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Abstract

Historical masonry structures i.e. minarets, towers, mosques or bastions are the heritage of past generations to the future societies 

as they carry the traces of the past communities. Among these structures, historical masonry minarets are one of the most generally 

constructed structure that reflects the beauty and magnificence of Islamic culture. Under severe winds and earthquakes, most of them 

were severely damaged or collapsed. Therefore, it is an inevitable duty for us to conduct and investigate their dynamic behavior under 

these vital actions of nature. In this study, the dynamic seismic and wind response of a historical minaret of İskenderpaşa Mosque 

that is selected from the technical literature is investigated by using different methods i.e. wind loading procedures of TS498, CICIND 

Model Code and Eurocode 1, the design spectrums of CICIND Model Code and Eurocode 8 for different types of soils, the time histories 

of real ground motions of Düzce and Kocaeli Earthquakes. At the end of the study, top joint displacements and stress distributions 

are obtained and interpreted. The findings of this study showed that the dynamic behavior of this historical masonry minaret is wind 

dominant (CICIND Model Code) and tensile and shear stress accumulations at the junction point of transition segment and cylindrical 

body of the minaret is the main reason for the collapse without showing any ductile behavior.
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1 Introduction
From ancient times, minarets were used for announcing 
azan to the people having the aim of pray. However, as 
time passes, this mission of minarets diminished and they 
were utilized for completing the magnificence and beauty of 
mosques. Also, in time, the height of these slender structures 
increased that makes them more vulnerable to severe winds 
and earthquakes. Due to this reason, the design of these spe-
cial structures also require intensive care that is determin-
ing the loads acting to the load carrying systems of these  
structures is very crucial. Winds and earthquakes can be 
counted as the most dominant actions of nature that enforces 
the load carrying capacity of these structures. Reinforced 
concrete (RC) or masonry minarets, RC chimneys, steel sta-
dium lighting towers, RC silos or steel turbine towers etc. 
can be categorized as tall and slender structures [1–4].

Masonry minarets can be counted as one of the most 
constructed slender structure in Turkey. Also, their value 
in architectural heritage is very high as they carry the 
traces of past civilizations to the future generations. From 
this point of view, understanding the seismic and wind 
behavior of these structures is of great importance.

Turkey is an active tectonic region that severe earth-
quakes frequently occur. Earthquake hazard map (Fig. 1) 
is updated by Disaster and Emergency Management 
Presidency in 2018 and provided for the use of open to the 
public. By utilizing this map [5], the peak ground acceler-
ations of the individual locations can be obtained.

It is clearly identified from the red zones of Fig. 1 that 
active tectonic behavior is frequently observed. These 
motions of the land causes earthquakes that have magni-
tudes greater than 7.0 Mw.

Fig. 1 Earthquake hazard map of Turkey [5]
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Also, from the year of 1900 up to this time, some of the 
destructive earthquakes occurred in Turkey are provided 
in Table 1 [6, 7].

It is clear from Table 1 that earthquakes that have mag-
nitudes (Mw) higher than 5.0 frequently occurred causing 
loss of lives and economy. Also, the wind map of Turkey 
is provided in Fig. 2 [8].

From Fig. 2, it can be clearly seen that the coastal regions 
have the potential to face with severe wind storms. Also, 
three sides of Turkey are surrounded by sea that increases 
the tendency of this phenomenon.

In recent earthquakes and wind storms, there are so 
many masonry minarets structurally suffered. Wind storms 
or severe seismic actions are the main reasons for totally or 
partially damage occurred on masonry minarets. Some of 
these catastrophic events are provided below.

The masonry minaret of the Kurtuluş Mosque (Fig. 3), 
a 22-year-old town in the Bahçelievler neighborhood of 
Kırıkkale (Turkey), was destroyed by strong winds [9]. 

The 57-meter-long masonry minaret of the central 
mosque in the neighborhood of Koşaca in the district of 
Ulubey (Turkey) (Fig. 4), which is known as the mosque 
with the longest minaret in the province, was destroyed 
due to the strong winds in Ordu [10].

Also, the masonry minaret of the Defterdar İbrahim 
Efendi Mosque on Kos Island (Fig. 5) was destroyed 
during the earthquake in the Aegean Sea [11].

In the destructive earthquake that took place in Erciş 
district of Van (Turkey) Province on 23 October 2011, 
heavy damage occurred in the second minaret (Fig. 6) of 
the Central Kara Yusuf Paşa Mosque [12].

Masonry minarets have the ability to carry the traces of 
the history and past communities to the next generations. 
Also, they can be categorized as one of the most generally 
constructed tall and slender type of structure in Turkey 
and in some countries in the world. All over world, so 
many masonry minarets were constructed and construc-
tion of many of them are ongoing. Therefore, it is very cru-
cial to determine the loads acting to these special struc-
tures. From the detailed search of the technical literature, Table 1 Destructive earthquakes occurred in Turkey [6, 7]

Earthquake Year Magnitude (Mw)

Marmara Sea 26 September 2019 5.8

Van 23 October 2011 7.2

Doğubeyazit 2 July 2004 5.0

Bingöl 1 May 03 6.4

Pülümür 27 January 2003 6.0

Sultandağı 03 February 2002 6.3

Çankırı 6 June 2000 5.9

Düzce 12 November 1999 7.2

Kocaeli 17 August 1999 7.4

Dinar 1 October 1995 6.1

Erzurum 30 October 1983 6.8

Gediz 28 March 1970 7.2

Mudurnu 1967 7.1

Bolu-Gerede 1944 7.2

Erzincan 1939 7.9

Fig. 2 Wind map of Turkey [8]

Fig. 3 Demolished minaret of Kurtuluş Mosque [9]

Fig. 4 Demolished minaret located in Ulubey [10]
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up to this present study, it can be clearly identified that 
there is no study that deals with both wind and earthquake 
response of masonry minarets. In this point of view, the 
novelty of this study for the technical literature is the com-
parison of the wind and seismic response of masonry min-
arets by utilizing different analyses methods. By this way, 
the dominant behavior type of the minaret can be identi-
fied. Also, the catastrophic events dealt in the introduc-
tion part of the study compel researchers to conduct such 
research studies to identify the weak points of the struc-
tural systems of these special structures. In this manner, 
this study can be considered as a benchmark study.

