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Abstract

The October 23, 2011 (M, = 7.2) and November 9, 2011 (M =
5.6) earthquakes increased the damage in the minaret of Van
Ulu Mosque, an important historical masonry structure built
with solid bricks in Eastern Turkey, resulting in significant
shear cracks. It was found that since the door and window
openings are not symmetrically placed, they result in unsym-
metrical stiffness distribution. The contribution of staircase
and the core on stiffness is ignorable but its effect on the mass
is significant. The pulpit with chamfered corner results in
unsymmetrical transverse displacements. Brace wall improves
the stiffness however contributes to the unsymmetrical behav-
iour considerably. The reason for the diagonal cracks can be
attributed to the unsymmetrical brace wall and the chamfered
pulpit but the effect of brace wall is more pronounced. After
introducing the cracks, a new model was created and cali-
brated according to the results of Operational Modal Analy-
sis. Diagonal cracks were found to be likely to develop under
earthquake loading. Drifts are observed to increase signifi-
cantly upon the introduction of the cracks.
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1 Introduction

Van is one of the most important historical lands in Eastern
Turkey. The date that human settlement was seen goes back to
almost 5000 BC and the city hosted several nations of several
states. Being the capital city, the period of Urartian kingdom
was the most brilliant period for Van (called as Tushpa). After
that, Armenian Orontids, Persians, Byzantines, Seljuk Empire,
Mongols, Kara Koyunlu Turks and Timurids held power on the
city. Finally Ottomans conquered the city in mid-16th century
and kept it as a separate state until the establishment of Turkish
Republic [1].

All empires and states habited in this region left their nota-
ble cultural and architectural values. In order to keep and pro-
tect those values, they should be first determined, the actual
state should be carefully studied and if necessary quality pro-
jects should be made to protect and transfer them to the future
generations. The determination phase was done already for
most of the historical structures. The actual situation and past
activities related to the structure was also recorded for some
structures. However no action was started after that for most of
the historical structures. Since most of them faced with several
wars, experienced several earthquakes and varying tempera-
ture changes, some deterioration is inevitable in terms of mate-
rial and structural point of view.

Fig. 1 shows the change in Old Van City in 100-year period.
The city at this region was completely lost after the wars and
earthquakes and only a few religious buildings (mosques)
which were also severely damaged, remained today. Van Ulu
Mosque is one of the remarkable architectural examples in the
Old Van City and it is one of the survived ones in the region.
No marked stone was found, however, according to the mate-
rial and structural properties it was stated that the mosque dates
back to 12" or 13" century [1]. Although the mosque was col-
lapsed, its minaret which is a tall slender tower-like structure
located next to the mosque and used to inform the people about
the time for pray and summon them to pray in the mosque,
still standing (Fig. 1.b). Like the general construction charac-
teristics for minarets, it has almost square base called pulpit, a
cylindrical body and helicoidal staircase which are attached to
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the core inside the cylindrical body. In Fig. 1.a, a balcony and
the roof is clearly seen but neither of them survived today as
shown Fig. 1.b. Since the minaret is located next to the mosque
it has a connection with the west wall of the mosque.

Fig. 1 The change in Old Van City and Van Ulu Mosque in 100-year period
a) Old Van City and Van Ulu Mosque in 1913 [2], b) Old Van City and Van
Ulu Mosque in 2013

The October 23, 2011 (M = 7.2) and November 9, 2011
(M, = 5.6) earthquakes increased the damage in the minaret
resulting in significant shear cracks and permanent deforma-
tions. Although those problems existed before, they increased
after the recent earthquakes. Recalling that several minarets
even built from reinforced concrete collapsed in other cities
in the past earthquakes [3—5], the damaged minaret of more
than 750 year old experiencing several earthquakes was not
knocked down. Being in highly vulnerable state, it should be
dealt with immediately with great care and preserved for future
generations. To serve this need, a site survey was conducted
to evaluate the damage state and determine some structural
and material properties. Operational Modal Analysis was per-
formed to find the modal information and FEM model was cre-
ated and calibrated accordingly. Several models were built to
understand the reason for the cracks.

2 Main properties of the Minaret

The minaret consists of five main parts (Fig. 2): an almost 65
cm thick cylindrical body (external shell) with an outer diam-
eter of 380 cm, a solid cylindrical core with a diameter of 100
cm, the pulpit, the brace wall which is the part of the collapsed
mosque at the east side of the minaret and helicoidal staircase

connecting the body and the core. From the old pictures it was
found that the cylindrical minaret was standing on a square
base with a chamfer at the north-west corner called pulpit with
almost 440 cm wide. The main material of the minaret was
brick with 200x100%x60 mm dimension. Mortars were used at
the bed and head joints to create connection between the bricks.

