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This paper presents the analytical study on the dynamic response of a natural stone block masonry minaret of a historical mosque
located in Istanbul, Turkey. A three-dimensional finite element model of the whole minaret, adjusted with former in situ ambient
vibration test results, was used in order to get probable lateral displacements, stresses, and understanding of failure modes under
seismic loading. Particularly, FEM has been used to evaluate the seismic safety of the minaret in present-day condition and after
the application of a proposed strengthening method. In this method, by utilizing the fiber reinforced cementitious matrix (FRCM)
material, the critical cross-sections were jacketed. The appearing damage for the bare minaret obtained from FEM analyses was
located at the boot and transition part of the minaret. After FRCM material was wrapped around these critical cross-sections, the
analytical results indicated that suchmethod appears effective in terms of the seismic response. It also appears less invasive in terms
of the conservation of historical heritage like minarets without causing aesthetic conflict on the existing structure when compared
to other available techniques.

1. Introduction

Turkey has an enormous amount of existing historical struc-
tures inventory and it is located in one of the most seismi-
cally active regions of the world. The seismic protection of
historical heritages has been always challenging for structural
engineering profession to analyse, as well as seismic strength-
ening of these structures due to highly complex behaviour
of the materials. The problem becomes more complicated
when the dynamic behavior is also engaged. During the last
two decades, major earthquakes like Erzincan (1992), Dinar
(1995), Ceyhan (1998), Kocaeli and Duzce (1999), Elazig
(2010), and Simav (2011) caused significant casualties and
extensive structural damage in Turkey. The number of dam-
aged buildings after the earthquakes exceeds 25,000. During
Kocaeli (17 August 1999) and Duzce (12 November 1999)
earthquakes, 15000 people were killed and more than 20000
were injured. Beside the failure and damage for building
structures, historical structures like mosques and minarets
have experienced different levels of damages. On the other

hand, historical records have informed the destructive effects
of past major earthquakes occurred near Istanbul and old
cities around the Anatolia. In Istanbul, after the 1894 earth-
quake, 69 minarets were reported as damaged within histor-
ical Peninsula, 30 of which were totally collapsed [1]. Since
then, Istanbul has not experienced such large earthquake
produced by the same fault system which is a part of North
Anatolian Fault System and it is located under the Marmara
Sea which surrounds the southern coasts of the city of
Istanbul.

Mosques and minarets can be presumed as the symbols
of Islamic religious architecture. Generally a mosque is
combined of a wide space roofed over by a main dome and
subdomes, which are carried by arches, walls, and columns.
Everymosque hasminimum oneminaret which is essentially
a cylinder-shaped tower-like slender structure. Minarets can
be built either as attached to side walls or to the roof of
the mosque. The number of the minarets changes due to
the importance of the mosque. The height of a minaret is
usually between 25m and 70m depending on its number of
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balconies [2]. The top of the minaret is covered by a conical
cap, which is made of a light material like wooden frame
covered with lead sheets.

Due to progress in the in situ testing of structures and
computational methods, the studies have shown some sig-
nificant contributions about the mechanical behaviour of the
historic minarets. It is important to understand the dynamic
behaviour of historical masonry minarets to improve the
life safety and to preserve and strengthen the histori-
cal monumental structures against earthquakes. Previously,
an ambient vibration study on the Dolmabahce Mosque
minarets was carried out by a research team from Istan-
bul Technical University and microtremor data had been
recorded. The study was concluded with the model anal-
ysis results of the finite element model with the proposed
mechanical properties of the mentioned structural system
[3]. A new retrofit method by using FRP wrapping for the
same minaret was proposed in previous analytical studies
[4–6]. Main vulnerabilities and damages to 64 masonry and
reinforced concrete minarets after the 1999 Kocaeli and
Duzce Earthquakes were discussed and the seismic response
of reinforced concrete minarets was investigated in other
studies [7–9]. In addition, the behaviour of reinforced and
unreinforced masonry minarets subjected to dynamic earth-
quake loading was analysed and evaluated [10, 11]. In two
other studies, dynamic behaviours of typical minarets made
of natural block stone were investigated by using finite ele-
ment method [12, 13]. The behaviour of a masonry chimney
with severe damage and strengthened keeping the existing
view by employing numerical analysis was examined [14]. In
another study, the test results of structural behaviour of dry
joint masonry were presented. Under the in-plane combined
compressive and shear loading, the structural behavior, and
ultimate capacity, observed failure mechanisms were studied
[15].

