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Abstract

The goal of this study is to investigate the behavior and failure mechanism of historical Irgandi Bridge located in Bursa City under
earthquake loads by using linear and nonlinear dynamic analysis. Dynamic characteristics of the bridge is investigated by using in-situ
Operational Modal Analysis (OMA) tests. The finite element model is updated according to the OMA tests. Three different artificial
earthquake records from weak to very strong are applied to the model for understanding the damage zones and the failure mechanism
of the historical bridge. The results show that the bridge does not reach the failure mechanism under weak earthquakes for nonlinear
dynamic analysis. However, under strong earthquake even if damage zones are occurred and the stiffness of the bridge is decreased,
there is no failure mechanism observed according to the nonlinear dynamic analyses. Under very strong earthquake loads the
bridge reaches the failure mechanism according to the nonlinear dynamic analysis. As the earthquake level increases, the difference

between linear and nonlinear dynamic analysis results increases due to structural damages. In addition, considering the soil-structure

interactions, it is concluded that the dynamic characteristics could be reflected more accurately.
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1 Introduction

Historical structures allow people to understand the
development of past civilizations and the sites in which
they lived and supply an apparent connection to the past.
Moreover, they supply a visible connection to the past and
may represent a significant era or a milestone in the his-
tory or particular style of architecture. For all these rea-
sons, the preservation of historical structures with cultural
heritage value is a prominent concern in advanced societ-
ies. It is necessary to determine their structural behaviors,
and accordingly develop suggestions for strengthening
and restoration to preserve the historical structures.

The notion of conservation is also on the agenda lately
in Turkey, which hosts ancient ruins and historical struc-
tures from the Byzantine, Ottoman and Seljuk periods.
Nineteen UNESCO world heritage sites belonging to dif-
ferent periods are located in Turkey historical bridges
which were built due to the geographical location of Turkey

constitute an important part of the heritage. 80 bridges from
the Roman period, 10 from the Byzantine period, 133 from
the Seljuk period and 1059 from the Ottoman period are
known to have been built in Turkey [1].

Historical Bridges have a vulnerable structure that can
be easily damaged due to natural risks, manmade effects
and deterioration caused by use [2]. For this reason, in order
to conserve historical bridges, it is necessary to calculate
bearing capacities, assess the response to the natural risks
(such as earthquake, flooding) and take safety precautions.

Although the assessment of bearing capacity of his-
toric bridges is traditionally based on simple observations
supported by non-destructive methods. Non-destructive
methods are generally used to determine the mechanical
properties of materials in order not to damage historical
structures [3—4]. There are also experimental or quasi-
experimental evaluations based on destructive methods of
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samples taken from structures and site tests in recent years.
There are many studies that evaluate the structural behav-
ior of historical structures, either numerically, experimen-
tally, or updating of numerical models according to exper-
imental tests. Dynamic characteristics of structures can be
obtained more realistically from numerical models cali-
brated by experimental tests [5].

Linear or nonlinear dynamic analysis are performed to
establish more realistic seismic behavior of the bridges by
creating numerical models [6—10]. In order to examine the
earthquake performance of the bridges, dynamic behav-
ior is determined by using different calibration methods in
many studies and numerical models are calibrated accord-
ing to this behavior [11-14]. The seismic performance of
the updated models is investigated. In some studies, mate-
rial tests are carried out to update the numerical model
and then the earthquake performance of the structure is
determined [15].

It is of great importance to evaluate the structural per-
formance of the Irgandi Bridge, one of the few bridges in
the world with shops on it, so that it could be conserved
and passed on to future generations. In this regard, resto-
ration and reconstruction projects of the Irgandi Bridge
were prepared and implemented under the leadership of
Eyiipgiller et al. [16]. In addition, linear dynamic analy-
sis of the idealized model was created to determine the
seismic performance of the Irgandi Bridge by Sakcali
et al. [17]. In this study, the finite element model of the
Irgandi Bridge is created considering soil-structure inter-
action and the finite element model is updated by deter-
mining its dynamic behavior by using OMA (Operational
Modal Analysis) [18] method. The linear and nonlinear
dynamic analysis of the updated finite element model is
performed under three different levels of artificial earth-
quake recording. As a result, the differences between lin-
ear and nonlinear dynamic analysis according to different
earthquake levels are compared and the damage zone and
potential failure mechanism are established as outcome of
nonlinear dynamic analysis.

