The last prayer hall has five arches and a dome above it. The

minaret was partially destroyed in 1940 and was repaired using limestone in 1956 [4].

Figure 2.5: Little Hagia Sophia Mosque.
7



2.6 MINARET OF ZEYNEP SULTAN MOSQUE

The Zeynep Sultan Mosque is located in the Alemdar area, directly across the street from
Giilhane Park. It was built by Zeynep Sultan. A school, tombs, and a fountain are located
adjacent to the mosque, constituting a small complex. According to the inscriptions that are
in the mosque, the mosque was built in 1769, and the architect was Mehmed Tahir Aga.
Zeynep Sultan Mosque was constructed with traditional materials from stone masonry and
brickwork. It has a square design with one dome that sits on the walls. The school is located
behind the mosque and is still utilized by the Ministry of Awqaf until these days. The mosque
has a minaret with a single balcony (Figure 2.6). The Ministry of Awqaf restored the mosque
in 1958, and the prayers restored it in 1983 [1].

a— & |

Figure 2.6: Zeynep Sultan Mosque.
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2.7 MINARET OF KEPENEKCI SINAN MOSQUE

The Kepenekg¢i Sinan Mosque is located in Eminédnii district. Hoca Sinan constructed the
Kepenek¢i Sinan Mosque in 1546. The mosque has an area of 207 square meters. The walls
of the mosque are made of limestone. The roof of the mosque and the minbar are made of
wood. A marble arch frames the lower windows, which are rectangular in design. The upper
windows are constructed in a beehive shape. The ascent to the top section is provided through
wooden stairs. The mosque is divided into two parts, has two mihrabs and the interior is
accessed by two separate doors. The mosque has a single minaret on the right front. The
minaret has a single balcony in which the boot section and the transition segment are attached
to the mosque and made of limestone masonry, while the polygonal body is made of
brickwork masonry (Figure 2.7). After several restorations, the mosque was finally repaired

by Fatih Mosque Protection Association in 1968 [1].

Figure 2.7: Kepenek¢i Sinan Mosque.
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3. LITERATURE REVIEW

Regression analysis is a type of analysis that establishes a link between variables to generate
a mathematical equation. Regression analysis can be linear or nonlinear. There are many
previous studies on regression analysis to estimate the fundamental period, such as Oliveira
et al (2012), and (Serhatoglu and Livaoglu (2019)). Many researchers in previous studies
investigate different equations to estimate the fundamental period or frequency for structures
that have tower shape. Some equations consist only of geometric properties variables. for
example, the equations of Oliveira et al (2012), Serhatoglu and Livaoglu (2019), Faccio et
al, Rainieri and Fabbrocino, Ministerio de Fomento, and Shakya. On the other hand, some
equations include both geometric properties variables and material properties variables like

the equation of Serhatoglu and Livaoglu (2019).

The Oliveira's equation which is given by Equation (3.1) has three variables: height, moment
of inertia, and cross section area. It is an equation derived from a study of 11 minarets ranging
in height from 23 to 67 meters. During the regression analysis, the properties of the materials
used in the minarets, the height of the Spire section, and the height of the boot section were

all eliminated [5].
fOliveira = 38 X A705 x 197 x h11 (31)

The equations of Serhatoglu and Livaoglu which are given by Equation (3.2) and Equation
(3.3) are the results of study on 18 minarets in which two equations were generated, one
using both geometric properties and material properties (H, p, E, A, 1) while the other using
only geometric properties (H, A, I). 18 minarets were all smaller than 45m, and it is important
to note that most of the minarets have a brick body, thus the modulus of elasticity is low. The
height of the minaret is determined by measuring the distance from the beginning of the
transitional segment to the end of the body, excluding the height of the Spire section.
Additionally, for an unattached minaret, 0.4 times the height of the boot will be added to the
height of the minaret. On the other hand, for an attached minaret, 0.33 times the height of
the boot will be added to the height of the minaret [6].

10



2 h1.776 X A1.225 X p0.588 (3.2)

TSerhatoglu and Livaoglu5 — 32 ]0.928 w [0.427
21t h1.398 X A2.329 (33)
TSerhatoglu and Livaoglu 3 = 3783 1478

The equations of Faccio et al [7], Rainieri and Fabbrocino [8], Ministerio de Fomento [9],
and Shakya [10], all have a single variable, which is height. The equations of these studies
are presented from Equation (3.4) through Equation (3.7).

Toaceio etal. = 0.0187 X h (3.4)
TRainieri and Fabbrocino = 0-0113 X h':138 (3.5)
Tuinisterio de Fomento = 0.05 X h3/4 (3.6)

1 3.7)

fshakya = §777g x 10533

11



4. METHODOLOGY

4.1 THE MECHANICAL PROPERTIES OF MATERIALS

Determining the mechanical properties of materials that were used in historical minarets is
an important topic for researchers. The mechanical properties of materials can be determined
in several methods, the compression test method can be applied by taking samples and
examining them in the laboratory, or the Schmidt hammer machine can be used to determine
the mechanical properties. During this research, the mechanical properties were determined
by using the Schmidt hammer test [11]. The stones used in each minaret were examined
separately in three different regions, for each region 20 readings were recorded, and the

average values were calculated for them as in Table 4.1.

Table 4.1: Schmidt Hammer Test Results.

Minarets Materials N average
Minaret of Fatih Mosque Stone Masonry 38.8
Minaret of Yeni Mosque Stone Masonry 41.1
Minaret of Nusretiye Mosque Stone Masonry 46
Minaret of Yeni Valide Mosque Stone Masonry 41.8

Stone Masonry (Ottoman Period) | 41.8
Minaret of Little Hagia Sophia

Stone Masonry (Republic Period) | 40.1

Minaret of Zeynep Sultan Mosque Stone Masonry 42.46

Minaret of Kepenekg¢i Sinan Mosque Stone Masonry 41.88

The mechanical properties of the stones were determined according to relationships provided
by [12]. Stone masonry's compressive strength was calculated to be 35% of the stone unit's
compressive strength [13]. Based on the Schmidt Hammer rebound number and the previous
studies [11], the compressive strength of the brick units that were used in Kepenek¢i Sinan
Mosque was calculated to be 12.07 MPa while the compressive strength of the brick units
that were used in Zeynep Sultan Mosque was calculated to be 15.64 MPa. The historic lime
mortar's compressive strength varies between 0.5 MPa and 1.5 MPa. The brick masonry's

12



compressive strength was determined to be 2.78 MPa for Kepenekg¢i Sinan Mosque and 3.33
MPa for Zeynep Sultan Mosque [14]. Brick masonry's elastic modulus was calculated to be
900 times its compressive strength. Zeynep Sultan Mosque's modulus of elasticity was
estimated to be 3000 MPa and Kepenekg¢i Sinan Mosque's to be 2300 MPa [15]. The tensile
strength of the brick masonry is found to be 10% of the compressive strength value of the

brick masonry. The properties of the material are presented in Table 4.2.

Table 4.2: Physical and Mechanical Properties of Materials.

