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Oz

Bu ¢alismada, kuvvetli riizgar etkisi altinda gogen bir minarenin gé¢me mekanizmasi simiile edilerek, bu tiir
yapisal etkilesimlerin anlasilmasi ve potansiyel riskli bolgelerin tespiti hedeflenmistir. Riizgar profilleri Eurocode
ve Tiirk Standartlari'na gore tanimlanmig ve Hesaplamali Akiskanlar Dinamigi analizlerinde kullanilmistir.
Analizlerden elde edilen basing ve emme gerilmeleri, Abaqus/Cae programinda ilgili minare yiizeyine uygulanmis
ve dogrusal olmayan sonlu eleman analizleri ger¢eklestirilmistir. Niimerik analizler sonucunda yer degistirmeler,
gerilmeler, plastik sekil degistirmeler Ve hasarlar elde edilmis ve sonuglar karsilastirmali olarak sunulmustur. Her
iki standartla elde edilen sonuglar oldukca yakin olup, tepe yer degistirmeleri italyan Yap1 Kodu ve Eurocode 8'de
belirtilen limit degerlerini agmaktadir. Ayrica, minarenin gegis segmentindeki birgok ag elemani dogrusal olmayan
sonlu eleman analizlerinde ¢gekme gerilmeleri nedeniyle hasar gérmiistiir. Son olarak, minarenin gé¢me davranisi
kullanilan yontemlerle basariyla simiile edilmistir.
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Abstract

In this study, the collapse mechanism of a destroyed minaret under strong wind influence was simulated to
understand such structural interactions and identify potential risky regions. Wind profiles were defined according
to Eurocode and Turkish Standards and were used in Computational Fluid Dynamics analyses. The pressure and
suction stresses obtained with these wind analyses were applied on the minaret’s surface with Abaqus and the
nonlinear finite element analyses were performed. As a result of the numerical analyses, displacements, stresses,
plastic strains, and damages were obtained and results were comparatively presented. The results obtained with
both standards are quite close and top displacements exceed the limit value specified in the Italian Building Code
and Eurocode 8. Besides, many mesh elements in the minaret’s transition segment were damaged with tension
stresses in nonlinear finite element analyses. Finally, the minaret’s failure behaviour was successfully simulated
with the used methods.

Keywords: Masonry, Failure mechanism, Wind, Damage analysis, Computational fluid mechanics

*Corresponding author

Plagiarism Checks: Yes — Turnitin

Complaints: fujece@firat.edu.tr

Copyright & License: Authors publishing with the journal retain
the copyright to their work licensed under the CC BY-NC 4.0

293


https://orcid.org/0000-0002-5237-4018
https://orcid.org/0000-0001-9907-4074

Firat Univ Jour. of Exp. and Comp. Eng., 3(3), 292-312, 2024
T.Y. Altiok, A. Demir

1. Introduction

The wind comprises numerous vortices of different sizes and rotational directions, transported within a
prevailing air current that moves in relation to the surface of the Earth. The presence of these vortices imparts
a turbulent character behaviour to the wind. The wind-induced response of structures encompasses static,
stochastic, and resonant behaviors owing to turbulence and wake effects, vortex resonance, galloping,
interference, divergence, and flutter. The wind loads depend on the wind strength, the topography of the
terrain, and the interaction of wind and structures. Therefore, investigation of the wind effect on the structure
and the relationship between the wind environment and movement is important to simulate a more realistic
behaviour.

In certain regions, winds pose a greater threat to tall and slender structures like reinforced concrete (RC) or
masonry minarets, RC chimneys, clock-lighting towers, silos, or turbine towers compared to earthquakes.
Numerous studies in the literature have investigated these structures extensively. Chimneys may be subject
to downwind gusts due to drag forces, as well as possible downwind eddy shedding. Reddy et al. [1]
determined that the earthquake force exerted on the RC chimney in an area with a baseline wind velocity of
44 m/s is close to the wind load. Karaca and Tiirkeli [2] investigated the wind load and response of industrial
RC chimneys by following the procedures of five different codes. They determined that the wind loads
calculated according to the Eurocode-1 [3] are three to four times higher than the wind load values of other
codes. So, they expressed that the Eurocode-1 was more reliable by determining the wind effects. They also
determined that the effect of slender industrial RC chimneys on wind responses should be considered to
perform a safe and economical design.