2 Material and method

2.1 Irgandi Bridge and finite element method

The Irgandi Bridge, spans over the Gokdere River in the
city of Bursa in Turkey, was built as stone masonry in
1442 during the early period of Ottoman Empire. Irgandi
Bridge is one of the few bridges in the world with shops on
it (The other bridges with shops are Ponte Vecchio Bridge
in Florence in Italy, Ponte di Rialto Bridge in Venice in

Sakcali et al.
Period. Polytech. Civ. Eng., 66(4), pp. 1248-1261, 2022 | II 249

Italy, Osam Bridge in Lovech in Bulgaria). Until the 1855
Bursa Earthquake, there was a shopping precinct on the
Irgandi Bridge, which was made of stone masonry and
covered with a gable roof (Fig. 1(a)). The masonry pre-
cinct, which was probably seriously damaged in the 1855
earthquake, was completely removed and replaced with
an open bazaar consisting of wooden shops on both two
sides [19] (Fig. 1(b)) [20, 21].

The bridge and the shops on it were destroyed during the
Turkish War of Independence in 1922. Without the shops on
it, only the bridge structure was rebuilt using massive con-
crete in the arch; limestone and lime mortar in the spandrel
walls in 1949 (Fig. 2(a)). In 2004, the bridge was restored
to its state in the second half of the 19% century and the
shops on it were rebuilt as wooden (Fig. 2(b)) [16, 22, 23].

The Irgandi Bridge is about 62 m long and 10.7 m wide,
consists of one main arch with 7.37 m height and 15.05 m
span, spandrel walls and backfill material. The thickness
of massive concrete arch is 0.99 m at the crown (Fig. 3).
The structure of the arch was made of massive concrete,
while the spandrel walls were built with limestone and
lime mortar. The shops on the bridge were constructed by
using Scotch Pine.

Different modelling techniques have used to predict
the seismic performance of masonry structures since the
1970s. In the early 1970s, 1D (one-dimensional) modelling
method was used; but it was concluded that this modelling
method did not demonstrate accurate stress distribution
after cracking the masonry structures [24]. In the follow-

ing years, 2D (two-dimensional) modelling approach was

(@) (b)
Fig. 1 Irgandi Bridge (a) before [20] and (b) after [21] the 1855 Bursa
Earthquake

@ (b
Fig. 2 Irgandi Bridge in (a) 1950s [22] and (b) Current state of the
Bridge [23]
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Fig. 3 Facade of Irgandi Bridge (a) Downstream fagade,
(b) Upstream fagade

began to use, but realistic results in predicting the fail-
ure mechanism in asymmetrical bridges and arches were
not obtained with this modelling method [25]. Finally, 3D
(three-dimensional) modelling approach has been adopted
as a more realistic modelling method. For this reason, 3D
modelling technique was used in this study, in which the
failure mechanism can be predicted more accurately.
Three different modeling methods are used in model-
ing masonry structures, namely detailed micro, simpli-
fied micro and macro modeling techniques (Fig. 4) [10, 17,
26-29]. In micro modeling technique, mortar material and
masonry elements (stone or brick material) are modeled
separately (Fig. 4(a)). In simplified micro-modelling, the
dimensions of the masonry elements are expanded by half
the thickness of the mortar material (Fig. 4(b)). Modeling
is performed by defining specific contacts to the inter-
face formed between the extended masonry elements [27].

Mortar Masonry Element Masonry Element
Interface of

Masonry Element/Mortar Interface

Composite
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@

(b)
Fig. 4 Modelling methods for masonry structures (a) Detailed micro,
(b) Simplified micro, (c) Macro [10, 17, 26-29]

©

Although detailed micro and simplified micro modeling
techniques are useful and highly accurate in small-scale
wall elements, they cause incorrect modeling and requires
large computational capability and time in large-scale
structures. In large-scale structures, when the mechani-
cal properties and boundary conditions of materials are
correctly defined, accurate results could be obtained with
the macro model as close as the micro model [28]. In this
context, macro modeling method is preferred to model the
Irgandi Bridge in this study (Fig. 4(c)).