In technical literature, some of the researchers only dealt 
with the seismic response of masonry minarets [13–41]. 
However, as in the case of this study, wind loading can 
become the dominant load. Therefore, the effect of both 
the wind and seismic loading should be analyzed and con-
sidered in the structural analysis and design.

In this present study, wind and seismic loading is con-
sidered for the dynamic analyses. In order to do that along-
wind and across-wind forces provided in different codes 
were analyzed separately. Also, in the seismic loading 
analysis, design spectrums according to different codes 
were utilized along with time history analyses of real 
destructive earthquakes.

The remainder of this article is classified in six sec-
tions, as follows. Section 2 is devoted to the description 
of the methodology and brief information about the meth-
ods utilized in the structural analyses. In Section 3, his-
torical information about the İskenderpaşa historical mina-
ret and verification of the finite element model is provided. 
Section 4 presents the wind loads calculated according to 
TS498, CICIND Model Code and Eurocode 1. In Section 5, 
the analyses results obtained from different analyses 
techniques are presented. A discussion part is following 
Section 5 that the analyses results are interpreted and com-
pared with each other. Finally, some concluding remarks 
are provided in Section 7.

2 Methodology
In this part of the study, the basic ideas lying behind the 
analysis concepts and brief information about the proce-
dures of the methods utilized in this study are provided.

Wind loading can be classified into two categories 
namely along-wind and across-wind. Along-wind loads 
are the ones that are in the parallel direction with the 
direction of the wind. However, across-wind forces have 
the direction perpendicular to that of wind. In some stan-
dards, only the procedures of along-wind loading is pro-
vided and the across-wind loading is neglected. Although 
this may be the case for many of the civil engineering 
structures, this approach is not valid for tall and slen-
der structures like masonry minarets. Therefore, in this 
study, CICIND Model Code wind loading procedure that 
deals with across-wind loading is utilized with TS498 and 
Eurocode 1 that are not dealing with across-wind loading. 
In this point of view, this study is representing a compari-
son between these two approaches. Also, CICIND Model 
Code and Eurocode 1 includes the parameters about the 
dynamic properties i.e. the first mode frequency of the 

Fig. 5 Demolished minaret located in Kos Island [11]

Fig. 6 Heavy damage on minaret located in Van [12]
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masonry minaret. Therefore, these procedures can be con-
sidered as dynamic wind loadings among other wind load-
ing procedure i.e. TS498. This study is also representing 
a comparison between static and dynamic wind loadings. 
In this study, all of these wind loadings were applied stat-
ically to the considered masonry minaret.

In the seismic analysis of this study, linear static and 
dynamic analyses are considered. Linear static analyses 
are performed by using the response spectrum method, 
which is a function of frequency or period, showing the 
peak response of a simple harmonic oscillator subjected to 
a transient event i.e. earthquake. The design response spec-
trum can be seen as an envelope over all known and antic-
ipated earthquakes in a certain geographical region  [42]. 
In this study, the design spectrums of the internation-
ally accepted standards i.e. CICIND Model Code and 
Eurocode  1 are utilized. In these analyses, the response 
spectrums are constructed according to the structural 
parameters of the considered masonry minaret and applied 
to the minaret. Also, to determine the natural frequencies 
and mode shapes in the analytical modal, the free vibration 
equation of motion below is utilized. 

M t K X t� � � �� � � � � � �� � �X 0, 	 (1)

where [M] and [K] represent the mass and rigidity matri-
ces and Ẍ(t) and X(t) are vectors of time varying accelera-
tion and displacement, respectively [31]. 

Finally, in the linear time history analyses utilized in 
this study, linear elastic force-deformation relationships 
are considered. This is valid for the structural analyses of 
the considered minaret because it is not possible to deter-
mine the exact nonlinear behavior of the material due to 
reason provided by Altunisik [16] that removing test sam-
ples from the historical masonry structures such as mina-
rets was not allowed by the related institution. Therefore, 
in this study, nonlinear analyses can't be performed for the 
structural analyses of the considered minaret.

Only brief knowledge about the procedures of the codes 
utilized in the structural analyses is provided as they are 
open to the use of the public.

2.1 TS 498 
The total resultant wind load (W) given in Eq. (2) is the 
combination of aerodynamic load parameter (Cf), suction 
(q) (wind pressure) and surface area (A) affected.

W C q Af� � � 	 (2)

In this standard [43] aerodynamic load parameters for 
different type of structures are provided in a table. Also, 
from this table, the relevant information regarding tower- 
type structures can be selected. In the standard, there is no 
equation provided to consider across-wind forces. 

2.2 CICIND Model Code
Along-wind and across-wind (vortex shedding phenomena) 
components of wind forces should be calculated for these 
types of slender and vertical structures whose aspect ratios 
(i.e. ratio of height to width of the structure) are high. Total 
along-wind load on unit height is the combination of mean 
wind load and wind load according to instantaneous wind 
effect given in Eqs. (3)–(4), respectively.
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In Eqs. (3)–(4), the explanation of symbols used in the 
along-wind force calculation procedure is given compre-
hensively as follows: z; height of structure from ground, 
wm(z); mean wind load on unit height, wg(z); equivalent 
static wind load calculated according to instantaneous 
wind effect on unit height, ρa; air density (1.25 kg/m3), 
CD; shape parameter, d(z); the outer diameter of minaret at 
height z, h; height of structure from ground, G; instanta-
neous wind parameter.

In the standard [44], it is stated that if the equation given 
in Eq. (5) is satisfied for all sections considered, there is no 
need to analyze the across-wind forces (formed from vor-
tex separated from the across-wind surface of minaret).