. . E p fcm fc ft
Minarets Materials (GPa) v (kg/m?) (MPa) (MPa) (MPa)
Fatih Mosque Stone Masonry 10.40 | 0.30 1911 8.25-13.10 | 29.71 | 0.83-1.31
Yeni Mosque Stone Masonry 12.42 | 0.30 | 1986 9.63-15.28 | 34.66 | 0.96 —1.53

thl’zrszt%e Stone Masonry | 17.59 | 0.30 | 2133 |13.37-21.22 | 48.13 | 1.34-2.12
Yf\rﬂ‘:);gﬂéde Stone Masonry 7.00 | 030 | 1990 | 6.10-9.63 | 21.83 | 0.61—0.96
o Masor?% 13.00 | 0.30 | 2009 | 10.09-16.02 | 36.33 | 1.01-1.60
Little Hagia (Ottoman Period)
Sophia Stone Masonry
(Republic Periog) | 1150 | 030 | 1958 | 9.00-1430 | 3242 | 0.90-143
Zeynep Sultan Stone Masonry 1374 [ 030 | 2029 | 10.55-16.75 | 37.99 | 1.06—1.68
Mosque Brickwork 3.00 | 020 1800 3.33 15.64 0.33
Kepenekci Stone Masonry 1317 [ 030 | 2012 | 10.15-16.11 | 36.55 | 1.02- 1.61
Sinan Mosque Brickwork 250 | 020 | 1750 2.78 12.07 0.28

fe: Compressive Strength of Units, fom: Compressive Strength of Masonry, fi: Tensile Strength.
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4.2 SAP2000 MODELING AND ANALYSIS CONSIDERATIONS

SAP2000 software version 24 was used to examine the seven minarets using the finite
element method. The models were created in three dimensions. The seven minarets were
developed utilizing macro modeling techniques to reflect how they are. The minarets were
designed as solid elements in SAP2000 software program after receiving the architecture
plans from the regional director of Istanbul (Figure 4.1). The spiral staircase inside the
minaret and the core were taken into consideration from the ground level up to the upper
balcony level. The modeling of the balconies and the spire section were taken into
consideration, based on the schemes of the minarets. To obtain a model similar to reality,
window apertures and door openings were taken into consideration during the modelling.
The attached walls around the minaret were also modeled if they existed. The materials
applied to the models are shown in Table 4.2. All these parameters have an impact on the

stiffness of the minaret and its dynamics response.
4.3 PARAMETERS INFLUENCING VIBRATION PERIOD

During this study, the nonlinear regression analysis for the seven minarets was performed to
establish relationships between variables. As a first step, we had to find the variables that
will affect the fundamental period, so we used Equation (4.1), which calculates the

cantilever's fundamental period and it is considered the closest example of minarets.

_ 2t |p A h*
18752 EI 4.1

As shown in equation (4.1), both geometric variables and material properties variables were

used to estimate the fundamental period for the cantilever; therefore, in this study, we used
the height, cross-sectional area, moment of inertia, elasticity modulus, and material density
as variables to perform the regression analysis. For material properties the values listed in
Table 4.2 were used. For geometric properties both the cross-section area and the moment
of inertia were calculated at the bottom of the body. Notably, due to the spiral staircase
design, only one step exists at each height, the staircase diameter is subtracted from the body
diameter when calculating the area and moment of inertia. The height is measured to be the

half-height of the boot section adding the height from the bottom of the transitional segment
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to the top of the spire section without adding the end ornament (H = 0.5h; + ho + h3 + hs)
(Figure 4.2).

End Ornament

Spire
P ha

Upper part of
Minaret body

Balcony H i
vl

h3

Bolygonal Body

Transient Segment

i Ao |
JI ;“ i Boot o= :.I hi
= |
—————1 — Footing I 1
Figure 4.1: Components of Ottoman Minarets. Figure 4.2: H Values During Calculations.

4.4 GROUND MOTIONS CHARACTERISTICS

Following the modeling of the seven minarets in the SAP2000 software program and the
determination of the mechanical characteristics of the materials that were used in
construction, 9 ground motions were applied to the seven minarets. 6 ground motions caused
by earthquakes, 2 ground motions caused by trains, and 1 ground motions caused by vehicles
were chosen. Table 4.3 shows all the information about the ground motions that were applied
in terms of location, date, time step, number of data points, duration, maximum acceleration
of the motion in all directions (N-S, E-W, Z), Approximate Predominant Period in x direction

and Approximate Predominant Period in y direction.
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Table 4.3: Ground Motion Characteristics.

Name of
Ground
Motion

Dizce

Diizce

Dizce

Erzincan

Kocaeli

Kocaeli

Train
3A

Train
2C

Vehicle
4B

Location of
Recording

Lamont
375

Irigm
496

Bolu

Erzincan

Dilzce

Yarimca

Eminoéni

Eminéni

Eminéni

Year of
Recording

1999

1999

1999

1992

1999

1999

2008

2008

2008

Time Step
[sec]

0.010

0.004

0.010

0.005

0.005

0.005

0.002

0.002

0.002

No. of Data
Points [N]

4150

7501

5590

3977

5437

7000

10500

10000

11000

Duration
[sec]

41.50

30.00

55.90

19.89

27.19

35.00

21.00

20.00

22.00

Maximum Z
Acceleration
[mm/s?]

0.192

0.332

0.200

0.235

0.206

0.242

0.360

0.413

0.029

Maximum
N-S
Acceleration
[mm/s?]

0.890

1.030

0.739

0.387

0.312

0.227

0.516

0.456

0.013

Maximum
E-wW
Acceleration
[mm/s?]

0.514

0.751

0.806

0.496

0.364

0.322

0.346

0.506

0.011

Approximate
Predominant
Period in x
Direction
[sec]

0.318

0.227

0.357

0.303

0.278

0.417

0.021

0.018

0.023

Approximate
Predominant
Period iny
Direction
[sec]

0.417

0.250

0.318

0.909

0.385

0.556

0.022

0.018

0.023
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S. RESULTS

The seven minarets were studied using the SAP2000 program by using the materials that

were indicated in Table 4.2. The results are shown in the following sections.
5.1 REGRESSION ANALYSIS

The regression analysis results between each of fundamental period and height, cross
sectional area, moment of inertia, modulus of elasticity, and density are shown from the

(figure 5.1) to (figure 5.5)

2.5

N
o

Fundamental Period (sec)
H
o

. y = 0.7369In(X) - 1.4199

0.5 0.610 R2=0.7829

R =0.8848
0.0
10 20 30 40 50 60
Minaret Height (m)
Figure 5.1: Fundamental Period and Height.

2.5
2 20
;3/ 1.521
= 15 '
o
£ 1.0
2 0.690
= L y =0.2322In(x) + 0.856
2 05 o610 R2=0.6578
T R=0.8111

0.0

0 4 8 12 16 20 24
Moment of Inertia (m*)

Figure 5.2: Fundamental Period and Moment of Inertia.
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. 0.5 0.610 R?=10.7035
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0 2 4 6 8 10
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Figure 5.3: Fundamental Period and Cross-Sectional Area.
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E 15 ® 1521 @® 1535
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o
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0 4 8 12 16 20
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Figure 5.4: Fundamental Period and Modulus of Elasticity.
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Figure 5.5: Fundamental Period and Density.

