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Abstract 
The paper describes the use of operational modal analysis (OMA) as a tool that can contribute to the 

improvement of quality and unambiguity of results obtained in dynamic load trials that bridge structures are 

subjected to. Three experiments of varying scope and at various stages of use were carried out on the selected 

double truss railway bridge. Apart from the effective identification of basic modal parameters, these 

experiments have revealed the phenomenon of interaction between two trusses supported on common 

abutments. Dynamic response specific to truss bridges was observed. OMA has confirmed its usefulness in 

the process of dynamic load testing of a complex railway bridge. 

1 Introduction 

Dynamic tests in the form of dynamic load trials of newly built bridges are common practice in many 

European countries. In Poland, the law enforces the dynamic load trials, among others, for all newly 

constructed steel railway bridges with a theoretical span length of more than 21 m. Dynamic response is 

particularly important in the case of railway bridges. This is due to the specific load in the form of sets of 

evenly distributed forces moving with varying, often very high speeds. The most common approach applied 

to this type of tests, consisting of vibrations forcing with various passages of the heavy locomotive, vibration 

recording with just a few sensors, and the use of simple signal analysis methods to extract modal data, is 

unfortunately often insufficient. 

The goal of the majority of dynamic bridge tests is to search for information on the modal model of the 

tested structure in the range of vibration frequencies important for dominant forcing. In the case of simple 

beam structures, this information can be obtained from recorded free response data gathered using a small 

number of appropriately located vibration transducers and basic signal processing methods. However, in the 

case of structures with a complex dynamic response, with high modal density, e.g., trusses, this approach 

may lead to incorrect identification. 

Dynamic testing of responsible structures requires the unambiguity of the results obtained. The specific test 

conditions described in this contribution allow the use of only Operational Modal Analysis (OMA) [1]. 

Therefore, the proposed solution for improving the quality of identification of modal parameters in dynamic 

load tests is the expansion of the measurement chain. Additional transducers for the registration of useful 

OMA signals are required. This can be done without interfering with the typical dynamic load trial program. 

Thanks to this approach, the requirements of contemporary tests are still met, and the duration of the 

experiment is not extended significantly. Therefore OMA can be seemingly integrated into the routine 

commissioning dynamic trials of newly built and renovated bridges. 

Operational modal analysis has been proven in the dynamic studies of many types of complex structures. 

Especially those where the use of controlled excitations is difficult or very expensive. This group includes 

building and civil structures [2]. An example of the use of OMA in the study of a railway bridge under 

normal traffic is described in the paper [3]. Dynamic interaction of two adjacent spans with common ballast 
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was observed. Another example of dynamic testing of a railway bridge, this time a double track truss railway 

bridge was studied in [4]. The examined truss had a span of 128.6 m, and the measurements were carried 

out under the normal traffic. The possibility of conducting tests without the necessity for closing traffic is 

one of the greatest advantages of OMA. 

2 Dynamic load tests of railway bridges 

The load tests are a specific form of tests to which newly constructed, modernized or existing bridge 

structures are subjected. Their goal is to get to know/assess the real behavior of these structures in response 

to the known load [5]–[8]. Such tests are often part of the commissioning procedures that the bridge must 

go through before it is put into operation. In the case of railway bridges, they usually consist of two types 

of tests, static and dynamic. 

In a static test, a known load (usually a heavy locomotive or multiple locomotives) is used to induce 

measurable deflections in the structure. Their measurement serves primarily as indirect verification of the 

rigidity of the structure. The paper focuses on dynamic load tests. In Poland, a dynamic load test usually 

consists of a series of passages of a particular type of rolling stock with different gradually increasing speeds. 

Usually, due to financial constraints, it is the same vehicle that was used in the static load test i.e., one or 

more heavy locomotives. The speed of the test vehicle starts from the quasi-static one (usually 10 km/h) up 

to the maximum possible for the available rolling stock. Displacements and accelerations of few 

representative points of the bridge located usually in the middle of the bridge span are observed. The attempt 

to identify modal parameters is usually made by the analysis of the free vibration response (after the test 

vehicle left the structure and its mass is not influencing dynamic response) of the tested bridge. The 

identification of modal parameters is based on the Spectral Analysis (SA) of registered free response signals. 

