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This Report is a Part of the Research Project “Sustainable Bridges” which aims to help European railways to use 
their bridges more efficiently by allowing higher axle loads on freight vehicles and by increasing the maximum 
permissible speed of passenger trains. This should be possible without causing unnecessary disruption to the 
carriage of goods and passengers, and without compromising the safety and economy of the working railway.  

The Project has developed improved methods for computing the safe carrying capacity of bridges and better 
engineering solutions that can be used in upgrading bridges that are found to be in need of attention. Other re-
sults will help to increase the remaining life of existing bridges by recommending strengthening, monitoring and 
repair systems. 

A consortium, consisting of 32 partners drawn from railway bridge owners, consultants, contractors, research 
institutes and universities, has carried out the Project, which has a gross budget of more than 10 million Euros. 
The European Commission’s 6th Framework Programme has provided substantial funding, with the balancing 
funding coming from the Project partners. Skanska Sverige AB has provided the overall co-ordination of the Pro-
ject, whilst Luleå Technical University has undertaken the scientific leadership. 

The authors of this report have used their best endeavours to ensure that the information presented here is of the 
highest quality. However, no liability can be accepted by the authors for any loss caused by its use. 
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Summary 
In the report a conception of the monitoring system based on forced vibration tests of railway 
bridges is presented. The proposed monitoring technology is directly connected with the 
main goals of the Project: 

• technique of vibration tests enables precise determination of real modal parameters 
of the railway bridge structures (resonance frequencies, mode shapes, damping char-
acteristics) what is of great importance for structures along the high-speed railway 
lines; 

• real values of modal parameters can serve as a base for refinement of theoretical 
model of the analyzed structure what enables reliable load capacity calculation as 
well as an analysis of structural response on various trains, 

• monitoring of the dynamic parameters can enable detection of damages (e.g. cracks) 
that are not visible during standard inspections; higher axle loads increase probability 
of the damage appearance and a sensitive monitoring system would be helpful; 

• effective, precise and sensitive as well as relatively cheap and simple monitoring 
technology based on vibration tests enables early detection of damages (e.g. cracks) 
and immediate rehabilitation extending the safe lifetime of the monitored bridge struc-
tures. 

The main fields of practical applications of the vibration tests can be specified as follows: 
• experimental modal analysis – precise determination of modal parameters of the rail-

way bridge structure (vibration frequencies, modes, damping) is important for as-
sessment of bridge condition as well as for evaluation of safety of high-speed trains. 
The vibration tests should be performed before opening the structure to traffic and 
condition of the bridge should be systematically controlled during operation; 

• detection of damages – some types of damages (e.g. material losses, cracks, loosen-
ing of connections) influence stiffness of the bridge structure and consequently cause 
changes of the modal parameters. The changes of the modal parameters can be in-
vestigated by means of vibration tests. The technology seems to be specially promis-
ing in detection of damages of steel components (Fig. 1). The defects are usually dif-
ficult for identification during inspections or by means of other tests, but often are 
dangerous; 

Fig. 1. Damages of railway steel bridges: a) crack in the flange of the main girder, b) loss of rivets in 
connection of stiffener 

 

• updating of theoretical models – on the basis of precise experimental data collected 
during vibration tests the methodology of structure modelling and assessment can be 
improved and applied in analysis of new built and existing structures. 

a) b) 
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The application of inertial exciters for examination of dynamic behaviour of railway 
bridges has many advantages in comparison with other methods of excitation used in the 
dynamic tests. The most important of them are as follows: 

• the full control of exciting force amplitude, frequency and location, 
• the possibility of structural linearity investigation by tests with harmonic force excita-

tion, 
• the possibility of accurate identification of resonance frequencies in a wide range of 

frequency (a mass of the exciter is negligible in comparison with a mass of the tested 
structure), 

• the possibility of keeping the constant parameters of excitation (i.e. an exciting force, 
a location, an excitation frequency) during the required time, 

• the good repeatability of the excitation parameters even after a long time, what has 
positive influence on the precision of modal parameters estimation, 

• relatively low cost of the vibration tests, 
• small disturbances in the railway traffic. 

