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Kemal Haciefendioglu,Emre Alpaslan, Gokhan Demir, Burcu Dinc, Fahri Birinci

Experimental modal investigation of scaled minaret embedded in different soil types

The influence of various types of foundation soil on dynamic behaviour of reinforced-
concrete minarets is analysed in the paper. A 1:20 RC scale model was constructed
in laboratory for the testing. The gravel, sand, and clay-gravel mixture, were used as
foundation soil types to determine differences in dynamic behaviour as related to
the type of foundation soil. Experimental measurements were conducted using the
Operational Modal Analysis (OMA), taking into account ambient vibrations due to
wind action and traffic. Test results show that the dynamic behaviour of RC minaret
is strongly influenced by the type of foundation soil.
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Prethodno priopéenje

Kemal Haclefendioglu,Emre Alpaslan, Gokhan Demir, Burcu Ding, Fahri Birinci

Eksperimentalno modalno istraZivanje modela minareta u raznim vrstama temeljnog tla

U radu se prikazuje analiza utjecaja raznih vrsta temeljnog tla na dinamicno ponasanje
armiranobetonskih minareta. Za potrebe istrazivanja u laboratoriju je izraden ab model u
mjerilu 1:20. Kako bi se ustanovile razlike u dinamic¢kom ponasanju modela minareta ovisno
o vrsti temeljnog tla, kao temeljno tlo koriSten je Sljunak, pijesak i mjesavina gline i ljunka.
Eksperimentalna mjerenja su provedena pomocu operacionalne modalne analize (OMA), pri
¢emu su u obzir uzete okolne vibracije uslijed djelovanja vjetra i prometa. Rezultatiispitivanja
pokazuju da vrsta temeljnog tla bitno utjece na dinamicko ponasanje ab minareta.

Klju€ne rijeci:

operacionalna modalna analiza, ab minaret, poboljSana dekompozicija frekventnog podrugja, ambijentalne vibracije

Vorherige Mitteilung
Kemal Haciefendioglu,Emre Alpaslan, Gokhan Demir, Burcu Dinc, Fahri Birinci

Experimentelle modale Untersuchung der Minarettmodelle auf
verschiedenen Baugrundarten

In der Abhandlung wird die Analyse des Einflusses verschiedener Baugrundarten auf
das dynamische Verhalten von Minaretten aus Stahlbeton dargestellt. Zum Zweck der
Untersuchungim Labor wurde ein Stahlbetonmodell in einem Mal3stab von 1:20 angefertigt.
Um den Unterschied im dynamischen Verhalten des Minarettmodells abhadngig von der
Baugrundart festzustellen, wurde als Baugrund Kies, Sand und eine Mischung von Ton
und Kies verwendet. Die experimentellen Messungen wurden mithilfe der operationalen
Modalanalyse (OMA) durchgefiihrt, wobei die durch Wind und Verkehr verursachte
Umgebungsvibration berticksichtigt wurde. Die Untersuchungsergebnisse zeigen, dass die
Baugrundart das dynamisch Verhalten der Minarette aus Stahlbeton erheblich beeinflusst.

Schliisselworter:

operationale Modalanalyse, Minarett aus Stahlbeton, verbesserte Dekomposition des Frequenzbereichs, Umgebungsvibration
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1. Introduction

Dynamic behaviour of an existing structure depends on both
its material properties and the type of boundary conditions
at the foundation level. Structural response, involving also
the foundations of the structure, is called the soil-structure
interaction. The soil-structure interaction has to be considered so
as to accurately understand dynamic characteristics of an existing
structure. It is clear that the structures founded in a deformable
soil exhibit a dynamic response that differs significantly from
that of structures founded in a rigid soil. The soil-structure
interaction exerts a considerable influence on fundamental natural
frequencies of structures and it especially reduces for the second
and higher modes. Furthermore, damping ratios of structures are
affected considerably by considering the soil-structure interaction,
especially for structures that have a lower number of storeys,
larger foundations, and are embedded in softer soils [1].

Minarets are tall and slender towers sometimes reaching up
to 70 m in height. They are built at the side of a mosque and
feature stone or brick materials and reinforced stairs. The
reinforced concrete minarets have frequently been built in
the earthquake-affected regions in Turkey. So, minarets built
in these regions might be exposed to earthquake effects, and
these effects might result in the loss of property, collapse and
many casualties.