G
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m

	 (5)

In Eq. (5), G and V are denoting the weight of the tower 
above the section that is considered and the volume of the 
tower for the height that the section considered, respec-
tively. Also, it is stated in CICIND Model Code [44] that if 
Eq. (5) is not satisfied for the sections considered, then the 
procedures given in ACI 307/98 "Design and Construction 
of Reinforced Concrete Chimneys" [45] should be used for 
the calculation of across-wind forces. In ACI 307/98, the 
peak base moment due to across-wind forces, Memax can be 
calculated from Eq. (6)
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In Eq. (6), d(u) is denoting average outer diameter 
of upper 1/3 part of the minaret, G is maximum multi-
plier (taken as 4.0), g is gravitational acceleration (taken 
as  9.81  m/s2), Ss, mode shape factor (taken as 0.57 for 
1st mode), CL is uplifting force parameter, ρa is air density 
(1.25 kg/m3), L is correlation length factor (taken as 1.20), 
CE is end factor (taken as 3.0), h is total height of the mina-
ret, Vcr is critical wind speed at of the minaret, βa is aerody-
namic damping, βs is critical damping quantity, Sp is spec-
tral parameter.

Across-wind actions should be combined with the along-
wind actions occurring at the same time by using Eq. (7); 

M z M z M zw emax� � � � �� � � � �� �� �2

1

2

1

2
. 	 (7)

In Eq. (7), Memax is denoting maximum base moment due  
to across-wind forces given with Eq. (6) and M1(z) is denot-
ing the moment occurred due to average along-wind actions.

2.3 Eurocode 1 
Total wind load is shown in Eq. (8).

F c c c q z Aw s d f p e ref� � � � � � 	 (8)

In Eq. (8), cscd, cf, qp(ze) and Aref are denoting the struc-
tural factor, the force coefficient, peak velocity pressure 
and the reference area for the structure, respectively. This 
standard [46] deals with buildings and civil engineering 
works with heights up to 200 m.

2.4 Design spectrum (CICIND Model Code) 
The ordinate of the elastic response spectrum as(T) is 
given with Eq. (9), Eq. (10) and Eq. (11).

a T a T T ss � � � � � �� � �1 20 0 1. 	 (9)

a T a s T ss � � � � �3 0 1 0 4. . 	 (10)
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�
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In these equations, T is denoting the period of structure, 
a is denoting the maximum ground acceleration where 
tower is located, S is soil factor depending of soil type and 
β is denoting a soil dependent factor. For different types of 
soil, S and β factors are shown in Table 2.

Moreover, for the purposes of this study, maximum 
ground acceleration factor is determined as 0.4. By using 
0.01 second time interval steps, the dimensionless calcu-
lated and drawn design response spectrum for different 
types of soils is shown in Fig. 7.

2.5 Design spectrum (Eurocode 8) 
The ordinate of the elastic response spectrum Sd(T) is 
given with Eq. (12), Eq. (13) and Eq. (14).
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In these equations, Sd(T) is the elastic response spec-
trum; T is the vibration period of a linear single-de-
gree-of-freedom system; α is the design ground acceler-
ation; TB is the lower limit of the period of the constant 
spectral acceleration branch; TC is the upper limit of the 
period of the constant spectral acceleration branch; TD is 
the value defining the beginning of the constant displace-
ment response range of the spectrum; S is the soil factor; 
β0 is spectral magnification coefficient; R is behavior fac-
tor and kd1 is a factor dependent on soil type. For different 
types of soil, the factors utilized in Eqs. (12)–(14) are pro-
vided in Table 3 [47].

Table 2 Factors dependent on soil type for CICIND Model Code [44] 

Soil Type S Factor β Factor

S1 1.00 -0.80

S2 1.20 -0.67

S3 1.50 -0.67

Fig. 7 The design response spectrum curves for different soil types 
according to CICIND Model Code

Table 3 Factors dependent on soil type for Eurocode 8 [47]

Soil Type S Factor β0 Factor TB (s) TC (s) TD (s) kd1 Factor

A 1.00 2.50 0.10 0.40 3.0 2/3

B 1.00 2.50 0.15 0.60 3.0 2/3

C 0.90 2.50 0.20 0.80 3.0 2/3
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Moreover, for the purposes of this study, maximum 
ground acceleration factor is determined as 0.4. The 
behavior factor, R, is selected as 2.00. By using 0.01 sec-
ond time interval steps, the dimensionless calculated and 
drawn design response spectrum for different types of 
soils is shown in Fig. 8.

2.6 Time history analysis of real ground motions
Two recorded ground motions of 17 August 1999 Kocaeli 
and 12 November 1999 Düzce Earthquakes are applied to 
the cited masonry minaret in the linear dynamic modal 
time history analyses. These cited ground motions were 
simulated and applied with 0.005 s time intervals. The 
number of applied steps of these earthquakes are 12.000 
and 5.182 for 17 August 1999 Kocaeli and 12 November 
1999 Düzce earthquakes, respectively [7]. These ground 
motions are illustrated in Figs. 9–10. 

3 Iskender Pasha historical minaret and calibrated 
finite element model (FEM)
In this study, the historical minaret (Fig. 11) of İskenderpaşa 
Mosque located in Trabzon district of Turkey is selected as 
the case study.

Iskender Pasha, who was one of the governors of 
Trabzon of the Kanuni era, made important contributions 
to the city’s development. Also, the Iskender Pasha histori-
cal minaret was built by the governor of Trabzon (Iskender 
Pasha) in the XVI century. The minaret was made in alter-
nate style with bricks and colored stones with beautiful 
decorations under the balcony. Scarecrows are decorated 
with emblems and circular motifs [16, 49]. 

It is a fact that finite element modelling (FEM) method 
is the most generally conducted method in the dynamic 
analysis of civil engineering structures. However, the 
FEM of the structures should be calibrated or updated 
before using in the dynamic analyses.