This report is a description of the main principles of the proposed monitoring system, testing 
procedures, techniques of data acquisition and processing. After general information on dy-
namic tests in the bridge monitoring (Chapter 1 and 2) in Chapter 3 the prototype of exciter is 
described, the main principles and assumptions according to its construction and also tests 
of the exciter executed in laboratory conditions as well as in field are presented and dis-
cussed. In Chapter 4 general principles of the monitoring system based on vibration tests 
carried out by means of the built exciter are described. This chapter presents architecture of 
the system, the developed exciter control application, requirements for data acquisition sys-
tem, all procedures of bridge testing proposed to use in the monitoring systems as well as 
the employed algorithms of data processing. In Chapter 5 a practical application of the moni-
toring system based on vibration tests is described on example of a damage test carried out 
on the Demonstration Bridge 4 (located in Siechnice close to Wrocław, Poland). Chapter 6 
summarizes the presented work and gives some conclusions based on results of the per-
formed laboratory tests of the exciter and preliminary field tests of the Demonstration Bridge 
4 as well as proposes directions of future works. 

The prototype of the inertial exciter (Fig. 2) presented in this report has been designed, con-
structed and tested at Wroclaw University of Technology together with the conception of rail-
way bridges monitoring system based on vibration tests. Results of the laboratory tests of the 
exciter confirmed usefulness of the developed construction for tests with excitation frequency 
from 2 Hz to 23 Hz and with effective resolution of 0.008 Hz. For each frequency within this 
range the exciting force is stable as regards to amplitude as well as frequency. 

    

Fig. 2. Prototype of the exciter for vibration tests of railway bridges: a) general view, b) mounting detail 
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General conception of the monitoring procedure is based on the repeated test sessions exe-
cuted at predefined intervals (see Fig. 3). The schedule of the monitoring tests should be 
programmed depending on the individual requirements of the monitored structure (construc-
tion type, progress of degradation process etc.). In each test session modal parameters of 
monitored structure are identified and results of each test are used for determination of cur-
rent modal parameters of the monitored structure and are compared with the parameters 
obtained during the previous tests. Results of the comparison (changes of the modal pa-
rameters) create a base for assessment of the bridge technical condition. The lack of any 
significant changes of the compared parameters means that there is no changes of the con-
struction technical condition and a date of the next monitoring session can be planned (if 
monitoring is still needed). Considerable differences of compared modal parameters mean 
that the structure technical condition has changed. In such a situation the following levels of 
condition evaluation can be applied: 

• elementary level – changes of modal parameters are evaluated on the basis of the 
few first vibration modes to make a decision if the structure requires additional de-
tailed inspections or tests because its condition is reduced; 

• advanced level – changes of modal parameters are investigated on the basis of a lar-
ger number of vibration modes that can enable identification of the damage type as 
well as damage parameters (location, intensity etc.); this information is used for a 
more precise evaluation of structure condition. 

 
Fig. 3. Procedure of bridge condition monitoring based on the vibration tests 

For the full control of all test parameters as well as the test preparation and execution special 
software was designed, build and tested. Performed preliminary laboratory and field tests 
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confirmed effectiveness of the applied monitoring procedures implemented in the single con-
trol software together with facility for data acquisition, visualisation and processing. 
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1 Introduction 

Relationships of the proposed railway bridge monitoring system (WP5) with other Work 
Packages are presented in Fig. 1.1. 

A proposed monitoring system is based on the needs of the railway administrations de-
scribed in WP1 “Start-up and Classification” and on damage classification created and dis-
cussed in WP3 “Condition Assessment and Inspection”. The results of work are directly ad-
dressed to WP5 “Monitoring” as one of the technologies of bridge monitoring. After satisfac-
tory tests of the monitoring system and positive evaluation (WP2 “Guidance and Review”) by 
the Project Consortium the methodology of vibration tests can be used as a tool for condition 
assessment of railway bridges (WP3). The method can also be described and recommended 
in the created in WP5 “Guidelines for Monitoring Railway bridges“. The developed technol-
ogy of monitoring system, the prototype of exciter as well as measuring technologies have 
been tested and calibrated on the selected demonstration bridges in WP7 “Demonstration 
Field Testing of Bridges” and WP8 “Demonstration Monitoring of Bridges”. Applicability of the 
monitoring technology was also demonstrated in a real environment of the railway bridge 
structures. 