Identified modal parameters in the form of natural frequencies and mode shapes can be used to indirectly 

verify the Finite Element (FE) model regarding stiffness and mass of the structure. The actual damping 

properties of the structure can be described by the identified modal damping parameters. Also, during the 

tests, the relation of the passage speed of the test vehicle to the dynamic response level of the tested span is 

observed. The primary purposes of the dynamic load trials include: 

• identification of modal parameters – natural frequencies, mode shapes and modal damping, 

• indirect verification of design assumptions, 

• observation of the dynamic response caused by the passing vehicle. 

Test loads of new bridges are usually carried out on a track that is under temporary administration of 

construction company. This involves problems of a formal and technical nature. Usually, at this stage, the 

railway track is not yet adapted to the target traffic speed. Also, restrictions related to other works carried 

out on access roads to the bridge may be an issue. Available section of the closed track may be insufficient 

to achieve the desired speeds of the test vehicle. Therefore, the use of OMA may contribute to the 

improvement of the quality of such experiments without the need to modify the procedures used so far.  

The significant natural frequencies of railway bridges are usually in the range of 0-30 Hz. In case of medium 

span bridges as one described in this contribution the lower end of the range is the most important.  Reliable 

identification of basic modal parameters is even more important the higher the allowed speed on a given 

bridge. It stems from the possible problem of resonance of rolling stock traveling with various speeds (being 

a stream of evenly distributed and rhythmically applied forces) and a bridge [9], [10]. 

2.1 Selected aspects of Operational modal analysis in dynamic load tests 

By using the most significant advantage of OMA that is to use freely available alternate sources of excitation 

and performing experiment under regular rail traffic goals specified above could be achieved without the 

necessity for expensive renting of vehicles for dynamic trials. However, infrastructure managers in Poland 

rarely decide on such a solution. For this reason, work on the use of OMA as an extension of the standard 

test program without significant interference in contemporary procedures has been undertaken. 
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It should be remembered that the load tests in Poland are almost routine. Therefore they are often limited 

by time and financial constraints. The test date must be adapted to the ongoing construction works. 

Therefore, tests are usually carried out immediately before putting the bridge into operation. In turn, the 

range of measurements, i.e. number of measurement locations and the duration of the experiment are also 

limited. This translates, for example, into the fact that experiments with many setups of accelerometers (such 

as those described in the paper [11]) do not work well in routine dynamic load tests. Single setup experiments 

are preferred. Single setup experiment should enable unambiguous identification of the most critical modes 

of vibrations. Renting test vehicles is a significant cost of the static and dynamic trials. The striving to 

optimize the costs associated with the tests means that there could be several bridges to be tested in one day. 

This is an additional obstacle to the implementation of time-consuming experiments with many transducer 

setups, mainly when the measuring system uses standard wired connections. Single setup with a limited 

number of transducers is the tradeoff between identified modes observability and measurement time (cost). 

3 Tested structure 

  

Figure 1: Discussed truss railway bridge 

The subject of the described research is a truss railway bridge crossing the Biala River near Tarnow in 

Poland (Figure 1). This modern truss was built during the modernization of the Third Pan-European corridor: 

Brussels - Aachen - Cologne - Dresden - Wroclaw - Katowice - Krakow - Lviv - Kiev. The new truss 

replaced the old deteriorated bridge (an open deck truss with parabolic upper chord). The new commercial 

speed on the described bridge is 160 km/h. Modernization of the line (also the replacement of civil 

structures), was carried out with the constant maintenance of rail traffic on one track. It required dividing 

the construction works into stages. Likewise, commissioning load tests were carried out in stages, the 

elements of which was the work described in the contribution. 

3.1 Structure characteristics 

The bridge consists of two steel truss spans; each carries one ballasted railway track (Figure 3). Trusses are 

supported on common abutments. Beside common supports, the two trusses are in principle independent. 

They share only small-sized elements supporting inspection ladders (visible in Figure 1). The lower chord, 

the upper chord, and the extreme diagonals are designed as box cross-sections. The deck is made as a steel-

concrete composite. Reinforced concrete deck slab is supported by transverse steel I-beams. The basic 

dimensions of the structure are shown in Figure 2 and Figure 3. 
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Figure 2: Side view of the analyzed truss 

 

Figure 3: Cross section of analyzed truss 

The discussed structure has been subjected to dynamic load tests five times in total (Table 1). The first two 

experiments (not described in the contribution) were ordinary load tests (as described in pt 2). Three others 

were supplemented with additional measurements (pt 4) specially selected for the acquisition of time data 

useful from the OMA perspective. 