In recent times, structural engineers have placed more emphasis on investigating the performance of tall
structures, considering various uncertainties for wind loads [4], [5], [6], [7], [8]. Li et al. [9] performed wind
tunnel experiments to study the impact of wind on the Jin Mao Building, one of China’s tallest structures,
standing at 420.5 meters with 88 floors. The effectiveness of wind tunnel testing methods was verified by
comparing full-scale measurements with wind tunnel test results. Additionally, an assessment of the
building's performance under typhoon conditions was carried out. Merrick and Bitsuamlak [10] investigated
the shape effects of wind triggering the response of tall buildings. Aly et al. [11] proposed a method to predict
high-rise building responses to wind loads, which integrates lateral, crosswind, and torsional responses. Yang
et al. [12] performed experiments on a high rise building model in hurricane like winds, finding that wind
loads varied significantly based on the model's position relative to the center of the vortex. Heiza and Tayel
[13] investigated the effects of earthquakes and winds on approximately 30 structures. They determined that
the wind was more effective in tall buildings and the earthquake was more effective in low rise buildings.
Kwon and Karaem [14] carried out a series of studies using 8 major regulations to develop a global standard
within the scope of determining the wind effect. Ouyang and Spence [15] conducted probabilistic
performance-based studies to estimate the damage to buildings exposed to extreme winds.

One of the structures most affected and damaged by the winds is the minarets. The architectural features of
the minarets vary according to the construction age and material. While masonry materials demonstrate
strong resistance to compressive stresses, they may encounter issues under tensile stresses. To address tensile
stresses in historical minarets, masonry units (stone, brick) are interconnected both horizontally and vertically
using clamps and dowels [16-17]. Most of the minarets in Turkey have been built as RC structures, recently
[18]. Minarets are usually built by masters without any project [19]. After the 1999 earthquakes, it was
announced that 80.9% of the 1176 mosques in Turkey didn’t have a building permit [19]. Many researchers
have carried out experimental and numerical studies on minarets, especially involving earthquakes [16-17],
[20-33]. Observations from the studies indicated that damages were primarily concentrated in the transition
segment and upper part of the minarets [31-35].

Numerical examination methods refer to various calculation and simulation techniques used for structural
analysis in engineering applications. These methods are commonly employed to understand the behaviors of
complex structures, evaluate their performances, and optimize design processes. Common numerical
examination methods include Finite Element Method (FEM), Finite Volume Method (FVM), Finite
Difference Method (FDM), Finite Time Domain Method (FTDM), and Computational Fluid Dynamics

294



Firat Univ Jour. of Exp. and Comp. Eng., 3(3), 292-312, 2024
T.Y. Altiok, A. Demir