Results of the development and implementation activities related to the bridge monitoring by 
means of vibration tests will be presented in publications and during trainings organized by 
the Project (WP9 “Training and Dissemination”). 

 

Fig. 1.1. The bridge monitoring system as a part of the Project “Sustainable Bridges” 
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2 Dynamic tests in bridge monitoring 

Bridge structures are exposed to various dynamic loads, e.g. moving live loads, time varying 
wind loads, etc. The dynamic effects are taken into account while designing bridges and play 
an important role during the whole life of the structures. The results of the experimental dy-
namic analysis carried out for many years offer valuable information for comprehensive 
bridge management. The main methods of dynamic bridge testing and their potential applica-
tions in assessment and monitoring of railway bridges condition are presented in Fig. 2.1. 

 

 

Fig. 2.1. Methods of dynamic testing of bridge constructions 

The monitoring system proposed in this report is based on results of forced vibration tests 
executed by means of force generating devices called exciters or shakers – see bold items 
in Fig. 2.1. 

The main practical results of the vibration tests can be described as follows (see distin-
guished components of Fig. 2.1): 

1. Experimental modal analysis – precise determination of all modal parameters of the 
railway bridge structure (vibration frequencies, modes, damping) is important for as-
sessment of bridge condition as well as for evaluation of safety of high-speed trains. 
The vibration tests should be performed before opening the structure to traffic and 
condition of the bridge should be systematically controlled during operation. 

2. Detection of damages – some types of damages (e.g. material losses, cracks, loos-
ening of connections) influence stiffness of the bridge structure and consequently 
cause changes of the modal parameters. The changes of the modal parameters can 
be investigated by means of vibration tests. The technology seems to be specially 
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promising in detection of cracks in steel components (Fig. 2.2) which are usually diffi-
cult for identification during inspections or other tests, but often are dangerous for 
structure and users safety. 

3. Updating of theoretical models – on the basis of precise experimental data col-
lected during vibration tests the methodology of structure modelling and assessment 
can be improved and applied in analysis of new and existing structures. 

Fig. 2.2. Cracks in steel bridge components 

One of the first significant trials of applying exciters as a source of vibration for bridge testing 
was reported by Leonard [1] in 1974 and since this time the method has being developed by 
many teams. Due to increasingly growth of the computational power of computers used to 
data pre- and postprocessing improvement of this method has been observed in last years. 
For the last ten years the development of bridge assessment methods has also been ob-
served where the results of bridge dynamic tests are used in maintenance and structural 
health monitoring. Many theoretical and practical applications in the area of vibration testing, 
damage assessment and condition monitoring of bridge structures has been developed in 
recent years [2-14]. The developed monitoring system is based on existing knowledge as 
well as on new laboratory and field tests performed as a part of this Project. 

The application of inertial exciters to examine dynamic behaviour of large-scale structures 
(like railway bridges) has many advantages in comparison with other methods of excitation 
used in the dynamic tests. The most important of them are as follows: 

• the full control of exciting force amplitude and frequency, 

• the possibility of exciting force location in various places on the tested structure, 

• the possibility of accurate resonance frequencies identification in a wide range of fre-
quency (a mass of the exciter is negligible in comparison with a mass of the tested 
structure), 

• the possibility of keeping the constant parameters of excitation (i.e. an exciting force, 
a location, an excitation frequency) for a long time, 

• the repeatability of the excitation parameters even after a long length of time, 

• relatively low cost of the vibration tests, 

• small disturbances in the railway traffic. 

Analysis of the research and practical application results [2-14] discloses several problems 
related to the forced vibration tests: 

• the necessity of improvements in exciter construction and control techniques, 
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• the mode shape identification carried out in field tests is sometimes sensitive to am-
bient conditions, especially to changes of temperature and humidity [3, 5, 7], 

• damage detection and location based on forced vibration tests require measuring with 
high precision and applying advanced methods of data processing, 

• more tests and analyses are needed to establish a correlation between location and 
intensity of possible damage and mode shapes affected by it; many research teams 
have developed various approaches [5, 8, 9, 10, 11, 13 and 14] to solve this issue. 

