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Abstract Determining the structural behavior of masonry
structures is a challenge due to their lack of homogeneity.
The seismic behavior of masonry structures is especially com-
plex. The aim of this study was to examine the structural behav-
ior of Zaganos Bastion using both experimental and numerical
methods. The Operational Modal Analysis technique, including
the Enhanced Frequency Domain Decomposition Method, and
the Stochastic Subspace Identification Method were used to il-
lustrate experimentally the dynamic characteristic of the bastion.
A finite element model was developed using ANSYS software in
order that the dynamic characteristics of the bastion, including
natural frequencies and mode shapes, could be calculated numer-
ically. Seismic analysis was carried out using the 1999 Kocaeli
earthquake ground motion record to determine the linear and
nonlinear seismic behavior of the bastion. The Turkish
Earthquake Code and its general technical specifications were
used to evaluate the seismic results. The results show that the
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maximum and minimum principal stresses exerted on the ma-
sonry components exceeded the code requirements at some
points, but in general the requirements for the stresses were
satisfied.

Keywords Historical masonry structures - Bastion - Seismic
earthquake response - Operational modal analysis - Turkish
earthquake code

Introduction

Historical buildings play an important role in the cultural her-
itage of most nations. As works of art they contribute hugely
to the beauty of the built environment and are crucial to many
cities and countries in attracting tourism. For this reason,
many countries have introduced regulations for the conserva-
tion of their historic structures.

Many historic structures were built with stone and mortar
using masonry techniques. Masonry was a common construc-
tion technique in ancient times. Despite consisting of only a
few materials, namely stone, mortar and timber block, it is
often difficult to understand the actual behaviour of masonry
structures. This is because of the non-homogeneity and aniso-
tropic forms of the material properties. Through time, steel
and concrete materials took the place of masonry in construc-
tion. Although many have been lost over the years, large num-
bers of masonry historic structures survived, and some of
them are still in service. However, this part of our cultural
heritage is seriously threatened by both natural and manmade
forces over the course of time [1].

Masonry structures can be exposed to many different
forces such as earthquakes, floods, fires, wars and damage
through vandalism, and also to deterioration in the strength
of construction materials, support settlement, time-dependent
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deformations, and excessive and irregular loading due to
inappropriate use [2]. Masonry structures are highly vul-
nerable to dynamic actions, particularly seismic ones
[3]. This is due to the structure of the masonry which
has low tensile strength, and is primarily designed to
resist compressive stresses. They can be easily damaged
or even destroyed through tensile stresses. Therefore, it
is important that the seismic behavior of masonry struc-
tures is investigated in detail.

Determining the structural behaviour of historical masonry
structures is very difficult due to uncertainties related
to material properties, the complex interaction between
structural elements, and the lack of historical documen-
tation. The Finite Element Method (FEM) was used to
determine numerically the structural behavior of engi-
neering structures. Static, dynamic, linear and non-
linear behavior can be examined using the FEM, but it
may not be sufficient on its own to identify the seismic
behavior of masonry structures because of some diffi-
culties with the model in relation to material character-
istics, boundary conditions, meshing sizes, etc. [4]. In
the light of these difficulties, the FE model should be
verified using experimental methods to determine the
actual behavior of the structures.

There are currently two experimental methods (a)
Experimental Modal Analysis (EMA) and (b) Operational
Modal Analysis (OMA), which are commonly used to
determine the dynamic characteristics of structures. In
EMA, analyses are made with a known excitation force
generated by a shaker, then the structural response mea-
sured. However, in OMA, structures are vibrated by
environmental and operational loads, and then the struc-
tural response is measured. The authors believe that
OMA is more appropriate than EMA for identifying
the dynamic characteristics of historical structures than
EMA because OMA better represents real operational
conditions [5]. OMA is also more appropriate for his-
toric structures, because it is a totally non-destructive
testing method [6].

There are many studies in the literature about historical ma-
sonry structures. Almost every aspect of the subject has been
examined experimentally and numerically. Historical masonry
arch bridges [7-9], towers [10-12], minarets [13, 14], mosques
[15, 16], churches [17-19], chimneys [20] etc. have all been
investigated by different authors. Very rigid structures such as
castles, fortresses and bastions have been investigated in terms
of static and dynamic structural behavior [21-27]. But aside from
these studies, there has not been enough investigation in relation
to OMA, finite element models, and in particular, the seismic
behavior of these structures.