(CFD). These methods have different advantages and disadvantages depending on the engineering problems
and their applications. In the context of structural behavior problems, Finite Element Method is generally
preferred, while CFD methods are preferred for fluid mechanics. Wind effects can be assessed using either
wind tunnel tests or Computational Fluid Dynamics (CFD) analysis. Physical wind tunnel tests are time
consuming and costly. CFD modelling, which has recently been adopted in airflow studies in buildings, offers
many advantages in evaluating wind performance. While structural models can be changed quickly in CFD
analysis, design changes in physical studies require a lot of effort. CFD relies on the premise of a three-
dimensional, fully turbulent, and incompressible flow regime. Both internal and external flows were
simulated utilizing the standard k—epsilon turbulence model, a widely accepted technigue within the realm
of natural ventilation investigation [36-43]. In recent years, humerous studies have been conducted to
determine the wind effects on minarets. Ural et al. [44] investigated the effects of dead load, wind load, and
seismic load on an 800-year-old curved historical minaret in Aksaray and provided recommendations for
restoration processes. Tiirkeli [2] studied the impacts of wind and earthquake loads on a 61-meter-high RC
minaret. They recommended utilizing time history analysis to evaluate lateral loads in the design of RC
minarets, emphasizing the importance of considering cross-section modifications. [45] explored the
displacement mechanisms of minarets under dead load and wind load through various numerical studies.
Based on the analysis results, insights were drawn regarding the errors made during the construction of
minarets. . Resatoglu et al. [46] investigated the behaviour of some RC minarets in Cyprus under earthquake
and wind loads calculated with various codes. They tried to determine the effective lateral load in minaret
design by examining wind load and distributions, principal stresses, displacements, and base shear forces.
Adam et al. [47] attempted to determine the behavior of a historical masonry minaret in Egypt under its own
weight, wind, and seismic loads using nonlinear finite element analyses with static and dynamic loads.
Tiirkeli [48] studied the behaviour of a historical masonry minaret under the wind and earthquake loads. In
the study, the wind was more dominant in the behaviour of the minaret. It was expressed that the main cause
of the failure is the tensile and shear stress buildup on the cylindrical body and the transition segment.
Pouraminian [49] examined the behavior of a historical brick minaret in Iran, with a height of 16.11 meters,
against wind and seismic loads. According to the results, the minaret was found to be at a slight risk of
damage under seismic loading and safe even under strong wind effects. Al-Zuhairi et al. [50] conducted finite
element analyses on a historical masonry minaret, considering wind and self-weight loads. They concluded
that the minaret exhibited sufficient resistance against principal stresses occurring only when both self-weight
and wind load up to 120 km/h were acting together. Awad and Desouki [51] investigated the potential use of
mosgue minarets as solar chimneys in hot and arid regions. Through laboratory tests and CFD simulations,
they concluded that traditional mosque minarets could serve as a viable and sustainable option for passive
cooling in hot climates. Masonry structures are divided into three groups based on the accuracy required for
modeling with FEM: Detailed Micro Modeling, Simplified Micro Modeling, and Macro Modeling. In
Detailed Micro Modeling, the properties of each material constituting the structure (stone, brick, mortar, etc.),
such as compressive and tensile strength, Poisson's ratio, elasticity modulus, and shear modulus, are
individually inputted into the system, and separate modeling is performed. Detailed Micro Modeling provides
more realistic results than other modeling methods. However, it is more time-consuming during the solution
phase compared to other methods. In Simplified Micro Modeling, the region where mortar is present is
neglected, and modeling is done by enlarging the dimensions of the materials constituting the masonry unit
by half the size of the neglected mortar layer. Masonry units are separated from each other by interface lines,
and joint interface lines are defined separately. It is assumed that cracks occur on these surfaces. In Macro
Modeling, the structural element subjected to homogenization is considered as a composite material.
Especially in nonlinear analyses, the increase in the number of unknowns and the stiffness matrix of large-
sized systems prolong the solution time. In such cases, the homogenization technique ensures that the brick-
stone and mortar, which constitute the wall structure of a masonry structure, are entered as a single material.
This approach not only ensures realistic modeling and analysis of the structure but also provides significant
time savings in the modeling and analysis stages.

In the current literature, research on the seismic effects on minaret-type structures is commonly
conducted. However, studies regarding the influence of wind are seldom undertaken. In these studies,
the surrounding structures of the wind-affected building are often being neglected, and the impact of
neighboring structures on wind flow are not taken into account. This study, however, focuses on
investigating the wind effects on delicate, tall, and slender structures, taking into consideration the
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presence of surrounding buildings. In this context, the behaviour of a concrete minaret collapsed with a
wind effect is simulated. A wind profile is created using TS 498 [52] and Eurocode-1 [3]. CFD numerical
simulation analyses are performed using the wind profiles with the RWIND program [53]. In these
analyses, environmental factors are considered by modelling other structures around the minaret.
Nonlinear Static/General analyses are carried out by applying the wind’s pressure and suction stresses
on the minaret’s surfaces modelled in the Abaqus/Cae [54]. Consequently, the minaret’s failure
mechanism is estimated by considering the displacements, stresses, and damages. Considering the
results obtained, this study offers important ideas for predicting the behaviour of thin and tall structures
that are fragile against dynamic effects under the influence of wind. In addition, it gives more realistic
results by considering the effect of a collapsed minaret on the wind flow in the surrounding structures.