There are some ways to calibrate, update or verify the 
FEM models of the civil engineering structures. One of the 
most utilized recent technique is the "Operational Modal 
Analysis" technique [41, 50, 51]. Although this technique 
provides almost accurate results, special instrumenta-
tion is needed to obtain the dynamic characteristics of 
the structure. Sometimes, it is a difficult task to place the 
accelerometers to the tall and slender structures like min-
arets or RC chimneys etc. Also, the sensitivity of the mea-
surements, the number of accelerometers, environmental 
effects can be effective in obtaining the dynamic results. 
Another method is the use of the calibrated model that is 
provided in the technical literature. By this way, only the 
comparison of mode frequencies and mode shapes of the 
FEM model with the calibrated one is enough. If there is 

Fig. 8 The design response spectrum curves for different soil types 
according to Eurocode 8

Fig. 9 Ground motions recorded at YPT station during 17 August 
Kocaeli earthquake

Fig. 10 Ground motions recorded at DZC station during 12 November 
Duzce earthquake

Fig. 11 Historical minaret of Iskender Pasha Mosque [48]
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no significant difference (<5 %) in these dynamic charac-
teristic comparisons, the produced FEM model can be uti-
lized safely in the dynamic analyses.

In this study, the considered historical masonry min-
aret, İskenderpaşa historical minaret, is selected from 
technical literature as the dynamic characteristics of this 
minaret is obtained and verified both analytically and 
experimentally by Altunişik [16]. Therefore, it is only 
needed to compare the dynamic characteristics of the 
FEM model produced in this study with the ones obtained 
by Altunişik [16]. In order to do that several iterations 
were performed on the produced FEM model to closely 
approximate the dynamic characteristics of Altunişik [16]. 
At the end of these iterations, the closest FEM model that 
represents the dynamic characteristics of the validated 
model by Altunişik [16] is decided to be used in dynamic 
analyses. In Table 4, the percentage error comparisons 
of unverified and verified models with the ones obtained 
from Altunişik [16] are provided.

It is clear from Table 4 that the errors decreased to 
acceptable ratios (less than 5 %) as the calibration of the 
model is performed according to the results obtained from 
Altunişik [16]. Also, the first five mode shapes of the ver-
ified FEM model according to the ones obtained from 
Altunişik [16] are given in Fig. 12 to verify the FEM.

From Fig. 12, it can be clearly identified that the mode 
shapes of the produced model are in accordance with the 
ones obtained from Altunişik [16]. Therefore, this pro-
duced model can be accurately utilized in the dynamic 
analyses. In this study, SAP2000 structural analysis 
program [52] is utilized in producing the FEM model of 
İskenderpaşa historical minaret that this program is capa-
ble of conducting linear and non-linear dynamic analyses 
of civil engineering structures. As this structure is a his-
torical masonry minaret, only solid elements (Fig. 13) are 
considered in the production process [53].  

Solids are eight-node objects used to model 3D struc-
tural systems. Each solid has six quadrilateral faces with 
a  joint  at each corner. Nodes may be collapsed to form 

wedges, tetrahedra, and other irregular volumes. Material, 
temperature-dependent, and anisotropic properties may 
be assigned, and gravity loads, surface pressures, pore 
pressures, and thermal loads may be applied. Aspect ratios 
should be less than four, while those near unity provide for 
the best results [53]. 

As in the original study conducted by Altunisik [16], the 
soil structure interaction and the mosque structure besides 
the considered historical minaret is not considered in the 
dynamic analyses. Also, the nodes at the bottom part of the 
minaret is considered as fixed (Fig. 12). Other than the base 
of the minaret, there is no other lateral or vertical restraint 
on the structure. Moreover, only the material self-weights 
(no other gravity loads are acting) are taken into account in 

Table 4 Validation of the FEM model utilized in this study

Mode Number Modal Frequency
(Hz.) (Altunisik) [16]

Unverified Model Modal 
Frequency (Hz.) (This study)

Error 
(%)

Updated FEM Model Modal 
Frequency (Hz.) (This study)

Error 
(%) < 5 %

1 1.09 1.19 9.17 1.11 1.83 

2 1.09 1.19 9.17 1.11 1.83 

3 5.59 6.58 17.71 5.85 4.65 

4 5.59 6.58 17.78 5.85 4.65 

5 9.78 10.91 11.55 9.77 0.10 

Fig. 12 Verification of the mode shapes of the model

Fig. 13 Properties of solid element [53]
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the initial stage of analyses. Apart from the original study 
conducted by Altunisik [16], in this study, wind loading in 
along-wind and across-wind directions according to import-
ant codes are considered. Also, different from the original 
study, the seismic loads induced by design spectrums for dif-
ferent soil conditions are taken into account. Moreover, two 
time histories of the recorded real earthquakes are applied. 
From this point of view, this study provides a comprehen-
sive standpoint to the dynamic seismic and wind analyses of 
masonry minarets. The material properties of the masonry 
stone are also obtained from Altunisik [16] that modulus  
of elasticity, Poisson's ratio and mass per unit volume are 
2.0 × 109 N/m2, 0.2 and 2169 kg/m3, respectively.

The geometrical properties of the historical minaret of 
İskenderpaşa Mosque in accordance with Altunisik [16] 
are provided in Fig. 14.

The presence of a nearby structure influences the pressures 
on a high-rise building due to interference [54]. Therefore, 
as in the original study conducted by Altunisik  [16], the 
dynamic behavior of the modeled masonry minaret is eval-
uated considering that there are no structures near or around 
that means the interference effect is not in the scope of 
this study. In another words, the effect of the mosque and 
other structures besides the İskenderpaşa historical mina-
ret is neglected while determining the wind and earthquake 
behavior of the cited minaret.