Historical masonry structures reflect the historical texture of
cities. Castles, fortresses and bastions are often the first historical
structures that draw the attention of the visitor to a city. These

SEM

Fig. 1 Pictures of Zaganos Bastion

buildings hold a substantial place in cultural heritage and require
structural investigation and conservation. In the literature they are
often the subject of investigation in terms of static and dynamic
behaviors. However, there are few studies in the literature which
include both numerical and experimental seismic investigation of
castles, fortresses and bastions.

In this paper, the numerical-experimental dynamic charac-
teristics and seismic behavior of an ancient bastion were in-
vestigated. Dynamic characteristics of the bastion were first
obtained by OMA and FEM. The experimental modal parame-
ters were identified using both Enhanced Frequency Domain
Decomposition (EFDD) and Subspace Structural Identification
(SSI) techniques. Then linear and nonlinear seismic analysis was
carried out and the results from the experimental and numerical
methods were examined to determine the structural behavior of
the bastion.

Zaganos Bastion

The castle at Trabzon dates back to ancient times, but first
repairs and expansions were made during the Byzantine peri-
od in the sixth century. After the Byzantines, the Ottomans

Fig. 2 The accelerometer connections
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Fig. 3 Bastion model and accelerometer layout used in the ambient
vibration test

continued to repair and expand the castle until the eighteenth
century, when the castle took on its current form. The centre of
the city and government buildings were located within the
castle in the Byzantine and Ottoman periods.

Fig. 4 SVSDM (a) and AASD

The Zaganos bastion was located in the middle part of the
castle. It was constructed from brown conglomerate stone. The
masonry technique used in the bastion was different from other
parts of the castle. The stones were arranged in a linear line, and
there was no mortar in the wall. The stones were used as bond
and stretcher stones. In the last century, some additional features
such as an elevator, RC floor and cement based mortar were
added which undermined the authenticity of the original struc-
ture. The structural system of the bastion is based on load-bearing
walls, vaults and arches. It is approximately 17 m in height, 15 m
wide and 10 m deep. The thickness of the bastion walls is ap-
proximately 2.55 m from ground to the middle of the bastion,
and 1.25 m from the middle to the top. The bastion has two main
storeys which have vault roofs and they were divided into two
parts with RC floors, thus four storeys were obtained. Some
pictures of the bastion are given in Fig. 1.

Experimental Response of the Bastion

An ambient vibration test was performed on the bastion to
determine its dynamic characteristics such as natural frequen-
cies, mode shapes and damping ratios. In the ambient vibra-
tion test, a B&K 3560 data acquisition system with 17 chan-
nels and B&K 8340-type uni-axial accelerometers with 10 V/
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Fig. 5 The stabilization diagram
(a) and singular values (b) for the

Stabilization Diagram of Estimated State Space Models
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g sensitivity, uni-axial signal cables, PULSE and OMA soft-
ware were used as the test equipment. The frequency range
was selected as 0-15 Hz and eight accelerometers were located
at the top of the bastion in transverse and longitudinal direc-
tions (Fig. 2).

Ambient vibration testing was carried out for 45 min at a
very low level of vibration. The signals obtained from the
accelerometers were accumulated in a Briiel&Kjaer 3560 data
acquisition system and then were transferred into the PULSE
software [28]. After the test, the signals were transmitted to the

Fig. 6 The mode shapes of the Iy
bastion :

Mode 1 (Transverse Mode)

Frequency [Hz]

OMA software [29] for signal processing. Then, modal pa-
rameters were extracted using EFDD and SSI techniques. A
representative model generated in PULSE software for the
bastion and accelerometers layout, along with their directions,
are presented in Fig. 3.

The dynamic characteristics of the bastion were extracted
using both the EFDD and SSI techniques after signal
processing.

Singular values of the spectral density matrices (SVSDM) of
the data set and the average of the auto spectral densities (AASD)

Mode 2 (Longitudinal Mode) Mode 3 (Torsional Mode)
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of the data set obtained by EFDD technique for the bastion are
given in Fig. 4. As shown, the first three natural frequencies are
obtained between the 0 and 15 Hz frequency range.