2. Wind damages of minarets

The wind is an important dynamic effect, especially for slender structures. Turkey's coastal regions have a
high potential to face severe windstorms. The strong winds destroyed many minarets in the past.
In 2002, during a storm, the minaret of Ebubekir Siddik Mosque in Ankara-Kayas collapsed, leading to the
death of two individuals and injuring five others (Figure 1a) [55]. On February 27, 2002, the five minarets
collapsed, and the four minarets got damaged because of a wind speed of 96 km/h in Mersin-Erdemli (Figure
1b) [56]. On February 9, 2003, another minaret collapsed due to the wind speed of 100 km/h (Figure 1c) [57].
Two 15 m high minarets of the Ulu Mosque in Kahramanmaras collapsed in 2005 during a 60 km/h
windstorm and one person got injured (Figure 1d) [58]. The stone minaret of the 22-year-old Kurtulus
Mosque collapsed due to the strong wind that occurred in Kirikkale in 2010 (Figure 1e) [59]. In February
2015, the minaret of Safak Mosque in Izmir collapsed during a strong windstorm with a maximum wind
speed of 90 km/h (Figure 1f) [60]. In Ordu Ulubey, the longest minaret in the city with a length of 57 m
collapsed due to the strong wind effect in 2016 (Figure 1g) [61]. Due to the wind in Nigde, a minaret collapsed
from the transition zone in January 2021 (Figure 1h) [62]. In Aydin Nazilli, the upper part and spire of a
minaret collapsed due to the wind with an average speed of 70 km/h in October 2021 (Figure 1i) [63].

Figure 1. Minarets damaged by wind, (a) Ebubekir Siddik Mosque/Ankara-Kayas, (b)-(c) Mersin-Erdemli,
(d) Ulu Mosque/Kahramanmaras, (¢) Kurtulus Mosque/Kirikkale, (f) Safak Mosque/izmir, (g) Ordu-Ulubey,
(h) Nigde, (i) Aydm/Nazilli
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Figure 1. Minarets damaged by wind, (a) Ebubekir Siddik Mosque/Ankara-Kayas, (b)-(c) Mersin-Erdemli,
(d) Ulu Mosque/Kahramanmaras, (e) Kurtulus Mosque/Kirikkale, (f) Safak Mosque/Izmir, (g) Ordu-Ulubey,
(h) Nigde, (i) Aydin/Nazilli (Continue)

3. General Properties of the Collapsed Minaret

3.1. Geometrical Properties

The minaret of the Industry mosque was built in Manisa in 1989. The minaret consists of a boot, transition
segment, cylindrical body, two balconies, upper part, spire, and end ornament parts. (Figure 2a-2b). It was
built using concrete blocks and binder mortar as the building material. No steel element was used in its
construction. There is a core body staircase inside the minaret. The average height of the stairs is 20 cm. The
total height of the minaret is 33.20 m. The pedestal dimensions of the minaret are 2.27 x 2.27 m?. Its geometric
properties are given in Figure 2c.
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Figure 2. The parts and geometric features of the minaret. (a) Industry mosque and minaret, (b) Parts and (c)
Geometrical properties

3.2. Damage Survey

Many buildings got damaged due to the windstorm that occurred in Manisa on January 27, 2021. The most
striking of these damages was the failure of Industry Mosque’s minaret. According to the information
obtained by the Provincial Meteorology Directorate, the wind’s maximum speed was 25.8 m/s (92.9 km/h).
It was observed that there was a double row concrete block in the transition segment of the minaret. At the
same time, the minaret had 2 balconies and a tall body. It was foreseen that the minaret collapsed by the
influence of the stresses accumulated in the transition segment. The photographs of the minaret before and
after the collapse are presented in Figure 3.
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Figure 3. Before and after the collapse of the minaret of Industry Mosque

3.3. Materials

Following the collapse of the minaret due to wind, various tests were conducted on samples extracted from
its concrete blocks and mortar material. Compression tests were administered, yielding an average
compressive strength (fy) of 6.30 MPa for the concrete blocks and 3.36 MPa for the mortar sample.
According to the Turkish Building Earthquake Code-2018 (TBEC-2018) [64], the compressive strength (f«)
of the masonry wall is determined as 3.34 MPa. Based on TBEC-2018, the modulus of elasticity of the
masonry wall (Eqw) can be determined as 750 times fx. Consequently, the modulus of elasticity is calculated
as 2504.3 MPa.