Facade views and shop sections of the Irgandi Bridge are
shown in Fig. 3 and Fig. 5, respectively. The finite element
model of the bridge is created using the ANSYS v15 [30]
software. In the finite element model, the arch and vaults
as first element, the spandrel walls as second element and
the backfill and soil as third element of the bridge are mod-
elled separately (Fig. 6). The bridge model is created by
connecting these three different elements with bonded con-
tact. The shops on the bridge are not created in the finite
element model; the load of the shops is acted on the model
using the distributed mass approach. Solid 65 is utilized
as element type in the ANSYS software for the 3D finite
element model and analyses of the bridge. The element is
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Fig. 5 Section of wooden shops on Irgandi Bridge [16, 17]
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Fig. 6 Main arch, vaults, spandrel walls and backfill of Irgandi Bridge

defined by 8 nodes having three degrees of freedom per
node. In the finite element mesh, 89969 nodal points and
86057 solid elements are used.

2.2 Material properties

The Irgandi Bridge was consisted of a single arch and vaults
made up of massive concrete, spandrel walls made up of
limestone and lime mortar, backfill and soil. The compres-
sive strength of concrete is taken as 33.5 MPa as mean of core
samples were taken from the arch structure of Irgandi Bridge
as part of the restoration conducted by Bursa Metropolitan
Municipality in 2003 (Table 1) [17]. The Young's modulus
and tensile strength of the massive concrete in the model are
calculated using Eqgs. (1)—(2), respectively [31]. In addition,
density and Poisson's ratio of the massive concrete is taken
as 2300 kg/m? and 0.2, respectively.

E, =4750.[f. , 1)
£ =0.63/f. )

where E_ refers to Young's modulus of concrete, f, refers
to compressive strength of concrete, f refers to tensile
strength of concrete.

Since it is not possible to take samples from the histor-
ical bridge for the mechanical properties of limestone and
lime mortar materials, the values frequently used in the
literature have been taken into account. The compressive
strengths of limestone and lime mortar are taken as 45 MPa
and 1.24 MPa, respectively [32]. In order for these material
properties to be used in macro modelling method, the mate-
rials are homogenized using Egs. (3)—(6) [33]. In the study,
the tensile strength of the homogenized masonry element is
used as 10% of the compressive strength [15, 34]. The vol-
umetric ratio of the masonry element and the mortar are
taken as 90% and 10%, respectively. The mechanical prop-
erties of the homogenized material considered within the
scope of the study are presented in Table 2.
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where f refers to the compressive strength, E refers to
Young's modulus, Y refers to the density, V refers to the
volume, v refers to Poisson's ratio. Additionally, the sub-
script mas refers to the homogenized masonry structure, the
subscript b refers to brick or stone, the subscript m refers to
the mortar.

In order to take into account, the nonlinear material
properties of both masonry elements and massive concrete,
the three-parameter yield criterion developed by Willam
and Warnke [35] is used. The yield criterion could take into
account both cracks and crushing that occur in the mate-
rial under multiaxial stress state. In the yield criterion, the
yield surface is defined using principal stresses and five dif-
ferent parameters. In the elements exceeding the yield sur-
face, cracks occur due to tensile stress or crushing due to
compressive stress. Shear transfer coefficients for open and
closed cracks must be defined to determine the yield sur-
face. The shear stress transfer coefficients are considered
as 0.2 and 0.8 for massive concrete, respectively [36-38]
and the coefficients are considered 0.01 both open and
close cracks for masonry elements [28, 39]. The reason
why shear stress transfer coefficients are chosen as 0.01
in the masonry element is to ensure stability in the model.

Table 1 Core samples of the arch

Sample No Compressive Strength (MPa)
1 34.0
2 40.0
3 239
4 40.2
5 35.8
6 31.8
7 27.8
8 34.5
Mean Value 335

Table 2 Material properties of spandrel walls

Element of Density Poisson's Young's Compressive
structure (kg/m?) ratio modulus Strength

(MPa) (MPa)
Spandrel 2510 0.29 7518 7.52
walls
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Values in the literature is used for backfill and soil material
mechanical properties, given in Table 3 [15, 40]. In addi-
tion, Drucker-Prager material model is used for backfill
material and soil.