4 Calculation of wind loads 
In this part of the study, as indicated before, TS498, CICIND 
Model Code and Eurocode 1 is utilized for the calculation 
of wind loads acting on the minaret. Unfortunately, there is 
no specific structural wind and earthquake design standard 
for these types of masonry minarets. Therefore, these cited 
standards can be used to calculate wind loads. For these 

types of slender masonry minarets, whose aspect ratios 
(i.e. ratio of height to width of the structure) are high, two 
components of wind forces namely along-wind and across-
wind (vortex shedding phenomena) should be considered 
in the analysis. According to CICIND Model Code, there 
are procedures to calculate these two cited components of 
wind loads. However, TS498 and Eurocode  1 only deals 
with the along-wind loads. As the procedures of the cited 
standards are open to public, there is no need to define 
all of the symbols in the wind load calculations. One can 
obtain the details of the wind loading calculations in these 
studies  [55–59]. Also, in these wind load calculations, 
basic wind speed is taken as 45 m/s. Although, the loads 
obtained from the standards are equivalent static loading 
which account for dynamic wind-structure interaction by 
"Gust Response Factor", the application of these loads to 
the masonry minaret is statically. 

4.1 Along wind loads according to TS498
TS 498 only deals with the along-wind forces that the cal-
culated along wind loads for the cited masonry minaret 
according to TS 498 are shown in Table 5.

4.2 Wind loads according to CICIND Model Code
CICIND Model Code not only deals with the along-wind 
forces but also deals with the across-wind forces caused 
from vortex shedding phenomena (vortex separated from 
the across-wind surface of minaret). The basic wind speed 
for the wind load calculation is determined as 45 m/s. The 
interference effects (vortex-induced motions) due to struc-
tures that are in close proximity to the representative min-
aret are not in the scope of this study.

4.2.1 Along wind loads (CICIND Model Code)
Along wind loads for the cited masonry minaret according 
to CICIND Model Code are shown in Table 6. In Table 6, 
only the important parameters in the calculation proce-
dure are provided. In Table 6, V(z) are denoting the average 

Fig. 14 Geometric characteristics of historical minaret of İskenderpaşa 
Mosque

Table 5 Wind load calculation according to TS 498

Section 
no

Height from 
ground (m) Cf

q
(kN/m2)

A
(m2)

W
(kN/m)

1 0-3.00 1.60 0.50 6.60 1.76

2 3.00-5.00 1.60 0.50 3.70 1.48

3 5.00-8.00 1.60 0.50 4.50 1.20

4 8.00-16.50 1.60 0.80 12.75 1.92

5 16.50-19.50 1.60 0.80 3.78 1.61

6 19.50-20.50 1.60 0.80 0.63 0.81
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wind speed at level z from the base; CD, shape parameter; 
S, size reduction parameter; E, energy intensity spectrum; 
B, theoretical turbulence parameter; i, turbulence intensity; 
ν, efficient oscillation ratio; T, modal period; g, maximum 
peak factor corresponding to height; G, instantaneous 
wind parameter. Also, total along-wind load on unit height 
is given at the last column of Table 6 that is the combina-
tion of mean wind load (wm) and wind load according to 
instantaneous wind effect (wg).

4.2.2 Across-wind loads (CICIND Model Code)
It is stated in CICIND Model Code that if the equation 
given in Eq. (5) is satisfied for all sections considered, 
there is no need to analyze the across-wind forces (formed 
from vortex separated from the across-wind surface of 
masonry minaret). In order to determine this requirement, 
the section above the height 19.50 meters is selected and 
analyzed whether Eq. (5) was satisfied or not.

For the section above the height of 19.50 meters, the 
weight of the minaret above this height is calculated as 
G = 9.01 kN. Also, the volume of the minaret for the height 
that the section considered, V = 17.24 m3.

G
V
� � �
9 01

17 24
0 52 2 0

3 3 3

.

.
. .

kN
kN
m

kN
mm
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From Eq. (15), it is evident that Eq. (5) is not satisfied 
that means across-wind actions on the masonry minaret of 
İskenderpaşa Mosque should be analyzed. The calculation 
of the peak base moment due to across-wind forces, Memax, 
given with Eq. (6) is provided in Table 7.

4.2.3 Combination of along wind base moments with 
the across wind base moments
By using Eq. (7), the base moments obtained from along 
wind loads are combined with the moments obtained from 
across-wind loads that is provided in Table 7. Firstly, the 
along-wind moments at the base of the masonry minaret 
should be calculated. The along-wind moment at the base 

of the cited masonry minaret due to mean along-wind load 
is calculated as M1(z) = 1186.64 kN.m. By this way, the 
combination of these two cited moments can be combined 
through Eq. (16).

M zw � � � �� � � � � � �4 02 1186 64 1186 65
2 2

. . . kN m 	 (16)

4.3 Along wind loads according to Eurocode 1
Buildings and civil engineering works with heights up to 
200 m is in the scope of this standard. Total wind load is 
the combination of structural factor, the force coefficient, 
peak velocity pressure and the reference area for the struc-
ture considered. So many tables, formulas and figures in 
the wind load calculation procedure is provided for the 
users of the standard. Different from other standards, mean 
wind speed is not taken from a table or a chart as it is cal-
culated from the basic wind velocity and the fundamental 
value of the basic wind velocity. Also the turbulence inten-
sity is dealt in the calculation of peak velocity pressure. 

Another difference used in this standard is the use of 
Reynolds number in the determination of force parameter. 
In Table 8, the calculated along wind loads for the cited 
masonry minaret according to Eurocode 1 are provided.

Table 6 Wind load calculation according to CICIND Model Code

Height from 
ground (m)

V(z)
(m/s) CD S E B i νT g G wm

(kN/m)
wg(z)

(kN/m)
w(z)

(kN/m)

1 0–3.00 38.02 0.662 0.482 0.0702 0.85 0.194 2737.967 4.124 3.759 4.389 0.019 4.408

2 3.00–5.00 40.84 0.662 0.482 0.0702 0.85 0.194 2737.967 4.124 3.759 6.387 0.192 6.579

3 5.00–8.00 43.62 0.662 0.482 0.0702 0.85 0.194 2737.967 4.124 3.759 3.938 0.323 4.261

4 8.00–16.50 48.27 0.662 0.482 0.0702 0.85 0.194 2737.967 4.124 3.759 1.702 0.432 2.135

5 16.50–19.50 49.41 0.662 0.482 0.0702 0.85 0.194 2737.967 4.124 3.759 4.246 5.041 9.286