Table 5.1 summarizes the regression analysis results, and Table 5.2 shows the regression

coefficients of the obtained equations.

Table 5.1: Summary of Regression Analysis Output.

Trs Tr2
Number of

Predictor > g
Multiple R 0.999 0.900
R Square 0.999 0.811
Adjusted R? 0.994 0.716
Standard Error 0.031 0.207
F 186.616 8.572
Significance F 0.055 0.036

Observations 7 7
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Table 5.2: Coefficients of Regression Analysis.

Predictors Coefficients | Standard Error t Stat P-value
Intercept -32.502 4.464 -7.282 0.087
p 4.072 0.617 6.604 0.096
A 2.676 0.206 12.992 0.049
Trs
h 0.836 0.092 9.080 0.070
E -0.761 0.076 -10.035 0.063
I -1.440 0.112 -12.857 0.049
Intercept -2.266 1.739 -1.303 0.262
Tr2 h 0.946 0.526 1.799 0.146
I -0.072 0.180 -0.399 0.710

According to Table 5.2 the regression analysis produced the following two equations.

4-.072A2.676 h0.836

TF5 =In <p

EO0.761]1.440

j0946
Tr, = In <Io.o7z>

10 different minarets with their own references period have been found from previous

)— 32.502

— 2.266

(5.1)

(5.2)

studies. Both the previous study's ten minarets and this study's seven minarets were evaluated

using the two equations of this study (Equation 5.1 and Equation 5.2), equation of Oliveira,

two equations of Serhatoglu and Livaoglu, and four different equations (The equations of

Faccio et al [7], Rainieri and Fabbrocino [8], Ministerio de Fomento [9], and Shakya [10])

consisting of one variable, which is the height. The results are shown in Table 5.3.
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Table 5.3: Comparison of Fundamental Periods of Various Minarets Using Different Suggested

Equations.
Name and
. Eqn | Egn | Egn | Egn | Egn | Egn | Egn | Eqn | Egn
No | Location of | Reference | Trernce | 57 | 55 | 37 | 32 | 33 | 34 | 35 | 36 | 3.7
Minarets
1 ISkinderpaSa’ [16] 078 |0.78 | 0.61 | 1.08 | 0.53 [ 0.19 | 0.38 | 0.35 | 0.48 | 0.59
rabzon
2 Tabacica, [17] 054 | 056 |0.63|0.66 029|017 043|040 | 053|063
Mostar
g | Sultan Ahmed, | ) g0 114 | 1.07 | 1.26 | 0.80 | 0.50 | 0.53 | 0.95 | 0.99 | 0.95 | 0.96
Istanbul
4 | Representative, | o 090 |0.80|0.70|0.68|0.33|0.15| 047|044 | 056 | 0.66
Turkey
5 | Representative, | o 051 | 058|046 |042 017|009 037 | 034|047 | 058
Turkey
6 TR, [20] 1.86 | 1.58 | 0.98 | 1.00 | 0.78 | 0.23 | 0.62 | 0.60 | 0.69 | 0.76
Turkey
Bayburt
7 Grand, [21] 0.70 | 031|069 |042|0.24|029| 054052062071
Bayburt
Biyk
8 Mosque, [22] 098 |0.34]092|1.05]|070]| 025|060 058|067 |0.75
Samsun
9 B'tB"iiIEJS'“' [23] 0.67 |0.13]070 038|030 024|057 055|065 |0.73
10 Emgusr‘;;ta“’ [24] 0.83 |1.52|0.75|0.68 | 0.42 | 0.32 | 0.58 | 0.56 | 0.65 | 0.73
11 | Fatih, istanbul Sm;? 152 [153|148|072|093|084|1.32|143|122|1.14
12 | Yeni, istanbul Sm;? 141 [1.38]140|086|083|080|1.14| 122|109 |1.06
13 | Nusretiye, This 154 | 154|131 077|061 077|108/ 114 | 1.05 | 1.02
Istanbul study
14 | Yenivalide, | This | g6 | 596|118 | 073 | 053 | 0.34 | 0.87 | 0.90 | 0.89 | 0.91
Istanbul study
Little Hagia This
15 Sophia, 0690 |0.69|092|079|0.39]|040| 062061069076
. study
Istanbul
16 | Zeynep Sultan, | This 097 |097|090]1.15| 061|033 053051061070
Istanbul study
17 | Kepenekei This 0.61 | 060|049 |0.69 031|018 035|031 045|056
Sinan, Istanbul study
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5.2 MODAL ANALYSIS

The results of modal analysis are shown in Table 5.4.

Table 5.4: Results of Modal Analysis.

Modal Participating Mass Ratio (MPMR)
. (%)
Minarets Modes | f (Hz) | T (s)
Ux UY Uz Rx RY RZ

1 0.66 | 1.52 | 11.88 | 8.58 | 0.00 | 29.04 | 38.85 | 2.34

2 0.67 | 1.49 | 8.81 | 10.99 | 0.00 | 38.27 | 29.40 | 1.07

] 3 296 | 0.34 | 13.82 | 0.96 | 0.04 | 0.05 | 0.47 | 0.23
Fatih Mosque

4 3.06 | 0.33 | 1.13 | 9.13 | 0.01 | 1.07 | 0.07 | 1.36

5 6.13 | 0.16 | 28.15| 0.50 [ 0.29 | 0.06 | 2.72 | 0.14

6 691 | 0.14 | 0.01 | 0.91 | 0.02 | 0.00 | 0.04 | 45.85

1 0.71 | 1.41 | 5.10 | 13.38 | 0.00 | 50.37 | 18.95 | 2.77

2 0.72 | 1.39 | 13.61 | 492 | 0.00 | 18.72 | 50.95 | 0.43

3 339 | 030 | 434 | 439 | 0.01| 0.75 | 050 | 0.69
Yeni Mosque

4 348 | 029 | 549 | 3.40 | 0.01| 0.64 | 0.65 | 0.47

5 7.75 | 0.13 | 20.16 | 0.19 | 0.35| 0.00 | 0.51 | 0.63

6 826 | 0.12 | 051 | 882 | 0.00| 0.01 | 0.02 | 3.03

1 0.65 | 1.54 | 5.85 | 10.50 | 0.00 | 45.54 | 25.08 | 0.00

2 0.66 | 1.51 | 10.15| 5.51 | 0.00 | 25.00 | 45.51 | 0.00

) 3 315 | 032 | 249 | 6.86 | 0.00 | 1.47 | 0.37 | 0.00

Nusretiye Mosque

4 329 | 030 | 573 | 1.39 | 0.00| 059 | 1.63 | 0.00

5 6.98 | 0.14 | 9.40 | 11.91 | 0.00 | 0.09 | 0.11 | 0.00

6 785 | 013 | 6.70 | 3.95 | 0.00 | 0.03 | 0.01 | 0.08

1 1.04 | 0.96 | 24.08 | 1.82 | 0.00 | 4.49 | 60.53 | 4.17

2 1.17 | 0.85 | 1.49 | 18.84 | 0.00 | 59.57 | 4.58 | 0.05

o 3 3.65 | 0.27 | 20.28 | 0.90 | 0.00 | 0.00 | 0.01 | 1.00

Yeni Valide Mosque

4 455 | 022 | 0.66 | 11.26 | 0.02 | 1.61 | 0.07 | 0.22

5 7.17 | 0.14 | 18.78 | 0.37 | 0.03 | 0.11 | 4.20 | 1.63

6 863 | 012 | 0.33 | 1.64 | 0.01 | 0.09 | 0.20 | 26.48
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Table 5.4: Results of Modal Analysis "Tables Continued".

