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ABSTRACT: This study presents modal parameter estimation studies by in-situ experiments as
well as numerical model developments of the 199+325 steel railway bridge located in UsakTurkey. The bridge was built at the end of the 19th century using the available technology of its
time. It is composed of 6 spans, each 30 m long, summing up to 180 m in total length. It is
slightly curved in horizontal plane with a 300 m radius, and has a vertical grade of 2.5%. The
dynamic response of the bridge was measured in two different test setups in two different
temperature states, and under ambient vibration conditions. Modal parameters of the bridge are
estimated using two different output-only system identification methods, namely, Enhanced
Frequency Domain Decomposition (EFDD) and Data-driven Stochastic Subspace Identification
(SSI-DATA) methods. The identification results obtained under different temperature
conditions are compared in assessing the effects of temperature change in modal parameter
identification results. Three dimensional finite element (FE) model of the bridge is created using
Matlab based finite element analysis software FEDEASLab. Trial-and-error type FE model
updating studies are conducted to match experimentally obtained modal parameters with that of
numerical ones, and good correlation is observed. Therefore a initial numerical model of the
bridge representing its current condition is obtained for the purpose of future FE model updating
based damage identification studies.
1
INTRODUCTION
Vibration-based structural health monitoring (SHM) methods attract increasing attention in
recent years as a potential tool for detecting structural damage at their earliest possible stage.
These methods extract modal properties of structures by using dynamic response data obtained
through in-situ tests. Response data under operational conditions have the potential to reveal the
state of health of the monitored structure. Steel rail-road bridges are frequently used in the railroad network in Turkey, and some of them are in service more than a century. Therefore,
inspections of these bridges are of vital importance considering that they have been under
exposure to external effects for all these years. Structural imperfections and potential hidden
damages may threaten the health of these important infrastructures. Due to increasing demand in
recent years in train axle loads have put these bridges under investigation to check whether they
are structurally sound enough to withstand these additional loads. In the literature numerous
studies exist on the development of the vibration-based SHM for steel rail-road bridges.
Ermopoulos and Spyrakos (2006) used field measurements on a historic steel railway bridge
using vibration data obtained right after a train’s passage for modal parameter identification.
Caglayan et al. (2015) performed free vibration tests for estimating modal properties of a steel
railway bridge, and later validated a three dimensional finite element model of the bridge.

199+325 steel rail-road bridge operated by the Department of Turkish State Railways (TCDD)
is located along the Basmane-Dumlupınar route near the city of Esme/Usak. As it can be
deduced from the name of the bridge it is situated at the 199th km of the above mentioned route
between Alasehir and Esme main stations. The first constructional drawings of the bridge date
back to the year of 1896, and the bridge has been under service more than a century with some
rehabilitation efforts. For instance, due to a fire instance occurred in 1960s, two spans and a pier
in Esme part of the bridge were entirely reconstructed, and numerous paint works for
maintenance purpose were performed during service life of the bridge. A current picture of the
bridge from the Alasehir side is shown in Figure 1 (two spans and a pier on the far side of the
picture have been reconstructed).

Figure 1. 199+325 Steel Rail-road Bridge

The bridge is composed of 6 spans, each is 30 m long; therefore it is 180 m in total length. The
bridge is slightly curved in horizontal plane with a radius of 300 m, and has a vertical grade of
2.5%. Each span is simply supported between steel truss type piers. A typical span of the bridge
and its support details are shown in Figure 2. Two main planar trusses on both sides which are
composed of top and bottom chords are connected with diagonal bracings and floor beams, form
the main structural system. On the floor beams there are two stringers having 1.5 meter spacing
in between and rails and sleepers lie on these stringers along the bridge. Vertical and lateral
bracings are riveted on gusset plates forming typical truss connections. The width between the
main trusses, side ones, is 3.2 m and the maximum truss depth is 4.5 m. Five steel truss type
piers having different heights, ranging from 14 m to 48 m, serve as the columns of the bridge,
and each pier is anchored to masonry vaults with four anchorage rods.
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Figure 2. a) Span of the Bridge b) Support Detail
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The main purpose of the work presented here to perform operational modal analysis methods to
estimate its modal parameters using two different output-only system identification methods.
Identification work has been performed on the bridge under two different temperature
conditions (i.e., winter and summer conditions) to see if temperature changes introduce any
detectable/meaningful changes in the estimation results. Estimation results later are used to
develop a calibrated finite element (FE) model of the bridge, representing the benchmark state,
using Matlab® based FE software in order to serve for FE model updating based damage
identification as well as condition and capacity assessment studies.
2