6 19.50–20.50 49.76 0.662 0.482 0.0702 0.85 0.194 2737.967 4.124 3.759 6.458 8.909 15.367

Table 7 Across-wind peak base moment calculation 

At 20,5 
Meters, 
V(z20,5)

St Vcr CL βs Sp βa
Memax

(kN.m)

35.12 0.21 7.57 0.15 0.04 0.12 0.000013 -4.02

Table 8 Wind load calculation according to Eurocode 1 

Section 
no

Height from 
ground (m) cscd Cf qp(z)  Aref

Fw
(kN/m)

1 0–3.00 2.03 0.74 1,662.77 6.60 5.49

2 3.00–5.00 2.03 0.74 2,756.84 3.70 7.69

3 5.00–8.00 2.03 0.75 3,422.77 4.50 7.79

4 8.00–16.50 2.03 0.75 4,670.76 12.75 10.63

5 16.50–19.50 2.03 0.75 5,000.80 3.78 9.61

6 19.50–20.50 2.03 0.77 5,102.86 0.63 5.02
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4.4 Comparison of along-wind loads
Total along wind loads (kN/m) obtained from TS498, 
CICIND Model Code and Eurocode 1 are shown in Fig. 15 
along the height of the minaret. The interpretation of 
Fig. 15 is provided in the Discussion part of the study.  

5 Analysis results 
Seismic loads i.e. time histories of real earthquakes and 
design spectrums obtained from different standards for 
different soil types are separately applied to the FEM 
model of the minaret. Also, wind loads obtained from 
TS498, CICIND Model Code and Eurocode 1 are sepa-
rately and statically applied as they include the dynamic 
effects in their formulations.

The dynamic response of the historical minaret of 
İskenderpaşa Mosque is investigated under two main cate-
gories namely top joint displacements and stress analyses.

The displacements at the top of the İskenderpaşa histori-
cal masonry minaret give an idea about the behavior of the 
minaret under dynamic seismic and wind loads. As indi-
cated before, under severe winds or earthquakes, the vast 
majority of masonry or RC minarets survived or totally col-
lapsed without showing any ductile behavior. Also, in order 
to determine the exact nonlinear behavior of the material, 
taking samples is not allowed from İskenderpaşa historical 
masonry minaret by the authorities. Therefore, the plastic 
behavior cannot be considered in this study. All of the cal-
culations are in linear range that the details of the linear 
analyses are provided in the Methodology part of the study.

5.1 Top displacements
For masonry towers like masonry minarets, currently there 
is no document that provides the maximum allowable top 
deflection. However, from literature survey, some formula-
tions are provided for the maximum allowable top deflec-
tion of such structures [15, 45]. According to Doğangün 
et al. [15], maximum relative displacement requirement of 
masonry structures can be calculated by using Eq. (17).

�imax
ih

R
�

�0 02. ,	 (17)

where hi and R are the height of the structure and the behav-
ior factor related to the ductility of structure, respectively. 
By utilizing Eq. (17), the maximum allowable top deflection 
of the considered masonry minaret is calculated as 0.14 m. 

The other equation provided by the ACI code [45] is 
shown in Eq. (18). 

Y hmax � �3 33. ,	 (18)

where Ymax is denoting maximum lateral deflection in 
(mm) and h is denoting the chimney height in m. Although 
this equation is provided for chimney structures, it can 
be applied to masonry minarets as they are both tall and 
slender structures. According to this equation, the maxi-
mum lateral deflection of the top of a chimney under all 
service conditions prior to the application of load factors 
shall not exceed the limits set forth by Eq. (18). By utiliz-
ing Eq. (18), the maximum allowable top deflection of the 
considered masonry minaret is also calculated as 0.07 m. 
The maximum absolute displacement values obtained on 
top of the İskenderpaşa historical masonry minaret for the 
direction that the load applied are provided in Table 9.

The graphical representation of Table 9 is provided in 
Fig. 16.

From Fig. 16, it can be clearly seen that the top displa- 
cement value obtained from Kocaeli Earthquake is as 
close to the one obtained from wind loading of CICIND 

Fig. 15 Total along wind loads according to different standards

Table 9 Maximum top displacements obtained from different loading 
types with reference limit values 

Load 
Type

Name of the 
Load

Top displacement 
(cm)

Limit Values

Doğangün et. 
al [15] (cm)

ACI [45]
(cm)

Wind

TS498 8.72 14.00 7.00

CICIND  
Model Code 43.33

Eurocode 1 22.94

Se
is

m
ic

R
es

po
ns

e 
Sp

ec
tr

um

CICIND S1 23.45 14.00 7.00

CICIND S2 31.26

CICIND S3 39.06

Eurocode A 10.88

Eurocode B 14.27

Eurocode C 15.54

Ti
m

e 
H

is
to

ry Kocaeli 
Earthquake 17.20 14.00 7.00

Düzce 
Earthquake 38.93
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Model Code. Because of this reason, the time history of 
the top displacement under Kocaeli Earthquake is pro-
vided in Fig. 17. 

5.2 Stress distributions
From the preceding section, it is identified that the maxi-
mum top displacement response of the historical minaret 
of İskenderpaşa Mosque occurred under wind loading of 
CICIND Model Code. Therefore, in the stress distribution 
analyses, the stresses on the wall of the considered min-
aret occurred under this loading is evaluated. The maxi-
mum tensile (Smax), minimum compression (Smin) and shear 
stress distribution (in MPa) is provided in Figs. 18–20. 

Moreover, as in the case of top displacement values, 
stresses obtained from Düzce Earthquake is as close to 
the one obtained from wind loading of CICIND Model 
Code. Because of this reason, the time histories of stresses 
obtained from Düzce Earthquake for the joining region of 
transition segment to the cylindrical body of the minaret 
are provided in Figs. 21–23. 