1 1.43 | 0.69 | 27.96 | 14.71 | 0.00 | 18.62 | 35.45 | 0.00

1.45 | 0.69 | 14.55 | 27.75 | 0.00 | 35.58 | 18.71 | 0.00

Little hagia Sophia 6.99 | 0.14 | 20.34 | 0.97 | 0.00 | 0.20 | 3.46 | 0.00

Mosque 707 | 014 | 0.87 | 2052 | 0.00 | 3.45 | 0.12 | 0.01

14.07 | 0.07 | 0.05 | 0.00 | 0.00 | 0.00 | 0.03 | 48.89

15.25 | 0.07 | 10.38 | 1.07 | 0.00 | 0.63 | 6.46 | 0.07

1.03 | 0.97 | 0.00 | 15.22 | 0.00 | 70.85 | 0.00 | 0.52

1.04 | 0.96 | 15.12 | 0.00 | 0.00 | 0.00 | 72.39 | 0.00

Zeynep Sultan 6.19 | 016 | 1.71 | 248 | 0.00 | 1.23 | 0.90 | 0.10

Mosque 6.34 | 016 | 244 | 181 | 0.00| 0.88 | 1.31 | 0.04

9.62 | 0.10 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 3.24

1457 | 0.07 | 1.20 | 1.42 | 0.00 | 0.20 | 0.19 | 0.07

164 | 0.61 | 13.71 | 0.57 | 0.00 | 2.61 | 68.12 | 0.76

1.65 | 0.60 | 0.57 | 13.38 | 0.00 | 60.73 | 2.92 | 0.74

Kepenekgi Sinan 9.69 | 0.10 | 546 | 0.02 | 0.00 | 0.00 | 1.59 | 0.22

Mosque 9.73 {010 | 001 | 401 [0.00| 156 | 0.01 | 0.06

11.00 | 0.09 | 0.06 | 0.00 | 0.01 | 0.00 | 0.00 | 3.40

o O | W N P O O & W N| P| O O | WO N

2119 | 0.05 | 268 | 3.89 | 155 | 0.03 | 0.04 | 1.78
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5.3 SELF-WEIGHT ANALYSIS

The seven minarets were analyzed under the effect of self-weight, Table 5.5 presents the

results of self-weight and vertical stresses for each minaret.

Table 5.5: Results of Self-Weight Analysis.

Self-

Vertical stresses (MPa)

Mosque

At th Atthe T d at Atthe Top and at Atthe T
i i e e Top and a eTo
Minarets Weight p the Base of p
(kN) Base of the Base of . and at the
) ) Transitional
Spire Cylinder Body Base of Boot
Segment
Fatih Mosque 19928 0.07 0.07-1.00 1.00-0.63 0.63-1.46
Yeni Mosque 11160 0.06 0.06 —1.00 1.00-0.3 0.30-1.45
Nusretiye
5768 0.08 0.08-0.90 0.90-0.90 0.90-1.84
Mosque
Yeni Valide
3725 0.07 0.07-0.50 0.50-0.25 0.25-0.75
Mosque
Little Hagia
) 1870 0.04 0.04-0.45 0.45-0.20 0.20-1.14
Sophia
Zeynep Sultan
1700 0.04 0.04-0.42 0.42-0.07 0.07-1.61
Mosque
Kepenekgi Sinan
1146 0.02 0.02-0.26 0.26 —0.07 0.07-1.22
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The vertical stresses along the height of each minaret and the corresponding deformed shape

of each minaret are presented from (Figure 5.6) to (Figure 5.12).

a. Minaret of Fatih Mosque

Vertical stresses (MPa) Deformed shape

Figure 5.6: Vertical Stresses and Deformed Shape for the Minaret of Fatih Mosque.
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Minaret of Yeni Mosque

Vertical stresses (MPa) Deformed shape

Figure 5.7: Vertical Stresses and Deformed Shape for the Minaret of Yeni Mosque.
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c. Minaret of Nusretiye Mosque

Vertical stresses (MPa) Deformed shape

Figure 5.8: Vertical Stresses and Deformed Shape for the Minaret of Nusretiye Mosque.
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d. Minaret of Yeni Valide Mosque

Vertical stresses (MPa) Deformed shape

Figure 5.9: Vertical Stresses and Deformed Shape for the Minaret of Yeni Valide Mosque.
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e. Minaret of Little Hagia Sophia Mosque
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Figure 5.10: Vertical Stresses and Deformed Shape for the Minaret of Little Hagia Sophia Mosque.
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f. Minaret of Zeynep Sultan Mosque

Vertical stresses (MPa) Deformed shape

Figure 5.11: Vertical Stresses and Deformed Shape for the Minaret of Zeynep Sultan Mosque.
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g. Minaret of Kepenekg¢i Sinan Mosque

-0.11

-0.51
-0.61
-0.71

-1.01
11

Vertical stresses (MPa) Deformed shape

Figure 5.12: Vertical Stresses and Deformed Shape for the Minaret of Kepenek¢i Sinan Mosque.
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5.4 TIME HISTORY ANALYSIS

Through (figure 5.13) to (figure 5.30) response spectrum curves are displayed in both the x

and y directions, incorporating a 5% damping ratio.
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Figure 5.13: Dizce Earthquake at Lamont 375 in X-Direction.
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Figure 5.14: Dizce Earthquake at Lamont 375 in Y-Direction.
32



Pseudo Spectral Acceleration, PSA
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Figure 5.15: Duzce Earthquake at Irigm 496 in X-Direction.
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Figure 5.16: Duzce Earthquake at Irigm 496 in Y-Direction.
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Pseudo Spectral Acceleration, PSA
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Figure 5.17: Duzce Earthquake at Bolu in X-Direction.
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Figure 5.18: Duzce Earthquake at Bolu in Y-Direction.
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Pseudo Spectral Acceleration, PSA
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Figure 5.19: Erzincan Earthquake at Erzincan in X-Direction.
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Figure 5.20: Erzincan Earthquake at Erzincan in Y-Direction.
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Pseudo Spectral Acceleration, PSA
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Figure 5.21: Kocaeli Earthquake at Diizce in X-Direction.
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Figure 5.22: Kocaeli Earthquake at Diizce in Y-Direction.
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Pseudo Spectral Acceleration, PSA
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Figure 5.23: Kocaeli Earthquake at Yarimca in X-Direction.
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Figure 5.24: Kocaeli Earthquake at Yarimca in Y-Direction.
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Pseudo Spectral Acceleration, PSA
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Figure 5.25: Train 3A in X-Direction.
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Figure 5.26: Train 3A in Y-Direction.