The pulpit

)
T

Fig. 2 a) Some basic properties and b) wall section and brick layering

of the minaret

There are three openings on the external shell of the minaret
in the present situation: one door opening at the pulpit, win-
dow openings at the east and north facades. Window opening
at the east facade is larger than the one at the north facade.
East facade of the minaret is attached to a wall segment of the
mosque. The wall segment is called brace wall in this study and
it has a height of 4 m above the pulpit.
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Fig. 3 Photomicrographs of the thin sections (scale 200 um) a-b) Brick sample, c-d) Mortar sample

2.1 Material properties

Main material type of the structure is solid fired clay brick
(shortly brick) and mortar. Brick and mortar samples of the
concerned minaret were collected from the collapsed part and
chemical analysis and petrographic mineral identification were
performed to identify their material properties.

From the petrographic analysis of the brick samples, it was
found that they have volcanic origin and the main material was
ignimbrite which is common in the region. Brick samples are
composed of rock particles, pumice stone, mineral crystals and
volcanic glass (Fig. 3). The XRD results revealed that there are
high concentrations of minerals of calcite, quartz, illite and feld-
spar. However, mortars have different compositions as compared
to bricks and the matrix is found to consist of carbonates and is
in highly heterogenic structure including volcanic, sedimentary,
serpantinite, rock particles and minerals. Having different rock
particles and minerals in a matrix made of carbonate indicates
that the mortar is a mixture of river sand and limestone (Fig. 3).
The XRD results verify that observation, since the mortar was
found to be composed of densely populated gypsum and calcite
and also less densely feldspar, clay and quartz are visible.

The chemical properties are summarized in Table 1. Brick
samples have trachyte character according to the LeBas et. al.’s
[6] total alkaline-silicate diagram and belong to the volcanic
rock class having alkaline properties. Besides, the high oxide
203’
is also high due to the deteriorations. On the other hand, the

concentrations such as SiO, and Al LOI (Loss on ignition)
mortar samples had high amount of CaO but low silica com-
positions. Those samples have also high LOI due to the same
reason in brick samples.

Numerous studies were conducted to evaluate the physico-
mechanical properties as well as the deterioration mechanisms
of natural building stones in the preserved historical structures
[7-10]. The uniaxial compressive strength of the ignimbrite
rock specimens were determined to be 28.92, 15.78, 12.10 and
12.43 MPa, for four different types of ignimbrite rocks found in
Van Lake region [10]. The brick samples taken from the mina-
ret of Van Ulu Mosque were uniaxially tested and the compres-
sive strength of the bricks was determined to be 9.88 MPa [9].

Table 1 Results of the chemical analyses

Property Brick, % Mortar, %
SiO, 53.60 14.20
AlLO, 13.40 3.06
CaO 9.76 26.49
Fe 0, 8.38 1.82
MgO 6.48 2.08
K,0 2.09 0.62
Na,0 1.94 0.43
SO, 0.18 32.34
Lol 3.15 18.77

2.2 Damage identification

The minaret experiences several problems such as mortar
disintegration, brick loss, cracking, crushing, and partial col-
lapse. Mortar disintegrations are mainly at the pulpit as shown
in Fig. 4. The pulpit had no significant deteriorations in 1913
because it was attached to the walls of the mosque. However,
after losing the walls of the mosque the pulpit became open
to the environmental effects, such as freeze-thaw, wind loads
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and temperature changes and finally deteriorations took place.
Although bricks are mainly in good condition, mortar layers
deteriorated and were lost significantly at the exterior facade
resulting in partial collapse of the bricks (Fig. 4.a). As for the
interior bricks on the core facing to the door opening, although
some portion of the mortar layers were lost, no disintegration
was observed because there was still a considerable amount of
mortar between the bricks (Fig. 4.b).

Fig. 4 a) Mortar loss and brick loss in the pulpit b) Mortar loss in the core

The October 23,2011 (M = 7.2) and November 9, 2011 (M|
= 5.6) earthquakes increased the damage resulting in significant
shear cracks and permanent deformations. Present situation of
the minaret is given in Fig. 5. As it is seen, all facades have wide
diagonal cracks. Crack widths reach almost 10 cm. There is a
window opening at the east facade and the lintel bricks at this
part were lost due to the cracking and mortar loss. Cracks are
observed below the window opening and above the brace wall,
and narrow diagonal cracks are also visible at the right hand
side of the window. Moreover, a wide vertical crack is seen at
the top. Besides, the cracks at the north facade are almost the
mirror images of the south facade. The only difference is at the
crack tip at the lower part which reaches to the small window
opening. As for the west facade, in addition to the cracks at the
upper part of the minaret projected from the south and north
facades, cracks exist below the mid-height of the body.

Cracks on the exterior facade are observed to extend through
the core as given in Fig. 6. Diagonal cracks on the core result in
separation and out-of-plane deformations, and significant crush-
ing are also visible on the core. Moreover, partial collapse of the
staircases exists at the ground level. Although those problems
existed before the earthquakes in 2011, they were observed to
increase afterwards. It is seen from the post-earthquake picture
that the west facade experienced partial collapse at the top level.

