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Abstract 

Historical structures should be carefully preserved and transferred to the next generations. Therefore, their 

seismic performances should be investigated in detail. In the finite element method, many parameters affect 

the seismic behaviour and damage distribution in the structures. One of the most significant parameters is 

the Soil-Structure Interaction effect. In finite element analyses, the soil medium is generally neglected, and 

the structures' base is restrained by fixed supports. In this study, seismic response of a historical masonry 

minaret is investigated by considering the Soil-Structure Interaction and Operational Modal Analysis 

methods. To determine the effect of Soil-Structure Interaction on structural behaviour, the fixed supports, 

hard and soft soil mediums at the base of the structure are modelled. The material and failure behaviours are 

defined with the Concrete Damage Plasticity model. Displacements, principal stresses, damage rates, and 

damage distribution of models are obtained with nonlinear time history analyses. According to the results, 

the interstory drift increases due to the decrease in the stiffness of the soil media. In addition, the fixed 

supports model was damaged more tensile stress damage than the other models.  The least occurred in the 

soft soil model. It is concluded that the Soil-Structure Interaction effect significantly affects structural 

behaviour, especially the damage rate and distribution. 
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1. Introduction 

Historical structures are among the most significant 

cultural heritages that need to be handed down to 

the next generations. However, these structures are 

subjected to devastating effects such as wars, 

earthquakes, floods, fire, explosions, chemical 

effects, and ground problems during their long life. 

It is a social responsibility to protect historical 

structures. In severe earthquakes, it has been seen 

that slender structures such as minarets and towers 

could be seriously damaged. To safely hand down 
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such significant structures to the next generations, 

their seismic performances should be realistically 

determined. If necessary, the structures should be 

strengthened with appropriate methods [1].   

 Destructive and non-destructive tests are 

performed to determine the properties of the 

structural material. Destructive tests are generally 

not used for significant cultural structures. For this 

reason, researchers have focused on the Operational 

Modal Analysis (OMA) method, which is one of the 

leading non-destructive tests in recent years. OMA 
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is a modal analysis method. In this method, the 

response signals of the structure against natural 

vibration effects such as wind and traffic are 

measured with accelerometers placed in critical 

areas of the structure. After the obtained signals are 

collected in data collection devices, the dynamic 

characteristics of the structure are determined by 

techniques with different algorithms such as the 

Enhanced Frequency Domain Decomposition 

technique (EFDD) and the Stochastic Subspace 

Identification technique. OMA is frequently used in 

bridges [2], silos [3], nuclear structures [4], high 

structures, historical structures [5-10] and many 

other fields [11]. Altunışık et al. [5] investigated 

Kaya Celebi Mosque's seismic behaviour in Turkey 

using experimental and numerical methods. They 

predicted structural safety by comparing the 

dynamic parameters with the boundary conditions 

in the seismic code. Demir et al. [7] improved the 

historical Hafsa Sultan mosque's initial young’s 

modulus by using the OMA method. Linear Time 

History (LTH) and Non-linear Time History 

(NLTH) analyses of this mosque were performed 

before and after improvement. Gani et al. [12] 

investigated the structural performance of 

Davutpaşa barracks in Turkey with the finite 

element (FE) method. They determined that the 

existing damages resulted from ground problems 

and dynamic effects. Hökelekli et al. [13] calibrated 

the initial mechanical properties of a historical 

masonry minaret using OMA method. LTH and 

NLTH damage analyses were performed. Rashidi et 

al. [14] used the OMA method to evaluate the 

effects of different infill wall materials on the 

dynamic properties of modular steel units. Aloisio 

et al. [15] studied the effect of strengthening on the 

structural dynamic characteristics of a masonry 

palace using the OMA method. Foti et al. [16] 

calibrated the FE models of two strategic structures 

using the OMA method. Güneş et al. [17] 

determined the dynamic characteristics of a 

masonry structure, consisting of damping ratio, 

natural frequency, and mode shapes, using the 

OMA method. 

 One of the most significant factors affecting the 

seismic behavior of the structures is the soil 

medium. In the literature, it is generally assumed 

that the structure's base is restrained with fixed 

supports, neglecting the soil medium [6,7,9,10,18]. 