4. Wind Analyses

In this study, CFD analyzes of a minaret that collapsed due to the wind were carried out using wind profiles
calculated according to TS 498 and Eurocode-1 regulations. Other structures around the minaret were also
included in the modeling. Pressure and suction values on the minaret surface under the influence of the wind
were obtained and applied to the relevant surfaces of the minaret modeled in ABAQUS. The obtained results
are presented comparatively and the collapse mechanism of the minaret is simulated. The flow chart of the
study is given in Figure 4.
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Figure 4. The flow chart of the study

4.1. Wind Loads According to Eurocode-1 and TS 498

Due to the speed and mass of the moving air, if an object with a fixed position comes in front of the air with
kinetic energy, its flow will either stop or its direction will be deflected. The magnitude of wind pressure
exerted on any surface of an object is subject to variation based on several factors, including the object's
geometry, wind direction, wind speed, and air density. Obstacles present on the ground surface diminish
wind velocity, with speed escalating proportionally with height. Wind velocity attains its peak value at an
elevation known as the gradient height (Table 1).

Table 1. Wind speed and suction stresses (TS 498)

Height Wind speed Suction
(h) (n) (@)
(m) m/s km/h  (KN/m?)
0-8 28 100 0.5

9-20 36 130 0.8

21-100 42 150 11

>100 46 165 1.3

The minaret’s wind profiles were obtained according to Eurocode-1 and TS 498 standards in this study. TS
498 and Eurocode-1 are among the most common standards used for wind load designing in Turkey. TS 498
is generally used for load bearing systems and facade elements. Some international standards and regulations
provide more detail. TS 498 can be used regardless of the structural carrier system (RC, steel, masonry,
wood). In TS 498, the wind pressure (w), which does not directly affect the building carrier system, but
directly affects the unit area on the upper surface of the building, is calculated with equation 1. (q) is the wind
pressure acting perpendicular to the surface, and C, is the suction coefficient determined for the surface,
depending on the various blowing directions.

w=_C,%Xq 1)

In Eurocode-1, some formulations express the wind speed variation and turbulence intensities depending on
the height. Vi, represents the wind speed at height z and is calculated as shown in equation 2.

Vin(2) = ¢x(2) X co(2) X V) )
Vi is the basic wind velocity and is calculated as in equation 3.

Vi = Cair X Cseason X Vb,o (3)
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Equation 3 introduces the directional factor, cqir, Where Vy,o represents the fundamental value of the basic
wind velocity, and Cseason denotes the seasonal factor. According to the Eurocode-1, both the direction (Cqir)
and season (Cseason) factors can be assumed as 1.00.

In equation 2, ¢((z) is the roughness factor and co(z) is the orography factor. It started in the Eurocode-1 that
it is appropriate to take the Orography factor (c.(z)) as 1. The roughness factor (c/(z)) is calculated as in
equation 4.

z
¢ (2) =k, X1In (Z—) zmin < z < zmax 4)
0
cr(2) = ¢ (Zmin) z<zmin

In equation 3, kr is the terrain factor and can be calculated using equation 5.

k, = 0.19 (2—0)0'07 5)

Z0.11

Zmin IS the lowest height, z is the roughness length and zmax is the highest height depending on the terrain
category. Zmin, Zo and Zmax Values are determined as 5 m, 0.3 m and 200 m, respectively. The obtained results
are presented in Table 2.

Table 2. Roughness factor, orography factor, basic wind velocity and wind velocity values depending on height

No Height c(2) co(2) Vb Vm(2)
from
ground
1 0-4.4 0.59092 1 19.76 11.6765792
2 4.4-6.2 0.66638 1 22.28 14.8469464
3 6.2-21.6 0.94094 1 31.47 29.6113818
4 21.6-27.6 0.99484 1 33.27 33.0983268
5 27.6-33.2 1.03554 1 34.63 35.8607502

According to Eurocode-1, the wind turbulence intensity (I,) can be calculated using equation 6. The obtained
values are given in Table 3.

ky
(2) = — -
¢o(z) X In (ZZ—O) zmin < z < zmax ©
L,(2) = L,(Zmin) 2< zmin

In equation 6, specifies the turbulence coefficient, denoted as k;, with a recommended value of 1.0. As for
the orography coefficient co(z), a value of 1.0 is suggested when there is no discernible increase in velocity
induced by turbulence on the terrain (Table 3).