In addition, for the seismic strengthening of the existing
historical minarets, structural level intervention is needed
rather than member level such as jacketing of walls, addition
of internal walls, addition of internal steel bracings, external
steel framing, posttensioning, and base isolation [6, 9, 11].
Due to the strict rules of historic preservation ofmonumental
structures, local conservation committees usually request
the more structurally effective but least intrusive techniques
from the point of protection of the original aesthetic view
and original architectural functions [16]. Different forms of
wrapping of main body of minaret by reinforced concrete,
steel sheets, and fiber reinforced polymer (FRP) wraps can be
used efficiently in order to increase lateral strength [5, 6, 12].
Fiber reinforced polymer (FRP) materials are currently
extensively utilised for retrofit and repair of concrete and
masonry.Main advantages of FRPmaterials can be given such
as the increase in the strength without adding extra weight,
high durability, and quick and easy installation. On the
other hand, low fire resistance, high sensitivity to ultraviolet
radiation when exposed to open air, high toxicity, low vapour
diffusion, and relatively short shelf life can be specified as
disadvantages of the system. Especially for the historical
masonry structures, these disadvantages may be detrimental
on the long run. To dismantle the strengthened cross-sections

should be easy and less detrimental if a less intrusive and/or
more innovative technique is offered in the future [16]. FRP
wrapping by epoxy on the masonry seems troublesome
process when dismantling is necessary which needs extensive
research.

Presently, the application of fiber-reinforced cementitious
matrix (FRCM) materials may overcome such disadvantages
by its resistance to high temperatures and radiation and high
vapour diffusion ability [17–19]. FRCM materials are com-
bined of a fibermesh whichmay be either polyparaphenylene
benzobisoxazole (PBO) fiber mesh or carbon fiber mesh
and a cementitious mortar matrix which is stabilized by dry
organic fibers. PBO fibers have the uniaxial tensile strength
of 6000MPa which is 50% higher than the carbon fiber’s
strength [19, 20]. The mechanical effectiveness of FRCM is
intensely impacted by the capability of the matrix to saturate
dry fiber mesh, bonding between the matrix and fibers and
bonding the matrix and the strengthened/repaired surface.
Ongoing research has revealed that the mechanical efficiency
of the material on the concrete and masonry surfaces and the
use of cementitious matrix instead of epoxy bring important
advantages like easy preparation on the site, less time-
consuming preparation process, and installation of mortar
even onwet substratum either concrete ormasonrywhere the
surface must be free from dust, humidity, and oil for epoxy
bonding. In situ application of epoxy requires cautious
process due to the toxic nature of the material.

Similarly, FRCM materials may be effective in order to
protect the structural safety and serviceability of the minaret
as well by following the approaches of architectural preser-
vation and saving the integrity and strength before and
after earthquakes. Ease of application and the less invasive
nature of the technique with respect to other strengthening
alternatives inspired the author to investigate the behaviour
of minaret strengthened with FRCMmaterials which opens a
gateway to conservation authorities of historical heritage like
minarets without causing aesthetic conflict on the existing
structure when compared to other available techniques.

In this study, an existing historicalminaret in Istanbulwas
taken as case structure. As being different from the previous
analytical studies [4–6, 12], FRCM material was utilised as
confinement material around the critical cross-sections of
the minaret. By performing linear dynamic analyses, the
effectiveness of seismic strengthening of the minaret by
FRCMmaterial was investigated.