38




Pseudo Spectral Acceleration, PSA
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Figure 5.27: Train 2C in X-Direction.
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Figure 5.28: Train 2C in Y-Direction.
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Pseudo Spectral Acceleration, PSA
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Figure 5.29: Vehicle 4B in X-Direction.
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Figure 5.30: Vehicle 4B in Y-Direction.
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The results of time history analysis on the seven minarets are shown in Table 5.6.

Table 5.6: Maximum Values of Time History Analyses Results.

Mosque
Ground | pinaret of Yeni Litle | 7evnep | Kepeneksi
Motion Fatih Yeni | Nusretiye : Hagia ynep penexe
Valide . Sultan Sinan
Sophia
Top x-
displacement | 203.80 142.80 229.50 133.10 54.16 66.56 38.03
(mm)
Top y-
displacement | 193.40 | 141.10 229.50 177.50 70.31 78.04 82.64
(mm)
Top z-
displacement 2.23 1.14 0.68 1.01 0.20 0.46 0.26
(mm)
Top
x-velocity 2222.00 | 1720.00 | 2823.00 | 2539.00 | 757.30 790.00 573.60
(mm/s)
g Top
= y-velocity 3273.00 | 3114.00 | 3426.00 | 4330.00 | 1171.00 | 1416.00 1261.00
g (mm/s)
[3+
- Top
g z-velocity 98.50 81.80 59.14 86.06 26.38 50.85 33.67
< (mm/s)
z
£ Top x-
S acceleration 63.40 56.17 130.50 101.20 24.56 30.62 18.40
@ (m/s?)
N
D
a) Top y-
acceleration 147.90 138.10 209.60 263.60 45.40 74.49 37.35
(m/s?)
Top z-
acceleration 8.82 7.99 7.01 10.72 3.56 4.95 5.02
(m/s?)
mﬁ;eas)s 748 | 6.03 9.17 2.70 1.43 151 1.72
mtgzs)s 9.50 5.39 9.10 3.34 1.31 1.53 1.88
E&téisf 1844 | 2006 | 2544 | 824 3.88 6.23 4.09
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Table 5.6: Maximum Values of Time History Analyses Results "Tables Continued".

Top X'O("ni‘:r']"’)‘cemem 383.00 | 260.50 | 373.70 | 250.50 | 88.42 | 108.60 | 60.90
Top y'o("rf]%']"’)‘cemem 168.50 | 217.60 | 31550 | 212.70 | 84.89 | 141.00 | 71.34
o | Topz-displacement 2.82 1.62 0.76 1.16 0.27 0.47 0.30
bl (mm)
& | Topx-velocity (mm/s) | 3025.00 | 2302.00 | 4497.00 | 5030.00 | 1617.00 | 1495.00 | 1063.00
= | Topy-velocity (mm/s) | 3160.00 | 4329.00 | 5072.00 | 5316.00 | 1843.00 | 2304.00 | 1265.00
£ | Topz-velocity (mm/s) | 15830 | 6473 | 3487 | 7506 | 2609 | 27.27 | 2317
= A
£ Top X'(anc](/’:;fra“o” 8517 | 83.27 | 146.30 | 157.10 | 45.69 | 6131 | 32.46
[+
5 ! :
s | TOPY (arf]‘/’sz')era“on 96.33 | 127.40 | 16250 | 163.50 | 52.35 | 10620 | 31.32
N
8 | Top z-acceleration (m/s?) | 1234 | 537 | 3.73 696 | 3.33 2.40 2.94
X stress (MPa) 7.45 10.08 12.57 5.28 2.85 242 1.83
y stress (MPa) 8.07 7.13 12.45 5.77 2.67 2.54 2.03
z stress (MPa) 18.61 22.97 35.57 18.10 6.89 10.24 4.78
Top X'O("rfﬁ:f)‘ceme“t 483.00 | 506.10 | 480.70 | 823.30 | 314.50 | 585.20 | 210.40
Top y'o("nsq‘r)T']"’)“’eme“t 43350 | 401.30 | 463.90 | 332.40 | 212.20 | 37850 | 250.40
Top 2-displacegggit 2.22 114 | 062 250 | 031 047 | 035
= (mm)
o
@ | Top x-velocity (mm/s) | 3832.00 | 3063.00 | 2944.00 | 7471.00 | 2771.00 | 4287.00 | 2193.00
o | Topy-velocity (mm/s) | 3256.00 | 2902.00 | 3520.00 | 4026.00 | 2603.00 | 288100 | 2634.00
§ Top z-velocity (mm/s) 94.50 62.92 55.91 60.18 31.31 46.48 32.33
< A
S | Topx-acceleration 59.83 | 4580 | 7555 | 91.04 | 3820 | 3874 | 27.14
(o] (m/s?)
(5] -
§| Topy-acceleration 7363 | 71.56 | 103.50 | 105.10 | 4178 | 4184 | 36.93
a (m/s?)
Top z-acceleration (m/s?) 7.85 5.60 6.63 7.08 4.56 5.10 441
X stress (MPa) 8.81 10.36 6.84 6.57 5.10 4.37 5.84
y stress (MPa) 9.53 9.69 6.83 6.66 5.33 6.27 6.01
7 stress (MPa) 20.16 | 2588 | 1941 | 2211 | 1722 | 2578 | 13.96
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Table 5.6: Maximum Values of Time History Analyses Results "Tables Continued".

Top x-displacement

) 44370 | 42420 | 421.80 | 495.60 | 262.30 | 320.00 | 177.70
Top y"j(“rf]?r'f)‘ceme”t 808.20 | 748.30 | 884.00 | 421.10 | 187.80 | 431.90 | 127.00
§ | Topzdisplacement 323 | 120 | 040 | 126 | 019 | 034 | 024
£ (mm)
S| Top x-velocity (mm/s) | 2939.00 | 2378.00 | 2679.00 | 5062.00 | 2382.00 | 2528.00 | 1759.00
® | Topy-velocity (mm/s) | 3409.00 | 3475.00 | 4262.00 | 2764.00 | 1277.00 | 2586.00 | 899.70
X
§ Top z-velocity (mm/s) 74.33 70.58 31.43 49.05 12.75 23.33 16.69
3 - :
= Top x-acceleration 4570 | 4596 | 5440 | 86.78 | 3435 | 2460 | 29.75
G (m/s?)
§ |  Topy-acceleration 26.94 | 3136 | 4334 | 3870 | 1356 | 2089 | 11.70
£ (m/s?)
E Top z-acceleration (m/s?) 6.31 6.00 3.13 4.85 1.68 2.34 212
X stress (MPa) 14.07 17.10 11.07 4.33 3.76 5.36 455
y stress (MPa) 16.67 11.83 11.30 4.36 4.21 4.02 4.76
z stress (MPa) 33.05 39.07 32.31 14.30 14.02 18.34 12.89
Top X"j(':f]‘;'f)‘ceme”t 697.70 | 680.00 | 721.10 | 398.60 | 170.50 | 285.70 | 120.00
Top y"j(':f]‘;’]'f)‘ceme”t 337.40 | 228.40 | 304.10 | 24590 | 139.80 | 220.90 | 135.50
g |  Topz-displacement 2.80 1.73 0.53 1.18 0.18 0.43 0.23
S (mm)
B
A | Top x-velocity (mm/s) | 2992.00 | 3396.00 | 3727.00 | 3588.00 | 1435.00 | 1971.00 | 1168.00
§ Top y-velocity (mm/s) | 2298.00 | 1921.00 | 2104.00 | 2416.00 | 1351.00 | 1514.00 | 1419.00
g Top z-velocity (mm/s) 114.20 85.07 43.65 62.75 15.69 36.22 17.53
< A
= Top x-acceleration 3116 | 3581 | 3540 | 7622 | 21.62 | 2356 | 13.83
w (m/s?)
g | Top y'fn‘;fsz';ra“o” 2029 | 2429 | 3816 | 3591 | 19.72 | 2093 | 17.84
o
X Top z-acceleration (m/s?) 9.07 8.39 4.85 5.81 1.82 3.95 1.95
X stress (MPa) 11.54 12.62 8.30 3.73 251 2.15 3.60
y stress (MPa) 10.94 13.37 9.60 5.11 2.59 3.03 3.70
z stress (MPa) 28.17 35.61 24.90 13.47 9.63 12.57 8.45
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Table 5.6: Maximum Values of Time History Analyses Results "Tables Continued".