Table 3. Wind turbulence intensities depending on height

No Height from ground IW(z)
1 0-4.4 0.372
2 4.4-6.2 0.33
3 6.2-21.6 0.234
4 21.6-27.6 0.221
5 27.6-33.2 0.212
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4.2. Numerical Simulation of the Minaret’s Wind Flow

For the structures, determining the wind effect is quite complex. In such cases, one possible solution is to test
the relevant buildings in a wind tunnel. This method is both expensive and time consuming. Another method
is to use the programs that can perform CFD simulations. RWIND software, which can perform CFD
simulations, is used in the wind analysis of the minaret. RWIND Simulation is a software application
designed for conducting numerical simulations of wind flow, akin to a digital wind tunnel, particularly around
buildings or other structures. Its primary function encompasses generating wind loads, representing the forces
exerted on these objects due to wind effects. The wind speed profiles and turbulence intensities, which are
the main parameters in the analyses, are determined according to TS 498 and Eurocode-1. The structure and
surrounding conditions (structures, vehicles, trees, mountains, seas, etc.) are crucial to realistically
determining the wind’s effect on the structure. So, numerical models are created by considering the structures
that can change the wind effect around the minaret. Satellite views of the minaret and its surrounding
structures are presented in Figure 5, and a 3D model of the minaret and its surrounding structures are
presented in Figure 6a. After the minaret collapsed, the effective wind direction is determined with on-site
investigations. The wind angle is considered as 450 in all analyses. Besides, the dimensions of the wind
tunnel, and the mesh sizes of the minaret and surrounding structures are all taken equally. In CFD modelling,
mesh type and size greatly affect the accuracy of the results. The grid has been modified and improved
according to the wind area. The mesh element size was gradually increased in a smooth manner to effectively
resolve sections exhibiting high gradient mesh, thereby enhancing the accuracy of the velocity field results.
Grid sensitivity analysis was employed to validate both the programming and computational functionality of
the computational model. The grid, number of nodes, and elements were calibrated until the posterior
prediction error between the calculation iterations and the posterior error indicator became negligible. The
applied boundary conditions were kept constant throughout the simulation to ensure a precise comparison of
the posterior error estimation. As a result of the studies, the mesh size was determined as 0.997 m (mesh
density 40%). Accordingly, the minaret and its surroundings have 666703 meshes and 780184 nodes. The
main input parameters of the simulation are kinematic viscosity 15x10-6 m?%s and air density 1.25 kg/m®
(Eurocode-1). Figure 6b is used to clearly determine the pressure and suction effects on the minaret. The
wind flow chart that occurred during the analysis is presented in Figure 6c.
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Figure 5. Satellite view of the minaret and its surrounding
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Figure 6. General view of wind flow and wind pressure effect on the surface of structures

4.3. Wind’s Pressure and Suction Values

The wind profiles made with TS 498 and Eurocode-1 are shown in Figure 7. The pressure and suction values
obtained in Figures 6b and 6c are presented in Figure 8. In all analyses, the suction effect occurs on the front
surface, and the pressure effect occurs on the back surface of the minaret. Positive pressure is defined as the
force directed towards the surface, while negative pressure, or suction, denotes the force moving away from
the surface. According to the results, it is determined that the TS 498 has a more compelling effect than the
Eurocode-1. The maximum pressure on the back surface of the minaret is 862.9 Pa and 777 Pa in TS 498
and Eurocode-1, respectively. The maximum suction on the front surface of the minaret is 1477.5Pa in TS
498 and 951.3 Pa in Eurocode-1. Although the pressure and suction values are constant in the straight parts,
those in varying cross-sections suddenly change. Obtained with the wind analyses, the pressure and suction
values are presented in Figure 9. It is determined that the pressure and suction values increase with the height.
According to the results, the wind effect reaches the highest value in the upper part of the minaret. This effect
considerably increases the overturning moment. When considering the pressure and suction values calculated
with TS 498 and Eurocode-1, close results are obtained.
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Figure 9. Pressure and suction values occurred on minaret’s surfaces