2. Case Minaret Structure and
Material Properties

In Figure 1, twominarets of DolmabahceMosque in Istanbul,
of which west minaret of this mosque was taken as a case
in this paper, can be seen. The dimensions of the minaret
were given in the Figure 2 in details [3]. DolmabahceMosque
was built near the Dolmabahce Palace of Ottoman Empire
with neoclassical and baroque architectural style in 1855 on
the coast of Bosphorus, Istanbul. The mosque is located on
the shore of the Bosphorus Strait, in European side, on the
south of Dolmabahce Palace. Although both minarets look
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Figure 1: View of Dolmabahce Mosque minarets (taken by author).

identically the same, the west minaret has its original form
although the other one was restored lately. This study is
mainly focused on the west side minaret so that the result
can enlighten the real mechanical behaviour of the structural
system (Figures 1 and 2).

The minaret footing is made by using very thick stone
blocks and connected with the heavy exterior wall of the
mosque. Minaret is a tower-like slender cantilever structure.
The lower part, from bottom to the gallery, is constituted by
the wall, the stairs, and the core.The thickness of themasonry
wall in this part decreases along the length. Inside of the
upper part from gallery to the top of minaret is empty which
has no use. The wall thickness of cylindrical upper part is
constant all along the length. Balconies are mostly used for
prayers which create mass concentration along the minaret’s
height and affect its dynamic structural response [3]. The
diameter and thickness of the upper part’s cross-section is
smaller than themain body and the boot.The conical cap part
of the minaret was constructed with mounted timber frame
covered with lead sheets (Figures 1 and 2).

Previous studies about the different types of masonry
structures around Istanbul have formed an important inven-
tory for the future studies [2]. During the construction of the
minaret, limestone (also named as Kufeki stone or Maktarali
limestone) had been extensively used in all of the buildings in
Dolmabahce Mosque. Lately, during the renovation process
of the mosque, numerous material tests were performed on
the limestone specimens collected from the rubbles of the
old historical structures and ancient queries near Istanbul.
The report of Istanbul Technical University on the limestone
samples was published in 2000, and typical mechanical
properties of the Kufeki stone are given in Table 1 [3]. Kufeki
stone had been used by Mimar Sinan, famous architect of
the Ottoman Empire who had lived between 1489 and 1588,
for the construction of his all historical structures around
Istanbul. The geological background of the stone belongs to
Miocene formation and contains CaCO

3
(93%–100%). It is

a natural composite material due to its matrix structure of
accumulated and metamorphosed sea shells [21–24].
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Figure 2: Geometrical and cross-sectional properties of theminaret
(all dimensions are in mm) [3].

The modulus of elasticity of uncracked limestone was
taken as 8856MPa in this study. The ratio of modulus of
elasticity, 𝐸, to the uniaxial compressive strength (𝑓

𝑐
) was

assumed as 720where𝑓
𝑐
= 12.3MPa (minimumcompressive

strength of Kufeki stone given in Table 1). This ratio of 720
was proposed in a previous experimental study where the
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Table 1: Mechanical properties of Kufeki limestone used in the
analysis [3].

Physical properties Max. Min. Average
Density (kg/m3) 2500 2300 2390
Uniaxial compressive strength (MPa) 19.2 12.3 16.7
Uniaxial tensile strength (MPa) 0.95 0.88 0.9

Figure 3: 3D finite element ANSYS models of the meshed bare
minaret (1), FRCM strengthened minaret (2), and meshed model of
FRCM strengthened minaret (3).

mechanical properties of Kufeki limestone had been exten-
sively tested and the typical uniaxial compressive strength to
uniaxial tensile strength ratio is determined between 11 and 12
[21–24]. The Poisson ratio and unit weight of the stone were
taken as 0.24 and 2300 kg/m3, respectively.