Following collapse of some minarets such as Bodurga [2], Centre
[3] and Kadikdy [#] minarets in Cankiri, Bingdl and Sultandagl,
respectively, and some other similar minaret collapse events in
Turkey [5], researchers have investigated dynamic behaviour of
such structures using both experimental and analytical methods.
The experimental modal analysis (EMA) and operational modal
analysis techniques (OMA) are used to evaluate dynamic
parameters of structures, such as the mode shapes, modal
frequencies, and damping ratios. In the EMA, the known input
force (impulse hammer, drop weight, or electrodynamics shaker)
is applied to structures to determine their modal properties.
The OMA is used to identify modal properties of structures by
collecting vibrational signals when the structure is in operating
condition. In this method, the structure can be under a variety of
unmeasured excitation sources such as loads caused by wind,
traffic, waves, etc. Due to cost concerns and possible damage
to structures when the EMA is applied, the OMA has become a
generally more attractive in the realisation of studies as it ranks
among non-destructive testing techniques. The OMA exhibits
some techniques based on the frequency and time domain. These
techniques are used to obtain dynamic parameters of structures.
The Stochastic Subspace Identification (SSI), Poly reference
Complex Exponential, Eigen system Realization Algorithm,
and Ibrahim Time Domain techniques, are in time domain, and
the Enhanced Frequency Domain Decomposition (EFDD) and
Frequency Domain Subspace Techniques are in frequency domain
[6-11].

The available literature presents numerous research topics
related to application of non-destructive testing techniques,

OMA techniques in particular, on various types of civil
engineering structures, such as bridges [12-17], dams [18],
full-scale buildings [19-22], silos [23], and nuclear power plants
[24]. A notable example is the study of dynamic structural
parameters obtained by full-scale ambient vibration testing
of an approximately 74 m high tower dating back to the 17"
century, characterized by the presence of major cracks on the
western and eastern load-bearing walls [25]. Another study
is related to dynamic identification of a masonry bell tower
revealing a highly damaged condition and, consequently, a
high vulnerability to dynamic and seismic forces. The study
presents experimental investigations and operational modal
analysis results aimed at defining the finite element model of
this historic structure. It was concluded that a significant effort
is needed to define a reasonable finite element model that
could be compatible with the obtained experimental dynamical
properties [26]. The dynamic analysis and seismic performance
of reinforced concrete minarets were also the subject of various
studies presented in the literature. Probable cause of extensive
damage to a reinforced concrete minaret was examined by
gaining proper understanding about the observed failure modes
and their seismic performance, and through dynamic analysis
of the minaret [27]. Another damage assessment study was
performed by using the wavelet packet transform (WPT) and
the artificial neural network (ANN). The results of the study
show that the method used in the study is computationally
efficient and sufficient to understand the existence of damage
patterns [28]. To understand dynamic behaviour of historical
unreinforced masonry minarets, three historical unreinforced
masonry minarets, 20, 25, and 30 m in height, were modelled
and analysed using two ground motions recorded in Turkey
during the 1999 Kocaeli and Duzce earthquakes. The modal
analysis results revealed that the minaret height and spectral
characteristics of the input motion were affected by structural
periods and the overall structural response [29]. A study dealt
with minimizing signal noise that affects reliability and accuracy
of the data by utilizing a discrete wavelet transform (DWT)
approach. The results of the study show that even if the signals
are characterized by heavy or light noise, the proposed method
still exhibits better performance compared to traditional
methods [30]. An analytical and operational modal analysis
of a Turkish style reinforced concrete minaret was conducted
and natural frequencies and damping ratios of the minaret
were identified by using the peak picking (PP) and stochastic
subspace identification (SSI) methods [31]. The finite element
model, modal testing, finite element model updating, and
earthquake behaviour before and after model updating, were
investigated for a Turkish style reinforced concrete minaret.
Modal parameters of the minaret were obtained under natural
excitations, such as wind action and human activity [32]. The
ambient vibration method was used to build a base slab for
different ground conditions. In this study, the base slab was
modelled so as to be 20 times smaller compared to the actual
building base. Dynamic characteristics of a 150 x 100 x 5 cm
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reduced scale base slab model were investigated and the study
concluded that natural frequencies, mode shapes, and modal
damping ratios of the structure, are importantly affected by
ground conditions [33].