5. Nonlinear FE Analyses

As a result of the wind analyses performed with RWIND software, the pressure and suction values on the
minaret surface are determined. The pressure and suction values obtained with the wind analyses are applied
on the relevant surface of the minaret FE model in the Abagus program. The large geometric dimensions of
the minaret and the high number of mesh elements obtained in convergence analyses increase the analysis
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time. A composite material model representing the common material properties of the masonry units and
mortar is selected for macro modelling. This method is frequently preferred for modeling large systems due
to its significant reduction in computational time. In this study, the relevant minaret is modeled using the
macro modeling technique. For this purpose, load surfaces are created on each of the minaret’s back and
front surfaces, with one-meter intervals on the right and left surfaces. Pressure and suction stresses are applied
on these load surfaces and nonlinear Static/General analyses are performed (Figure 10b). The minaret is not
adjacent to the mosque. All degrees of freedom on the foundation surface of the minaret were accepted as
fixed support under initial boundary conditions (Figure 10a). The convergence analyses are performed to
create a more realistic and consistent FE model (as shown in Figure 11). The Convergence graph means
approaching a point, a limit, with the gap in between getting smaller, but without intersecting. The mesh size,
which directly affects the analysis time and results, is determined by the analyzes made to obtain this graph.
In the analyses, the optimum mesh size is determined as 0.35 m. In total, the FE model has 29412 quadratic
tetrahedral (C3D10) mesh elements. Mesh properties are kept the same in all analyses.
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Figure 10. (a) Boundary conditions, (b) Applying pressure and suction stresses to relevant surfaces in Abaqus
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Figure 11. Convergence analysis of the minaret

The natural frequencies corresponding to the first three modes and their corresponding mode shapes obtained
through finite element analysis under the initial mechanical parameters and boundary conditions of the
minaret are presented in Figure 12. The first two modes represent bending modes in both the x and y
directions, while the third mode represents a torsional mode.
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Figure 12. Mode shapes and natural frequencies of the minaret

5.1. Concrete Damage Plasticity Model

In this study, Concrete Damage Plasticity Model (CDP) was chosen to characterize the inelastic response of
concrete in Abaqus. Even though the CDP material model was initially designed to capture the plastic
behavior of concrete [65-66], the CDP model has also demonstrated its applicability to masonry structures
[67-69]. In existing literature, there is a widespread use of the CDP material model to describe the plastic
behavior of masonry structures [32-33], [68-71]. The CDP model integrated into Abagus encompasses the
plastic, compressive, and tensile behaviors exhibited by concrete. In this investigation, the plastic behavior
of the concrete minaret was determined based on the values outlined in Table 4.

Table 4. Material parameters

Dilation angle Eccentricity fro/ feo K Viscosity
359 0.1 1.16 0.667 0.0058

With the initial modulus of elasticity denoted as E,, the stress-strain relationship under axial compressive and
tensile loads is obtained as in equations 7-8.

0. = (1 —d)Eo(e. — e.7) (M
0, =1 —d)Ey(e, — & ") ®

Here, Eo represents the initial modulus of elasticity. o (ot) denotes the uniaxial compressive (tensile) stress,
while & (&) stands for the total strain experienced under compressive and tensile conditions, respectively. -
pi (e-pi) represents the equivalent plastic strain under such conditions. Additionally, d. and d:are the damage
parameters associated with compressive and tensile stresses, respectively.

The materials constituting masonry structures typically exhibit low tensile strengths but high compressive
strengths. It is widely acknowledged in the literature that the primary cause of collapse in such structures is
attributed to tensile stresses [32, 33, 72]. Various models for tensile stiffness have been proposed [73]. In this
study, the tensile stiffness model proposed by Nayal and Rasheed [73], subsequently modified by
Wahalathantri et al. [74], was employed (Figure 13). This model bears resemblance to the tensile stiffness
model utilized in the CDP model in Abaqus [54]. Its foundation lies in the homogenized stress-strain diagram
formulated by Gilbert and Warner [75], which accurately captures the response induced by primary and
secondary cracking phenomena through two descending segments of the tensile stress-strain curve [75]. In
this adapted model, the sole alteration was the adjustment of the sudden decline in the tensile stress-strain
curve at a critical strain &, from the ultimate stress ot0 to 0.776:0, as opposed to the previously utilized
0.80010. The ultimate tensile strength of concrete can be estimated using equation 9 proposed by Genikomsu
and Polak [76]. The values specified in Table 5 were employed in the static/general analyses of the minaret
under pressure loading.
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Figure 13. Tensile stiffness models: (a) Averaged tensile strain [73] (b)modified averaged tensile strain [74]