FRCM material was supposed to be used as seismic
strengthening material for masonry in order to increase the
lateral strength. The boot, transition zone and lower part of
body of minaret was assumed to be wrapped by using FRCM
material with PBO fiber-net until the height of 8.25m from
the bottom (Figure 3).The surface of theminaret was covered
with concrete mortar to get a rounded surface with the aim
of better confinement effect in the analytical model. For
the analytical study, the mechanical properties of the FRCM
material were taken as follows: tensile strength of PBO fiber
netwas assumed as 5200MPa in both directions (longitudinal
and transversal), and elastic modulus and failure strain were
taken as 270000MPa and 0.02, respectively. Total thickness
of the FRCM material was chosen as 50mm with 4 plies of

PBO fiber net. Thickness of a single ply of PBO net is 0.046
and 0.011mm for longitudinal and transversal direction [19,
20]. Cementitious matrix material properties were chosen as
tensile strength of 2.5MPa, compressive strength of 30MPa
[19, 20]. Before the analysis, full bond between all surfaces
and full anchorage of the FRCMwrap to the foundation were
assumed.

3. Dynamic Analysis of the Minaret

The three-dimensional finite element models have been gen-
erated in order to study the dynamic behaviour of theminaret
which is shown in Figure 3.Three-dimensional finite element
models of the minaret were created by using the ANSYS
software [25]. This software is available and extensively used
for linear, nonlinear, static, and dynamic analyses of the
structures. In this study, for the three-dimensional finite
element model of the minaret, SOLID 186 elements were
utilised to model the dynamic behaviour of minaret model
with and without FRCM reinforcement. This ANSYS ele-
ment, structural solid element, is defined by 20 nodes having
three degrees of freedom per node: translations in the nodal
𝑥, 𝑦, and 𝑧 directions which are also capable of showing
quadratic displacement behaviour. In addition, SOLID186
elements have calculation capability of plasticity, elasticity,
creep, stress stiffening, large deflection, and large strains.
During the analysis, 32563 and 38329 SOLID186 elements
are assembled for minaret model before and after FRCM
strengthening. In the Figure 3, 3Dmeshed volumes are shown
before and after strengthening. The 3D model includes the
spiral stairs made of stone and linked to the minaret outer
walls up to balcony.

Masonry is an anisotropic composite material which has
different directional mechanical properties due to the pres-
ence of mortar joints between masonry units and these joints
act as potential planes of weakness. During the FEM mod-
elling in this study, a material model approach was assumed
with a homogeneous isotropic continuum by neglect-
ing the difference between mortar joints and limestone
units. This simplification usually was preferred due to large
dimensions of the minaret structure in order to have reduced
run time, to get reasonable automated mesh generation, and
to separate the safe and unsafe regions within the limitation
of an acceptable efficiency and accuracy. This means that
homogenization is much more design oriented where the
interaction between stone units and mortar is not much
cared. In addition, for the case minaret, additional data
required for micro or macromodelling is not available in the
literature. Detailed mechanical properties of mortar and the
mechanical tests on wall samples in all directions (either in
situ or in laboratory) are necessary to utilise the detailed
modelling techniques.

Wooden cap was neglected during the study due to its
light gage structure different from masonry but the dead
load of the wooden cap (top part of minaret) was uniformly
distributed on the top ofminaret wall.The base of theminaret
was considered as fixed support during the analysis. As it can
be seen from Figure 1, because of the base part of the minaret
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Figure 4: Mode shapes of the bare minaret model (Modes 1 to 6 are lined from left to right).

Table 2: The first six calculated natural periods and frequencies before seismic strengthening.

Modes 1st 2nd 3rd 4th 5th 6th
Direction Lateral Lateral Lateral Lateral Torsional Lateral
Period (sec) 1.229 1.229 0.191 0.191 0.100 0.077
Frequency (Hz) 0.813 0.814 5.224 5.225 9.910 12.888

Table 3: The first six calculated natural periods and frequencies after seismic strengthening with FRCM.