Although this assumption is acceptable for hard 

soils, it may lead to wrong results for soft and loose 

soils [19]. In recent years, some studies have been 

carried out in fields such as Soil-Structure-

Interaction (SSI) [20] and Structure-Foundation-

Soil Interaction (SFSI) [21,22]. Camata et al. [23] 

determined that the boundary conditions and 

properties of the soil on the structural behavior of a 

tower built in Italy had great importance on the 

seismic behavior of the structure. Hacıefendioğlu 

[24]  determined that stress and displacements 

decreased due to the frozen ground temperature. 

Pitilakis and Karatzetzou [25] investigated the 

dynamic rigidity of the monumental wall 

foundation, considering the interaction of SFSI and 

determined that the structural behavior significantly 

changed with the SFSI effect. Casolo et al. [19] 

found that the soil of a bell tower had a significant 

effect on the second mode's characteristics and the 

structure's damage situation. Silva et al. [26] 

investigated the effect of SFSI on Carmine tower's 

seismic performance, which is the tallest tower of 

Naples and determined that the SFSI should be 

considered in regions with insufficient lateral 

rigidity. Hökelekli and Al-Helwani [20] stated that 

SSI significantly affected the damage distribution 

and rate of masonry structures. Ismail et al. [27] 

determined that the soil medium was effective on 

RC structures' behavior. Fathi et al. [28] 

investigated the effect of SSI on the out of plane 

behavior of walls and found that the displacements 

and acceleration demands significantly changed. 

Scarfone et al. [29] determined that the soft soil 

layer behaves like a natural damper. 

 In this study, the stone masonry minaret of the 

historical Ibrahim Celebi Mosque (1549) is 

investigated by considering the SSI effect. Three 

FE models are created for the nonlinear analyses. 

The first model’s base is restrained with the fixed 

support (F-S). The second and third models are 

assumed to locate on soft soil (S-SSI) and hard soil 

(H-SSI), respectively. The Concrete Damage 

Plasticity (CDP) model is used for the failure 
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behavior of the minaret. Nonlinear time-history 

analyses are performed using the 1999 Kocaeli 

earthquake records (Mw = 7.4). Finally, the soil 

medium’s effect on the damage distribution and 

rates, principal stresses, and displacements are 

determined. 

 

2. Geometrical and material properties 

Ibrahim Celebi Mosque was built by Ibrahim Celebi 

in 1549 during the Ottoman period and repaired in 

1881. Ibrahim Celebi Mosque has a square plan and 

a single dome. The minaret, located on the left side 

of the mosque entrance, consists of a boot, 

transition segment, cylindrical body, balcony, 

upper part, spire, and end ornament parts. The boot 

section was constructed using cut stone, ashlar, and 

partition tiles. The transition segment, body, 

balcony, and upper part of the minaret body parts 

were built with the cut stone. The inner part of the 

spire is covered with wood and the outer part with 

lead coating. Inside the minaret, a core-bodied 

staircase is located. The average height of the stairs 

is 25 cm. In many parts of the minaret, steel clamps 

and dowels were used to connect elements in 

horizontal and vertical directions. During the field 

studies, damages were observed on the surfaces of 

the stones in the transition segment, upper and body 

parts of the minaret. In addition, there are local 

repairs in some parts of the minaret. The mosque 

and minaret are shown in Fig. 1, and the 

geometrical properties are shown in Fig. 2. The 

total height of the minaret is 30.08 m. The boot 

dimensions of the minaret are 2.822.82 m. 

 

3. FE modeling and analysis 

3.1. Initial FE model and frequency analysis 

At the beginning of numerical studies, a building 

survey is performed in situ. The obtained drawings 

are transformed into a three-dimensional solid 

model in the AUTOCAD software. Solid model of 

minaret is transferred to the ABAQUS/CAE 

software [30]. It is a FE software that enables 

detailed analysis by providing the opportunity to 

create realistic models. Thanks to its different 

material models and FE types, it offers the 

opportunity to analyze linear and non-linear 

projects that are difficult to solve. The frequency 

analyses are performed to determine the FE models' 

optimum mesh size, and the convergence graph is 

obtained (Fig. 3).  