2.3 Field survey and Operational Modal Analysis

One of the important factors in earthquake dependent struc-
tural damages is the local soil conditions. For this reason,
while performing an earthquake resistant design one needs the
natural vibration period of soil (T)) and the soil amplification.
To determine these parameters Operational Modal Analysis
(shortly microtremor) technique can be used. In this method,
with the vibration recordings having small amplitudes, soil
behaviour during earthquakes is tried to be predicted. In urban

=L

North facade

West facade

Fig. 5 Present situation of the minaret
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Fig. 7 Microtremor data and H/V spectrums for the minaret of Van Ulu Mosque, a) Soil, b) Inside the minaret at 5.5 m above the ground level

areas, microtremor technique is widely used to determine the
fundamental frequencies of soils [11,12].

With an altitude of 1650—1660 meters, Van Ulu Mosque is
located near the Van Castle and rested on alluvium composed
of loose and saturated lake sediments. The ground water level is
close to the ground level. In order to determine the fundamental
frequencies of the soil and also the minaret, approximately 20
min. recordings were taken from the soil and the structure. Since
the minaret was damaged significantly, only at one point-5.5 m
above the ground level-microtremor readings were recorded.

Microtremor recordings consist of three components (NS,
EW and vertical) in time domain. According to the method
proposed by Nakamura [13], natural vibration period of a soil
(or a structure) can be determined from the ratio of horizontal
and vertical components of a microtremor recording in spectral
domain (frequency or period). This cheap and easy to apply
method is known as single station method and enables fast and
short time recordings.

The recordings were taken from GURALP CMG 6TD
seismometer with utilizing 12 V batteries and the numerical
data was recorded directly to a laptop. Each recording lasts

approximately 20 min. and the data had a sampling rate of 100
Hz (dt = 0.01 s). The noise in each recording was firstly fil-
tered between 0.1-10 Hz by using Butterworth Bandpass Filter
and then windowed by 20-30 s windows and Fourier spec-
trums were derived accordingly. Using 40 s Konno-Ohmachi
window, the data was flattened by applying 10% cosine taper-
ing [14]. Finally, Geopsy software was utilized to evaluate the
results (Fig. 7).

Peaks around 0.6 Hz, 2 Hz, 3 Hz, 4 Hz and 8 Hz were
observed from the H/V spectrums plotted from the micro-
tremor recordings taken from the soil inside the mosque. The
natural frequency of the soil is found to be 0.64 Hz and this
information together with the general soil profile in the region
as mentioned above reveals that the minaret was built on Z4
soil type as defined in Turkish Earthquake Resistant Code
[15]. When evaluating the recordings taken from the inside of
the minaret, it was realized that the natural frequency of the
minaret is 2.08 Hz and its period is 0.48 s (Table 2). Since it is
in highly vulnerable state no recordings were taken from the
upper part of the minaret.
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Table 2 Coordinates and properties of the microtremor recordings

Rec. No. X Coord. Y Coord. Z Coord. T (sn) f (Hz) Ampl. Point of the recording

1 355147 4262879 1666 1.56 0.64 8.85 Inside the mosque on the soil

2 355147 4262879 1672 0.48 2.08 4.84 Inside the minaret at 5.5 m above the ground level on the staircase
Table 3 Structural models and the elements included in each model

The elements M-0-0 M-0-1 M-1 M-2-0 M-2-1 M-3-0 M-3-1 M-4

The body v v v \ N v v N

Openings - N N N N N N J

The core - - \/ ~ N N N N

The stairs - - \/ N N N N N

The pulpit -- -- - \/ \/ V \ N

The brace wall --- - - - - N N N

Cracks - - - — — - - N

Although it is possible to determine the frequencies of higher
modes, low amplitude and dynamic effects of the soil and envi-
ronmental factors made it hard to extract and if extracted the
results might not be reliable. Therefore, while determining the
modal information, only the dominant modes were considered
as described above.

3 Structural modelling of the Minaret
3.1 Modelling strategy

In order to understand the behaviour of the minaret of Van
Ulu Mosque, 3D Finite Element Models (FEM) were built
using SAP2000 v.14 software [16]. Macro-modelling approach
considering the bricks and mortar layer as a homogenous con-
tinuum was utilized [17]. In this approach instead of defin-
ing the material properties of bricks and mortars separately,
they were combined and assumed to behave as a homogenous
material having properties of each material explicitly. Solid
elements having eight nodes and being based on isoparamet-
ric formulation were used to model the minaret in 3D. Three
translational degrees of freedom (dof) exist at each connected
joints of solid elements whereas rotational dof are not taken
into account in the analysis.

A total of 6 structural models (M-0-0, M-0-1, M-1, M-2-
0, M-2-1 and M-3-0) shown in Table 3 were created first to
understand the effect of structural parameters on cracking,
then M-3-1 was used to calibrate the model according to the
microtremor analysis, finally M-4 was used to obtain the
seismic performance of the current state. Since the informa-
tion regarding the balcony or spire is not available, they were
excluded in the models. Each model is briefly described in the
following paragraph.