Modes 1st 2nd 3rd 4th 5th 6th
Direction Lateral Lateral Lateral Lateral Torsional Lateral
Period (sec) 0.930 0.928 0.149 0.148 0.087 0.061
Frequency (Hz) 1.075 1.077 6.709 6.743 11.418 16.405

constructed onto the very thick external walls of the mosque,
possible rotations of external walls thatmay take place during
earthquakewere disregarded.No soil-structure interaction or
base rotations have been taken into consideration.

In the structural model, linear elastic material behaviour
was assumed and the stiffness degradation, softening, and
hardening ofmaterial were neglected.The second order effect
(P-delta) was ignored in the analysis owing to the low level of
vertical loading (dead loads only).Theminaret is located in a
highly seismic region with weak soil layers located adjacent
seashore and constructed on a hydraulic fill. According to
Turkish Seismic Code 2007, the location is presumed as
1st seismic zone, and soil class is taken as Z4 soil class
according to TSC 2007 [26] andTypeD soil class according to
Eurocode 8 [27]. In addition, 5% damping ratio was assumed
for dynamic analysis of the minaret structure. In-situ micro
tremor tests performed on an instrumented old Mexican
masonry building showed that viscous damping was mea-
sured between 6 and 12% for the earlier recorded events [28].
In a recent study about minarets, ambient vibration test
results performed on Istanbul minarets gave 0.5%–1% damp-
ing for low amplitude motion [13]. No real-time test data is
available on the response of Turkish minarets under seismic
loads.

Dynamic linear analyses of the minaret models show
that for most cases very high stresses are expected at the
transition zone to cause the failure of the minaret similar to
the previous failures/collapses during past events. In previous
studies, postearthquake investigation of minaret failures and

results of analysis show that the most of masonry minarets
failed at the bottom part of the cylindrical body, just above
the transition zone [4–7, 11–13].

Fiber reinforced cementitious matrix (FRCM) use in
strengthening of historical structures against earthquakes
has gained importance recently. Due to the aforementioned
advantages of FRCMmaterials especially for historical struc-
tures, the potential use of FRCM jacketing around minaret
structure was investigated through providing extra flexural
and shear capacity. Previous studies and collapses have shown
that the boot, lower part of minaret just below and over the
transition zone appears as weak zone in terms of normal and
shear stresses. FRCM wrapping around these critical zones
seems easy and viable procedure in terms of retrofit. The full
anchorage of FRCMmaterial on the stonemasonry should be
supplied either by using dowels/anchors while jacketing or by
connecting FRCM to foundation of the structure.

The measured dynamic properties of the minaret which
was previously subjected to a series of in situ ambient
vibration tests were taken as basis and used with the purpose
of calibrating the three-dimensional finite element analysis of
the minaret [3]. The first six natural periods of the minaret
model (calculated from themodal analysis) andmode shapes
were presented in Tables 2 and 3 and in Figures 4 and
5. The fundamental period of minaret model calculated by
modal analysis was found almost the same with the ambient
vibration measurements results [3]. The first four modes’
contribution to the response is quite significant in which
the first and second modes’ participation is 34%. The higher
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Figure 5: Mode shapes of the minaret model strengthened with FRCM wrapping (Modes 1 to 6 are lined from left to right).

Figure 6: Real accelerogram recorded during Duzce 99 earthquake at Duzce Station [30].

modes (5th and 6th modes) have nearly no effect on the
response of the minaret. In ITU study, microtremor tests
had been performed on the minaret structure and by using
ambient vibrations, fundamental frequency of the minaret
was measured as 0.88Hz and first period calculated as
1.136 sec [3]. The calculated first period for minaret model in
this study is 1.229 sec. (Table 2). Also, 7% difference can be
assumed as negligible for practical design purposes for the
presumed structural parameters.

The calculated first and second natural periods before
and after FRCM strengthening show almost 30% decrease
although the thickness of FRCM with respect to the wall
thickness is incomparably small.