 

 

  
  (a) (b) 

Fig. 1 Ibrahim Celebi Mosque and minaret 
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Fig. 2 Geometric properties of the minaret 

 

 

Fig. 3 Convergence graph 

 

 According to the convergence graph, the 

optimum mesh size is determined as 30 cm. In this 

way, 82,789 nodes and 50,274 quadratic tetrahedral 

elements (C3D10) are used in the minaret's FE 

model. FE section views, initial support conditions 

and meshing of the minaret are presented in Fig. 4. 

Since the stone and mortar used in all parts of the 

minaret are similar and the macro modeling method 

is preferred in numerical modeling, a uniform 

material has been defined. Material parameters of 

the initial FE model of the minaret are taken from 

[31] and presented in Table 1. Depending on the 

size and importance of the structural system, 

detailed micro, simplified micro and macro 

modeling approaches can be used for numerical 

modeling of masonry structures [32]. The macro 

modeling approach considers masonry as a 

continuous homogeneous material with isotropic or 

anisotropic behavior. When considered the size and 

complexity of masonry structures, the FE macro 

modeling approach is an effective tool that can be 

applied to large-scale calculations. The method also 

harmonizes with damage investigations [33-35]. In 

the macro modeling, the structural element 

subjected to the homogenization process is 

considered as a composite material. With the 

homogenization technique, masonry wall consisted 

of brick-stone and mortar are modeled as a single 

material. This situation also provides a great gain in 

terms of time during the modeling and analysis 

stages 

 

 

Fig. 4 Solid and FE models of the minaret 

 

Table 1. Initial mechanical properties of the minaret [31] 

Mechanical Parameter Masonry Wall 

Initial Young Modulus (MPa) 

Weight per unit volume (kg/m3) 

Poisson ratio 

8856 

2300 

0.24 
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3.2. Operational modal analysis 

OMA method is often used to obtain the structure's 

experimental dynamic properties [3,5-7,9,10]. In 

the OMA method, the natural and environmental 

vibrations affect the structure, and then 

accelerations occurred on the structure are 

collected. 8 accelerometers were placed in the X 

and Y directions to the points on minaret 

determined as a result of initial FE analysis (Fig. 5). 

Acceleration records were processed with the 

ARTeMIS software [36], and the dynamic 

characteristics of the minaret were obtained. EFDD 

and Stochastic Subspace Identification techniques 

were used to obtain dynamic characteristics. Figs. 

6(a and b) presents the spectral density matrix 

obtained from the EFDD and Stochastic Subspace 

Identification stabilization diagrams, respectively. 

Natural frequencies and damping ratios obtained by 

EFDD and Stochastic Subspace Identification 

techniques are shown in Table 2. Natural 

frequencies and mode shapes obtained from the 

initial FE model and OMA are presented in Fig. 7. 

Natural frequency values obtained from the initial 

FE model and OMA method and the differences are 

presented in Table 3. 

3.3. Model updating 

As shown in Table 3, there are significant 

differences between the two methods in terms of 

natural frequencies. To reduce these differences, 

the young’s modulus was parametrically changed 

[7, 13]. As a result of the parametric studies, the 

initial young’s modulus was reduced from 8856 

MPa to 4975 MPa. Thus, differences between these 

methods are considerably reduced and presented in 

Table 4. 

 

 

Fig. 5 Data acquisition device and location of accelerometers 

 

         
 (a)  (b) 

Fig. 6. EFDD and Stochastic Subspace Identification results: (a) Singular values of spectral densities matrices obtained 

from the EFDD method, (b) Stabilization diagram of estimated state-space models 
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 (a) (b) 

Fig. 7 Comparison of mode shapes: (a) FE analysis, (b) OMA analysis 

 
Table 2. Natural frequencies and damping ratios 

obtained by OMA method 

Mode 

Natural Frequencies 

obtained with OMA Damping 

Ratios (%) SSI* (Hz) EFDD (Hz) 

1 1.567 1.563 0.999 

2 1.765 1.576 1.078 

3 5.563 6.050 3.265 

4 8.712 8.965 3.129 

5 9.805 9.012 4.004 

6 12.011 12.240 2.483 

*SSI: Stochastic Subspace Identification 

 

