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In this study, dynamic and seismic assessment of a railway bridge system with four discrete spans giving
service on a double track railway line and located in an earthquake-prone region in Turkey is presented.
A three-dimensional computer model of the bridge was generated using a commercial general finite
element analysis software. Field measurements such as static and dynamic tests as well as material tests
were conducted on the bridge system. Validation of the finite element model was performed based on
the results of these tests. The calibrated 3D model of the bridge structure was then used for necessary
calculations regarding structural assessment and evaluation according to train loads as well as seismic
loads. Additional members were proposed to transmit seismic loads to supports. The fourth span, which
had a permanent imperfection due to truck collision was studied in detail. Results have shown that due
to excessive amount of capacity loss, the only choice was to write off the fourth span.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Most existing railway bridges giving service on current rail-
way networks may not be capable of carrying the heavy vehicles
of modern traffic, although no apparent signs of structural defi-
ciencies are observed. However, studies demonstrate that there
are large differences between the actual load carrying capacities
of bridges and those predicted by conventional theory. To get the
maximum use out of a bridge, its assessed load carrying capa-
city should be safely close to its actual resistance. For evaluating
the safety of a bridge, safety index and rating factors are used.
Actual reduced capacity of deteriorated members and the maxi-
mum loading due to the most critical composition and volume of
heavy traffic that may be projected for the future affect these two
safety parameters.

Assessment of a railway steel truss bridge by using a validated
computer model that was developed based on dynamic field
measurements and laboratory tests was conducted by Ermopoulos
and Spyrakos [1] under heavier train loads as well as seismic
and wind loads with regard to current design codes. In another
experimental and analytical study of a historic railway bridge by
Spyrakos et al. [2], seismic and wind load carrying capacities of
the bridge were evaluated based on the analytical model validated
with static and dynamic field measurements and laboratory tests.
Schlune et al. [3] proposed a methodology for finite element model
updating for improved bridge evaluation and this methodology
was applied to one of the world’s largest single-arch bridges. For
numerous existing small and medium single span ballasted railway
bridges in Austria, dynamic field measurements were performed
by Rebelo et al. [4] and the calibration of the finite element
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models of these bridges was carried out using the measured modal
parameters. Calcada et al. [5] conducted the experimental and
numerical dynamic analyses of Luiz I Bridge, an old arch and
double-deck iron bridge in Lisbon, to obtain an experimentally
calibrated finite element model of the bridge structure. Full-scale
ultimate load tests were carried out by Maragakis et al. [6] on a
typical ballasted railway bridge, located in Los Angeles, to identify
the contribution of bridge components during a seismic event.
Chajes et al. [7] presented results of experimental load tests on
a three-span, steel girder-and-slab bridge and generated a finite
element model of the main span using the measured response of
the bridge and using this calibrated model, various load ratings
for the bridge were determined. Wang et al. [8] summarised a
condition assessment procedure for bridges based on a complete
system of field-testing, finite element modelling and load rating. A
study was conducted by Akgul and Frangopol [9] on the rating and
system reliability-based lifetime evaluation of a number of existing
bridges within a bridge network, including pre-stressed concrete,
reinforced concrete, hot-rolled steel and steel plate girder bridges.
Itani et al. [10] discussed the behaviour of steel plate girder bridges
during recent earthquakes and the experimental and analytical
investigations that were conducted on steel plate girder bridges
and their components. Results of these investigations show the
importance of shear connectors in distributing and transferring the
lateral forces to the end and intermediate cross frames.

In this study, assessment of a railway steel bridge was con-
ducted for train and seismic loads according to relevant specifi-
cations. A three-dimensional computer model of the bridge was
generated and validated based on dynamic field measurements
and laboratory tests. The calibrated 3D model of the bridge struc-
ture was then used for necessary calculations regarding structural
assessment and evaluation.
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Fig. 1. A general view of the bridge.

2. Description of the bridge

The bridge is located approximately 10 km from historical
Sirkeci railway station which is the starting point of Europe-
directed railway track in Istanbul. It was designed and built in
late 1960s by TCDD (Turkish Railways Administration) which is
the governmental authority of the country. The bridge is situated
in metropolitan area of the city and is subject to heavy traffic of
passenger transportation, mainly suburban commuter trains. As
shown in Fig. 1, the bridge is composed of four simply supported
spans, each with riveted steel plate girders, an open deck, stringers
and cross beams. The layout of the bridge is given in Fig. 2. Each
span has a length of 13.5 m.