The prototype of the inertial exciter presented in this report has been designed, constructed 
and developed at Wroclaw University of Technology (WUT) together with the conception of 
railway bridges monitoring based on vibration tests. This report is a description of the main 
principles of the monitoring system, testing procedures, techniques of data acquisition and 
processing. In the presented solutions an experience of the WUT team in the vibration tests 
of the road bridges [15-18] is used and developed. Specific goals of the conceptions and 
solutions presented here can be listed as follows: 

• design and construction of a special exciter dedicated to testing of railway bridges, 

• analysis and selection of efficient techniques of data acquisition and processing, 

• conception of consistent, comprehensive procedure of railway bridge monitoring by 
means of vibration tests. 

After general information on dynamic tests in the bridge monitoring (Chapter 1 and 2) in 
Chapter 3 the prototype of exciter is described, the main principles and assumptions accord-
ing to its construction and also preliminary tests of the exciter executed in laboratory condi-
tions are presented and discussed. In Chapter 4 general principles of the monitoring system 
based on vibration tests carried out by means of the built exciter are described. This chapter 
presents architecture of the system, a conception of the exciter control system, requirements 
for data acquisition system, all procedures of bridge testing are used in the monitoring sys-
tems as well as proposed algorithms of data processing. In Chapter 5 the general idea of 
practical application of vibration tests in the monitoring system is described and illustrated by 
example of a preliminary field test. Chapter 6 summarizes the presented proposals and con-
clusions based on results of the performed laboratory tests of the exciter and preliminary field 
tests of the bridges as well as proposed directions of future works. 
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3 Prototype of exciter for vibration tests 

3.1 Construction of the exciter 

The principle of operation of the exciter is based on the appearance of the centrifugal force of 
rotating unbalanced masses. In such a solution a growth of the inertial force is connected 
with an increasing rotational velocity. An exciting force direction depends on these masses 
placement. The two meshed gears with unbalanced masses were actually placed symmetri-
cally one to the other. In this case horizontal components of this force are mutually compen-
sated and the resultant exciting force acts vertically only. To achieve another direction of the 
resultant exciting force the relative location of the masses should be changed. In this case 
the horizontal component of this force additionally excites a structure. It is also possible to 
control an inertial force by the changing of unbalanced mass sizes. The conception of the 
exciter is shown in the Fig. 3.1. 

 

Fig. 3.1. Prototype of the eccentric mass exciter placed on the supporting frame and fas-
tened to rails 

A prototype of exciter for testing railway bridges, based on the above mentioned principles, 
has been built by the team at the Institute of Production Engineering and Automation of Wro-
claw University of Technology. The exciter in the testing position on the railway bridge is pre-
sented in Fig. 3.2. The steel yellow box contains all the elements of the exciter’s construc-
tion. The box is placed on the frame and it is fixed to the rails by special designed and con-
structed the red clamps (Fig. 3.2b) that also fasten the bow-shaped force sensors to the 
tested structure. 
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a) 

 

b) 

 

Fig. 3.2. Prototype of the exciter for vibration tests of railway bridges developed  
at Wroclaw University of Technology: a) general view, b) mounting detail 

3.2 Tests of the exciter 

3.2.1 General description 
The aim of the exciter’s laboratory tests was to calibrate it and determine a relationship be-
tween the exciting force and rotational speed of unbalanced masses. The amplitude of this 
force as well as its distribution, distortion and direction were examined. These parameters 
are of great importance for the exciter’s efficiency evaluation and applicability regarding to 
bridge structures excitation. For determination of the exciter’s characteristics some tests 
were performed. 

The first part of this chapter presents an inertial exciter construction together with displaying 
the principle of its functioning. The laboratory tests were performed to provide the exciter 
calibration and to determine the dependence between the excitation force and the rotational 
speed of unbalanced masses. Additionally, the forces course at the exciter support points 
and the stability and frequencies of these forces were checked. In the research typical dy-
namometers produced by HBM were utilized. The tests proved that in the range of applied 
excitation frequencies, i.e. between 2 and 14 Hz, the exciter generates the force of stable 
amplitude and frequency. It is worth noticing that the value of force amplitude depends on the 
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frequency. The maximal possible frequency is limited by the maximal rotational speed which 
can be achieved by the exciter driving motor. The range of applicable frequencies is addi-
tionally limited by simple – supported exciter – at higher frequencies increasing resultant 
force causes detaching of the exciter from the dynamometers. In the conclusion one can 
state that the exciter can be used for railway bridges dynamic tests. However a special frame 
transferring the excitations should be applied. 