The dynamic characteristics of the bastion were also iden-
tified using the SSI technique. The stabilization diagram and
singular values for the first three modes are given in Fig. 5. For
signal processing control, maximum state space dimen-
sion to estimate is selected as 80. The automatic model
estimation option was chosen using Unweighted
Principal Component (UPC) estimators with values of
1, 80, and 1 for start, stop and increment, respectively.
The natural frequencies, mode shapes and modal
damping ratios were calculated using the stable values.
The stability of the poles is often evaluated in terms of
the variability of three parameters - frequency, modal
shape and damping ratio - throughout model order var-
iations. As can be seen in Fig. 5, three natural frequen-
cies are also identified between 0 and 15 Hz. Figure 6
illustrates the first three mode shapes. The first one is
transverse mode, the second is longitudinal mode, and
the third is torsional mode.

The modal assurance criterion (MAC) graphics are widely
plotted to determine the correlation between the mode shapes.
The MAC values are defined as a scalar constant relating the
degree of consistency (linearity) between one modal and an-
other reference modal vector [30] as follows:

AR
{0t {0} {0} {04}

where {¢,;}and {¢,}are the modal vectors of ithand jthfor
different techniques, respectively.

(1)

-0
Fig. 7 Modal assurance criterion correlation obtained from experimental
measurement
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Table 1 Modal Parameters of the bastion for EFDD and SSI
Mode  Frequency (Hz) Damping Ratios (%)
EFDD  SSI Diff.(%) EFDD SSI Diff.(%)
4455 4452  0.07 1.3500  1.235 8.52
4.750 4787  0.77 0.7535 2.165 652
3 6.967 7.011 0.63 0.6241 1.110  43.7

The graphics were automatically constituted by OMA
software using Eq. 1. Figure 7 shows the MAC graphics
estimated by using EFDD and SSI techniques for the
three mode shapes. Figure 7 shows that the correlation
between the mode shapes reflected by MAC values
seems very good. The MAC values located on the di-
agonals were obtained as nearly one. This means that there is a
close agreement between results and the EFDD and SSI re-
sults are almost overlapping. The other values (except diago-
nal) were attained as nearly zero.

The experimental dynamic characteristics of the bastion
identified using both EFDD and SSI techniques are compared
in Table 1. The natural frequencies were calculated within
4.455 Hz—6.967 Hz and 4.452 Hz-7.011 Hz respectively for
the EFDD and SSI techniques. In addition, the damping ratios
were identified within 0.6241 %—1.350 % and 1.110-2.165
for EFDD and SSI, respectively. It can be seen that
there is an excellent agreement between the natural fre-
quencies, with a maximum error of 0.77 % in the sec-
ond mode. However, there is no significant agreement
between the damping ratios.

Numerical Analyses

A finite element model of the Zaganos bastion was constituted
with ANSYS software [31]. In the finite element model of the
bastion, SOLID186 solid element was used. This ele-
ment has 20 nodes and three degrees of freedom per
node namely translations in nodal x, y and z directions.
The element has the capability of plasticity, elasticity,
creep, stress stiffening, large deflection, and large
strains. In addition, the element has tetrahedral, pyramid
or prism options for meshing, and these options provide
easy meshing for models [31]. A schematic picture of
SOLID186 is given in Fig. 8. Building survey drawings
of the bastion used in the FE modeling are given in
Fig. 9.

The finite element model of the bastion includes 105,848
nodes and 67,289 solid elements. The supports of the bastion
are assumed to be fixed in the model. The finite element mod-
el of the bastion is shown in Fig. 10.
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Fig. 8 SOLID186 element

Four different structural element components exist in the
FE model of the bastion, namely masonry walls, masonry
arches and vault, reinforced concrete (RC) floors, and steel
columns. There has been no experimental study with regard
to the material characteristic of the bastion. The material char-
acteristics are taken to be similar to those available in the
literature. In the literature, different material properties are
used for masonry structures [12, 32-34]. In can be seen that
the modulus of elasticity is in the range from 1.5E9N/m? to
5.0E9N/m? and the density in the range from 1600 kg/m® to
2200 kg/m>. Therefore, the material properties of masonry
elements given in Table 2 are selected from between these
ranges.

Results of the FE analyses for the bastion are evaluated ac-
cording to the Turkish Earthquake Code, Chapter 5.3 (compres-
sion safety stress of walls where free compression stress is un-
known) [35].