The railway bridge passing over the divided two-way street
has been damaged due to truck collisions caused by overloaded
trucks passing underneath. Most of the damage has occurred on
the lateral cross bracing system of almost all four simple spans (see
Fig. 3), the fourth span also has damage at the upper and lower
flange of its main girder. However, there is almost no damage on
the main girders at other spans. This damage in the fourth span
main girder has resulted in a permanent imperfection of maximum
12 cm of lateral deformation at the midspan, as shown in Fig. 4.

3. Material tests for steel

Tension and Charpy-V-notch impact tests were conducted on
specimens extracted from damaged horizontal braces.

Table 1

Results of tension test.

Specimen no.

Yield strength (MPa)

Tensile strength (MPa)

1 212.6 367.2
2 239.9 389.7
3 239.7 389.2
4 264.2 405.9
Mean value 238.1 388.0
Standard deviation 21.1 15.9
Nominal value 217.0 372.1
Table 2
Charpy-V-notch test results.
Specimen no. Charpy-V-notch energy (J)
1 40
2 40
3 43
Standard deviation 1.73

3.1. Tension test

Four specimens were used during tension tests. After having
prepared the specimen according to ASTM standards [11], tension
tests were conducted to identify the material quality used in
construction. Results are presented in Table 1. As is seen from
the evaluation of the data from Table 1, bridge material can be
classified as S235 quality structural steel.

3.2. Charpy-V-notch test

Charpy-V-notch tests have been conducted for the three
specimens taken from the bridge members at room temperature.
Test results are given in Table 2. It is clearly seen that obtained
results are quite satisfactory.

4. Field tests

Free vibration and quasi-static tests were conducted on
bridge spans to understand the actual behaviour of the bridge
superstructure. Member sizes were also checked and verified
according to constructional drawings.

SIRKECT direction HALKALI direction —
Marmara Sea
Abutment Pier Abutment

Third span
|

Fourth span

|

Fig. 2. Layout of the bridge.
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Fig. 4. Deformed main girder of the fourth span.
4.1. Quasi-static tests
These tests were performed for calibrating the computer model.

Also matching the strain values of actual bridge components and
corresponding elements of the computer model was aimed. During

tests, all four spans of the bridge were loaded by an E43000
type locomotive, For each span, reusable Hottinger Baldwin (HBM)
made DS-5 type strain transducers were mounted on bridge
members at specific locations, as shown in Figs. 5-7.

Two portable NEC computer-based dynamic data acquisition
systems having 16 channels each with an 800 sps sampling rate
for each channel were used to collect strain data while an E43000
type locomotive was loading the bridge with a crawling speed
of approximately 5 km/h. A schematic description of the data
acquisition system is given in Fig. 8.

To simulate moving load in the computer model, axle loads
and axle spacings for the E43000 type locomotive according to
fabricator’'s documents were used. After the tests, it was possible
to display the collected strains as a function of load position. All
the strain data recorded in the field were filtered to separate the
dynamic component from the recorded data to obtain the static
component and these strains were converted to stress values as
shown in Fig. 9.

4.2. Free vibration tests

These tests have been conducted mainly for obtaining data to
define the dynamic characteristics of the bridge system and for
prediction of any existing damage.

During tests, SA-102 model accelerometers manufactured by
Terra Technology Corporation were used. Two accelerometers
were mounted on the stainless steel base angles having three short
pointed legs for stable placement on a rough surface to obtain
a biaxial accelerometer unit which is able to measure in vertical
and horizontal directions. Installation of the accelerometers on the
floor beam upper flanges is shown in Figs. 10 and 11 for each span.

Free vibration after the locomotive induced loading (see
Fig. 12) was used for assessment of the dynamic characteristics
of the bridge. Since acceleration recordings in their raw form
(see Fig. 13) do not provide a good identification of the
system, a much better identification of modal parameters can be
realised if collected acceleration data are pre-processed prior to
identification. Pre-processing involves removal of mean, existing
trends, noise contaminations and outliers, filtering, decimation
and synchronisation of the collected data.

5. Computer modelling of existing bridge

A three-dimensional computer model covering almost all
significant structural irregularities and stiffness changes that exist
on the bridge structure was prepared. A single span was modelled
with beam and spring elements using the general-purpose finite
element analysis software COSMOS/M [12], as given in Fig. 14.

Two riveted plate girders functioning as the main girder of
each span were simulated with i-i and ii-ii beam elements located

Fig. 5. Strain transducers mounted on (a) stringers and cross beams (b) a main girder.
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Fig. 8. Schematic description of the data acquisition system.

on the centroid line and having the same torsional and flexural
rigidities of actual main girders (see Figs. 14 and 15).