 

Table 3. Comparison of natural frequencies obtained 

from the initial FE model and OMA 

Mode 

FE 

analysis 

(Hz) 

Difference 

between 

FE-EFDD 

(%) 

Difference 

between 

FE-SSI* 

(%) 

1 2.0984 34.3 34 

2 2.6079 65.5 47.8 

3 7.9134 30.8 42.3 

4 12.657 41.2 45.3 

5 17.189 90.7 75.3 

6 19.325 57.9 60.9 

*SSI: Stochastic Subspace Identification 

 

Table 4. Comparison of natural frequencies of updated 

FE model and OMA 

Mode 

FE 

analysis 

(Hz) 

Difference 

between 

FE-EFDD 

(%) 

Difference 

between 

FE-SSI* 

(%) 

1 1.5728 0.6 0.3 

2 1.6705 6 5 

3 5.9312 2 7 

4 9.9433 11 14 

5 9.7329 8 0.7 

6 13.3416 9 11 

*SSI: Stochastic Subspace Identification 

3.4. Concrete damage plasticity model 

The Concrete Damage Plasticity (CDP) material 

model is used for the stone masonry of the minaret 

in nonlinear time history analysis. The CDP 

material model consists of concrete's plastic 

behaviour, compression behaviour and tension 

behaviour. In this model, the uniaxial tension and 

crush behaviours are characterized by damaged 

plasticity. The degradation of the elastic stiffness is 

characterized by two damage variables, denoted as 

dt and dc in tension and compression, respectively, 

which are increasing functions of the equivalent 

plastic strains: their values range between zero and 
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one, representing a zero-damage state and complete 

damage state. Although the CDP model was 

developed to describe concrete's plastic behavior, it 

could also be used in masonry structures [37,38]. 

Bayraktar et al. [39] investigated the damage rate 

and distribution in the minaret of the historical Ulu 

Mosque in Diyarbakır. Using the CDP material 

model, Nohutcu [18] identified the damage 

distribution of a historic masonry minaret and 

observed that the damage concentrated in the 

minaret's transition segment. Hökelekli et al. [13] 

performed the linear and nonlinear damage 

analyses using the CDP material model in a 

historical minaret. The CDP model is based on 2 

main failure mechanisms. These are cracking of 

concrete due to tensile stress and crushing due to 

compressive stress. The stress-strain relationships 

of concrete subjected to compressive and tensile 

stresses are shown in Fig. 8 

 If the initial stiffness of the material is Eo, the 

stress-strain relationships under uniaxial 

compressive and tensile stresses are defined by 

0

0

(1 ) ( )

(1 ) ( )

pl

t t t t

pl

c c c c

d E

d E

  

  

−

−

= − −

= − −
  (1) 

where E0 is the initial modulus of elasticity, σc (σt) 

is the uniaxial compressive (tensile) stress, εc (εt) is 

the total strain in compressive (tensile) condition, 

εc
-pl(εt

-pl) is the equivalent plastic strain in 

conditions, and dc and dt are damage parameters for 

compressive and tensile stresses. 

 To model the masonry's nonlinear behavior, a 

CDP material model that exhibits the softening 

under the compression and tension stresses is used. 

The CDP material properties are shown in Table 5, 

and the stress-strain, and damage parameters are 

shown in Table 6 [40].  

 In this study, the soil-structure interaction on a 

historical minaret's structural behavior is 

investigated. For this purpose, three models with 

fixed support (F-S), hard soil (H-SSI), and soft soil 

(S-SSI) in the base are created. These models are as 

follows. 