2.3 Operational modal analysis (OMA)

Operational Modal Analysis (OMA) test method is used to
obtain the dynamic parameters of the structures. Natural
vibration frequencies, damping ratios and mode shapes
can be find out by using this non-destructive test method.

The dynamic parameters of structures from output-only
experimental data can be find in this technique. The loads
are environmental forces and the modal identification based
on responses only. 2400 mV/g highly sensitive accelerome-
ters are used in tests. Monoaxial accelerometers which have
0.01-200 Hz bandwidths and +3 g measurements range are
used in this study. Testbox 2010 data acquisition device
which has 8 channels is used in dynamic tests [18].

For the accuracy of tests, 30-minute test periods are
applied. Accelerometers are placed in the direction of river
flow and vertical direction on the bridge. Orientation of
sensors and the test setup are presented on the plan layout
and the section view of Irgandi Bridge in Fig. 7.

The sensor orientations are carefully checked and fixed
on the ground of the bridge at river flow and vertical direc-
tions in front of the timber houses (Fig. 8). The natural fre-
quencies, mode shapes and damping ratios of the bridge

Table 3 Material properties of backfill and soil

Element of Density  Poisson's Young's Cohesion Friction
structure (kg/m?) ratio modulus (MPa) angle
(MPa) (0)
Backﬁ.II 1800 0.20 500 0.05 2
and soil
1stmode (y)

dB |(1g)2/ Hz

Frequency (Hz.)
(@

are identified by using Frequency Domain Decomposition
(FDD) and Peak Picking (PP) methods. After the test
setup results are examined, it is observed that the first
frequencies occurred in river flow direction at 11.91 Hz.
In addition, the first frequency in the vertical direction is
determined as 18.97 Hz. The singular values of the spec-
tral densities for the first modes in river flow and vertical
direction can be seen in Fig. 9. It is determined that the
damping ratio in the flow direction and vertical direction
is 7.67% and 4.68%, respectively.
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Fig. 7 The sensor orientations (a) Plan layout, (b) Section view
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Fig. 8 Vibration tests (a) Sensor placements on the bridge (b) Direction
of sensors
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Fig. 9 The singular values of the spectral densities (a) 13 mode in flow direction (b) 18 mode in vertical direction



2.4 Finite element model updating

Different damages may occur in long-term lifespan of
masonry structures. This situation causes difficulties in
accurately transferring the dynamic behavior of masonry
structures to the finite element model. It is necessary to
update the numerical model to minimize the differences
between the experimental tests and the numerical model.

Manual and automatic updating approaches are used
in the validation of masonry structures [41]. In this study,
manual updating method is used. Manual updating is
based on validating the numerical model by trial-and-er-
ror method depending on the support condition, material
properties and geometry of the structure. If the difference
between the experimental model and the numerical model
is less than 5% as result of the update, it is assumed that
the dynamic characteristics of the numerical model are
accurately demonstrated (Fig. 10).

In this context, the idealized model of the Irgandi Bridge
by Sakcali et al. [17] and the mode results obtained as result
of OMA are compared (Table 4). While the frequency
values of the first mode and the sixth mode obtained as
a result of OMA are 11.91 Hz and 18.97 Hz, respectively,
these values in the idealized model are determined to be
25.4% and 36.1% higher, respectively.

For this reason, the model is created that considers the
soil-structure interaction instead of the idealized model.
In addition, the stiffness of the spandrel walls affects the
structural characteristic of the bridge [42, 43]. So, the geom-
etry of the spandrel walls is remodeled instead of idealized
spandrel walls. The created model is updated depending on

Finite Element
Model

A

Numerical Dynamic
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Table 4 Updating of the numerical model

First bending mode
for direction parallel
to the river flow
(Mode 1)

First vertical
asymmetric mode
(Mode 6)

Behavior
(Mode number)

Operational Modal
Analysis (OMA)

Model Considering
Soil-Structure
Interaction

11.94 Hz

19.02 Hz

the OMA results. It is determined that there is a 0.26% dif-
ference in the first mode and sixth mode frequency values
of the updated model and OMA. In this context, it is deter-
mined that the results of experimental tests and the model,
in which the soil-structure interaction is taken into account,
are very compatible (Table 4). The reasons for considering
the soil-structure interaction model are that the vaults and
spandrel walls of the bridge lay directly on the ground, as
well as the variable geometries of the spandrel walls cause
convergence problems in the model.