Floor beams were modelled by using beam elements between
points c-c in the transverse direction and rigid bars were used
between points ¢ and ¢’ that simulate centre of gravity for
floor beams and main girders, respectively. Since the connections
between the rigid bars and cross beams are semi-rigid rather than
fixed, springs are used to simulate joint rotational rigidities. The
j—j and jj-jj line elements having no flexural rigidity simulate the
axial rigidities provided by main girder lower flanges. Connections

between the rigid bars and all of the line elements (i-i, ii-ii, j—j and
ji-jj) are free to rotate in the longitudinal vertical plane as seen
in Fig. 14. Also the connections between the stringers and cross
beams behave semi-rigidly, therefore rotational spring elements
are used to simulate the rotational rigidities (see Fig. 14).

Moreover, vertical, transverse and longitudinal spring elements
for each main girder support were included in the model to
simulate the effective stiffness of the combined bearing and pier
or abutment structure and the longitudinal restraints at the sliding
bearings in each direction.
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6. Validation of the computer model obtain a refined computer model that will yield strains having high
correlation with the actual bridge structure.
Acquired strain data from quasi-static tests were processed to In order to accomplish this, a systematic optimisation scheme

separate the dynamic component from the recorded data so as was utilised to adjust the structural rigidities such as flexural,
to obtain the static component. These strain data were used to axial and torsional rigidities, spring constants in an automated
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Fig. 11. Layout view of accelerometers on the fourth span.

Fig. 12. Dynamic loading by E43000 type electrical locomotive.

fashion to refine the initial computer model. In this procedure,
an objective function was considered as the sum of squares of

Acceleration
x 10 m/sec?

the differences between the measured and analytically obtained
stresses for appropriate strain transducer locations, as given in
Eq.(1),

J=) (o =)

k=1

(1)

where n = number of strain transducer locations considered, o0 =
analytically obtained stress using initial computer model for n
transducer locations, o = experimentally obtained stress values
for n transducers.

The above mentioned scalar objective function is minimised
by changing the optimisation parameters (stiffness parameters
presumed during preparation of the initial computer model).
After the appropriate values for the optimisation parameters are
selected by this process, the refined computer model of the bridge
is obtained. In Figs. 16 and 17, measured stress traces and analyti-
cally obtained stress traces using initial computer model are shown
with continuous blue and green dashed curves, respectively. On
the same figures, the stress traces obtained analytically by employ-
ing a refined computer model are represented by red dashed
curves.
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Fig. 13. Typical acceleration records.
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6.1. Identification of modal parameters

In order to define modal parameters, after the collected
acceleration data from each accelerometer were preprocessed,
acceleration spectra were obtained by using the Fast Fourier
Transform (FFT) technique, as shown in Fig. 18. Then, the first-
mode frequency and corresponding mode shape were defined for
the spans.

The mode shapes and frequencies obtained from the initial
computer model were compared and in case of considerable
difference, model updating was performed by altering rotational
and translational rigidities of spring elements. Employing modal
identification procedures, the first mode of vibration for each
span was identified. The first mode of vibration obtained from
the refined computer model is shown in Fig. 19. For comparison,
mode shapes defined based on the collected acceleration data
are shown by blue curves and the corresponding mode shapes
obtained analytically using a refined computer model are shown
by red curves for the first and fourth spans (see Fig. 20).

Table 3
First modal frequencies for the spans.

Span no. Analytically obtained (Hz) Experimentally obtained (Hz)
1 19.05 18.99
2 19.05 18.95
3 19.05 19.09
4 19.05 16.60

First modal frequencies for each span obtained by using an
updated finite element model and by the collected acceleration
data are given in Table 3.

7. Rating of load carrying capacity

The rating procedure was performed for the load profile defined
by UIC standards [13] considering the updated computer model of
the bridge. Rating factors (RF) are computed for the most critical
members against failure as,

Fy

RF =2 ¢ )
@k,

in which, F, is yield stress of the bridge material, y is the safety
factor used for the allowable stress design [14], ¢ is the impact
factor, w is the dimensionless buckling coefficient [15], F; is the
stress for each element under dead load, F, is the stress for each
element calculated for the selected train load profile. An allowable
stress design approach is used with regard to former versions
of modern design codes as these former versions are still in use
and are mandated by the local authorities. However, a thorough
upgrade of these codes is under progress.

The impact factor, ¢ is taken as the ratio of the maximum
dynamic strain and the maximum static strain obtained by filtering
the dynamic strain [16], as follows,

&
o= 3)
Estat
where, gqyn is the absolute maximum dynamic strain under the
vehicle travelling at normal speed, and &, is the maximum static
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Fig. 19. Identified mode shape by computer model.

strain obtained by filtering the dynamic strain. The values for
impact factors for various structural elements are presented in
Table 4.