Table 5. The stress-strain curve values and scalar damage parameters for tensile behavior in masonry units

Tensile behavior
Yield stress Cracking Damage Cracking
(MPa) strain strain
0.334 0 0 0
0.236531 0.000982  0.291824 0.000982
0.053322 0.007856  0.893603 0.000516
0.035554 0.010803  0.938922 0.013749

6. Results and Discussion

The pressure and suction stresses obtained with the wind analyses are applied on the minaret surfaces in
Abaqus/Cae. To apply the stresses on the minaret surface, the FE model is divided into 2 parts horizontally
and vertically at intervals of 1 m. The stresses are applied to the minaret surface in the horizontal direction.
The pressure values on the minaret surface do not follow a uniform distribution. In nonlinear FE analyses,
the mesh elements subjected to plastic deformation and tensile stresses, and displacements are determined.
The top displacements of the minaret are presented in Figure 14. In the Italian Building Code [77] and
Eurocode 8-Part-3 [78], if top displacement exceeds 0.4% of the masonry structure’s height, the structure
can get damaged or collapse. Since the minaret is 33.2 m high, the collapse limit displacement is 0.132 m
according to the Italian Building Code and Eurocode 8-Part-3. This value is shown with a dashed red line in
Figure 14. According to the results, the minaret’s top displacement exceeds the limit value according to TS
498 and Eurocode-1. Figure 15 shows the displacement behaviour of the minaret.

Tension damages concentrate in the minaret’s transition segment as shown in Figure 16. Many meshes get
damaged more than 90%. It is understood that the minaret may collapse with the damages in the transition
segment. The number of damaged and plastic elements according to both codes is quite similar (Figure 17).
When the collapse mechanisms of masonry structures and especially tall and thin structures such as minarets
are investigated, one of the most important reasons for their collapse is tensile stresses in the transition
segment [72, 79, 80]. As a result of the damage analyses, the ratio of the elements damaged due to tensile
stress to all elements is 0.85 in TS 498 and 0.84 in Eurocode-1. In addition, when the proportion of the
number of plastic elements to all elements’ number is investigated, it is 0.87 in both TS 498 and Eurocode-
1.
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7. Conclusion

On January 27, 2021, a masonry minaret located in the western region of Turkey collapsed due to wind
exposure with an average speed of 25.8 m/s. This study aims to conduct numerical analyses on the collapsed
minaret and estimate its failure mechanism in accordance with TS 498 and Eurocode-1 standards,
contributing to the literature in structural engineering. The numerical analyses entail two main stages. Firstly,
Computational Fluid Dynamics (CFD) analyses are conducted using RWIND software to assess the wind
flow around the minaret and its adjacent structures. The shape of the minaret and its surroundings
significantly influence the wind flow patterns, hence necessitating the modeling of surrounding structures for
comprehensive wind flow analyses with RWIND software. Subsequently, nonlinear analyses are carried out
in Abaqus, incorporating pressure and suction effects obtained from the wind flow analyses to assess
displacement and damage.

Evaluation of maximum pressure stresses on the minaret's rear surface reveals that TS 498 exceeds Eurocode-
1 by 10%. Similarly, investigation into the maximum suction effects on the minaret's front surface indicates
a 35.6% discrepancy between TS 498 and Eurocode-1. The observed top displacements surpass the limit
values specified in the Italian Building Code and Eurocode 8-Part-3. Damage analysis demonstrates a close
correlation between TS 498 and Eurocode-1, with an average consistency of 86% across both standards.

The simulation successfully identifies the failure mechanism of the minaret, attributing the collapse to
accumulated tensile stresses in the transition segment. This underscores the importance of considering wind
effects in conjunction with seismic loads for tall and slender structures. Furthermore, it is recommended to
avoid geometric designs driven solely by architectural aesthetics, as such designs may compromise structural
integrity.
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