The only thing that joins the masonry bricks is the mor-
tar between the masonry bricks constituting the minaret. 
Therefore, the respective compressive and tensile stresses 
of the masonry material should be determined to compare 
the results of the dynamic analyses to the corresponding 
strength of the material. However, as stated before, it is 

Fig. 16 Maximum top displacements according to different loads with 
reference limit values

Fig. 17 Time histories of the top joint under Kocaeli Earthquake

Fig. 18 Maximum tensile stress distribution over the considered 
minaret (in MPa)

Fig. 19 Minimum compression stress distribution over the considered 
minaret (in MPa)

Fig. 20 Maximum shear stress distribution over the considered minaret 
(in MPa)



364|Türkeli
Period. Polytech. Civ. Eng., 64(2), pp. 353–369, 2020

not allowed to take samples to determine the respective 
tensile and compressive strength of the masonry material. 
Because of this reason, the stress results obtained from 
dynamic analyses are compared with the reference limit 
values provided in the technical literature. In a study con-
ducted by Doğangün et al. [15], the maximum compres-
sive and tensile stresses for the limestone masonry com-
monly used in minaret construction in Turkey found to be 
16.88 MPa and 0.9 MPa, respectively. 

Also, in Table 10, the maximum and minimum ten-
sile and compressive stress values (joining region of tran-
sition segment to the cylindrical body) obtained from 

different analyses are provided with the reference limit 
values in technical literature. CICIND Model Code and 
Düzce Earthquake is selected for the comparison due to 
the reason that absolute maximum values occurred under 
these loadings.

The graphical representation of Table 10 is provided in 
Fig. 24 and Fig. 25.

6 Discussions and suggestions
In this part of the study, the comments and discussions 
about the analysis results and some general suggestions 
are provided. This section is divided into four sections 
namely wind loads, top displacements, stresses and gen-
eral suggestions.  

Fig. 21 Time histories of the maximum stresses at the joining region of 
transition segment to the cylindrical body under Düzce Earthquake

Fig. 22 Time histories of the minimum stresses at the joining region of 
transition segment to the cylindrical body under Düzce Earthquake

Fig. 23 Time histories of the maximum shear stresses at the joining 
region of transition segment to the cylindrical body under Düzce 

Earthquake

Table 10 Maximum stress values obtained from different loading types 
with reference limit values

Tensile 
(MPa)

Limit 
(MPa) 

(Doğangün 
et al. [15])

Compressive 
(MPa)

Limit 
(MPa) 

(Doğangün 
et al. [15])

CICIND 
Model Code 8.00 0.9 7.80 16.88

Düzce 
Earthquake 6.69 0.9 5.76 16.88

Fig. 24 Maximum tensile stress values according to different loads with 
reference limit values

Fig. 25 Maximum compressive stress values according to different 
loads with reference limit values
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6.1 Wind loads
In this section, the interpretation of the wind loads calcu-
lated in Section 4 is performed. From Fig. 15, it is clearly 
seen that as the height of the minaret increases, the wind 
loads according to TS498 and Eurocode 1 have the trend 
to decrease. It is because of the reason that the wind load 
formulations of TS498 and Eurocode 1 includes the swept 
reference area by the wind. Moreover, it is evident that the 
reference area swept by the wind decreases as the height 
of the minaret increases. Also, except from the last sec-
tion considered (between 19.50–20.50 meters), the wind 
loads obtained from Eurocode 1 are larger than the ones 
obtained from TS 498 and CICIND Model Code. CICIND 
Model Code includes the along and across-wind loading 
which may be the case for these types of tall and slender 
structures. This is because of the reason that the maxi-
mum analyses results are obtained under CICIND Model 
Code wind loading.  

6.2 Top displacements
As it is clearly seen from Table 9 and Fig. 16 that the top 
displacements obtained from different methods are larger 
than the maximum allowable top deflection (0.07 m) pro-
vided from ACI [45]. Also, a few of the results obtained 
from different methods are lower than the maximum 
allowable top deflection (0.14 m) provided from Doğangün 
et al. [15]. Moreover, the maximum top displacement 
occurred under wind loading obtained from CICIND 
Model Code which 43.33 cm. It should be stated that these 
displacement values occurred under linear assumption of 
the material and analyses. However, as stated before, this 
is not the case for the vast majority of masonry minarets 
collapsed at recent earthquakes that they did not behave 
linearly. However, as the exact nonlinear behavior of the 
material cannot be identified, it becomes a necessity to 
perform linear analysis instead of nonlinear static push-
over analysis. Therefore, these values of displacements 
should not be evaluated as wrong. The vast majority of the 
masonry minarets survived or totally collapsed without 
showing any ductile behavior. Therefore, linear assump-
tion of the material and analyses could not lead to uneco-
nomical or unsafe design.

6.3 Stress distributions
It is clearly seen from Figs. 18–20 that the region that is 
shown in red circle is the place where maximum tensile 
and minimum compression stresses occurred. In addi-
tion to these, maximum shear stress occurred at the same 

region that is also given in red circle. This is the region 
where transition segment of the minaret combined or 
joined to the cylindrical body of the minaret. The dynamic 
behavior of this masonry minaret is primarily governed by 
flexure. Also, wind behavior is dominant in the structural 
behavior of Iskender Pasha historical minaret.

In recent severe earthquakes or windstorms given in 
the Introduction part of this study, so many masonry min-
arets were reported to be demolished or collapsed from 
the region just above the transition segment joining to the 
cylindrical body of the minaret. This is consistent with the 
stress aggregation shown in Figs. 18–20.

It is clear from Table 10 that the compression results 
obtained from dynamic analyses is lower than the ones 
provided from Doğangün et al. [15]. By this way, in com-
pression, the limestone masonry bricks can be considered 
safe in stress point of view. However, as can be seen from 
Table 10 that the tensile stress of masonry is very low 
i.e. 0.9 MPa (provided from Doğangün et al. [15]) when 
compared with the ones obtained from dynamic analyses 
(approximately around 6~8 MPa). Therefore, this explains 
the mechanism of collapse of masonry minarets from the 
joining region where higher tensile stress (Fig. 18) accu-
mulations occurred.