Most studies presented in the literature focus on investigation
of modal parameters of minarets; however, the effects of
different soil types on dynamic characteristics of minarets have
not been evaluated. Therefore, this study is conducted to define
dynamic characteristics of a reinforced concrete minaret model
constructed in laboratory conditions and embedded in three
different soil types. In order to understand the effect of soil types
on the dynamic behaviour of the reinforced concrete minaret, the
first three modal parameters are identified from modal testing,
and the results are compared to each particular case.

2. Modal test analysis

Ambient vibration tests can be quite an efficient method
to estimate elastic characteristics and modal parameters
(natural frequencies, modal damping ratios, and mode shapes)
of the soil-structure interaction of structures subjected to
environmental loads. Natural frequencies and natural mode
shapes are one of the most significant key parameters of any
structure due to its direct relation to the stiffness of structures.
Therefore, the changes in natural frequencies and mode
shapes of structures can give an indication on the existence
of damage. The Operational Modal Analysis (OMA) deals only
with output measurements of structural systems, without
artificial excitation. The Enhanced Frequency Decomposition
Domain (EFDD) and Stochastic Subspace Identification (SSI) are
two methods that are commonly used to characterize modal
parameters of structures.

2.1. Soil-structure interaction effects on modal parameters

The SSI analysis widely relies on single-degree-of freedom
structural models in that the inertial interaction effects are
notified in the first mode. This system can be investigated as a
direct model of a single story building, or more generally, as an
approximate model of a multi-mode, multi-story structure that
is dominated by the first-mode response [34].

Figure 1. Simplified model for analysis of inertial interaction [34]

Equations of motion defining the simple system (Figure 1) are:
Lateral at:

m(ig +h6 + i)+ ¢t + ku = -mig (1)
Total lateral:
m(Uf +h0+u)+mef +Cu0f +kuUf = —(m+mf)Ug (2)

Total rotation:
mh(is + h6 + ) +16 + c,0 + k0 = —mhil, 3)

where m, kand care the mass, stiffness and damping matrices,
respectively, v, U and U are the displacement, velocity and
acceleration vectors, respectively, his the height of the structure
and fis the rotational moment of inertia of the structure. k, c,
k,and c,are coefficients of the foundation impedance function
stating the stiffness and damping characteristics of the soil/
foundation interaction. As related to Figure 1, the impedance
function is identified as

ki = ki (ag,0) +iwc(ag,v) (%)

where the subscript ksymbolizes either deformation mode v or
0, » is the angular frequency (rad/sec), a,, is the dimensionless
frequency identified by o, = or/V,, r is the foundation radius, I/,
is the soil shear wave velocity, and v is the soil Poisson ratio.
The time-dependent motions in Eq. (1), (2) and (3) are
converted to the Laplace domain according tof(t)=fe™
. As shown previously, the coefficients k, ¢, k and ¢, are real-
valued functions of frequency. In the Laplace domain, they are
commented as real-values estimated at the pole of the transfer
function being sought. For practical purposes, these Laplace
domain coefficients are the same as the foundation impedance
in the frequency domain estimated at the frequency of the
structure for the favourable level of hysteretic soil damping.
Converting to the Laplace domain and splitting through by the
mass coefficients, Eq. (1), (2) and (3) can be re-written as

%0y +s°hd + Al = -5, (5)
Ay + 82 pthf + % i = -5 (6)
%05 + Agh0 + s%0 = %l (7)

where s is the complex-valued Laplace domain variable and p =
m/ (m + m). Ignoring the rotational inertia of the structure and
the mass of the foundation (ie. | = 0, p= 1) the A coefficients are
identified as:

Ak = 32 + 2§ka)ks + a)k2 (8)

where ® is the angular frequency (rad/sec), & is the damping
ratio, k = [1, u, or 0 (referencing to the fixed-base structure,
foundation translation, and foundation rocking, respectively),
and the frequencies and damping ratios (o, &) identify the
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dynamic behaviour of the structure (o, &) or soil-foundation
system (o, &, and o, &). These parameters depend on the
system properties as follows:

2 _ Ky L S

o = oy Sk 2may (k=1{]1iliu) (9)
2 _ky __ G

2=Fo & 10
" m % 2mh2a)g (o)

Three unknown response functions (J, s, §)and three equations
are included in Eq. (5), (6), and (7). The response can be obtained
directly in terms of system properties [34],

G _ ByBsS® U _ ByBS® . hG _ BB’ (1)
g,  C, 'd;  Cy 4,  C

where:

Bk = Ak —82

C, =s%(B,B+B,B, +B,B)+B,BB,

Eq. (11) is the complete solution for the SSI model in Figure
1. Therefore, any transfer function of interest can be directly
determined from these results [34]. The above procedure is
applicable to circular foundations, and it has been adapted
for rectangular foundation considering the ratio, B/L, where
B and L are the half-width and half-length of the foundation,
respectively. More information can be found in relevant
literature [35].

2.2. Enhanced Frequency Domain Decomposition
(EFDD) method

The Frequency Domain Decomposition (FDD) methodis generally
used for the Operational Modal Analysis in civil engineering
industries. The spectral density matrix is classified into a set
of single degree of freedom (SDOF) systems performing the
Singular Value Decomposition within this technique. If the load
is white noise, the structure is lightly damped, and the mode
shapes of close modes are geometrically orthogonal, then exact
results can be obtained using this method. It is possible to get
significantly reasonable results even in the case when these
assumptions are not satisfied [36]. The EFDD technique is an
improved version of the FDD technique that estimates modal
parameters directly from signal processing calculations. In
the EFDD technique, the frequency content of the response is
obtained by using auto-cross power spectral density functions
of the measured time series of responses [36]. The original
EFDD method is presented in several papers [37].

The relationship between the unknown input and measured
output signals in the EFDD technique can be expressed as
follows [38].

Gy, (jo) = H(jo) G lj@)H(jo) (12)

where G (jo) is the rxr Power Spectral Density (PSD) matrix of
the input signal, r is the number of inputs,GW(j(o) is the mxm
PSD matrix of the output signal, mis the number of responses,
Hljw)is the mxr, Frequency Response Function (FRF) matrix, and
*and "describe complex conjugate and transpose, respectively.
The FRF matrix H{jw) is defined a:

n *

R R
H(jo)= ) —F—+—k- 13
;]w*ﬂk Jo— 2 (13)
where nis the mode number, 2, is the pole, and R, is the residue
matrix. Using Eq. (13) in Eq. (12), the following is obtained [36]:

n .n * * H
R, R R R,
Gy (jo) =) Y | =k Tk G (jo) S| (14
Y}/( ) l:.le'k ja)—ﬂk xx( )ja)—ls jﬁl—ﬂs ( )

k=1s=1

where s stands for singular values and H is the complex
conjugate and transpose. The output PSD can be reduced to a
pole/residue form as follows:

ny(jw):z.A" B o B, B (15)
k=1jw_/1k jo-d —Jo—A —jo-i

n

where A, and B, are the k-th residue matrices of the output PSD.
The following expression is obtained by performing the singular
value decomposition of the output PSD matrix known at discrete
frequencies o = o

Gy, (joy) = UiSUf (16)

where matrix U represents the unitary matrix holding the
singular vector u, S, is the diagonal matrix holding the scalar
singular values Sy PSD matrix in Eg. (16), peak values and
singular vectors, Uy correspond to natural frequencies and
natural mode shapes, respectively.

2.3. Stochastic subspace identification (SSI) method

In contrast to the FDD technique, the Stochastic Subspace
Identification (SSI) technique uses time-domain techniques.
Some of the main characteristics of the SSI technique are:
direct dealing with raw response time series, data order and
deterministic input signal, and noise reduced by orthogonal
projection and synthesis from decomposition. The SSI was
initially introduced by Van Overschee and De Moor [11] and
was subsequently further developed by several authors,
including Hermans and Van de Auweraer [39], Peters [40] and
Reynder and Roeck [41]. Some benefits of the SSI method are:
work in time domain, no leakage due to not using any Fourier
transformation, and use of much smaller model orders than
other commercially available high order model estimators [42].
In this technique, dynamic parameters of the structure can be
expressed by a set of linear, constant coefficients and second-
order differential equations:
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[M]{U)}+[C{u@)} +[K]{U(t)} = {Rt)} =[B] (u(t)) (17) 3. Experimental setup and scaled reinforced
concrete minaret