The compression safety stress is selected as 0.3 MPa from
the code for masonry walls in which free compression stress is
unknown. This value defines stone walls which are bonded
with lime mortar supported with cement. In the time
history analysis, there is no reduction factor for the
earthquake load, therefore the safety stresses are magni-
fied by 3 in the calculations.
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The compression safety stress value for the stone material
is calculated as;

f,=03%3

=0.9MPa  (Stone,used in walls, arches and vaults)

The tension safety stresses can be taken as 15 % of the
compression safety stresses [36, 37], thus,

£y =0.9%0.15

= 0.135MPa  (Stone, used in walls, arches and vaults)

Safety stresses for the materials used in the Zaganos
Bastion are given in Table 3. These are bottom limits for the
masonry material in the code and allowable stress design takes
account of the safety strengths.

Modal Analysis

The dynamic characteristics of the bastion were extracted from
the FE modal analysis. The first three frequencies were obtained
as 5.9467 Hz, 6.5856 Hz and 9.4640 Hz, respectively. Mode
shapes of the bastion appear as transverse, longitudinal and tor-
sional modes, respectively. The frequency values and corre-
sponding mode shapes are shown in Fig. 11. A contour plots
refer to modal displacements. Experimental and analytical modal
displacements were used to obtain the MAC values.
Experimental and numerical natural frequencies are given in
Table 4. The maximum difference between the frequencies was
obtained as 26 %.

Time-History Seismic Analyses

Linear Time-History Seismic Analysis

The structural behavior of the bastion was examined under
seismic load using time-history analysis. The horizontal com-

ponent (KOCAELI_DZC270) of the 1999 Kocaeli earthquake
obtained from Duzce station was selected for the analyses
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Fig.10 Views and sections of the
finite element model of the
bastion

[38]. The time-histories of the record with 0.364 g peak
ground acceleration is given in Fig. 12. Only the time between
5 and-10 s of the earthquake motion, which is the most effec-
tive duration, was taken into account. This was because of the
computational demand of this method and because it was less
time consuming.

After the experimental and analytical calculations, it can be
seen that the first and second modes are obtained on the x
(transverse) and y (longitudinal) directions with similar fre-
quency values, respectively. So, it can be said that the bastion
has the same lateral stiffness in both directions. In the seismic
analysis, one component of acceleration (KOCAELI _DZC270)
was considered and applied to the bastion at first mode direction
(x-transverse direction) to obtain the most unfavorable
condition.

The maximum displacement contour diagram for the bas-
tion is given in Fig. 13. The maximum displacement occurs at

Table 2 Linear material properties of the bastion used in the FE
analyses

Elements Material properties
Modulus of Poisson Density
Elasticity Ratio (—) (kg/m3)
(N/m?)
Masonry walls 2.4E9 02 2200
Masonry Arches and vault ~ 4.0E9 02 2200
RC floors 2.5E10 0.2 2500
Steel column 2.0E11 0.3 7856
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the upper part of the bastion with a value of 7.8 mm.
Also, the displacements decrease towards the lower part
of the bastion.

The stress results of the bastion are given as principal
stresses. According to the stress results, it is possible that some
failure and cracks will occur at the maximum stress points if
the stresses reach the material strength, but the cracks cannot
be seen in the linear analysis. The maximum and minimum
principal stresses contour diagram of the bastion is given in
Fig. 14. The maximum principal stress occurs on the RC floor
locally with a value of 4.56 MPa. However, this value does not
reflect the actual behavior of the bastion because the RC floor
is not a main component of the bastion. The maximum prin-
cipal stress found for the masonry components was 2.63 MPa
and this occurred only at a localized point of the arch. Except
for this localized stress, the maximum principal stresses were
generally obtained as 0.93 MPa on the bastion. The minimum
principal stress occurred on the RC floor locally with a value
of 6.04 MPa. Also, the minimum principal stress occurring on
the masonry components was 5.0 MPa. The main structural

Table 3  Safety strength of materials
Materials Material properties
Compression Tension
safety safety
stress (MPa) stress (MPa)
Stone wall and arches 0.90 0.135




252 Exp Mech (2017) 57:245-259

ﬁﬁ;’f © First Mode Transverse (=5.9467Hz)