Moreover, like tensile and compression stresses, the 
maximum shear stresses (Fig. 20) also occurred at the 
transition segment of the minaret joined to the cylindrical 
body of the minaret.

6.4 Suggestions
At the end of the detailed technical literature search and 
the results of the analyses conducted in this study, some of 
the general suggestions are derived as follows:

•	 Technical regulations (in Turkey) about the detailed 
wind and seismic behavior of these type of masonry 
minarets and for the strengthening techniques should 
be formed in order to design more strong structures.

•	 Nonlinear static pushover analyses should be uti-
lized for the approximate determination of the struc-
tural response of masonry minarets. However, as in 
the case of this study, if the structure has a histori-
cal heritage and nonlinear material properties cannot 
be determined, different linear analyses should be 
preferred for the wind and seismic behavior of the 
masonry minaret.

•	 As it is clear from the technical literature that no 
study dealt both the wind and seismic response of 
masonry minarets. However, as in the case of this 
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study, wind behavior can become the dominant one 
among others. Therefore, both actions should be 
studied in the structural analyses.

•	 Across-wind loadings should be added and adapted 
to the technical regulations.

•	 In the future studies, the soil-structure interaction or 
the effect of other loading types such as blast-induced 
on the structural response should be investigated.

7 Conclusions
In this study, dynamic structural wind and earthquake 
response analyses of historical masonry minaret of 
İskenderpaşa Mosque is performed by using different 
method of analyses. These methods are TS498, CICIND 
Model Code and Eurocode 1 for the calculation of wind 
loads. Also, seismic actions are considered by using 
design spectrums (Eurocode 8 for soil types A, B ,C and 
CICIND Model Code for soil types S1, S2 and S3) and 
time histories of real ground motions (17 August 1999 
Kocaeli and 12 November 1999 Düzce Earthquakes). The 
overall results derived from the findings of this study are 
summarized below.

•	 As stated in the introduction part of the study that 
from 1900 up to this time, so many destructive earth-
quakes and severe wind storms struck Turkey caus-
ing loss of lives and economy. Therefore, in order 
to save these types of historical structures, several 
precautions should be determined at the end of the 
structural analyses like performed in this study.

•	 The FEM (produced in SAP 2000) of the consid-
ered masonry minaret is updated by using the cal-
ibrated model given in the technical literature. By 
this modification, the error occurred in the dynamic 
parameters of the considered minaret decreased 
under 5  %. For example, for the first mode of the 
minaret, the natural frequency decreased from 1.19 
to 1.11 by FEM modification. Also, the mode shapes 
of the FEM are checked and verified by using the 
calibrated model provided in the technical literature.

•	 The wind loading formulations of Eurocode 1 and 
TS498 includes the reference area swept by the wind. 
However, the formulation of wind loading accord-
ing to CICIND Model Code do not include this ref-
erence area. Also, Eurocode 1 and CICIND Model 
Code utilize the dynamic parameters i.e. first mode 
natural frequency of the structure in the wind load-
ing calculations. This is because of the reason of 
term "dynamic" used in the wind load calculations. 

Also, different from other wind loading standards, 
CICIND Model Code deals with across-wind loads 
which can be counted as the challenging subject 
for wind engineers especially for tall and slender 
structures.

•	 The maximum top joint displacements obtained 
from the dynamic analyses showed that the max-
imum response occurred under wind loading of 
CICIND Model Code which is 43.33 cm among all 
other methods utilized. By this way it can be said 
that the dynamic behavior of this masonry minaret is 
wind dominant. Also, the order of the top displace-
ments obtained from wind loadings for the consid-
ered masonry minaret is: TS498 < Eurocode 1 < 
CICIND Model Code.

•	 According to top displacements, the displacement 
values increase from S1 to S3 type of soil for CICIND 
Model Code and A to C type of soil for Eurocode 8. 

•	 The overall results of the dynamic analyses of the 
methods corresponding to top displacements are in 
this order: TS498 (Wind) < Eurocode A (Design) < 
Eurocode B (Design) < Eurocode C (Design) < Kocaeli 
Earthquake (Time History) < Eurocode  1 (Wind) < 
CICIND S1 (Design) < CICIND S2 (Design) < Düzce 
Earthquake (Time History) < CICIND S3 (Design) < 
CICIND Model Code (Wind).

•	 The comparison of the top displacements obtained 
from dynamic analyses with the one suggested from 
ACI [45] revealed that all of the top displacements 
from dynamic analyses are higher than the one sug-
gested from the code. Also, a few of the top displace-
ments obtained from dynamic analyses are under the 
value of the maximum allowable top displacement 
suggested from Doğangün et al. [15]. This shows 
that the masonry minaret can be considered unsafe 
from the top displacement point of view. Therefore, 
this masonry minaret should be strengthened to 
decrease top displacements and so to decrease the 
stress accumulations.

•	 The maximum, minimum and shear stresses accu-
mulated at the region of joining of transition segment 
to the cylindrical body of the considered minaret. 
This explains the mechanism of collapse of the vast 
majority of masonry minarets in recent severe earth-
quakes or windstorms as higher tensile stress accu-
mulations in this region cause separation of mortar 
between bricks. Therefore, the minaret collapses 
without showing any ductile behavior. 
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•	 The compressive stresses obtained from dynamic 
analyses are in safe side when compared with the 
ones obtained from Doğangün et al. [15]. However, 
tensile stresses obtained from dynamic analyses 
are higher than the ones obtained from Doğangün 
et al.  [15]. Also, the only thing that joins bricks 
together is the mortar between bricks. Therefore, 
tensile stresses create vital problem for dynamic 
seismic and wind response of masonry minarets.

Lastly, masonry minarets are historical heritage that 
should be preserved to the future generations. Therefore, 
the dynamic seismic and wind response of these tall and 

slender structures should be identified in order to provide 
sufficient strengthening techniques. Although the results 
obtained in this study belong to one specific masonry 
minaret, the findings, observations and suggestions can be 
generally used or applied to many situations.
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