Due to the proper match of natural periods of minaret
structure between measured and calculated values, previ-
ously-assumed mechanical properties were also utilised for
time history analysis. Two different time history analyses
were performed by using artificially generated accelerograms.
Instead of using real ground motion records which can be
defined as far-field earthquakes for the case minaret, the real
accelerograms were adjusted and scaled with available soft-
ware of SeismoArtif to get the artificial accelerograms based
on the target spectra given in Turkish Seismic Code 2007

for the soil class Z4 [26]. SeismoArtif is a software which is
capable of generating artificial accelerograms matched to a
specific target response spectrum using different calculation
methods and varied assumptions [29]. One of the accelero-
grams is produced by scaling the ground motion record of
Duzce Station (parallel to fault) obtained during Duzce EQ
(Figure 6).

Themain characteristics of the chosen groundmotion on
soft soil condition are epicentral distance: 1.61 (km), hypocen-
tral distance: 14.09 km, Joyner-Boore distance: 0.00 km, clos-
est distance: 6.58 km, PGA: 0.52 g, PGV: 70.7700 cm/sec,
PGD: 47.3 cm, and Vs30: 276.00m/s. All original records are
obtained from the PEER Ground Motion Database [30].
Besides, by employing the same software, a single synthetic
accelerogram was generated by assuming the parameters
of moment magnitude of 8, for near field earthquake and
NEHRP class D (Vs30 = 255m/s) by assuming linear site
effects with the maximum peak ground acceleration of 0.6 g
and absolute acceleration response spectra for Z4 soil con-
ditions according to TSC 2007 [26]. Both artificial accelero-
grams were scaled to a peak ground acceleration of 0.6 g.
To determine this maximum acceleration, seismic design
code of coastal and harbour structures, railways, and airport
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Figure 7: Maximum peak ground acceleration map for 475 years return period (10% exceedance in 50 years) [31–33].

Figure 8: Calculated time series charts for the scaled Duzce EQ accelerogram.

facilities in Turkey is followed [31]. In the code, maximum
peak ground acceleration value for the code earthquake with
the return period of 475 years (10% exceedance probability in
50 years) is given 0.6 g for the location the minaret structure
(Figure 7).

For the scaled and adjusted accelerograms, time series of
acceleration, velocity, and displacement for the two different
artificial accelerograms can be seen in Figures 8 and 9. In
addition, in Figure 10, absolute acceleration response spectra
for Z4 soil conditions according to TSC 2007 [26] and

response spectra of two different generated artificial spectral
accelerations are shown. The spectral values for artificially
generated earthquakes based on real earthquake data were
given for soft soil conditions during 1999 earthquakes. The
figure also provides a comparison between the linear elastic
acceleration response spectra calculated for soft soil condi-
tions and those of the TSC 2007 with 5% damping for the
highest seismicity in Turkey, respectively. The elastic spectral
demand obtained from TSC 2007 is comparable with the
demands calculated using the adjusted and synthetic records.
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Figure 9: Calculated time series charts for the synthetic accelerogram.
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4. Results of Dynamic Analysis

Minaret models, bare (unreinforced) and reinforced with
FRCM, were subjected to seismic loads by using linear elastic
time history analysis for two different artificial accelero-
grams. Due to the symmetry of the minaret, accelerations
were applied in one direction by using only first 20 seconds
of artificially generated accelerograms. Modal damping value
was assumed as 5% (critical) for all modes (Figures 8 and 9).

Calculated maximum lateral displacement at the top of
the minaret, by utilising the time history analyses, was shown
in Table 4. The deflected shape of the minaret shows flexure

Table 4: Maximum lateral displacements of top of minaret accord-
ing to time history analyses before and after seismic retrofit.