where [M], [C] and [K] are the mass, damping and stiffness

matrices, respectively, {R(t)} is the excitation force, {U(t)}, {U(t)} In this study,1:20 reduced scale model of a full-scale
and {U(#)} are acceleration, damping and displacement vectors  reinforced concrete minaret was used to exhibit the effects of
over continuous time ¢ respectively. Force vector can be  soil types on the structural dynamic identification. The quality
described using the matrix [B] defining the inputsinspaceanda  of concrete used in this model, i.e. C30/37, was determined

vector(u(t)). By using following definitions [43]: according to TS EN 206-1 [45]. The ultrasonic testing method
uit) 0 / 0 was applied. The minaret model was reinforced with fine
X(t):[U(t)]'A* :[—M1K —M1C]’B :[M1BJ (18)  iron wires. To investigate the vibration mode responses of
the target system to the different soil types, the Operational
Modal Analysis Method (OMA) was used, and different soil
Eq. (17) can be written into the state equation: types were placed into the ground, with dimensions being 100
a) —1 c)
X(t) = Ax(t)+ Beu(t) (19) _.2
whereA,is the state matrix, B.is the input ' 20
matrix, and x({) is the state vector. After 4 —1
some assumptions and mathematical 20.5
manipulations, the discrete-time purely |
stochastic state-space model of a k J :;2
vibration structure is obtained as follows:
« A 4w 1.75 1.0 .
k+1 K k (20) L J :g
Y, =Cx +Vv, ; )
da a 23
Eq. (20) represents the general
form of the time-domain system g
identification ~ through  operational e |
vibration measurements. More detailed
explanations about obtaining Eq. (20)
can be found in literature [41]. Presjek b-b
2.4, Modal assurance criterion

(MAC)
Figure 2. a) Dimensions of 1:20 reduced scale minaret model (cm); b) Minaret model

The Modal Assurance Criterion (MAC) construction procedure
can be used in the application of modal
analysis due to its capability to compare
different mode shapes in one number.
The MAC value is between 0 and 1. If
there is enough agreement between
mode shapes, the MAC value is around : :
1. For two different mode shapes {¢,}, | 2 point.
{p,}, the MAC value can be calculated as » '
follows [44]:

3. point
Tm'

3. poiht

foa); tox}

(0al] toal, ({1 fox1s )

MAC(r,s) = (21)

where {¢,}_is test modal vector, mode
s, {p,} is the compatible modal vector,

mode rand Tis the transpose. Figure 3. Experimental application of: a) gravel foundation soil type; b) sand foundation soil
type; c) clay-gravel mixture foundation soil type
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x 100 x 20 cm (LxWxH). Dimensions of the scaled model and
foundation of the minaret are shown in Figure 1. The scaled
model foundation was embedded into different soil types.
There was no extra analysis to find the soil type properties
used in the study, so the random soil types were used for
different foundation soil types. Three cases are taken into
account in the analyses to examine the effects of the soil
types on the dynamic characteristics of the target structure.
The cases given in Figure 2 can be explained as gravel, sand
and clay-gravel mixture foundation soil types.

4. Experimental application

The OMA method was used to identify modal parameters
of the scaled reinforced concrete minaret. The experimental
application consisted of the data acquisition system, uniaxial
accelerometers, and the control unit (Figure 4). The vibrational

a) Acceleration [m/s?]

b) Acceleration [m/s?]

response of the structure due to ambient vibrations such
as wind and vehicle loads was considered using uniaxial
accelerometers. The data acquisition network access software
Testlab_V2 was used to gather signals from accelerometers
in the X, Y directions from three different locations in total,
as shown in Figure 2. The frequency range and measurement
duration was taken as 0-100 Hz and 15 minutes, respectively.
Figure 5 shows the data obtained from the accelerometers.