Model M-0-0: Only the cylindrical body of the minaret
is taken into account in this model without any window or
door openings. This model is the reference for all the models
described below.

Model M-0-1: The model considers the cylindrical body
of the minaret as M-0-0 but door and window openings were

introduced to determine the effect of openings on the behav-
iour. The cylindrical body has a thickness of 65 cm and its
outer diameter is 380 cm.

Model M-1: In addition to the cylindrical body in M-0-1,
this model considers the core and the helicoidal staircase as
well (Section C-C in Fig. 8). Diameter of the core is 100 cm
and thickness of the stairs is 20 cm. Those dimensions are the
same throughout the height. The aim of this model is to under-
stand the effect of staircase on the behaviour.

Model M-2-0: This model has the same properties as M-1
but additionally takes the pulpit into account. The pulpit rises
up to 350 cm from the ground level. Since the pulpit had origi-
nally square-section with a chamfer at its north-west corner
as shown from Section D-D in Figure 8, this model is created
based on the original sections to understand the effect of pulpit
on the behaviour.

Model M-2-1: The pulpit in the model M-2-0 is also con-
sidered in this model but the chamfer is ignored. Therefore
the pulpit is assumed to be square to determine the effect of
chamfer on the behaviour. The rest of the model is completely
the same as M-2-0.

Model M-3-0: In addition to the elements used in the pre-
vious models, model M-3-0 considers the brace wall, which is
the part of the collapsed mosque, attached to the east facade of
the minaret reaching up to 400 cm above the pulpit as shown
in Section F-F in Fig. 8. Since the brace wall was rectangular
before damages and deteriorations, its original section is con-
sidered in the model. The aim of this model is to determine the
effect of brace wall on the behaviour and understand whether
the brace wall is the reason for the diagonal cracks or not.

Model M-3-1: This model is the same as M-3-0 except
deteriorations and damage in the pulpit and the brace wall was
taken into account. The model has two purposes: to determine
the stiffness properties of the solid elements by calibrating the
model according to the microtremor analysis and to understand
the difference between the pre-damaged cases. Since signifi-
cant deterioration and disintegration was seen at the pulpit,
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Fig. 8 3D FEM models and cross-sections of the minarets (All dimensions are in cm)

it was found that approximately 30 cm thick wall is effective
over the body. Deteriorations and material loss on brick ele-
ments are approximated over the pulpit and the brace wall.

Model M-4: This model is built on Model M-3-1 and con-
siders the cracks on the structure. It is used to understand the
difference between uncracked and cracked behaviour. The
cracks were modelled using nonlinear gap elements having
compression-only properties. Details of the model are given
in the relevant section.

3.2 Methodology

Unit weight of the brick elements is 18 kN/m? which is typi-
cal for the brick elements [8,18-21]. However, stiffness is the
critical and the hard one to decide because it directly influ-
ences the static and dynamic behaviour of the minaret and it
depends on the interaction between bricks and mortar [22]. If
all bricks and mortars have different mechanical properties,
the result taken from individual elements or a part of a wall
may not be representative.

Modulus of elasticity of the wall for M-0-0, M-0-1, M-1,
M-2-0, M-2-land M-3-0 was assumed to be 2.25 GPa to be
consistent with the experimental results available in the litera-
ture [20, 21, 23, 24] since the aim of the first six models was
to understand the each structural properties on the behavior of
the minaret (Table 4).

Stiffness of the structure is directly related to the modulus of
elasticity (E). Therefore, in order to create a realistic model a
reliable modulus of elasticity is necessary. To find £ to be used
for the continuum in the models of M-3-1 and M-4, micro-
tremor technique was utilized as mentioned above. From the
20 min. recording taken inside the minaret at 5.5 m above the
ground level from the uncracked part of the minaret, natural
vibration period of the structure was calculated as 0.48 s. This

period was the target for the analysis in which a trial and error
procedure was followed to find the natural vibration period of
the model given in Fig. 9. The model considers the deteriora-
tions on the bricks observed after the field survey. Deteriora-
tions were simulated by reducing the effective area of the pul-
pit. Since the square pulpit lost its corners by means of brick
loss, it turned out to be a cylindrical wall supporting the body
at the ground level. During field survey, measurements were
taken from each side of the pulpit and it was realized that an
almost 30 cm thick cylindrical pulpit is effective over the body.
Although some parts of the pulpit have greater thicknesses, due
to the extensive material loss they are not reliable. Therefore it
was decided to consider only the 30 cm as effective.