In the study, it is established that the effective mass par-
ticipation of the first 25 modes of the finite element model,
whose soil-structure interaction is taken into account, is
95%. Moreover, it is determined that these modes change
in the range of 11.94-28.47 Hz. 5% damping ratio is taken

Operational Modal
Analysis (OMA)

Characteristics l Characteristics
Max YES UPDATED
> Differences %5 — |FINITE ELEMENT
MODEL

Selection of Uncertain
Parameters

]

Change the Parameters
by Trial and Error

Fig. 10 FEM manual updating procedure
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in the study considering the damping ratios obtained from
the experimental tests are in the range of 7.67-4.68%.
Rayleigh Damping Coefficient is used to consider the
dynamic energy loss and different modes in the model.
Mass (Eq. (7)) and stiffness (Eq. (8)) matrix multipli-
ers [44] are calculated as 5.284 and 0.000394, respectively,
and used in the study.

@, .0,

a= 25 min_-max , (7)
wmin + a)max
2
p=—2 ®)
Comin + wmax

where a is the factor of mass proportional damping, S is
the factor of stiffness proportional damping, ¢ is damping
ratio, o, .

in,ma

. are the angular frequency values.

2.5 Artificial earthquake records
Two artificial earthquake records perpendicular to each
other are created for three different earthquake levels (DD-
1, DD-2, DD-3) for the dynamic analysis of the Irgandi
Bridge [45]. According to BECT-2018 [46] DD-1, DD-2
and DD-3 earthquake levels denotes respectively very
rare earthquake with a recurrence period of 2475 years
(2% probability of exceedance in 50 years), rare earth-
quakes with a recurrence period of 475 years (10% proba-
bility of exceedance in 50 years) and frequent earthquake
with a recurrence period of 72 years (50% probability of
exceedance in 50 years). It has been determined that the
soil on which the bridge sits is poorly weathered, medium
solid rock class (Local Soil Classification: ZB) [46].
Depending on these parameters, elastic spectrum accel-
eration graphs for three different earthquake levels of the
region are presented in Fig. 11. The PGA (Peak Ground
Acceleration) values for the three earthquake levels are