Top X'O("ni‘:r']"’)‘cemem 625.10 | 694.80 | 643.60 | 225.90 | 126.00 | 192.00 | 101.10
Top y'o("rf]%']"’)‘cemem 297.00 | 363.80 | 328.90 | 28220 | 179.90 | 172.50 | 128.30
g | Topz-displacement 253 146 | 051 083 | 031 043 | 037
S (mm)
& | Top x-velocity (mm/s) | 3157.00 | 3021.00 | 3095.00 | 2155.00 | 1116.00 | 1101.00 | 962.40
® | Topy-velocity (mm/s) | 1357.00 | 2087.00 | 2075.00 | 2213.00 | 1696.00 | 1202.00 | 1232.00
S | Topz-velocity (mm/s) | 83.03 | 64.68 | 4333 | 50.82 | 42.16 | 3658 | 44.86
(en -
£ | Topx-acceleration 2847 | 2890 | 2905 | 4172 | 1074 | 17.46 | 1091
& (m/s?) _
= |  Topy-acceleration 2234 | 2018 | 27.87 | 3617 | 17.24 | 1244 | 1362
< (m/s?)
o
¥ | Top z-acceleration (m/s?) | 8.12 6.30 4.74 5.55 5.83 3.87 6.17
X stress (MPa) 10.65 15.93 7.25 2.20 2.89 2.05 3.14
y stress (MPa) 1016 | 1384 | 834 | 300 | 281 | 220 | 322
Z stress (MPa) 26.40 | 3651 | 2213 | 702 | 912 | 920 | 687
Top X'O("rfﬁ:f)‘ceme“t 0.14 0.12 0.17 0.24 0.05 0.19 0.05
Top y'o("nsq‘r)T']"’)“’eme“t 0.19 0.25 0.21 0.36 0.07 0.30 0.07
Top 2-displacegggit 0.03 0.03 0.03 0.04 0.02 0.02 0.03
(mm)
Top x-velocity (mm/s) 30.88 32.66 29.51 45.38 17.58 58.50 9.02
< Top y-velocity (mm/s) 36.58 53.25 53.43 61.00 21.53 97.08 12.05
2 Top z-velocity (mm/s) 5.75 8.23 10.32 11.18 4.68 4.80 5.33
m .
= Top X'(arf]‘/’sz'fra“o” 794 | 1035 | 937 | 1317 | 769 | 2036 | 3.63
Top y'(arf]‘/’sz'fra“on 1068 | 1551 | 13.96 | 10.38 | 1051 | 30.26 | 3.92
Top z-acceleration (m/s?) 1.36 2.32 3.20 2.90 1.53 1.88 1.66
x stress (KPa) 3313 | 2826 | 109.10 | 3210 | 1785 | 1896 | 3832
y stress (KPa) 3558 | 46.94 | 161.34 | 4501 | 2115 | 5356 | 74.00
z stress (KPa) 54.25 86.90 129.95 74.11 48.00 74.49 74.90
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Table 5.6: Maximum Values of Time History Analyses Results "Tables Continued".

Top x-displacement

011 | 008 | 013 | 019 | 009 | 026 | 003
(mm)
Top y"z':]?r']‘;ceme”t 013 | 013 | 013 | 024 | 007 | 028 | 004
Top z-displacement 003 | 003 | 002 | 003 | 003 | 002 | 002
(mm)
Top x-velocity (mm/s) | 31.04 | 27.26 | 36.07 | 53.66 | 3231 | 9061 | 10.40
& | Topy-velocity (mm/s) | 3138 | 4120 | 39.07 | 47.92 | 2429 | 7951 | 1190
E Top z-velocity (mm/s) 3.84 5.29 5.73 7.62 4.89 5.22 4.06
[3] "
= | Top X'(""n‘;fsez';’ra“on 10.82 | 980 | 1277 | 1716 | 1443 | 3139 | 6.27
Top y'("‘n‘ifsz')era“on 1029 | 962 | 1627 | 1079 | 1171 | 3241 | 517
Top z-acceleration (m/s?) 1.34 1.67 2.30 2.24 1.51 2.21 1.32
x stress (KPa) 2114 | 2161 | 14174 | 1613 | 1786 | 1974 | 43.69
y stress (KPa) 32.62 47.27 178.00 29.73 29.15 48.40 58.86
z stress (KPa) 45.26 53.45 143.50 | 46.47 48.92 67.88 101.93
Top X"z:;ﬂ‘;‘ceme”t 002 | 002 | 003 | 003 | 000 | 002 | 000
Top y"i:f]?]'{';ceme”t 002 | 003 | 004 | 005 | 001 | 002 | 001
Top 2-displacggigt 001 | 001 | 001 | 001 | 001 | 00L | 000
(mm)
Top x-velocity (mm/s) 3.25 2.14 3.84 4.30 0.81 2.90 0.52
Q Top y-velocity (mm/s) 2.75 3.07 3.50 6.76 1.12 491 0.71
= Top z-velocity (mm/s) 0.93 0.86 0.92 1.01 0.83 0.64 0.74
= - .
g |  Topx-acceleration 069 | 039 | 047 | 084 | 014 | 063 | 007
(m/s?)
Top y'("‘n‘;fsz')era“on 055 | 069 | 054 | 115 | 023 | 108 | 0.16
Top z-acceleration (m/s?) 0.14 0.19 0.16 0.19 0.13 0.01 0.11
x stress (KPa) 2.87 3.78 7.83 2.48 2.65 3.22 2.90
y stress (KPa) 4.46 6.56 9.21 3.99 2.39 3.23 5.17
z stress (KPa) 7.37 12.21 11.87 9.11 6.54 7.90 6.72
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6. DISCUSSION AND CONCLUSION

6.1 EVALUATION OF THE FUNDAMENTAL PERIOD ESTIMATION
EQUATIONS FOR MINARETS

As shown from (figure 5.1) to (figure 5.5) the correlation coefficients R in the regression
analysis between the fundamental period and the material variables were few. The
correlation coefficient R between the fundamental period and the material density
approximately 0.6140, while the correlation coefficient R between the fundamental period
and the modulus of elasticity is roughly equal to 0.6665, both are small percentages when
we compared these results with the results of the correlation coefficients between
the fundamental period and the geometric variables. According to the results, the correlation
coefficient between the fundamental period and height is equal to 0.8848, the correlation
coefficient between the fundamental period and cross section area is equal to 0.8388, and
the correlation coefficient between the fundamental period and moment of inertia is equal to
0.8111. These correlation coefficients are higher percentages than the correlation coefficients

with material variables.