All the solid elements were assumed to have the same E.
In the first trial, a random value (E = 2.25 GPa) being con-
sistent with the brick experiments available in the literature
was assigned [20, 21, 23]. First two natural vibration periods
were compared with the microtremor findings. If the periods
from the analysis were less than 0.48 s, E was reduced and the
analysis was rerun. With E = 2.25 GPa it was found that T =
0.43 s and T, = 0.40 s. Since periods were lower than the one
found from microtremor analysis, £ was reduced to 2.0 GPa
and modal analysis performed again ending up T, = 0.46 s and
T,=0.43 s. This showed that a slight adjustment was necessary
to reach the target period of 0.48 s. Finally, decreasing E to 1.8
GPa, T, = 0.48 s was attained. Hence, in models M-3-1 and
M-4, solid elements were assumed to be isotropic with E = 1.8
GPa and v = 0.3 (Table 4).
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Fig. 9 3D FEM model used in calibration process (model M-3-1)

4 Results
4.1 Effect of the staircase, pulpit and brace wall on
behaviour of the Minaret

In a symmetrical structure, torsion is the least possible force
to develop under earthquake loading. However, if symmetry
is lost, then this force becomes the most anticipated one. As a
first impression, the minaret, which has a cylindrical body con-
nected to the cylindrical core by means of helicoidal staircase,
seems to have experienced severe torsional forces because
of its crack pattern resembling torsional cracks. Therefore,
in order to understand the influence of each element type on
the response, six 3D FE models (M-0-0, M-0-1, M-1, M-2-
0, M-2-1 and M-3-0) were created. Since the aim of those
analyses was to determine the effect of each addition on the
response, calibration of the modulus of elasticity according to
the microtremor analysis was not performed here.

Firstly, modal analyses were performed to see the vibra-
tional characteristics of the models. After that each model was
analysed under combined gravitational and earthquake load-
ing. For the earthquake loading, response spectrum having
corner periods of T, = 0.2 s and T, = 0.9 s consistent with the
geotechnical characteristics in the region was defined [15].

Fig. 10.a shows the change in vibration periods and Fig. 10.b
reveals the change in displacements. Each curve is normalized
with respect to the results of M-0-0 to better interpret the find-
ings. As the aim of this section is to understand the effect of
each structural element on the response, instead of comment-
ing on the numbers, general response is discussed below. Raw
results are also summarized in Table 5.

Vibration periods corresponding to the first (T,) and sec-
ond (T,) mode given in Fig. 10.a reveals that the introduction
of the window and door openings in M-0-1 results in a slight
increase in the periods because of the slight decrease in the stiff-
ness. In the figure, T, corresponds to mode shape in x-direction
whereas T, shows the response in y-direction. When the stair-
case and the core are added to the model (M-1), an increase in
the stiffness and thus a reduction in the associated periods are
expected, but it is not the case. It can be said that the effect of
additional stiffness from staircase and the core is not significant
when compared to their additional mass. Since increase in the
mass is more pronounced, the model experienced higher vibra-
tion periods in x and y-directions. The pulpit which confines the
lower part of the minaret by reducing the adverse effect of door
opening leads to a significant decrease in the vibration periods
indicating that the stiffness contribution is greater than the addi-
tional mass (Model M-2-0). Ignoring the chamfer at the north-
west corner of the pulpit (M-2-1) seems to have no effect on the
periods. The brace wall (M-3-0) is found to result in a further
reduction in T,, since it contributes to the stiffness mainly in
y-direction. Therefore, from the modal analyses, it can be sum-
marized that the influence of pulpit on the vibration periods is
more than the staircase, the openings and the brace wall since it
resulted in significant reduction in the vibration periods.

Effect of each structural element on displacement response
is depicted in Fig. 10.b. Displacements were calculated from
the combined gravitational and earthquake loading. The gen-
eral trend in the curves is similar to the ones in Fig. 10.a indi-
cating that same kind of influences is valid for displacement
response. Although the displacements in x and y directions are
the same in M-0-0, introduction of openings in M-0-1 resulted
in a different response indicating that the two openings (door
opening at the south facade and a small window opening at the
north facade) leads to more decrease in stiffness thus ending
up with higher displacements. Displacement response in M-1
increases but the gap between D_and D, in M-0-1 is still main-
tained showing that the staircase and the core have no ability to

Table 4 Input parameters of the finite element models

Value for models

Input parameter

Value for models

M-0-0, M-0-1, M-1, M-2-0, M-2-1, M-3-0 M-3-1, M-4
Weight per unit volume kN/m3 18
Modulus of elasticity, GPa 2.25 1.8
Poisson’s ratio 0.3
Compressive strength of brick, MPa 9.88 9.88
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Table 5 Vibration and displacement characteristics

Vibration periods Gravity+EQ_ Gravity+EQ,

Model T, (5) T, (s) T, (s) D_(cm) D (cm) D/D (%) D_(cm) D (cm) D /D (%)
M-0-0 0.48 0.48 0.11 8.91 0.00 0.0 0.00 8.91 0.0
M-0-1 0.51 0.49 0.11 9.74 0.05 0.5 0.10 9.00 1.1