 

Table 5. Material parameters for masonry in the CDP 

model [40] 

Dilation angle Eccentricity fbofco K Viscosity 

100 0.1 1.166 0.666 0.001 

 

 
 (a) (b) 

Fig. 8 Behaviour of concrete under axial compressive (a) and tension (b) strength [23] 
 

Table 6. Uniaxial stress-strain and scalar damage values utilized in the CDP model for masonry [40] 

Tension behaviour Compression behaviour 

Yield stress Cracking strain Yield stress Inelastic strain 

0.2 0 2 0 

0.02 0.0025 2 0.0015 

0.02 0.01 0.2 0.005 

Tension Compression 

Damage Cracking strain Damage Inelastic strain 

0 0 0 0 

0.95 0.005 0.95 0.005 
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3.5. Fixed support model 

Firstly, a survey study is performed to determine the 

minaret's geometric properties. 3D solid model, 

which is created in the AutoCAD software, is 

transferred to the ABAQUS/CAE software for FE 

analyses. Solid and FE models of the minaret are 

presented in Fig. 4. Then, the minaret's soil medium 

is neglected, and the fixed supports in the minaret 

base are modeled. This model is called the F-S. 

82,789 nodes and 50,274 quadratic tetrahedral 

elements of type C3D10 are used for each model. 

The C3D10 element is a general-purpose 

tetrahedral element (4 integration points), is used 

for the minaret’s FE modeling, as shown in Fig. 

9(a). 

3.6. Soil-structure interaction 

In FE analyses, the structures are generally modeled 

with fixed supports, and the soil medium is 

neglected. Although this assumption gives 

reasonable results for hard soils, it may cause some 

errors, especially in soft and loose soils. Some 

studies have been performed on SSI and SFSI in 

recent years [20-22]. SSI is generally performed 

with 3 different methods. These are discrete 

mathematical models. These models are the model 

where the soil is defined by springs and dampers, 

and the FE models where the structure and soil are 

combined. In this study, the FE model is created by 

considering the structure and soil together. To 

determine the effect of the soil's mechanical 

properties on the structural behavior, soil models 

having two different mechanical properties occur. 

These soil types' material properties and Rayleigh 

damping coefficients (αr and βr) are shown in Table 

7 [41]. Material damping ratios were calculated by 

 

 

 
 (a) (b) (c) 

 
(d) 

Fig. 9 SSI model, infinite and finite element types 
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Table 7. Linear material properties of soil medium [41] 

Soil 
Density 

(kg/m3) 

Modulus of 

elasticity 

(N/m2) 

Poisson’s 

ratio (u) 

Shear 

modules 

(N/m2) 

P wave 

velocity 

Vs (m/s) 

Shear wave 

velocity Vs 

(m/s) 

αr βr 

Hard 2.064 5.68E+09 0.30 2.10E+09 2.082 1 3.920 0.00047 

Soft 1.864 3.61E+08 0.35 1.38E+08 505.5 270 1.059 0.00176 

2 2
,

i j

r r

i j i j


   

   
= =

+ +
 (2) 

where ωi and ωj denote the angular natural 

frequencies for the ith and jth modes and ξ is the 

structural damping ratio. 

 Seismic effects change depending on the depth 

of the soil. Maheswari et al. [42] observed 

volumetric expansion and contraction in the area 

within 30 m of the soil during the earthquake and 

suggested that the depth should be at least 30 m in 

the model. Therefore, the soil depth is assumed 30 

m in the seismic analyses. 

 In FE modelling, the C3D8R element is the 

hexagonal type with 8 nodes and reduced 

integration, is used for the soil medium, as shown 

in Fig. 9(b). In the FE method, the soil boundaries’ 

modeling is an significant factor [21]. It is 

recommended to expand the soil medium until the 

region where the soil’s effect on the structure is 

minimal. This situation increases the number of 

meshes and boundary conditions, and it 

significantly increases the solution time of 

nonlinear analyses. In dynamic analysis, improper 

soil boundary conditions may cause artificial 

dynamic effects. For this reason, infinite elements 

are used at the boundaries of soil models. The 

“CIN3D8” infinite element is 8-node linear and 

one-way infinite, is defined for the elements in the 

soil boundaries, as shown in Figs. 9(c and d). The 

minaret’s FE model has 103,881 nodal points. 

82,789 of these nodal points are used in the 

minarets, and 21,092 points are used in the soil. A 

total of 65,582 elements are used, including 5,200 

elements of C3D8R, 1,440 of CIN3D8, and 58,942 

of C3D10. Finite, infinite elements and FE models 

with SSI are presented in Fig. 9. 