Calculated maximum lateral
top displacement (m)

Duzce
EQ@DUZCE Synthetic EQ

Model before seismic
strengthening 0.49 0.47

Model after strengthened with
FRCM 0.30 0.33

dominated lateral deformation with the largest displacement
calculated at the roof. Roof height of the minaret was
taken as 31.25m without considering wooden cap. Although
the minaret acts as cantilever structure, the deformation is
smaller over the height of relatively stiff 4.25m high base or
boot.The displacement starts to increase above the transition
segment at about 5.25m. Figures 11 and 12 show the lateral
deflection of the bare and strengthened minaret models for
Duzce and Synthetic records.

Neither Turkish seismic code nor the other existing
seismic codes contain any instructions directly related for the
assessment/retrofit of slender tower structures made of block
stone masonry. Maximum roof drift index of minaret model
before retrofit (𝛿/h) is calculated as 0.015 for both accelero-
grams where it reduced to 0.01 for the strengthened models
which seems acceptable limit according to FEMA 356 which
proposes 1% performance drift limit collapse prevention for
unreinforced masonry walls (for the walls made of hollow or
solid brick clay/concrete units) [34].

For the minaret case mentioned in this study, highest
maximum principal stress and highest minimum principal
stress distributions (occurred at different time intervals) are
given in Figures 13, 14, 15, and 16. In Figures 13 and 14,
artificial Synthetic EQ accelerogram was used as input, and
substantial reduction can be realized for the maximum
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Figure 11: Maximum lateral deformation profiles for scaled Duzce EQ record (left: bare minaret model; right: strengthened model, in m).

and minimum principal stresses obtained after the time
history analysis by using artificial Synthetic earthquake. The
maximum tensile stress on the masonry material raised up
to 22MPa which is much higher than the tensile capacity
whereas the compressive stresses exceeded 23MPa which is
almost 2 times higher than compressive strength capacity. It is
obvious that the maximum and minimum stress distribution
in the Figure 13 shows a possible failure/total collapse of
the bare minaret. For the strengthened model, Figure 14, the
highest stresses, occurred on bare minaret model seem to be
reduced to 4 (tensile) and 10MPa (compressive), respectively,
for the unconfinedmasonry cross-sections. At the same time,
FRCMmaterial practices maximum tensile stress of 154MPa
which is small when compared to its high tensile strength.
It can be seen obviously from Figure 14 that FRCM material
seems efficient while carrying the tensile stresses particularly
over the tensile capacity of the masonry material which is
around 1.2MPa [3]. The aforementioned tensile stress value

seems higher than the limiting tensile strength of thematerial
for unconfined cross-sections. Under such a big event with
PGA of 0.6 g by aiming the collapse prevention performance
level, nonlinear character of the material should be taken
into account. Typical uniaxial stress-strain curve of masonry
materials has a nonlinear character with a descending por-
tion after peak maximum stress attained. The descending
portion is significant and reflects a very important property
of the masonry material. For an unconfined cross-section,
maximum stress capacity is reached at a compressive strain
of mostly greater than 0.002, and beyond this point, strain
increase is accomplishedwith decreasing stress in descending
portion of the curve.Thedescending portion enablesmaterial
to unload under increasing strains. Due to this property
of the stress-strain diagram, a section subjected to bending
does not fail when the extreme fiber reaches the maximum
tensile stress because at this stage the strain is still less
than the failure strain. To verify the potential failure of the
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Figure 12: Maximum lateral deformation profiles for scaled Synthetic EQ record (left: bare minaret model; right: strengthened model, in m).

minaret, maximum principal elastic strain diagram is given
in Figure 14, and it can be seen that maximum compressive
strains fall below 0.002 for unconfined masonry sections.

In Figure 15, the highest tensile stress obtained for the
model subjected to artificial Duzce accelerogram was over
23.4MPa for themasonrywhich is quite highwhen compared
to limited tensile strength. For the strengthened model,
Figure 16, these higher tensile stresses reduced to 4.5MPa
right above the cut-off point of the FRCM wrapping due
to the abrupt transition of tensile stress between masonry
and cover material. In the same figure, maximum elastic
strain of unconfined masonry section above cut-off point of
FRCM wrapping was much below maximum compressive
strain of masonry material. Evaluating the linear stress dis-
tribution shows the critical zones which may cause potential
failure. It is an undeniable fact that, masonry has nonlinear
material properties and evaluating the stress values obtained
from linear elastic analysis without considering strains may

end misjudgement about failure, especially for collapse
prevention performance target. For a particular elastic
analysis for brittle materials, maximum compressive strains
should be accounted in order to check the safety of cross
section.