 

Order Structure Year Type of test Description 

1 Track 1 2013 SA A previous experiment with SA 

2 Track 2 2014 SA A previous experiment with SA 

3 Track 1 2016 OMA First OMA experiment (see 4.1) 

4 Track 2 2017 OMA Second OMA experiment (see 4.2) 

5 Track 1 and 2 2017 OMA 
Third OMA experiment (see 0), additional 

dynamic trials with faster locomotive 

Table 1: Conducted experiments  

4 Field tests 

Initially, the concrete deck slab was constructed as a continuous element along the entire span. However, it 

cracked and was leaking, so repair of the slab was requested by the investor. The deck slab was replaced by 

a new one. Two expansion joints marked in Figure 2 were introduced to the new slab. These structural 
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changes were the reason for additional load tests, during which OMA was applied. Because OMA was an 

extension of a typical dynamic load test, standard test program had to be executed. In Table 2 all the trial 

runs completed during all five experiments are listed. Each of them was conducted at least twice – in both 

directions. 

 

Order 

of DLT 
Track 

Dynamic Load Test trial speed Type of 

locomotive 10 20 30 40 50 60 70 80 100 120 140 160 30b 

 SA 1 

1 

o   o   o o             o Class ST43 

OMA 1 x x x x x x x x         x Class TEM2 

OMA 3 x   x   x   x   x x x x   Class EP09 

SA 2 

2 

o   o   o   o           o Class TEM2 

OMA 2 x   x   x   x           x Class M62 

OMA 3 x   x   x   x   x x x x   Class EP09 

    o – structure before modification of deck slab – typical dynamic load test (Spectral Analysis) 

    x – structure after modification of deck slab – dynamic load test with additional OMA measurements 

Table 2: Summary of the completed trial runs during all conducted Dynamic Load Tests 

Additional measurements were to have the least impact on the current approach to this type of tests. In 

addition to the typical dynamic trail runs (passage of a single locomotive with various speeds – unusable 

from the perspective of OMA), available sources of excitation forces included the influence of wind (very 

useful due to developed spatial form of the bridge), pedestrian traffic and the passage of trains on the active 

track. In the case of each OMA experiment, efforts were made to maximize the length and sustain sufficient 

quality of recorded time histories of accelerations. Measurements were recorded in the form of long time 

histories with a duration ranging from 600 to 1800 sec. The research team performing the tests is part of the 

Bridge Structures Research Laboratory with the ISO/IEC 17025 accredited quality system. The 

measurements were carried out using the LMS Scadas Mobile Frontend. Accelerations of the superstructure 

were recorded with piezoelectric accelerometers with a sensitivity of 1 V/g (with simultaneous measurement 

by 12 to 14 single axis accelerometers). Vertical displacements were recorded with two LVDT linear 

displacement transducers. The Test.Xpress software was used for the management of the test equipment. 

For the estimation of modal parameters, a two-step Stochastic Subspace Identification algorithm based on 

correlation functions (SSI-COR) was used [12]. 

4.1 First OMA experiment – track 1 

 

Figure 4: Schematic measurement layout in the first experiment 

In the first experiment, truss span carrying track no. 1 was tested. Twelve single-axis accelerometers were 

used for measurements of vibrations time histories. The test was planned as two setup experiment, where 

six of available transducers were reference points. This allowed measuring vibrations of eighteen degrees 
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of freedom. The location of the measurement points is shown in Figure 4. In each of the three observed cross 

sections, six accelerometers were installed what was schematically drawn in Figure 5a. This approach has 

proven to be too time-consuming. 

 

Figure 5: Schematic layout of measurement directions instrumented with single axis accelerometers in 

typical cross sections of a truss: a) six transducers; b) four transducers; c) two transducers 

4.2 Second OMA experiment – track 2 

 

Figure 6: Schematic measurement layout in the second experiment 

In the second experiment truss span carrying track no. 2 was tested. Due to the difficulties encountered in 

the identification process of the first experiment (e.g., closely spaced and repeated modes of vibrations) the 

measurement strategy was changed. The number of accelerometers in the observed cross-sections has been 

reduced (Figure 6) from six to four (Figure 5a, b). Two of the six accelerometers were acquiring redundant 

information. The transducer layout has been reorganized to obtain an unambiguous picture of the basic 

modes in one setup of accelerometers (12 measurement directions). It was decided that in addition to the 

examined span the neighboring one will also be observed. Two single axis accelerometers were mounted on 

it (Figure 6). Two additional accelerometers were oriented according to Figure 5c. This decision was made 

because of the difficulties encountered previously in the identification of basic global modes of vibrations, 

especially vertical bending and torsional. As mentioned earlier in the first experiment, repeated forms of 

vibration were observed. One possible reason was the dynamic interaction of two adjacent lattice spans. 