To create an equation that contains the five variables, regression analysis was done between
the fundamental period and the five variables (A, I, E, p, H). Another equation was developed
by doing the regression analysis between the fundamental period and the two variables (H,
I). The first equation includes both geometric and material characteristics which is given in
Equation (5.1), whereas the second equation solely includes geometric variables as its given
in Equation (5.2), therefore we have derived two equations to estimate the fundamental

period.

T, represents the estimation of fundamental period produced by the two variables, whereas
Ts represents the fundamental period estimated by the five variables. E stands for the elastic
modulus, p for material density, A for the cross section area at the bottom of the body, I for
the moment of inertia at the bottom of the body and H represent the height, which is equal
to the half-height of the boot section adding the height from the bottom of the transitional

segment to the end of the spire section without adding the end ornament.
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The Spire section is usually built either from stone or lead-coated wood. The Spire section
has an important impact on the fundamental period because of its own weight, as it may
reach almost 4000 kilograms. In addition to its height that can reach more than 11 meters, as
it is in Fatih Mosque. The eliminating of the spire section could decrease the fundamental
period approximately 15%. During the analysis the Spire section was taken into account and
considered as a structural element in this study. The height of the Spire section was added to
the total height of the minaret during the calculations. The reason for eliminating half the
height of the boot section is that historically Ottoman minarets are usually constructed
attached to some parts of the mosque, thus the stiffness of the minaret varies, so half the

height of the boot will be more effective.

To evaluate the outcomes, it is necessary to fully understand the regression analysis
outcomes. The correlation coefficient R represents how closely the independent variable is
related to the dependent variable, while the determination coefficient R? shows how well the
equation calculates the result of the dependent variable. The standard error is the arithmetic

mean of the distances between the regression analysis points and the regression line.

The regression analysis was conducted in this study between the fundamental period and
both the geometric properties variables and materials properties variables. The correlation
coefficient R for the geometric properties was better than the correlation coefficients R for

the material properties.

To examine the performance of the equations that were deduced during this study, the
equations of this study and the equations of previous studies were applied to the seven
minarets of this study and to 10 minarets of previous studies, the results are presented in
Table 5.3. The results show that the fundamental period obtained from the equations in this
study closely matches the reference period reported in previous studies. When comparing
the results to the reference periods, the results of the two-variable equation (Equation 5.2)
showed significantly better performance than the results of the five-variable equation

determined in this study through regression analysis.

The 3-variable of Oliveira's equation gave results that can be comparable with the reference
period, on the other hand the equations of Serhatoglu and Livaoglu with 3-variable and 5-

variable decreased the value of the reference period. The equations with one variable had
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similar results, which might be explained by the fact that the variable in all equations is the

same, which is height. The best equation with one variable was the Shakya equation.

In this study, multiple equations were applied to estimate the fundamental period for
minarets. The two equations derived from this study, the Oliveira's equation, the two
equations proposed by Serhatoglu and Livaoglu, as well as four equations with a single
variable (Faccio et al, Rainieri and Fabbrocino, Ministerio de Fomento, and Shakya). These
equations were applied to both the seven minarets from this study and to the ten minarets
from previous studies. The equation that includes two variables Equation (5.2), namely

height and moment of inertia produced the best results.
6.2 DYNAMIC BEHAVIOR AND MPMR OF MINARETS

Modal analysis is a technique for studying the dynamic behavior of structures. It also aids in
understanding how the structure will vibrate and respond. The results of modal analysis for
many mosque minarets provide insight into their dynamic behavior. Starting with the seven
minarets' mode shapes, the first and second modes have sway shapes, which indicates lateral
movement. The third and fourth modes have lateral bending shapes, indicating bending
deformation. The fifth mode of Fatih Mosque, Yeni Mosque, Nusretiye Mosque, and Yeni
Valide Mosque have a series bend shape, which indicates more complex bending patterns,
however torsional motion is represented in the fifth mode in Little Hagia Sophia Mosque,
Zeynep Sultan Mosque, and Kepenek¢i Sinan Mosque. The sixth mode of the Fatith Mosque
and Yeni Valide Mosque have torsional motion, indicating structure twisting, while the Yeni
Mosque, Nusretiye Mosque, Little Hagia Sophia Mosque, Zeynep Sultan Mosque, and
Kepeneke¢i Sinan Mosque show a series bend shape. Fatih Mosque, Yeni Mosque, Nusretiye
Mosque, Yeni Valide Mosque, Little Hagia Sophia Mosque, Zeynep Sultan Mosque, and
Kepenekg¢i Sinan Mosque exceed the 90% Modal Participating Mass Ratio in both the sum
of UX and the sum of UY directions at 33rd, 35th, 53rd, 37th, 21st, 144th, and 97th modes,

respectively.
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6.3 VERTICAL STRESS DISTRIBUTION OF VARIOUS MOSQUE MINARETS

a. Minaret of Fatih Mosque

The minaret of Fatih Mosque was analyzed under the effect of self-weight load, and the total
self-weight was estimated as 19928 kN based on the materials shown in Table 4.2. The
vertical stresses in the minaret's Spire section are very low, with the highest value measured
at the base of the spire being approximately 0.07 MPa. The vertical stresses along the height
of the polygonal body steadily rise from top to bottom, with values ranging from 0.07 MPa
to 1.00 MPa. The vertical stresses at the transition segment steadily drop from 1.00 MPa at
the top of the segment to 0.63 MPa at the bottom of the segment as the cross-section area of
the transition segment increases at the bottom. Vertical stresses increase from 0.63 MPa at
the top of the boot section to 1.46 MPa at the base of the minaret. (Figure 5.6) shows the

vertical stresses and deformed shape of Fatih Mosque's minaret.
b. Minaret of Yeni Mosque

Based on the materials in Table 4.2, the weight of the Yeni Mosque's minaret was determined
to be 11160 kN. The vertical stresses in the minaret's Spire section are extremely low, with
the highest value observed at around 0.06 MPa at the base of the spire section. Along the
height of the polygonal body, vertical stresses vary from 0.06 MPa at the top of the polygonal
body to 1.00 MPa at the bottom of the polygonal body. The vertical stresses at the transition
segment steadily drop from 1.00 MPa at the top of the segment to 0.30 MPa at the bottom
of the segment, due to the increasing of the cross-section area at the bottom of the transition
segment. Vertical stresses rise from 0.30 MPa to 1.45 MPa in the boot section. (Figure 5.7)

presents the vertical stresses and deformed shape of Yeni Mosque's minaret.
c. Minaret of Nusretiye Mosque