In order to overcome this problem, a detailed nonlinear
analysis should be performed by using nonlinear material
properties for masonry. High tensile stresses occurred espe-
cially lower regions causes the unreinforcedminaret becomes
unsafe against seismic loadings. In addition, in terms of roof
drift, obtained value of 0.015 (480mm roof displacement)
seems higher for such masonry slender structures. Under
these circumstances, such historical heritages appear vul-
nerable against strong earthquakes. On the other hand, the
complex behaviour of the stone material and the interface
mechanics between stones may create another source of
weakness. Furthermore, the conservation of historical her-
itages without any change on the external view should be
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Figure 13: Maximum and minimum principal stress distribution for bare minaret model under the effect of scaled synthetic accelerogram
(in Pa).

taken into considerationwhile thinking about such structural
intervention.

5. Conclusions

Thepaper reports the likely failuremode for a typical existing
historic minaret structure located in Istanbul, Turkey. The
results obtained from the ambient vibration andmaterial tests
and modal analysis have shown that the behaviour under
seismic action can be predicted with reasonable results and
can be used effectively in the assessment of these minarets to
assure their stability in case of a code earthquake (10% proba-
bility of exceedance in 50 years with 475 years return period,
strong earthquake) by reinforcing the weakest zones which
will undergo the greatest damage (located at the base and
the lower part of the minaret). By calibrating the modulus of
elasticity of the masonry material, two linear finite element

models of the minarets were constructed and analysis results
showed the similarity between obtained first period and
the one obtained from in situ test for bare minaret. After
modal analysis, artificially generated and scaled two ground
motion records were used in the time history analysis. The
results of two analysis are not much different from each
other while comparingmaximum stresses, locations of maxi-
mum stresses, andmaximumdeformations. For bareminaret
model, compressive and tensile strength capacities are
exceeded definitely. That means that under the effect of such
probable (above 0.6 g PGA) earthquakes with a considerable
chance of occurring for the following 30 years near Istanbul,
very likely stresses may affect the lower part of minarets and
may cause the total failure.

In order to eliminate such high risks for existing historical
minarets, the deficiency of masonry material under tensile
stresses may be compensated by confining the masonry with
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Figure 14: Maximum principal stress, maximum principal strain and minimum principal stress distribution for strengthened model under
the effect of scaled synthetic accelerogram (in Pa).
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Figure 16: Maximum principal stress, maximum principal stain and minimum principal stress distribution for strengthened minaret under
the effect of scaled Duzce record (in Pa).

high tensile strength capacity materials bonded to masonry.
Due to the circular cross-section of minarets, the application
of fiber reinforced cover/wrap seems always practical. Despite
extensive use of FRP confinement for such structures, pos-
sible use of FRCM material may have many advantages as
mentioned before.

The 3D time history analyses performed allow differenti-
ating the behaviour of the minaret during a seismic shaking,
including the failure mode and the possible failure zones.
When FRCM wrapped around the critical cross-sections, it
improves the lateral behaviour and the results are promising
in terms of seismic protection of these and similar heritages.

For further research, mosque-minaret structural inter-
action, soil-structure interaction and de-bonding character-
istics of FRCM material should be investigated by utilizing
nonlinear models representing the real behavior of masonry
under dynamic loading. For some typical historical minaret
structures, permanent seismic instrumentation should be
installed in order to understand the real behaviour under
seismic loading.
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Yüzyıl Dönümü,” Istanbul Dergisi, vol. 10, pp. 25–32, 1994
(Turkish).
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