Described transducers layout was planned, e.g., to verify this hypothesis. 

4.3 Third OMA experiment – track 1 I 2 

The third experiment was carried out during additional dynamic tests conducted after the completion of all 

construction works. In this case, the tests included structures in both tracks and were carried out during the 

night closures of the railway line that was fully functional at that time. Scheduled test runs (of light and fast 

electric locomotive) included speeds ranging from 10 to 160 km/h (Table 2). Three cross-sections in each 

truss were observed (Figure 7). In all cross sections, two accelerometers were installed according to the 

sketch in Figure 5c. The tests had to be carried out with one setup of sensors, so it was decided to use this 

a) b) c) 
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opportunity to finally verify the observations made in the second experiment. That is the observed 

interaction of the two truss spans. 

 

Figure 7: Schematic measurement layout in the third experiment 

5 Results 

The most important effect of using modal operational analysis is the unambiguous identification of basic 

modes of vibrations. This is something that would not be possible to achieve using spectral analysis. 

Especially in the case of this structure, which is characterized by a complex dynamic behavior. 

Spatial distribution of transducers used in the first and second experiment (described in point  4) allowed 

for unambiguous observation of almost all basic forms of natural vibrations up to the second, vertical 

bending mode. It was possible to observe several higher order modes. However, only some of them were 

characterized by satisfactory observability. The results of the first experiment, in which only one truss was 

observed, indicated the repeated modes.  

 

Mode description 
Mode Number 

OMA 

𝑓𝑂𝑀𝐴 

[Hz] 

𝑈(𝑓𝑂𝑀𝐴) 

[Hz] 

𝜉𝑂𝑀𝐴 

[%] 

𝑈(𝜉𝑂𝑀𝐴) 

[%] 

horizontal bending 1 1.83 0.02 1.39 1.10 

torsional 2 2.93 0.01 0.44 0.22 

vertical bending 3 3.10 0.01 0.31 0.37 

horizontal bending II 4 4.46 0.07 1.35 0.48 

torsional II  5 6.27 0.05 1.04 0.57 

torsional – alternative form 6 6.80 0.06 0.26 0.07 

vertical bending II 7 6.95 0.06 1.20 0.68 

Table 3: First experiment - identified global modes of vibration 

In Table 3 the results of identification carried out in the first experiment i.e., obtained during measurements 

on the structure in track no. 1 (Figure 3) are presented. At the stage of the first experiment, the possible 

interaction of two trusses was not taken into account. In the case where one of the modes was identified as 

a repeated root, it was concluded that the most important (of the physical meaning) is one that had more 

energy content in the vibration spectrum. In addition to the frequency of the identified mode (𝑓𝑂𝑀𝐴) the 

table shows the damping estimate (𝜉𝑂𝑀𝐴) and extended experimental uncertainties (𝑈(𝑓𝑂𝑀𝐴) i  𝑈(𝜉𝑂𝑀𝐴)) 

of those parameters. 

In Table 4 the results of identification carried out in the second experiment, i.e., obtained during 

measurements on the structure in track no. 2 (Figure 3), were presented. Two of the seven modes were 

identified as conjugate pairs. Not every identified mode had its conjugated counterpart identified. This may 

be due to low excitation of these modes or ineffective identification. 
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Mode description 
Mode Number 

OMA 

𝑓𝑂𝑀𝐴 

[Hz] 

𝑈(𝑓𝑂𝑀𝐴) 

[Hz] 

𝜉𝑂𝑀𝐴 

[%] 

𝑈(𝜉𝑂𝑀𝐴) 

[%] 

horizontal bending 1 1.82 0.02 1.05 0.28 

torsional 2 2.94 0.01 0.84 1.23 

vertical bending in phase 3 2.95 0.03 1.37 0.77 

vertical bending out of phase 3 3.15 0.02 0.67 0.70 

horizontal bending II 4 4.48 0.09 1.69 0.70 

torsional II  5 5.79 0.03 0.29 0.86 

torsional (alternative form) in phase 6 6.74 0.01 0.25 0.07 

vertical bending II 7 7.01 0.03 0.96 0.35 

torsional (alternative form) out of phase 6? 7.74 0.24 0.36 0.18 

Table 4 Second experiment - identified global modes of vibration 

Despite the annual gap between experiments no. 1 and 2, and the fact that they focused on various trusses, 

the results overlap quite well (Table 3 and Table 4). The only significant difference is the frequency of the 

second torsional mode, which takes the value of: 

• in experiment no. 1 – 6,27±0.05 Hz, 

• in experiment no. 2 – 5.79±0.03 Hz.  