The overall weight of the minaret of Nusretiye Mosque is calculated to be 5768 kN according
to the materials in Table 4.2. The vertical stresses in the Spire section of the minaret are
significantly low, with the greatest value measured at roughly 0.08 MPa at the bottom of the
spire section. Vertical stresses along the polygonal body range from 0.08 MPa to 0.90 MPa.
The transitional segment of the minaret is pear-shaped, and the vertical stresses have not

changed because the upper and lower diameters are the same. In the boot section, vertical
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stresses rise from 0.90 MPa to 1.84 MPa. (Figure 5.8) presents the vertical stresses and

deformed shape of Nusretiye Mosque's minaret.
d. Minaret of Yeni Valide Mosque

The minaret of the Yeni Valide Mosque was tested under the effect of self-weight load, and
the total self-weight was measured as 3725 kN. The vertical stresses in the minaret's Spire
section are quite low, with the highest value found at around 0.07 MPa at the base of the
spire section. The vertical stresses in the polygonal body rise consistently from top to bottom,
with values ranging from 0.07 MPa to 0.5 MPa. The vertical stresses at the transition segment
drop steadily from 0.5 MPa at the top to 0.25 MPa at the bottom as the cross-section area of
the transition segment increases at the bottom. Vertical stresses increase from 0.25 MPa at
the top of the boot section to 0.75 MPa at the bottom of the minaret. (Figure 5.9) shows the

vertical stresses and deformed shape of Yeni Valide Mosque's minaret.
e. Minaret of Little Hagia Sophia Mosque

Under the effect of self-weight load, the Minaret of Little Hagia Sophia was analyzed by
using the materials in Table 4.2. The total self-weight was determined as 1870 kN. The
vertical stresses in the Spire section of the minaret are relatively low, with the greatest value
observed at roughly 0.04 MPa. The vertical stresses in the polygonal body gradually
increase from the top to the bottom, with values ranging from 0.2 MPa to 0.45 MPa. As the
cross-section area of the transition segment rises at the bottom, the vertical stresses at the
transition segment decrease continuously from 0.45 MPa to 0.2 MPa. Vertical stresses
increase from 0.2 MPa at the boot section's top to 1.14 MPa at the minaret's base. (Figure
5.10) describe the vertical stresses and deformed shape of Little Hagia Sophia Mosque's

minaret.
f. Minaret of Zeynep Sultan Mosque

The minaret of the Zeynep Sultan Mosque was examined under self-weight load, and its
overall self-weight was estimated to be 1700 kN. The vertical stresses in the Spire section of
the minaret are extremely small, having the greatest value measured at roughly 0.04 MPa at
the bottom of the spire section. The vertical stresses in the polygonal body rise from top to

bottom, with values varying from 0.04 MPa to 0.42 MPa. As the transition segment's cross-
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section area increases, the vertical stresses at the transition segment decrease continuously
from 0.42 MPa to 0.07 MPa. Vertical stresses vary from 0.07 MPa at the top of the boot
sections to 1.61 MPa at the bottom of the minarets. (Figure 5.11) describe the vertical stresses

and deformed shape of Zeynep Sultan Mosque's minaret.
g. Minaret of Kepeneke¢i Sinan Mosque

The minaret of Kepenekg¢i Sinan Mosque was studied under the effect of self-weight load,
and its total self-weight was found to be 1146 kN. The vertical stresses in the minaret's Spire
section are quite small, with the highest value found at roughly 0.02 MPa at the bottom of
the spire section. The vertical stresses in the polygonal body are continually increasing from
top to bottom, with values that range from 0.02 MPa to 0.26 MPa. The vertical stresses at
the transition segment fall gradually from 0.26 MPa to 0.07 MPa as the cross-section area of
the transition segment increases. Vertical stresses rise from 0.07 MPa at the top of the boot
section to 1.22 MPa at the base of the minaret. (Figure 5.12) describes the vertical stresses

and deformed shape of Kepenek¢i Sinan Mosque's minaret.

Finally, the self-weight analysis of numerous mosque minarets has been conducted, and the
stress values under self-weight load has been analyzed and listed in Table 5.5. Typically, the
spire sections of the minarets exhibit minimal vertical stresses, while gradual increases are
observed along the height of the polygonal bodies. The vertical stress values in the transition
segments vary due to differences in cross-sectional areas. The boot sections have the highest
vertical stresses, reaching their peak values at the bases of the minarets. This understanding

assists in the design and evaluation of these structures.
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6.4 EVALUATION THE SEISMIC RESPONSE OF MINARETS UNDER
DIFFERENT GROUND MOTIONS

When examining the impact of earthquakes on the minaret of Fatih Mosque, specifically the
Diizce Earthquake at Irigm 496 and the Kocaeli Earthquake at Yarimca, it was observed that
the maximum stress values recorded were 18.61 MPa and 26.40 MPa, respectively. The
disparity in stress levels between these two earthquakes can be attributed to the Kocaeli
Earthquake at Yarimca having nearly twice the spectral acceleration compared to the Diizce
Earthquake at Irigm 496 in the first mode, in the east-west (X) direction, with a mass
participation ratio of 11.88%. Similarly, when analyzing the minaret of Yeni Mosque under
the influence of the Diizce Earthquake at Bolu and the Erzincan Earthquake at Erzincan, the
highest stress values recorded were 25.88 MPa and 39.07 MPa, respectively. The variation
in stress levels between these two earthquakes can be attributed to the Erzincan Earthquake
having nearly twice the spectral acceleration of the Bolu Earthquake in the first mode,
specifically in the north-south (Y) direction, with a mass participation ratio of 13.38%.
Furthermore, when investigating the minaret of Zeynep Sultan Mosque and its response to
the Train 2C and Train 3A ground motion, the highest stress values recorded were 67.88 KPa
and 74.49 KPa, respectively. The difference in stress levels between these two train
vibrations can be attributed to Train 3A having a spectral acceleration that was 50 percent
greater than Train 2C in the first mode, specifically in the north-south (Y) direction. The
mass participation ratio was found to be 15.22%. Lastly, the analysis of the minaret of
Kepenek¢i Sinan Mosque under the influence of Train 2C and Vehicle 4B revealed maximum
stress values of 101.93 KPa and 6.72 KPa, respectively. The discrepancy in stress levels
between these two ground motions can be attributed to Train 2C having approximately five
times the spectral acceleration compared to Vehicle 4B. This variation was specifically
observed in the first mode, in the east-west (X) direction, with a mass participation ratio of

13.71%.

Overall, the examination of these minarets under different seismic events and ground motion
recordings highlights the varying stress levels, primarily influenced by the spectral
acceleration and direction of the first mode, along with the corresponding mass participation

ratio.
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