Introductory investigation of the exciter at the site were carried out with the use of a specially 
adopted railway truck, which was employed as a supporting system transferring the excita-
tion corresponding to reactions at the support points (contacts of the truck’s wheels and the 
rails). To simplify the notation in this report these reactions will be called the excitation com-
ponents, which may slightly differ from the generally established mechanical terminology. 
Tests conducted on the bridge object have demonstrated usefulness of the exciter to gener-
ate a steady resonant vibration of the frequency above 3 Hz. At lower frequencies the resul-
tant excitation force was too low to excite the bridge. Fastening the truck to rails with use of 
dedicated screw clamping rings protected the truck with exciter from detaching from the rails 
at frequencies above 14 Hz. It was possible to perform tests with excitation frequencies up to 
23 Hz, which was a boundary value of an inverter supplying the power to the exciter driving 
motor. 

Notwithstanding conducted investigations demonstrated serious weaknesses of the pro-
posed construction of the exciter supporting system. During the bridge inspections there was 
no possibility to measure the excitation force, thus the evaluation of the reactions value at the 
wheels–rails contact points was not possible. The truck and its clamping accessories did not 
allow moving the exciter along the truck’s supporting frame. The only possible exciter’s posi-
tion was in the middle between the rails. Due to this disadvantage it was not possible to gen-
erate torsional mode shapes on bridges with one track, since in such cases the exciter al-
ways was placed above the symmetry axis of the bridge. The mentioned above disadvan-
tages imposed to design and construct a new exciter’s supporting frame free of these draw-
backs. Concerning the new construction the following assumption were made: 

• It should be possible to permanently measure the excitation force components dur-
ing the railway bridges inspections. 

• It should enable to locate the exciter in various positions in relation to the rails. 

• The temporary fastening of the road wheels for the transport purposes from its 
unloading place to the investigation site should be provided. 

• Raising and lowering system of the truck with the exciter for attaching/detaching 
the road wheel system and fastening/removing dynamometers should be de-
signed. 

Figure 3.3 presents the designed and constructed frame of the inertial exciter supporting 
system. The frame consists of two C-shaped beams placed lengthwise and connected with 
cross-bars. The spacing between the beams corresponds to the exciter’s base width. 
Threaded holes made at the top part of each beam enable fastening of exciter to the frame 
with bolts in three different placements: symmetrically according to the rails, and above each 
of them in such a way, that the resultant excitation force lies at the symmetry centre of the 
rail. The cross-bars made of steel plate and connecting two longitudinal beams at their bot-
tom serve as a base to fasten dynamometers. Two transversal C-shaped beams placed bel-
low the frame plays dual role. They support four threaded rods which enable lifting and low-
ering the frame with the exciter and allow temporarily fastening the driving system. 
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Fig. 3.3. The frame structure with sliding support wheel system, allowing fastening the exciter 
in three different positions 

To measure the components of the excitation forces three tensometric bow-shaped dyna-
mometers (Fig. 3.4) were designed and constructed. These dynamometers can be detached 
from the supporting frame for the transport purposes. On the railway bridge the frame is 
raised with help of four rods, which allows detaching the wheel system and fastening all dy-
namometers. After lowering the frame with the exciter the dynamometers rest on the rails – 
two of the dynamometers on the one of them and the third on the other. Thus the whole con-
struction is supported at three points, and bullets applied at the dynamometer-rail contact 
points allow to stable support of the exciter’s frame. To attach the dynamometers to the rails 
dedicated screw clamping rings were constructed (Fig. 3.5). They prevent the supporting 
frame from moving during the tests (falling off them due to vibrations). The rings were de-
signed in such a way, that they do not cause bending the dynamometers and stretching them 
at places were the strain gauges are glued on. View of the exciter and the supporting frame 
with dynamometers is shown in Fig. 3.6. 