M-1 0.54 0.52 0.11 11.18 0.03 0.3 0.08 10.33 0.8
M-2-0 0.42 0.41 0.10 6.58 1.65 25.1 1.66 6.45 25.7
M-2-1 0.41 0.41 0.10 6.51 0.09 1.4 0.09 6.38 1.4
M-3-0 0.41 0.37 0.10 5.47 2.86 52.3 2.82 5.08 55.5

increase the symmetry level by reducing the effect of openings.
The increase in the displacement response in M-1 can be attrib-
uted to the introduction of mass which contributes to the earth-
quake loading. Like the modal response, the pulpit resulted in
significant decrease in the displacement response. Whether one
of its corners is chamfered or not (M-2-0 and M-2-1), the min-
aret experienced same displacements in both directions indi-
cating that the adverse effect of the openings vanished. Brace
wall seems to reduce the displacement response by providing
additional stiffness. However, this addition is not symmetrical
and results in a different response. The difference is observed
to be less than the one in M-0-1 and M-1. As a result it can be
said that openings results in a higher displacement response
whereas pulpit reduces the response significantly.
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Fig. 10 a) Vibration periods in first two modes, b) Displacements under
combined loading
The displacement response under combined gravitational
and earthquake loading is given in Fig. 11. Because of the
unsymmetrical condition of the structure, the earthquake in

x-direction may result in displacement not only in x-direction
but also in y-direction. Therefore, in the figure the response with
the direction of a given earthquake is represented by both x and
y displacements to determine the possibility of torsion in each
model. Although there exists a slight difference in their stiff-
ness in each direction, M-0-1, M-1 and M-2-1 have displace-
ments consistent with the earthquake directions indicating that
those models can be regarded as symmetric. However, M-2-0
and M-3-0 has different displacement response compared to the
other models. Since the structural system in these models was
not symmetric they experienced displacements in transverse
direction also. This behaviour can be regarded as a sign of tor-
sion and it is more pronounced in the model with brace wall.
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Fig. 11 Displacement in x and y directions under combined loading

Shear stress distribution (SSD) in x and y directions under
combined gravitational and earthquake loading is shown in Fig.
12. From the distribution in x-direction it is seen that, introduc-
ing window openings results in a localized shear stress around
the opening in all models except M-0-0. The pulpit in M-2-0
and M-2-1 seems to relieve the stresses at the lower part of the
minaret but shear stress at the top of the pulpit increased due to
the sudden change in the cross-section. All the SSD are almost
symmetric except M-3-0. Since the brace wall is introduced in
this model, SSD changes significantly. A flow from the pulpit
to the brace wall up to the window opening is visible. SSD is
found to follow the staircases and stresses started to accumulate
the points where the cross-section changes significantly. As for
the y-direction, it is seen that for the cylindrical body in M-0-
0, shear stress distribution changes gradually from top to the
bottom and it is symmetric around x-axis. However, with the
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introduction of openings in M-0-1 there exist two separate dis-
tributions around each opening. Staircase and the core slightly
affect the distribution but pulpit reduces the stress in the lower
part significantly. A slight unsymmetrical distribution can be
seen in M-2-0 since it has a chamfered pulpit. When the cham-
fer is ignored the distribution again turns out to be almost sym-
metrical. A more pronounced and unsymmetrical distribution is
seen from M-3-0. It is observed that shear stresses concentrate
above the window at east facade and at the connection between
pulpit and the brace wall. SSD in x-direction for M-3-0 reveals
that diagonal cracks from the window to the pulpit and from
the window to the above are highly possible. As a conclusion,
SSD in M-3-0 is found to be consistent with the cracks on the
minaret shown in Fig. 4 and it can be said that brace wall may
be the cause for the diagonal cracks.

™y

i

M-0-1 M-1 M-2:0
a) x-direction

- — —— —— -
- — - -

M-1 M-2-0

b) y-direction
Fig. 12 Shear stress distribution under combined gravitational and earth-
quake loading

Fig. 13 depicts the change in maximum shear stress devel-
oped in each model. It is seen from the figure that maximum
shear stress increases from M-0-0 to M-3-0 indicating that each
change in the model influence the shear stress. Maximum shear
stress increases with openings, staircase and the core but reduces
with the pulpits. However, it increases dramatically with the
brace wall. Change in maximum shear stress in y-direction is
more pronounced indicating that shear cracks are more likely
to develop in this direction. Therefore, it can be said that brace

wall, opening, staircase and the core may be responsible for the
diagonal shear cracks since they increase the maximum shear
stress but pulpits relieve the stresses slightly.
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Fig. 13 Change in maximum shear stress

4.2 Current state and the possible failure
mechanisms

The minaret experienced several cracks with almost 10 cm
width indicating a significant separation as mentioned in the
previous sections. The main reason for the cracks is believed to
be the earthquake shaking, because several great earthquakes
occurred in the region in the past. The last earthquakes were
on October 23, 2011 with M_ = 7.2 and November 9, 2011 with
M = 5.6 [25]. Those earthquakes increased the existing dam-
age but did not lead to total collapse.