1.60 f ——DD-1 Earthquake Level
i = =DD-2 Earthquake Level
~~~~ DD-3 Earthquake Level

-
-
S - o

0.00 h
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
Period (sec.)

Fig. 11 Elastic spectrum acceleration graphs of DD-1, DD-2 and DD-3
earthquake levels

0.664 g, 0.356 g and 0.138 g, respectively. Artificial accel-
eration-time graph performed in the direction of flow
and perpendicular to the flow direction are presented in
Fig 12. The acceleration records are obtained by using
SeismoArtif software [47]. While creating the artificial
earthquake record, it is considered that it should not be less
than 5 times the first natural vibration period of the struc-
ture and not shorter than 15 seconds [48]. In this study,
Saragoni and Hart Function is used to obtain the acceler-
ation records, and the total earthquake recording time is
chosen as 20 seconds [49].

3 Results and discussion

3.1 Comparative analysis of linear and nonlinear
dynamic analysis under DD-3 earthquake level
Displacement-time history graph of linear and nonlin-
ear dynamic analysis of Irgandi Bridge in flow direction
of 2478 node for DD-3 earthquake level is presented in
Fig. 13. As a result of the nonlinear dynamic analysis
for the DD-3 earthquake level, no damage zone occurs.
In addition, as a result of linear and nonlinear dynamic
analysis, it is determined that the maximum displace-
ment at the node 2478 (at the 6" second) is 0.49 mm and
0.51 mm, respectively. It is detected that since no damage
zones occurs in nonlinear dynamic analysis, the similar
results as linear dynamic analysis is obtained. In addition,
crack propagation is not investigated since no damage
zone occurs at the earthquake level.

3.2 Comparative analysis of linear and nonlinear
dynamic analysis under DD-2 earthquake level
Displacement-time history graph of linear and nonlin-
ear dynamic analysis of Irgandi Bridge in flow direction
of 2478 node for DD-2 earthquake level is presented in
Fig. 14. As aresult of linear and nonlinear dynamic analy-
sis, it is determined that the maximum displacement at the
node 2478 (at the 6™ second) are 1.35 mm and 1.78 mm,
respectively. As a result of the nonlinear dynamic analy-
sis for the DD-2 earthquake level, damage zones occur.
Therefore, the stiffness of the system decreases in nonlin-
ear dynamic analysis and the displacement in nonlinear
dynamic analysis is typically 30-35% more than in linear
dynamic analysis.

The damage zones of the Irgandi Bridge, which nonlin-
ear dynamic analysis is performed at the DD-2 earthquake
level, are given in Fig. 15. The first crack for the DD-2
earthquake level occurs in the 2.25™ second at the end
of the upstream fagade support region. In the 6™ second,



Sakcali et al.
Period. Polytech. Civ. Eng., 66(4), pp. 1248-1261, 2022 | 1 255

0.80

Acceleration (g)
Acceleration (g)

-0.60 . -0.60
Time (sec.)
DD-1
0.60 0.60
0.40

Acceleration (g)
Acceleration (g)

-0.40 -0.40
-0.60 ) -0.60
Time (sec.)
0.60 0.60
0.40 0.40
c) 0.20 c) 0.20
= =
L S
€ 0.00 1 S 0.00 1
§ 10 15 20 %é
< 020 < 020
-0.40 -0.40
-0.60 . -0.60
Time (sec.) DD 3
@

Time (sec.)

Time (sec.)

Time (sec.)

(b)
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Fig 15 Damage zones of Irgandi Bridge for DD-2 earthquake level (a) Downstream fagade, (b) Upstream fagade, (c) Plan layout

when the system reaches the maximum displacement,
cracks occur on the left support and arch joint region of the
upstream facade. Cracks also begin to occur in the right
support region of the downstream fagade. Furthermore,
damage zones in the spandrel wall of the upstream fagade
progress. At the final state (20" second), damage zones
in the spandrel walls of upstream fagade and the support
regions of downstream fagade occur. In addition, no dam-
age is observed in the massive concrete arch at the DD-2
earthquake level.

3.3 Comparative analysis of linear and nonlinear
dynamic analysis under DD-1 earthquake level
Displacement-time history graph of linear and nonlin-
ear dynamic analysis of Irgandi Bridge in flow direction
of 2478 node for DD-1 earthquake level is presented in
Fig. 16. As a result of linear dynamic analysis, it is deter-
mined that the maximum displacement at the node 2478
(at the 6™ second) is 2.71 mm. Since cracks and crush-
ing are taken into account in the nonlinear dynamic analy-
sis, this situation causes a decrease in the system stiffness.
For this reason, the maximum displacement in nonlinear
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Fig. 16 Displacement-time history graph in flow direction of 2478 node for DD-1 earthquake level (a) Linear dynamic analysis,

(b) Nonlinear dynamic analysis

dynamic analysis is detected to be 3.43 mm at the 2.35"
second. The displacement is detected to be 1.94 mm in the
linear dynamic analysis at this moment. It is determined
that the displacement obtained as a result of the nonlinear
dynamic analysis is typically 75—80% more than the linear
dynamic analysis.

As a result of linear dynamic analysis of the Irgandi
Bridge for the DD-1 earthquake level, the maximum and
minimum principal stress state at 1.2* second, 2.35" sec-
ond and 6™ second are given in Fig. 17. According to non-
linear dynamic analysis, the first crack occurs in the bridge