Figure 4. Uniaxial accelerometers, signal conditioner and control unit

) Acceleration [m/s?]
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Figure 5. Acceleration time series for channels: a) gravel foundation soil type; b) sand foundation soil type; c) clay-gravel mixture foundation

soil type
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The ARTeMIS 1.5 software was utilized to determine
experimental modal parameters of the scaled minaret [42].
Natural frequencies, damping ratios, and mode shapes
of the minaret, were acquired by means of the EFDD and
SSI techniques. The EFDD technique in ARTeMIS identified
the single degree of freedom Bell functions, and all modal
parameters were estimated from these SDOF Spectral Bells.
For the SSI technique, all modal parameters can be exposed
by using a specific representation of the transfer function. The
Unweighted Principal Component (UPC) algorithm was utilized
to analyse the data [46].

5. Results and discussions

Modal parameters of the minaret model were obtained
according to the ambient vibrational response of the minaret
model embedded in gravel, sand and clay-gravel mixture
foundation soil type. Power spectral densities of minaret model
obtained by EFDD technique, and stabilization diagrams of
minaret model attained by the SSI technique, were determined
for all three different foundation soil types. The first three modal
frequencies, mode shapes, and modal damping ratios of the
minaret model were evaluated. The power spectral densities
of gravel, sand and clay-gravel mixture foundation types are
shown for the EFDD technique in Figure 6, Figure 9, and Figure
12, respectively. Furthermore, the stabilization diagram of the
gravel, sand and clay-gravel mixture foundation types is shown
in Figure 7, Figure 10 and Figure 13, respectively. Also, the mode
shapes of the minaret model for gravel, sand and clay-gravel
mixture foundation types obtained by EFDD and SSI techniques
are presented in Figure 8, Figure 11 and Figure 14, respectively.
Natural frequencies, modal damping ratios and mode shapes
of the minaret model are identified by means of the ambient
vibration test in three different foundation soil types. First three
natural frequencies obtained by both EFDD and SSI techniques
are presented in Table 1. Moreover, Modal damping ratios of the
minaret model are shown in Table 2 for
both techniques.

The OMA results show that the first three
natural frequencies of the minaret model
are in the range of 20-100 Hz. It can
also be seen from the analyses that the
foundation soil type has a considerable
effect on natural frequencies of the
minaret model. While the lowest natural

Estimator = EFDD
frequencies of the minaret model are Lines

Estimator =SSFUPC
Lines

exhibited in case of the sand foundation
soil type, the highest natural frequencies
are observed in case of the clay-gravel
mixture foundation soil type. For all
cases, it can be seen that the first two
natural frequencies are relatively close
to each other. However, the third natural
frequencies of gravel and clay-gravel

The measurment
configuration

mixture foundation soil and sand foundation soil types are
approximately 4.5 and 3 times bigger than the first two natural
frequencies of the minaret model, respectively. This may be due
to high rigidity of the scaled minaret model.

Singular values of spectral densities of test setup

Gradevinar 3/2018
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Figure 6. Power spectral density of gravel foundation soil type of
minaret model obtained using EFFD technique
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Figure 7. Stabilization diagram of gravel foundation soil type of
minaret model obtained using SSI technique

Additionally, natural frequencies of each foundation types
obtained by the EFDD technique are nearly the same as those

Mode 1 Mode 2

Figure 8. Mode shapes for gravel foundation soil type of minaret model
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Figure 9. Power spectral density of sand foundation soil type of
minaret model obtained using EFFD technique
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Figure 10. Stabilization diagram of sand foundation soil type of
minaret model obtained using SSI technique

Mode 2

The measurment
configuration

Figure 11. Mode shapes for sand foundation soil type of minaret model

attained by the SSI technique. This corroboration of frequencies
can also be seen at the mode shapes of minaret model for EFDD
and SSI techniques. It is considered that the experimental tests
were performed successfully due to good harmony of mode
shapes of both techniques. On the other hand, the first three
mode shapes of foundations soil types have some discrepancy
between each other. Furthermore, it can be observed from

Singular values of spectral densities of test setup
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Figure 12. Power spectral density of clay-gravel mixture foundation
soil type of minaret model obtained using EFFD technique
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Figure 13. Stabilization diagram of clay-gravel mixture foundation
soil type of minaret model obtained using SSI technique

the mode shapes that the main modal
behaviours of the minaret model are
bending and vertical movement.