In order to create a model representing the current state of
the structure, existing cracks should be introduced. Since those
cracks are wide enough, non-linear gap elements were used to
represent the behaviour at the cracked locations. Tensile resist-
ance of the gap element is assumed to be zero due to the lost
connection between the elements and it only carries compres-
sive loads. It was assumed that gap elements behave only in the
first principal direction (direction 1) since the main separation
is in that direction. The effective stiffness to be used in linear
analysis was taken as zero. It was found from the field investiga-
tion that widths of cracks vary between 2 and 10 cm. Therefore
to be consistent with the existing cracks, 2, 4, 7 and 10 cm gaps
were defined and assigned to the relevant locations. The model
M-4 and the structure are given in Fig. 14, comparatively. As it
is seen, almost all of the cracks were introduced in the model.

After defining the cracks, static and dynamic analyses
were performed to understand the behaviour of the current
state. From the modal analysis it was found that the stiffness
in x-direction reduced significantly resulting in higher natural
vibration periods as shown in Table 6. With the reduction in
stiffness, roof displacements increased 116% in x-direction
but only 50% in y-direction. No shear stress predictions were
made, since the structure had already cracked.
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Fig. 14 Comparative view of the model M-4 and the structure

Table 6 Vibration and displacement characteristics of the current state

Vibration periods Gravity+EQ_ Gravity+EQ,_
Model Y
T,s T, s T, s D, cm Dy, cm
M-3-1 0.48 0.45 0.11 9.0 8.0
M-4 0.70 [46%]* 0.53 [18%] 0.20 [82%)] 19.2 [116%)] 12.0 [50%)]

*Percentages in the brackets show the change with respect to M-3-1

The main problem of the structure is the stability associated
with the drifts. According to in-plane tests on masonry walls
composed of solid fired clay brick with mortar, diagonal crack-
ing was stated to develop at approximately 0.1% drift, maxi-
mum drift was found to be almost 0.25% and ultimate drift
was observed to be at 0.47% [24]. Since the materials used
in those tests had similar characteristics as in this study, same
limits are assumed to apply in the concerned minaret. Fig. 15
gives drifts of the three models (M-3-0, M-3-1 and M-4) under
combined gravitational and earthquake loading together with
the drift limits. M-3-0 represents the as built case, M-3-1 stands
for the deteriorated but uncracked case and M-4 simulates the
cracked condition. In general, drifts in x-direction are higher
than the ones in y-direction because of the unsymmetrical stiff-
ness distribution. From Fig. 15 it is seen that M-3-0 has drifts
almost equal to the maximum resistance limit state indicating
that diagonal cracks are inevitable under earthquake loading.
With deteriorations and material loss on the pulpit and the brace
wall, stiffness degradation leading to higher drifts is possible.
Drifts in M-3-1 are beyond the ones found from M-3-0 and they
are around ultimate resistance limit state showing that signifi-
cant damage is possible. Since the current state of the minaret
reveals the significant damage, limit states given by Javed [24]
seems reasonable. Although drifts in M-3-1 are almost equal to
the ultimate resistance limit state, they are far beyond this level
and indicate a much more dangerous situation in M-4. Drifts
in x-direction increase considerably upon cracking. It should
be reminded that those values are just an estimate and do not
reflect the real behaviour because of the difficulty in model-
ling such a highly vulnerable structure. However the results
can be interpreted as a clue about the behaviour to be expected

in the future incase no strengthening is applied. Although the
structure survived in 2011 Van Earthquakes it may not have
sufficient resistance for the next one.

12 @x-direction
“4-y-direction
0.9
4
=
£06
5 Ultimate resistance limit stat

0.3 - Maximu Sistance limit state

Diagonal cracking limit state

0.0

M-3-0 M-3-1 M-4

Fig. 15 Change in drifts

5 Discussion

Analysing a vulnerable historical masonry structure is not
an easy task. The work becomes much harder when struc-
tural properties are missing and also the structure has cracks.
Muvafik [9] performed linear transient seismic analysis on
the same minaret considering the strong motion records from
Van earthquake. Using solid elements in the model the author
divided the minaret into four parts and at each part used differ-
ent materials based on the material testing. After the analysis,
higher stresses were observed at the transitional segments of
the minaret and extra stresses were obtained at the window and
door openings. Tensile stresses were found to be greater than
the tensile strength and it was concluded that those stresses
might be the reason for the existing cracks. However, the brace
wall was not included in the model, no information was given
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Fig. 16 Possible failure mechanisms and mode shapes of the minaret

about the cracks since they existed before the 2011 earthquakes

and no conclusions were drawn about the diagonal cracks

above the window opening at the north facade.