 

Fig. 3.4. Scheme of the tensometric bow-shaped dynamometer 
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Fig. 3.5. The dynamometers together with the screw clamping rings 
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Fig. 3.6. The exciter’s supporting frame completely equipped with set of bow-shaped dyna-
mometers, lifting rods and mounting elements 

The dynamometers are equipped with strain gauges glued in pairs at a stretched and com-
pressed part of the bow-shaped body, and electrically arranged in a full bridge configuration. 
The tensometric dynamometers were calibrated at the laboratory, where they were loaded 
with static forces ranging from 0 to 10 kN with step of 1 kN. The calibration plot is presented 
in Fig. 3.7. The tensometers were amplified with use of the three-channel measuring bridge 
HBM KWS 523C. Such solution allowed every dynamometer to be calibrated independently 
in a separate measurement channel with individually chosen gains. In the range of applied 
loads the characteristics were linear, what is confirmed by the linear correlation coefficients 
which in all the cases were larger then 0.99.  

 

Fig. 3.7. Dynamometers calibration plot 

The driving system of the exciter’s supporting frame consists of two detachable axles, which 
are built with a tube and wheels mounted on it with sliding bearings (Fig. 3.8). The wheels 
were taken from a typical railway truck. It seamed to be the simplest solution, which was ap-
plied due to the fact, that the exciter with its supporting frame is moved by means of the driv-
ing system only on short distances, i.e. only from its unloading place to the measurement 
point on a railway bridge and back. Unfortunately the wheels profile was not adapted to roll 
across railway junctions. Both axles with wheels were supported and mounted with screws to 
the C-shaped beams, which are welded to the exciter’s supporting frame. The slide bearings 
of road wheels were lubricated with grease. 

3.2.2 Laboratory tests of the exciter supporting system 
A series of tests of the exciter mounted on the supporting frame were conducted at the labo-
ratory (Fig. 3.9). The whole structure together with dynamometers was mounted to the rails, 
which were screwed with clamps to the base plate made of cast iron. The tests were per-
formed for three different exciter placements on the supporting frame: in its middle, and at 
both its edges. At the utmost positions of the exciter the resultant excitation force acted in the 
symmetry axis of the rail. The aim of the laboratory tests was to determine components of 
the excitation force at the support points of the frame while applying excitations of frequen-
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cies in the range 1–22 Hz, as well as to check whether at any of these frequencies there oc-
cur whole system resonance with any of the excitation force component having opposite 
phase to the others, what can be observed when the system is swinging. 

 

Fig. 3.8. Wheel system for transport of the supporting frame with the exciter 

 

Fig. 3.9. The exciter with the supporting frame in the WUT laboratory 
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First of all the excitation force components at each dynamometer for different exciter place-
ments and increasing frequencies were analyzed. As actual force values their RMS values 
on period of 20 sec. were taken. Figures 3.10-3.12 show how the force components depend 
on the exciter's placements. In the case of the exciter placed over two of dynamometers their 
indications (No. 1 and 2, Fig. 3.10) are very similar up to the frequency of 14 Hz, when the 
difference between them can be observed with the largest difference value at 18 Hz. This 
results from the fact, that this is the lowest resonant frequency of the frame with the exciter at 
which vibrations resulting from the swinging of the frame on the elastic bow-shaped dyna-
mometers can be observed. Below the frequency of 17 Hz components measured with these 
dynamometers are in-phase, however their amplitudes differ (Fig. 3.13). Notwithstanding at 
the resonant frequency of 18 Hz the phase changes (Fig. 3.14) and distinct swinging of sup-
port construction appears. The force component acting on the second rail (dynamometer No. 
3, compare Fig. 3.10) is much smaller than the excitation force components acting directly 
below the inertial exciter. The frequency of this component differs from the frequency of exci-
tations and probably is equal to one of the higher components of resonant frequencies. 

 

Fig. 3.10. Dependence of the excitation force components (RMS values) on the excitation 
frequency for the exciter mounted at the edge of the supporting frame above the dynamome-

ters No. 1 and No. 2 
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Fig. 3.11. Dependence of the excitation force components (RMS values) on the excitation 
frequency for the exciter mounted in the middle of the supporting frame 

 

Fig. 3.12. Dependence of the excitation force components (RMS values) on the excitation 
frequency for the exciter mounted at the edge of the supporting frame above 

the dynamometers No. 3 

 a) b) 
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Fig. 3.13. Plots of the excitation force for the exciter mounted at the edge of the supporting 
frame over two dynamometers at the frequency of 17 Hz for the dynamometer: a) No. 1, 

b) No. 2 

 