The normal distribution of a random variable is the most
important statistical distribution in structural reliability theory.
As seen in Fig. 21, probability density functions fz(r) and f,(q)

for normal random variables R and Q are given. R represents the
resistance and Q represents the load effect. Sometimes R is thought
of as capacity and Q is taken as demand. A performance function,
or limit state function can be defined for failure as,

gR,Q) =R—-Q. (4)
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Table 4
Impact factors obtained from bridge tests.

Table 5
Minimum safety indices for the bridge.

Member type Predicted under current train traffic
Mean value Maximum value Standard deviation
Main girders 1.18 1.23 0.039
Floor beams 1.16 1.28 0.101
Stringers 1.15 1.30 0.117
Jr(r), fola)

r.q

'kgo'g ﬁer;Vqu‘ kp-0p |

Hg=p-o,
Fig. 21. Distribution of normal random variables R and Q.

A quantity g defined by Eq. (4) provides a quantitative measure
of the probability of failure. The limit state is reached wheng = 0.
If g > 0, the structure is safe; whereas g < 0 means that the
structure is unsafe. The quantity 8 is the quantitative measure of
the probability of R exceeding Q and is usually referred to as the
safety index. For normally distributed random variables R and Q,
the safety index 8 can be represented by the following formula,

MR — Ko
‘B:

/a%—i—cré

where ur and po are mean values, og and oq are standard
deviations for the resistance and the load effect, respectively
[17-20].

As shown in Fig. 21, the safety index, 8 based on safety factor,
y is presented by Roik [17] in the following expression,

y(1+koVo) — (1 — kgVi)

(5)

= 6
ﬂ (1 + kQVQ)O{RVR)/ + (1 — I(RVR)O{QVQ ( )
in which,
op= 2 and aq= (7)
,/oRz—f—aé /chz—i—oé
—R —
kg = KR~ ond ko = Q — o (8)

OR oqQ

Structural member Minimum safety index

Main girders 7.69
Floor beams 6.07
Stringers 5.22
F /o
Yy
@F, +Fq

where oy and o are standard deviations, ug and (1o are mean
values, Vg and V, are coefficients of variations, R, and Q, are
nominal values for the resistance and the load effect, respectively.

In order to calculate corresponding safety indices using the
above referenced expression, the following statistical parameter
values were selected,

ko = 1.2820 ag = 0.7100 Vo = 0.1256
kg = 1.2820 ag = 0.7100 Vr = 0.1584.

Minimum values of calculated safety indices for the bridge
members are presented in Table 5.

With a minimum safety index greater than 8 = 3 that has been
determined by Turkish State Railways Administration for a UIC[13]
train set by conducting dynamic tests on bridges to refine the
initial computer models, the bridge was found to have no problem
related to load carrying capacity. As a result of these proposed
dynamic loads, fatigue-related issues were also investigated by
the authors and remedies for deficient details were proposed in
a previous study by Caglayan et al. [21]. To predict the spent
fatigue life of the bridge, a numerical procedure based on Miner’s
linear damage accumulation theory [22] was used. Service life of
the bridge was determined according to variable axle loads and
conditions since construction date. Produced fatigue load profiles
were loaded on the refined computer models and stress variations
for each bridge member were computed. The most critical point
was found to be the stringer-to-floor beam connection. For this
critical joint, a stress histogram was prepared using the rainflow
cycle counting method based on the stress values. Based on these
calculations, accumulated fatigue damage for each bridge member
was calculated. The same algorithm was applied for future UIC-
based train traffic that has heavier axle loads to act more frequently
than the current number of passages, and it was found that
stringers would fail due to accumulated fatigue damage in less than
3 years. In the light of this output, a rehabilitation scheme was
proposed [21].

8. Evaluation of the bridge for earthquake loading

Seismic evaluation of the bridge was performed according
to the current national standards, namely the Specification for
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Fig. 23. Constructional detail of a pinned support.

Fig. 24. Views of normal and problematic supports of the bridge.

Structures to be Built in Disaster Areas [23]. According to this
specification, the effective ground acceleration coefficient, Ay was
taken as 0.4g, where g is the acceleration due to gravity. Seismic
importance factor, I, was assumed as 1.5. Structural behaviour
factor, R, of the bridge was taken as 1.0. The design acceleration
spectrum, S(T) is given in Fig. 22.