SYSTEM IDENTIFICATION METHODS

Two different output-only system identification methods are used to estimate the modal
parameters of the bridge at two different temperature conditions, namely (i) Enhanced
Frequency Domain Decomposition (EFDD) and (ii) Data-driven Stochastic Subspace
Identification (SSI-DATA). EFDD and SSI methods are available in commercial operational
modal analysis software which is used for this study. A brief introduction for these methods is
given in the following paragraphs.
2.1

Enhanced Frequency Domain Decomposition (EFDD)

The frequency domain decomposition method is an extension of the classical peak picking
technique. This technique has shortcomings of accurately identifying closely-spaced modes and
damping ratios (Brinckner et al. 2001). In Enhanced Frequency Domain Decomposition
(EFDD) method, output power spectral density (PSD) matrix is estimated at discrete
frequencies, and afterwards the spectral matrix is decomposed utilizing singular value
decomposition (SVD). By using inverse discrete Fourier transform, PSD functions of singledegree-of-freedom (SDOF) systems are transformed into time domain, SDOF normalized autocorrelation functions in time domain can be used for estimating natural frequencies and
damping ratios of the system by using zero-crossing times and logarithmic decrement.
2.2

Data-Driven Stochastic Subspace Identification (SSI-DATA)

The SSI-DATA method obtains the mathematical model in linear state-space form based on the
output-only measurements directly (Van Overschee et al. 1996). One of the main advantages of
the SSI-DATA method is that it does not require any pre-processing of the data to calculate
auto/cross correlation functions or spectra of output measurements. One other advantage of the
method is that QR factorization, singular value decomposition (SVD), and least square approach
are involved as robust numerical techniques in the identification process.
3
FIELD MEASUREMENTS
For dynamic measurements of the 199+325 steel railway bridge, 16-channel Digitex® portable
data acquisition device with 24-bit sensitivity was used. 12 uni-axial force-balanced
accelerometers were placed on the bridge in different configurations to record the dynamic
response data of the entire 6-span bridge. Locations of the accelerometers were determined
based on the modal analysis results of the initial FE model of the bridge. The constructional
drawings of the bridge and detailed field observations (two site visits have been done prior to
the model development efforts) were used in developing this initial numerical model. At least
25 minutes long ambient vibration response data for each test setup were recorded at a rate of
250 Hz. A diesel generator was used for electric supply to the data acquisition system. The data

acquisition system and an accelerometer used for the dynamic measurements are shown in
Figure 3.
12 uni-axial force balance accelerometers were used for the dynamic measurements.
Locations of the accelerometers, i.e., measurement points/nodes, on the bridge were determined
based on the modal analysis results using the initial numerical model of the bridge. The most
important criterion in determining the accelerometer locations, i.e., test setup details, was to
locate sensors at different points on the bridge so that maximum number of modal parameters,
e.g., maximizing the number of mode shapes, with limited number of sensors could be
estimated. The optimal sensor locations and their measurement directions in different setups
were decided based on the modal analysis results using the initial finite element model. Because
of the fact that the total length of the bridge is 180 m, it was not possible to obtain a dynamic
measurement in one setup. Thus by keeping reference sensors between consecutive test setups
data from different test setups were merged as a whole. In each test setup, at least two sensors
were kept as reference sensors (e.g., one vertical and one lateral).

(a)
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Figure 3. a) Data acquisition system b) an accelerometer located on one of the main beams