This paper aimed to find answers to the abovementioned
aspects. By visual inspection at the site survey, inclined wide
cracks at almost all facades of the body were observed and they
were attributed to the torsional effects. Going inside the minaret
and climbing upper parts it was realized that cracks also existed
at the stairs and the core. The degree of the vulnerability was
clear with those cracks. Although the minaret has a cylindrical
body and a symmetrical plan, torsion should be the least antici-
pated force. In order to verify the visual inspection, several struc-
tural models including different structural parameters were cre-
ated and analysed. It was found that a brace wall which was a
part of the collapsed mosque was attached to the minaret and that
part provided stiffness to the body and resulted in unsymmetrical
stiffness distribution. After defining the problem in the minaret,
it was remodelled considering the existing deteriorations and
cracks to understand the behaviour under future seismic events.

Fig. 16 depicts the possible failure mechanisms of the mina-
ret. Since the cracks are wide and cause significant separation,
they endanger the whole structure and have ability to cause
total collapse. Cracks divided the upper part of the minaret into
several pieces and ended up little or no interaction between
those pieces. There exist six possible failure mechanisms as
shown in the figure:

a) upper structure may be separated from the lower stiff struc-
ture due to the cracks below the east window extending
through the lower part,

b) upper structure may be divided into two separate parts and
collapse accordingly,

¢) the cracks from east window to the top of the west facade
may cause the upper portion to collapse,

d) the body may be teared up due to the vertical cracks at the top,

e) significant cracks at the window opening may cause upper
part to collapse partially and

f) the core and the staircase may behave separately forcing the
body to displace out-of-plane.

In Fig. 16, mode shapes of the structure are also shown from
the top view to see the degree of separation and difference in the
behaviour between the body and the core. Since the body has
diagonal and vertical cracks, each part of the body has different
response resulting either closure or opening of the cracks. It is
seen from all the possible failure mechanisms and mode shapes
that the structure has instability issue and significant drifts are
likely to result in total collapse. Those possible failure mecha-
nisms should be kept in mind while proposing a strengthening
method. On the contrary to the upper part of the structure, no
noticeable cracks or failure is expected at the pulpit and the
brace wall since the elements at these locations still hold the
integrity and have sufficient stiffness.

6 Conclusions

The minaret of Van Ulu Mosque survived after several earth-
quakes in its more than 750 years lifetime. Although survived, it
experienced significant damage and lost its upper part together
with the balcony. The damage and the cracks were observed
to increase after the 2011 Van earthquakes. The cracks were
almost 10 cm wide resulting in a considerable instability.

In order to understand the reason for the diagonal cracks,
six 3D FE models were created first. It was found that since
the door and window openings are not symmetrically placed,
they result in unsymmetrical stiffness distribution leading to
unsymmetrical vibration periods and displacement responses.
The contribution of staircase and the core on stiffness is insig-
nificant but their effect on the mass is considerable.

The pulpit increases the stiffness significantly. Vibration
periods and the displacement response are improved. Although
vibrational periods and displacements consistent with the
earthquake directions are almost the same for the square pulpit
and the square pulpit with a chamfered corner, displacements
in the transverse direction are totally different. In other words,
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the pulpit with chamfered corner experiences transverse dis-
placements which is the sign of torsional behaviour.

Brace wall improves the stiffness resulting in a further
decrease in periods and displacement response. However, since
it is located only at east facade, the behaviour is different in x
and y directions indicating the increase in the torsional behav-
iour. The same observation is also valid in shear stress distribu-
tion. The distribution is consistent with the diagonal cracks on
the cylindrical body. Based on the analyses results, the reason
for the diagonal cracks can be attributed to the unsymmetrical
brace wall and the chamfered pulpit but the effect of brace wall
is more pronounced.

Operational Modal Analysis was performed to determine
the natural vibration periods of the structure and the soil from
ambient vibration recordings. After that the soil was found to
conform to the Z4 soil type (the weakest soil type) defined in
TEC2007 [15] and first vibration period of the minaret was cal-
culated as 0.48 s. The FE model was calibrated according to this
period and modulus of elasticity of the continuum is determined
as 1.8 GPa which is consistent with the experimental results
available in the literature.

After introducing the deteriorations a new model was created
and analysed. It was found that diagonal cracks were likely to
develop under earthquake loading since the drifts were beyond
the maximum resistance limit state. Then a new model with all
of the cracks defined on the structure was built and analysed.
Results revealed that the structure may experience drifts far
beyond the ultimate resistance limit state and it is possible to
see a failure in x direction where diagonal cracks are significant.

Although the structure survived in 2011 Van Earthquakes
it may not have sufficient resistance for the next one. It is rec-
ommended that the structure should be handled immediately
because it is on the verge of total collapse. The structural condi-
tion should be improved such that the signs of earthquake dam-
age are still visible to remind people significance of the earth-
quake. Besides it should be preserved to respect its strength
since it survived in the earthquakes in 2011 even though sev-
eral reinforced concrete buildings collapsed in the region.
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