 

3.7. The strong ground motions 

Nonlinear time-history analyses are performed with 

ABAQUS/CAE software. In S-SSI and H-SSI 

models, the earthquake records are applied at the 

base of the model. Acceleration records of the 

Kocaeli earthquake with Mw = 7.4 magnitude, 

dated August 19, 1999, are used in the minaret's 

seismic analyses (in Fig. 10(a)). The acceleration 

component with a maximum value of 373.7 cm/s2 

is applied in the minaret's horizontal (x) direction. 

Many researchers have used the effective portion of 

acceleration records instead of a full record 

[20,33,43-47]. The effective portion, which is 

between 7-19 seconds, has been obtained by using 

Housner and Arias intensity methods with 

DEEPSOIL software [48] as shown in Fig. 10 (a 

and b). 

 

4. Results and discussion 

As a result of the analyses, the dynamical 

parameters, displacements, principal stress 

contours, damage ratios, and distribution are 

obtained. The initial material properties are 

calibrated by using experimental and numerical 

methods together to realistically determine the 

performance of the minaret. The mode shapes 

obtained in both methods are quite similar. The 

post-calibration model's initial young’s modulus is 

reduced from 8856 MPa to 4975 MPa. The 

difference of 34% between the natural frequency 

values of the methods in the 1st mode decreases to 

0.6% after the calibration. 

 The displacements that occurred throughout the 

height of these models are presented in Fig. 11. The 

displacement variations for the top point of the 

models are shown in Fig. 12(a). The interstory drifts 

between the top and the base of the models are 

shown in Fig. 12(b). 
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(a) Effective portion of the Kocaeli earthquake’s acceleration records 

 
(b) All and effective acceleration records of the Kocaeli earthquake 

Fig. 10. Kocaeli earthquake’s acceleration records 

 

 
  (a) H-SSI (b) S-SSI  (c) F-S 

Fig. 11. Displacements contours for each model 
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  (a)   (b) 

Fig. 12 Displacements and interstory drifts 

 

The maximum displacements for the top of the 

models are 239.77 mm, 256.31 mm, and 267.14 mm 

for H-SSI, S-SSI, and F-S models, respectively. The 

interstory drifts are 0.00608, 0.00921, and 0.00515 

for the H-SSI, S-SSI, and F-S models, respectively. 

S-SSI model moves towards the opposite direction 

of the other models, as shown in Fig. 12(a). The 

highest interstory drift occurs in the S-SSI model. 

 Maximum and minimum principal stresses are 

shown in Figs. 13 and 14. The variation of principal 

stresses is shown in Fig. 15. Maximum principal 

tensile stresses are 3.23 MPa, 3.66 MPa, and 3.73 

MPa for H-SSI, S-SSI and F-S models, 

respectively. While the highest tensile stress occurs 

in the F-S model, the lowest tensile stress occurs in 

the H-SSI model. Critical tensile stresses are 

concentrated in the transition segments of all 

models, as shown in Fig. 13. Minimum principal 

stresses are -6.29 MPa, -5.40 MPa and -8.31 MPa 

for H-SSI, S-SSI, and F-S models, respectively. The 

highest compressive stress occurs in F-S, and the 

lowest compressive stress occurs in the S-SSI 

model. It is observed that the compressive stresses 

are concentrated in the transition segment in all 

models. 

 The plastic strains formed due to compressive 

and tensile stresses are presented in Figs. 16 and 17, 

respectively. In Figs. 16 and 17, grey and red colors 

represent the highest values, and the blue color 

represents the lowest values. Fig. 16 shows the 

plastic strains (PEEQ) that occurred by the 

compressive stress. Accordingly, 0.096% of the S-

SSI model's total elements, 0.071% in H-SSI, and 

0.065% in F-S exceed the limit plastic strain 

(0.0035) in compression. Plastic strains (PEEQT) 

formed with tensile stresses are presented in Fig. 

17. Accordingly, 24.18% of F-S's total elements, 

11.78% in H-SSI, and 10.15% in S-SSI have 

exceeded the limit plastic strain (0.0002) in tension.   