4
MODAL PARAMETER ESTIMATION RESULTS
In-situ tests were performed in two different test setups to collect the dynamic response data of
the bridge. It was assumed that the ambient vibration conditions existed during the tests, and
they were satisfactorily broad-band. 16 different modes were identified using the test data and
the aforementioned output-only system identification methods. The identified bridge modes are
classified into two groups, namely, transversal-dominated and torsional dominated modes (these
modes also have transversal/vertical components – coupled modes) for facilitating the
discussion. Another reason for this classification is that data used for estimation these two sets
of modes were pre-processed differently: The raw acceleration data was decimated to 5 Hz for
lateral-dominated modes and to 10 Hz for the vertical/torsional-dominated modes; this has been
done to increase the estimation accuracy by focusing the estimation effort into the frequency
range of interest. It should be noted here that before decimation, an appropriate low-pass filters
were used for avoiding aliasing.
Two sets of in-situ tests were performed on the 199+325 steel rail-road bridge (i.e.,
same setups but different dates) in order to quantify effects of temperature variation on the

modal parameter estimation results. First test was performed on December 4th, 2015
representing the cold weather conditions (average temperature = 10.86°C) and the second test
was performed on May 16th 2016 representing the hot weather conditions (average temperature
= 32.18°C).
16 modes are identified using EFDD and SSI methods and the results are presented in
Table 1. Natural frequencies of the transversal modes are seen within the frequency range of
less than 3.5 Hz, while ones for the torsional modes fall within the frequency range between 3.5
Hz and 7 Hz. Natural frequencies for the vertical modes are seen in the interval of 7 and 8.5 Hz.
For visualization purposes, the first transversal and the third vertical identified mode shapes of
the bridge and their corresponding PSD plots are shown in Figure 4(a)-(b), and Figure 5(a)-(b),
respectively.
Table 1. Modal parameter estimation results of Test 1&2

Mode
Shapes

TEST 1

TEST 2

Ave. Temp. = 10.86°C

Ave. Temp. = 32.18°C

Frequency(Hz)
EFDD MAC

SSIDATA

Damping (%)
EFDD

Frequency(Hz)

Damping (%)

SSIDATA

EFDD MAC

SSIDATA

EFDD

SSIDATA
0.933

1st Trans.

2.133

0.999

2.134

0.475

0.563

2.123

0.998

2.127

0.25

2nd Trans.

2.396

1

2.396

0.378

0.361

2.389

0.998

2.395

0.419

0.924

3rd Trans.

2.753

0.998

2.747

0.271

0.488

2.731

0.997

2.73

0.335

0.566

4th Trans.

3.044

0.994

3.054

0.355

0.464

3.033

0.984

3.038

0.386

0.418

5th Trans.

3.272

0.998

3.266

0.426

0.562

3.232

0.983

3.233

0.277

0.999

6th Trans.

3.372

0.991

3.377

0.252

0.471

3.345

0.992

3.349

0.253

0.525

7th Trans.

4.036

0.999

4.038

0.295

0.406

4.018

0.999

4.021

0.203

0.49

1st Tors.

4.619

0.997

4.631

0.395

0.81

4.561

0.999

4.55

0.423

0.659

2nd Tors.

5.35

0.994

5.354

0.357

0.697

-

-

5.318

-

0.412

3rd Tors.

5.639

0.989

5.621

0.295

1.892

5.518

0.987

5.54

0.355

1.017

4th Tors.

5.974

0.995

6.021

1.93

0.807

-

-

5.918

-

3.176

5th Tors.

6.368

0.931

6.379

0.195

0.82

6.329

0.622

6.334

0.251

0.871

6th Tors.

6.853

0.993

6.863

0.166

0.345

6.862

-

-

0.155

-

1st Vert.

7.292

0.916

7.285

0.204

1.256

6.909

0.919

6.924

0.417

1.224

2nd Vert.

7.729

0.978

7.722

0.379

0.69

7.713

0.839

7.677

0.146

0.399

3rd Vert.

8.37

0.918

8.351

0.147

0.758

8.263

0.884

8.254

0.132

0.538

Method-to-method variability between these two methods in terms of frequency estimations and
mode shapes (presented in the form of MAC values) is almost negligible or very small.
Damping estimations show more variability from method-to-method where in most of the cases
SSI-Data estimations result in higher damping values.
As can be seen from Table 1 that the temperature variation between the two tests is
approximately ~20°C due to seasonal changes. It can be seen from the results that very small
decrease in frequency estimations can be observed due to an increase in the temperature,
however the authors consider this variation within the range of estimation uncertainty that may
have been caused due to various sources such as finite number of data samples, nonlinear
response/distortions, non-stationary systems and/or excitations, undefined measurement noises.

Thus, it can be said that the modal properties of the 199+325 steel rail-road bridge can be
considered temperature-invariant.