This may indicate an identification error or a pair of repeated characters. Where in different experiments 

two variants of the same mode were observed. 

The detailed results of the third experiment were not cited. Observations made in it coincided with those 

described above. However, most of the forms had observability issues. It stems from the adopted layout of 

vibration transducers. The primary purpose of this experiment was to verify the occurrence of duplicated 

conjugate modes and was programmed to identify global modes with the dominant vertical component. 

 

  

  
Figure 8: Two warrants of first vertical bending mode identified in the third experiment compared against 

FE model prediction: a) FEM out of phase; b) FEM in phase; c) OMA out of phase 2.92 Hz; d) OMA in 

phase 3.17 Hz 

Experiment two and three (see pt 4.1 and 4.2) allowed observation of the dynamic interaction of two trusses. 

In Figure 8 an example of a pair of conjugate vertical bending modes is shown. The two calculated from the 

FE model and identified during the identification experiment are shown. Additionally, in Figure 9 an 

example of a pair of conjugate higher-order modes associated with one of the torsional vibration modes are 

shown. 

a) b) 

c) d) 
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The effect of expansion joints introduced to the deck slab was not observed in any of the three experiments 

(see 4). This may be due to the insufficient number of measurement points within the structure deck. The 

results of previous dynamic load tests (using less reliable transducers and basic signal processing see 3.1) 

were considered unreliable and therefore could not provide information on the impact of the discussed 

changes of the structural system on the modal parameters. Significant limitations of the conducted research 

were: 

• a limited number of available vibration transducers, 

• conditions encountered on the site in individual experiments - water level in the river, access to the 

structure, other works carried out on the bridge or in its vicinity, 

• the sensor layout did not allow the integration of results from various experiments 

• the third experiment had an insufficient number of transducers to identify any modes with 

significant transverse motions unambiguously. 

 

  

Figure 9: Two variants of one of the torsional modes identified in the third experiment: a) – 6.78 Hz; b) 

7.0 Hz 

5.1 Comparison with other tested railway trusses 

The described truss exhibits dynamic behavior similar to other truss bridges of a similar type. In Figure 10 

the frequency relationship of three primary forms of natural vibrations against the background results 

obtained by authors on other truss railway bridges (OMA was used in all those cases) is shown. Attention 

should be paid to the closely spaced vertical bending and torsional modes of vibrations. In addition to the 

dynamic interaction of the two spans described above, it is the proximity of these two modes that cause the 

greatest identification difficulties. Therefore, the use of simple signal analysis methods may lead to 

misidentification.  The most troublesome is the reliable detection of a torsional form of vibrations. 

 

Figure 10: First three fundamental modes of vibration compared to other similar structures tested by 

authors using OMA 

Discussed 

truss 

a) b) 
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6 Discussion and conclusions 

The described research was carried out during an identification experiment which was an extension of a 

typical dynamic load test. Operational modal analysis fits well into the practice of performing the load tests 

on dynamic railway bridges. The advantages of OMA are particularly visible in the analysis of complex 

structures such as truss bridges. The spatial character of their vibration forms is undisputed, and it is 

necessary to include this observation in the planning process of identification experiments. The correct 

identification of dynamic parameters of these bridges is made more difficult by the frequent occurrence of 

closely-spaced modes of vibrations. 

The applied research approach allowed to disambiguate the identified modal model together with the 

extension of the range of identified modes of vibrations over what is possible using simple signal analysis 

methods. The conducted experiments showed the phenomenon of interaction between two trusses based on 

a common supports. Repeated conjugate modes of vibrations were observed. The first of the described 

experiments focusing only on one truss gave results difficult to interpret, e.g., repeated forms of vibrations. 

Only simultaneous measurements on two trusses allowed to explain the source of these difficulties. 

Multi-setup experiments are impractical in case of routine commercial dynamic load tests. The inability to 

give up the test runs of rented locomotives means that it is necessary to carry out this type of work efficiently. 

Changing the location of transducers based on wired technology is too time-consuming. With one setup 

experiments, it is possible to perform tests of several neighboring bridges on the section of the railway line 

in one day. This allows for optimization of the costs of renting rolling stock. 

The identified modal model can be used to confirm the validity of design assumptions made at the design 

stage, in the process of updating the numerical model and as a dynamic bridge metric for future use. 
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