The design acceleration spectrum, S(T), which depends on the
bridge site conditions and the natural periods of the bridge, T, is
determined by using the following formulae;

T
SN =1+15_ if0<T<T, (10)
A

S(T) =25 ifT,<T<Ts (11)

Fig. 25. Rendered finite element model of the reinforced bridge structure.

T 0.8
S(T) =25 (?) ifTg<T (12)

where T, and Tp are the spectrum characteristic periods depending
on local site classes. For the soil class, Z3 that characterises highly
weathered rock of the bridge location, T4 and Tp values are 0.15 s
and 0.60 s, respectively.

By using the mode-superposition method within COSMOS/M
[12] computer software, the bridge structure was analysed for
the horizontal component of the design earthquake given by the
aforementioned national standards.

Behaviour of supports realised from inspection of current
situations and constructional drawings of mechanical supports are
presented in Figs. 23 and 24, where two supports are pinned,
with the remaining two supports free to translate and rotate in
longitudinal direction of the bridge, whereas each one is restrained
to translate in the transverse direction. However, one of the pinned
support points has lost its character as a result of the catastrophic
Kocaeli (Marmara) Earthquake of 1999, as shown in Fig. 24(b).
Analyses results have shown that supports of the bridge were
not satisfactory to transmit the earthquake-induced forces to the
substructure in the longitudinal and transverse directions.

Instead of reinforcing these existing bridge supports under
earthquake forces, additional supports, and seismic cross braces
(see Figs. 25-28) were designed according to allowable stress
criteria and for earthquake forces only in the longitudinal and
transversal directions. The three-dimensional computer model of
the reinforced bridge structure is given in Fig. 25. The additional
and existing members of the reinforced bridge for earthquake
forces are presented in Fig. 26, where member 3 denotes existing
horizontal cross bracing. Member 1 shows the additional braces
with a 2L100.100.10 cross-section and numbers 4 and 5 show
additional support locations. To withstand train brake loads,
members denoted by 2 are used.

9. Lateral buckling load capacity of the compression flange of
the main girders located on the fourth span

Due to the truck collision, permanent deformations at each
main girder of the fourth span have occurred with the shape of
a half sine wave in the horizontal plane (see Fig. 29). Due to this
excessive initial imperfection, reduction in lateral buckling load
capacity of the girder is obvious. In order to calculate the extent
of reduction, lateral rigidity of the frame portion around the floor
beam to main girder connection was calculated.
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Fig. 26. Plan view of reinforced bridge structure.
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Fig. 28. Constructional drawing of the additional support 5.

The connection detail was idealised as shown in Fig. 30(b).
Beam elements were used that passed along the main axes of
the floor beam and the main girder, with a rotational spring for
interconnection. A notional horizontal load of 10 kN was applied
and displacement in the direction of this load was found as
0.0213 cm. Dividing these values has resulted in an equivalent
lateral stiffness of 469 kN/cm. Using this value, two models
representing as-built and crooked conditions of the fourth span
were prepared. Schematic description of these models are outlined
below in Fig. 31. Flange and one-third of the compressive area of
the web (one-sixth of web depth) were assumed to resist lateral
buckling, as specified by Eurocode 3 [24] and is shown in Fig. 32.

Employing the geometrically nonlinear buckling analysis algo-
rithm of the COSMOS/M [12] finite element analysis software, crit-
Fig. 29. Deformed main girder of the fourth span. ical buckling load, P, was found as 6390 kN for the first model
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Fig. 31. Compressional flange of the main girder as lateral buckling member models.
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Fig. 32. Compressional flange cross-section taken into account for the main girder.

(no imperfection) and 503 kN for the second model (permanent
deformation case).

Results indicate that, existence of this permanent deformation
has caused 92% reduction in lateral buckling load capacity of
compression flange of main girders. Therefore, it was concluded
that the only choice was to write off the bridge segment on fourth
span.

10. Conclusion

In this study, assessment of a railway steel bridge was con-
ducted for train-induced loads and seismic actions. A 3D computer

model of the bridge was generated and validated based on dynamic
field measurements and laboratory tests. The calibrated model
of the bridge structure was then used for necessary calculations
regarding structural assessment and evaluations according to train
and seismic loads.

For earthquake loading with respect to current national spe-
cification, it was concluded that existing supports were not
able to transmit the earthquake forces to abutments and pier
safely. In order to provide safe transmission of these support
forces, additional supports and horizontal cross members were
suggested. Also, the damaged cross bracing members were
replaced accordingly.

For the existing permanent deformation in upper and lower
flanges, buckling analyses were performed. It was found that the
imperfection of the flanges of the main girders of the fourth span
causes 92% reduction in buckling load capacity. Replacing the
bridge on fourth span was deemed necessary based on this value.
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