S owwm oW

[mm]
S ===
0 014 029 043 057 072 08 100 115 129

Second Mode Longitudinal (/~6.5856H%)
=

G 0 e—
0 0.17 035 053 0.71 089 1.06 124 142 159

Third Mode Torsion (/~9.4640H7)

0 0.16 032 049 0.65

Fig. 11 First three mode shapes and frequencies

SEM



Exp Mech (2017) 57:245-259

253

Table 4 Experimental

and numerical natural Mode Frequency (Hz)
frequencies
EFDD SSI Numerical
4455 4452 5.945
2 4.750 4.787 6.585
3 6.967 7.011 9.464

elements of the bastion showed a value of 0.90 MPa for com-
pressive stress.

The maximum principal strain occurred at a point between
the masonry arch and elevator wall. Maximum principal strain
was obtained as 10.59E-4. The minimum principal strain oc-
curred at the intersection of the masonry arch and the RC floor
with a value of 19.47E-4. Also, the value of 8.60E-4 for min-
imum principal strain is obtained between the side rampart
and the bastion area.

Results show that, structural components such as the ele-
vator wall, RC floor and steel columns, which were added to
the original structure at a later date, affect the structural be-
havior of the bastion. The maximum results were obtained for
these elements. However, these results do not reflect the be-
havior of the entire structure. The main components of the
bastion are the masonry walls, arches and vaults. These
showed lower stress and strain values than the elements added
later. Therefore, the maximum results obtained from the main
component of the bastion are considered in the overall evalu-
ation of structural behavior. The time history of displacement
graphic is shown in Fig. 15.

Figure 16 gives a comparison of the maximum and mini-
mum principal stress results which occurred at certain local-
ized points of the bastion, the general stress results ob-
tained for the masonry components of the bastion, and
the code requirement. The maximum and minimum
principal stresses which occurred between the element
joints are higher than those for the code requirements.
These are 0.9 MPa and 0.135 MPa for the minimum
and maximum principal safety stresses, respectively.
The minimum principal stresses obtained for the mason-
ry components were generally lower than the code
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Fig. 12 The acceleration record of the Kocaeli (1999) earthquake hori-
zontal component

requirements. However, maximum principal stresses
exceeded the code requirements at several points.

The maximum local and non-structural stresses can
only be obtained from the finite element analysis, due
to such factors as irregular geometric shapes, and tran-
sition segments between different elements and strains.
However these stress points are crucial if they occur at
important points of the structure, such as on arches or
vaults. Masonry structures are particularly vulnerable to
maximum principal stresses but they can also carry high
compressive stresses through the arches and vaults.
Therefore the maximum principal stresses which oc-
curred on the arches and vaults may be significant and
must be given serious consideration.

Nonlinear Time-History Seismic Analysis

After the linear seismic investigation, a nonlinear anal-
ysis was performed to complete the detailed examina-
tion of the bastion. The SOLID65 eclement type was
used for the nonlinear analyses. This element has the
capability of cracking (in three orthogonal directions),
crushing, plastic deformation, and creep. The most im-
portant feature of this element is the treatment of non-
linear material properties [31]. In the study, nonlinear
behavior is defined by the Drucker-Prager (DP) criterion
with associated flow rule. Also, it is assumed that the
failure surface is the Willam-Warnke (WW) surface.
Nonlinear inputs were taken from the literature [39]
and given in Table 5. The seismic acceleration record
considered during the linear time-history analysis was
defined for nonlinear analysis.

The Drucker-Prager yield surface was defined by two
parameters; cohesion (c) and internal friction angle ().
Also the Willam-Warnke failure surface was defined by
two material constants; the uniaxial compressive
strength f. and the uniaxial tensile strength f;, of the
masonry [40].

The maximum displacements contour diagram obtain-
ed from the nonlinear seismic analysis is given in
Fig. 17. The maximum displacement occurred at the
upper part of the bastion, with a value of 35.7 mm.
The displacements decreased towards the supports of
the bastion.