 Damage ratios and distributions for each model 

are presented in Figs. 18 and 19. The compressive 

(dc) and tensile (dt) damage parameters are shown 

in Figs. 18 and 19, respectively. The color portions 

of the damage parameter are also stated: blue color 

to slightly damage, red color is associated with 

heavy damage. Heavily compressive damages have 

occurred in 8 elements of the F-S model, 8 of the H-

SSI model, and 6 of the S-SSI model, as shown in 

Fig. 18. Compressive damage ratios in the models 

are 0.028% of H-SSI and F-S models' total elements 

and 0.021% in S-SSI models. Compressive 

damages occur in the transition segment of each 

model. Maximum tensile damages have observed in 

the F-S model. Heavily tensile damages have 

occurred in 4308 elements of the F-S model, 1300 

of the H-SSI model, and 1059 of the S-SSI model, 

as shown in Fig. 19. Accordingly, the tensile 

damage ratios are 15.29% of the F-S model's total 

elements, 4.61% in the H-SSI model and 3.76% in 

the S-SSI model. In all models, it is determined that 

the tensile damages concentrate on the transition 

segment and the cylindrical body of the minaret in 

the form of a bracelet. However, it is observed that 

the tensile damages in the F-S model spread to a 

more extensive region than the others. Under 

compressive and tensile stresses, the number of 

heavily damaged elements is shown in Fig. 20. 
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 (a) H-SSI (b) S-SSI (c) F-S 

Fig. 13. Maximum principal stress (MPa) contours 

 

 
 (a) H-SSI (b) S-SSI (c) F-S 

Fig. 14. Minimum principal stress (MPa) contours 

 

 

Fig. 15. Time-dependent change of maximum and minimum principal stresses 
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 (a) H-SSI (b) S-SSI (c) F-S 

Fig. 16. Plastic strains formed with compressive stresses 

 

 

 

 

 (a) H-SSI (b) S-SSI (c) F-S 

Fig. 17. Plastic strains formed with tensile stresses 
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 (a) H-SSI (b) S-SSI (c) F-S 

Fig. 18. Distribution and ratios of compression damage on the minaret 

 

 

 

 

 (a) H-SSI (b) S-SSI (c) F-S 

Fig. 19. Distribution and ratios of tensile damage on the minaret 
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Fig. 20. Number of elements heavily damaged with compression and tensile stresses 

 

5. Conclusions 

The stone masonry minaret's structural behavior of 

the historical Ibrahim Celebi Mosque is 

investigated in this study. The slender minaret’s 

initial FE model is improved with the OMA 

method. The differences between the frequency 

values of initial and calibrated FE model decreased 

from 34% to 0.6%. This model is created by 

considering soil-structure interaction and analyzed 

with the nonlinear time history method. For 

material modeling, the CDP method is used. As a 

result of the analyses, top displacements, interstory 

drifts, stresses, and damage distributions of the 

minaret are obtained by considering different base 

conditions. Max interstory drifts form in the S-SSI 

model, and min interstory drifts occur in the F-S 

model. Interstory drifts increase with the decrease 

of the soil medium’s stiffness. The number of 

elements that exceeded the limit tensile plastic 

strain is the highest in the F-S model, and it 

decreases in the S-SSI model. Forming due to 

tensile stresses, damages reach the maximum 

number in the F-S model and the minimum number 

in the S-SSI model. While the number of damaged 

elements in the models with soil media are similar, 

the number of elements with tensile damage in the 

F-S model is 69.8% higher than the H-SSI model 

and 75.4% more than the S-SSI model. The number 

of elements damaged by compressive stress was 

quite similar in all three models, and the S-SSI 

model get the least damage. Compressive and 

tensile principal stresses generally concentrate on 

the transition segment of the minaret. In case of a 

severe earthquake such as the Kocaeli earthquake, 

it is understood that especially tensile stresses can 

cause heavy damage to the minaret. From the 

seismic analyses results, it is observed that the soil 

medium has significant effects on structural 

behavior, especially the damage rates and 

distribution. It is concluded that SSI should be 

considered in numerical modeling and seismic 

analyses of especially historical structures. In 

addition, FE models should be calibrated by 

experimental methods such as ambient vibration 

tests in order to obtain the reliable numerical 

results. 
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