(a)

(b)

(c)
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Figure 4. 1 Transversal mode of the bridge a) Identified mode shape b) EFDD Diagram c) Numerical
mode shape

5
ANALYTICAL STUDIES
FEDEASLab FE software in Matlab® environment is used for developing the numerical model
of the bridge. To develop the three-dimensional (3D) FE model of the bridge 3D frame elements
with 6 degrees of freedom were used. Due to using a high-level FE software (slow speed),
certain simplifications in modelling had to be introduced. One of the major simplifications was
representing bridge columns with one-dimensional (1D) springs and 1D rigid links. In Figure 6,
the modeling strategy for the columns with 1D springs and rigid links is presented. Column
stiffnesses were determined by applying a load on each column top along three different
directions. Then the applied load was normalized by the corresponding displacement. Also

support compliances were modeled by spring elements as shown in Figure 6. The motivation for
these simplifications (i.e., reduction of the size of the model) is to perform later FE model based
damage identification of the bridge using this initial model.

(a)

(b)

(c)
rd

Figure 5. 3 Vertical mode of the bridge a) Identified mode shape b) EFDD Diagram c) Numerical
mode shape

Since FEDEASLab does not have a graphical user interface, the model input data such
as node coordinates, section properties, mass properties, elastic modulus etc., had to be fed into
the software through an .xls file. The data in the .xls file was generated by another initial FE
model developed in SAP2000®. 1024 nodes and 1610 elements in this file were read by the
FEDEASLab software and the model was generated. The initial FE model in FEDEASLab was
for modal analyses purpose and the results were calibrated by a trial-and-error procedure. Modal
updating studies were carried out by systematically changing spring and support stiffnesses.

6

Figure 6. Modeling details of the bridge columns with springs and rigid links: (a) actual column
to support detail, (b) modeling approach.
FE analysis results of the numerical model were compared with those of the
experimental results. Modal assurance criterion (MAC) given in Eq. (1) was used to compare
analytical and experimental mode shapes during trial-and-error based updating. The modal
vectors estimated by EFDD were used for MAC calculations. Acceptable MAC values were
obtained between modal parameters of the calibrated FE model and estimated mode shapes
MAC values for six different modes are given in Table 2.

MACi ((ϕa )i , (ϕexp )i ) =

((ϕaT )i (ϕexp )i ) 2
T
((ϕaT )i (ϕa )i )((ϕexp
)i (ϕexp )i )

(1)

where: (ϕa )i = analytical mode shape vector

(ϕexp )i = experimental mode shape vector
Table 2. Comparison of estimated modal parameters and numerical results using the calibrated model

Mode Shapes
1st Transversal
2nd Transversal
3rd Transversal
1st Vertical
2nd Vertical
3rd Vertical

Frequency(Hz)
Experimental
Analytical
2.133
2.165
2.396
2.467
2.753
2.788
7.292
7.43
7.729
7.706
8.37
8.183

MAC
0.97
0.94
0.84
0.88
0.76
0.92

It should be noted here that matching the torsional mode shapes (coupled ones) proved to be
much harder than the transversal and vertical ones; this may be attributed to the fact that
measurement points on the bridge were on the deck plane; but to capture the torsional modes
one must also have sensor points in the vertical plane as well which we did not have due to
safety measures. Although some acceptable results were obtained also for other modes, here
only the good results are presented. The visual representations of some of the calibrated modes
are shown in Figure 4(c) and Figure 5(c) with their corresponding frequencies and MAC values.

7
CONCLUSIONS
The purpose of the presented study was to identify modal properties of the 199+325 steel railroad bridge located in Usak Province, Turkey. Two ambient vibration tests were conducted and
14 modes were identified using EFDD and SSI methods. Due to the geometry of the bridge,
transversal motion dominates the modal properties of the bridge which were relatively easier to
estimate as well as calibrate. The modal properties of the 199+325 steel railway bridge can be
said temperature-invariant within the temperature variations experienced within this study.
FEDEASLab FE software is used for developing the 3D numerical model of the bridge.
After performing a trial-and-error type calibration work, modal analysis results were compared
with those of the experimental results. The comparison work shows that acceptable correlations
in terms of both frequencies and mode shapes were obtained between modal parameters of the
FE model and experimentally obtained ones. This initial model will be used in the future for
finite element model updating based damage identification purpose.
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