The stress results of the bastion are given as principal
stresses. According to the stress results, it is possible for some
failure and cracks to occur at the maximum stress points if the
stresses reach the material strength. The cracks can also be
seen in the nonlinear analysis. In Fig. 18, the maximum and
minimum principal stresses are presented. The maximum
principal stress was obtained on the RC floor, with a value
of 2.26 MPa. The stresses which occurred on the arches did
not exceed the value of 0.49 MPa. Other than these points,
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Fig. 13 Contour diagrams of the
maximum displacements of the
bastion from seismic analysis

0 08

maximum principal stress did not exceed the value of
0.49 MPa at the bastion. The minimum principal stresses oc-
curred on the RC floor with a value of 4.81 MPa.
Stress points were found between the arch and elevator
with a value of 1.55 MPa. Apart from this, minimum
principal stresses did not exceed the value of 1.01 MPa
at the other arches. The minimum principal stresses
were not found to exceed the value of 1.01 MPa any-
where else in the bastion.

The maximum principal strains occurred between the arch
and the RC floor, the side rampart-bastion and near the
gate with a value of 15.74E-3. These results do not
exceed the value of 6.99E-3 on the other parts of the
bastion. The minimum principal strains occurred on the
arches with a value of 2.53E-3. Apart from this point,
the strains did not exceed the value of 0.54E-3. The
side rampart and lower parts of the bastion show a
strain value of almost 0.54E-3.

SEM

LERR =S

[mm]
S .
26 34 43 52 6.0 6.9 78

The cracking distributions of the bastion are given in
Fig. 19. Only cracking signs were observed. As shown in
Fig. 19, the cracks occurred generally in the lower part of
the bastion. Some damaged and cracked sections were also
detected near the windows and gate, side rampart, RC floors,
arches and vaults.

Comparison of Linear and Nonlinear Seismic Analyses
Results

Linear and nonlinear seismic analyses results, such as
maximum displacements, and maximum and minimum
principal stresses and strains, are compared in Table 6.
It can be seen that the displacements, maximum and
minimum principal strains increase significantly in the
nonlinear analysis. The maximum and minimum princi-
pal stresses obtained from the linear analysis are greater
than those from the nonlinear analysis.
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Fig. 14 Contour diagrams of the
maximum and minimum
principal stresses of the bastion
from seismic analysis
[MPa]
-0.88 -0.28 0.32 0.93 153 214 274 335 396 456
a) Maximum principal stresses
[MPa]
604 -532 -4.61 -3.89 -3.17 -245 -1.74 -1.02 -030 041

Conclusions

This paper presents findings from the FE modeling, modal
testing and seismic behavior of Zaganos Bastion in Trabzon,
Turkey. The dynamic characteristics of the bastion were

8
E 6 —— Maximum=7.8 mm
S 24
50
-2 1
8 41

-6 T T T T

0 1 2 3 4 5

Time (s)

Fig. 15 Time-history lateral displacement graphic of the bastion

b) Minimum principal stresses

determined numerically and experimentally. In the experimen-
tal measurements, EFDD and SSI modal parameter identifica-
tion methods were employed to extract the dynamic

3
2 Minumum Principal Safety Stress
Maximum Principal Safety Stress
~ 14
g MASNA
E 0 \
‘; -1 - \ A \ \ i
5
g P WUV
g ----------- Maximum Principal Stress
B . General Maximum Principal Stress
B Minumum Principal Stress
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Fig. 16 Time-history stresses compared to the code restrictions
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Table 5  Yield criterion and failure surface setting

Drucker-Prager criterion Willam and Warnke surface
c 90,000 N/m’ f, 8,000,000 N/m?
n 38 f, 150000N/m>
0] 15 Be 0.75
By 0.15
¢ = Cohesion f. = Uniaxial compressive strength
u = Dilatancy angle f;. = Uniaxial tensile strength
¢ = Internal friction angle . = Shear transfer coeff. Close cracks

3¢ = Shear transfer coeff. Open cracks

characteristics experimentally. Linear and nonlinear time-
history seismic analyses were carried out based on the
Kocaeli 1999 earthquake record. The stress results of the seis-
mic analyses were compared with the Turkish Earthquake
Code requirements. The following conclusions are drawn

from the study:

Experimental and Numerical Modal Analyses

* The first three experimental frequencies were obtained

between 4 and 7 Hz.

Fig. 17 Contour diagrams of the
maximum displacements from
nonlinear seismic analysis

* The first three numerical frequencies were obtained be-
tween 5 and 10 Hz.