at 1.2% second. At the same time phase, as a result of linear
dynamic analysis, it is determined that the maximum prin-
cipal stress is 1.02 MPa. The stress occurs both in the mas-
sive concrete arch and spandrel walls of upstream fagade.
However, the tensile strength of massive concrete is
3.65 MPa. So, it is determined that the maximum principal
stress is not exceeded in massive concrete. However, the
fact that the tensile strength of the homogenized material of
spandrel walls is 0.752 MPa demonstrates that cracks will
occur in the support region of the spandrel walls. This sit-
uation is similar to the results of nonlinear analysis. At the
2.35" second, the stress level in spandrel walls increases

up to 3.68 MPa. It is observed that the maximum principal
stresses in some parts of the spandrel walls of upstream
facade exceed the tensile strength of homogenized mate-
rial. It is also observed that the maximum principal stress
is exceeded in the lower parts of the massive concrete
arch. Although this situation is similar to nonlinear anal-
ysis, the failure mechanism is occurred at 3.15% second as
a result of nonlinear analysis. Since a failure mechanism
is not detected in the linear analysis, the principal stresses
at the 6" second, when the maximum displacement of the
linear analysis occurred, are also examined. As a result
of this examination, it is determined that the maximum
and minimum principal stress values reached the highest
level in the bridge at the 6" second. It is also observed that
while the tensile strengths are exceeded in some region
of the massive concrete arch and the spandrel walls, the
compressive strengths are not exceeded. Furthermore,
it can be determined whether there is any damage to the
bridge by examining the maximum and minimum princi-
pal stresses in the linear dynamic analysis at the moment
of the maximum displacement of the bridge. However, it is
not possible to make an estimation as to whether the sys-
tem will reach failure mechanism or not.
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The damage zones of the Irgandi Bridge, which nonlin-
ear dynamic analysis is performed at the DD-1 earthquake
level, are given in Fig. 18. The first crack for the DD-1
earthquake level occurs in the 1.2" second at the end of
the upstream fagade support region. In the 1.75" second, it
is observed that severely damage zones occur in the right
support region of the same facade and gradually in the
upper left region of the arch. Cracks also begin to occur
in the spandrel wall support region of the downstream
fagade. By the 2.35" second, it is observed that damage

=6 sec.
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048 0.11 071 132 192 252 ESE) 37 433 493
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zones occur in all the support region. Between the 2.35%
and 2.85" seconds, it is observed that damage zones prog-
ress in the upper left corner of the arch in the plan view.
The damage zones coalesce and the system reaches labile
at 3.15% seconds. After this stage, the convergence cannot
be provided in the numerical model, since the system is
damaged. Thus, it can be assumed that the failure mech-
anism has occurred. The predicted failure mechanism of
the bridge in the downstream facade, upstream fagade and

plan views are presented in Fig. 19.
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Fig 17 Principal stress contours of Irgandi Bridge for DD-1 earthquake level and linear dynamic analysis (a) Maximum principal stress,

(b) Minimum principal stress
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Fig. 18 Damage zones of Irgandi Bridge for DD-1 earthquake level (a) Downstream fagade, (b) Upstream fagade, (c) Plan layout
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Fig. 19 Failure mechanisms of Irgandi Bridge for DD-1 earthquake level (a) Downstream fagade, (b) Upstream fagade, (c) Plan layout

4 Conclusions
Irgandi Bridge, which is one of the few historical bridges in
the world with shops on it, was first built in 1442 and finally
restored to its state in the second half of the 19" century in
2004. The bridge spans over the Gokdere River in the city
of Bursa, is about 62 m long and 10.7 m wide and consists
of one main arch with 7.37 m height and 15.05 m span.
The earthquake behavior and failure mechanism of
the Irgandi Bridge are investigated in this study. In this
context, the finite element model of the Irgandi Bridge is
created considering the soil-structure interaction and this
model is updated by taking into account tests performed
with the OMA method on the bridge. Both of linear and
nonlinear dynamic analyses of the updated model are per-
formed using the artificial records at three different earth-
quake levels created according to the region where the
Irgandi Bridge is located. Since there is no crack occurred
in the structural system at the DD-3 earthquake level, there
was no change in system stiffness as a result of nonlinear
dynamic analysis. Accordingly, no significant difference
is observed in time-dependent displacements as a result of
linear and nonlinear dynamic analysis. However, damage
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