As mentioned before, damping ratios
of structures are significantly affected
by the soil-structure interaction. It can
clearly be seen that the modal damping
ratios of the minaret model vary
randomly according to the foundation
soil type. Therefore, it is hard to come
to a complete agreement for damping
ratios of the minaret model. It can be
said that the first three modal damping
ratios of the minaret model computed
by means of the SSI technique are bigger
than those obtained using the EFDD
technique. Mean values of the damping
ratios of the structure might be used for all three selected
foundation soil types. For the EFDD technique, the averages
of the gravel, sand and clay-gravel mixture foundation soil
types are 1.25 %, 1.22 % and 1.185, respectively. According to
the SSI technique, those values are 2.35 %, 1.76 % and 2.631 %,
respectively. It can also be seen that the biggest modal damping
ratio is obtained for the gravel foundation soil type.
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and SSI techniques. The MAC matrix
form between EFDD and SSI techniques
for all three foundation soil types are
presented in Figure 14. It can be observed
that, in general, mode shapes attained
for both EFDD and SSI techniques
exhibit a fairly good correlation between
first three natural mode shapes of the
minaret model. Also, the MAC values are
tabulated in Table 3.

The diagonals of MAC matrices illustrate
that the estimated mode shapes of both
EFDD and SSI techniques are almost
the same. It was also revealed that no
missing or extra modes develop in both
techniques. Only the third mode of the
sand and clay-gravel mixture shows
lower MAC values. More accurate values of these modes could
be obtained by using more sensors.

Mode 1

The measurment Mode 2 Mode 3

configuration

Figure 14. Modeshapes for clay-gravel mixture foundation soil type of minaret model

The experimental analyses results were also validated by
considering MAC between the natural modes obtained by EFDD

Table 1. First three natural frequencies of minaret model

Natural frequencie [Hz]
Mode Gravel foundation soil Sand foundation soil c'?‘;:ﬂ::;::::; re
EFDD SslI EFDD SSI EFDD SSI
1 20.710 20617 20.127 20.138 21.819 21913
2 22.048 20.617 21.431 21510 22.710 22818
3 93.555 92.715 77.865 90.418 99.898 93.267

Table 2. First three modal damping ratios of minaret model

Modal damping ratios [%]
Mode Gravel foundation soil Sand foundation soil Clav-gravell mixt.u re
foundation soil
EFDD ssl EFDD ssl EFDD ssl
1 1.352 2.037 1.204 1.259 1.179 1.875
2 1.149 1.278 1.064 1.151 0.781 1.558
3 - 3.762 1.412 2.883 1.595 4.460

Table 3. MAC values between EFDD and SSI for all tree cases

[ Gravel foundation soil Sand foundation soil Clav-grave.l mlxt'u re
3 foundation soil
g Mode EFDD EFDD EFDD
& 1 2 3 1 2 3 1 2 3
1 0.993 0.049 0.119 0.994 0.080 0.295 0.998 0.044 0.128
ssl 2 0.051 0.996 0.244 0.081 0.989 0.044 0.030 0.999 0342
3 0.125 0.279 0.911 0.062 0.094 0.415 0174 0.003 0.054
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Figure 15. MAC values between EFDD and SSI for all three cases: a) gravel foundation soil type; b) sand foundation soil type; c) clay-gravel

mixture foundation soil type

6. Conclusion

This study focuses on the effects of different foundation
soil types on the dynamic behaviour of reinforced concrete
minarets. For this purpose, a 1:20 reduced scale reinforced
concrete minaret was constructed in laboratory conditions.
The reinforced minaret model was embedded into gravel,
sand and clay-gravel mixture foundation soil types on the site.
Experimental measurements were carried out by the OMA
under ambient vibrations such as wind and vehicle loads, and
experimental dynamics characteristics of the minaret model
(natural frequencies, mode shapes and modal damping ratios)
were determined by using the EFFD based on frequency domain
and the SSI based on time domain techniques.

Natural frequencies of the reinforced minaret model alter
depending on the foundation soil types. The first three
natural frequencies obtained are in the range of 20-100 Hz.
Maximum natural frequencies were observed in the clay-gravel
mixture foundation soil type. However, the minimum natural
frequencies of the minaret model were established in the sand
foundation soil type. Also, the first three modal damping ratios
vary between 0.781- 1.595 % and 1.151-4.460 % for EFDD and
SSI techniques, respectively. The highest values of the modal
damping ratio were obtained for the gravel foundation soil type
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