» Experimental and numerical mode shapes of the bastion
were obtained as transverse, longitudinal and torsional
modes.

*  Maximum difference between the experimental and nu-
merical frequencies was obtained as 26 %. However, the
numerical and experimental mode shapes were the same.

Linear Analysis Results

*  Maximum displacement was obtained as 7.8 mm at the
upper part of the bastion.

¢  Maximum and minimum principal stresses occurred
on the later additions to the main structure. The
maximum and minimum principal stresses which oc-
curred on these elements were 4.56 MPa and
6.04 MPa, respectively.

*  Maximum and minimum principal stresses on the ele-
ment’s joints were calculated as 2.63 MPa and 5.0 MPa,
respectively. These points occurred only on small local-
ized areas.




The maximum and minimum principal stresses in the
main structural elements of the bastion were obtained as
0.93 MPa and 0.90 MPa, respectively.

The maximum and minimum principal strains were ob-
tained as 10.59E-4 and 19.47E-4, respectively.

The minimum principal stresses on the bastion were gen-
erally lower than the code requirements. However, the
maximum principal stresses exceeded the code require-
ments at some points.

Nonlinear Analysis Results

The maximum displacement was obtained as 35.7 mm at
the upper part of the bastion.
Maximum principal stress occurred on the RC floor, with
a value of 2.26 MPa. The rest of the bastion had a maxi-
mum 0.49 MPa stress value.
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Fig. 18 Contour diagrams of the
maximum and minimum
principal stresses from nonlinear
seismic analysis
[MPa]
—
-0.39 -0.09 020 049 0.79 1.08 138 1.67 197 226
a) Maximum principal stresses
[MPa]
- e — —
481 427 -3.72 -3.18 -264 -2.09 -1.55 -1.01 -0.46 0.08

b) Minimum principal stresses

Minimum principal stress occurred on the RC floor with a
value of 4.81 MPa. Apart from this localized point, these
stresses did not exceed the value of 1.01 MPa.
Maximum and minimum principal strains were obtained
as 15.74E-3 and 2.53E-3, respectively. The maximum and
minimum principal strains occurred between the elements.
Cracks occurred generally at the lower part of the
bastion. These were found mostly near window
spaces and gates, side ramparts, RC floors, arches
and vaults. The locations of these cracks are related
to the direction of seismic loading. If the loading
was applied in a longitudinal direction, the cracks
would appear at different points.

As expected, the trend is for the displacements and strains
to increase significantly with the nonlinear analysis. Also,
the nonlinear stress results were lower than for the linear
analysis. The nonlinear seismic results were substantially
different from the linear analysis.

SEM
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Fig. 19 Crack distributions obtained from the nonlinear seismic analysis

The bastion was originally built with arches, vaults and
walls designed to resist load. However, in the last century
some additional elements were added, such as an elevator,
RC floors and steel columns, and these affected the structural
behavior of the bastion substantially. As the results show, most
of the stresses occurred on localized points between those
elements. There is not any regular stress distribution on these
elements of the structure because of the additions. This situa-
tion causes a general weakening in the seismic behavior of the

Table 6 Comparison of the linear and nonlinear seismic analyses
results

Parameters Updated model-seismic analyses
Linear Nonlinear  Diff'(%)
Maximum displacement(mm) 7.8 35.7 +357
Maximum principal stress (MPa)  4.56 2.26 -50
Minimum principal stress (MPa) ~ 6.04 4.81 -20
Maximum principal strains 10.59E-4  15.74E-3 +1386
Minimum principal strains 19.47E-4  2.53E-3 +30

SEM

bastion. Therefore this case clearly illustrates the importance
of taking these factors into consideration in the restoration of
historic masonry structures.

Historic masonry structures are an important part of our
cultural heritage, and must be protected against destructive
effects such as seismic actions. Determining the seismic be-
havior of these structures is quite difficult, especially using
experimental methods. Therefore, FE analyses are used to
determine seismic behaviors. Because of the unpredictable
nature of factors such as material characteristics, boundary
conditions and meshing in FE modeling, a true representation
of the actual behavior of the structure under real conditions
may not be achievable. Therefore, FE models should be up-
dated using experimental testing methods such as the ambient
vibration test. It is intended that, in this case, a future study
will provide an updated FE model of the bastion using ambi-
ent vibration testing.
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