Fig. 3.14. Plots of the excitation force for the exciter mounted at the edge of the supporting 
frame over the dynamometers No. 1 and No. 2 at the resonant frequency of 18 Hz for the 

dynamometer: a) No. 1, b) No. 2, c) No. 3 

For the exciter placed in the middle of the supporting frame (Fig. 3.11) the sum of the force 
components occurring at the system support points on two dynamometers is equal to the 
component value appearing at the single support point, what fully coincide with the principles 
of reaction forces distribution in a bar with a central load and two support points. In the third 
case, when the exciter was mounted at the edge of the supporting frame above the single 
dynamometer (Fig. 3.12), the force acting on that dynamometer (No. 3) dominates the oth-
ers. Regarding the characteristics of excitation force components dependence on the excita-
tion frequency, which shows no influence of the resonant vibration of the supporting frame 
with the exciter on the force components values, the placement of the exciter over the single 
dynamometer seems to be the most effective. Moreover it displays additional advantage i.e. 
during railway bridges dynamical characteristics measurements it is enough to record only 
the single force component acting directly below the exciter, since the other components 
values are more then twenty times smaller. 
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Estimating the value of the excitation force, which relies on calculating its RMS value, does 
not provide additional information about the force variation nature. Regarding the efficiency 
of bridge excitations it is important to assure that the exciter force the bridge vibration with a 
frequency set by the operating personnel. The amount of harmonic components in the excita-
tion force should be as low as possible. Keeping in mind this claim all the force components 
for different excitation frequencies were analyzed. As expected at the lowest frequencies the 
force signal contains significant amount of harmonic components relatively to its base com-
ponent (Fig. 3.15). While increasing the excitation force frequency the force signal ap-
proaches sinusoid, with almost no harmonic components. It is related to force value increase. 
The usefulness of the exciter to excite vibration in bridge constructions results from both, the 
excitation force value as well as “clarity” of its shape. Due to this, one can consider applica-
tion of the analyzed exciter to determine dynamical characteristics of bridge constructions for 
frequencies larger than 3 Hz. 

 

 
 

Fig. 3.15. Plots of the excitation force for the exciter mounted at the edge of the supporting 
frame over the dynamometer No. 3 at the frequencies of: a) 3 Hz, b) 7 Hz, c) 12 Hz, d) 17 Hz 

Because for the frequency of 18 Hz the resonant vibrations of the supporting frame with the 
exciter were observed, the free vibrations of this construction were examined. It consists of 
an elastic beam with large reduced mass (the exciter) racked on three elastic supports (the 
bow shaped dynamometers). From the user point of view the most important information of 
the supporting frame with the inertial exciter is, if this system efficiency in not affected by free 
vibration in the range of the applied excitation frequencies. 

The supporting frame was tested with impact excitations in three directions, while the free 
vibration of the exciter placed in three positions on the frame were measured (Fig. 3.16) with 
use of triaxial piezoelectric accelerometer of type 4321 manufactured by B&K. It was placed 
on the exciter’s flange in its symmetry plane. Signals were recorded and analyzed by the 
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analyzer B&K 2034 with built-in Fourier transform function. To visualize determined ampli-
tude-frequency characteristics (Fig. 3.17-3.19) the plotter B&K 2319 was used. 

 

Fig. 3.16. Schemes of the excitation system for the exciter supporting frame 

First of all the lowest resonant frequencies of the supporting frame for all excitation directions 
were analyzed (Tab. 3.1). Their highest values were reported for vertical excitations and they 
were in range 42–63 Hz, depending on the exciter’s placement. For the impact excitations 
put lengthwise the frame the lowest resonant frequencies stayed almost steady irrespectively 
of the exciter’s placement and they were approximately equal to 27 Hz. For the free vibration 
of the whole system, appearing vertically and horizontally along the frame, the lowest natural 
frequencies lied out of the range of excitation frequencies, thus the resonance vibration could 
not occur. 
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Fig. 3.17. Amplitude-frequency characteristics of the supporting system with the exciter 

mounted at the edge of the frame above the two dynamometers, determined in the direction 
of: a) x axis, b) y axis, c) z axis 

a) 

b) 

c) 
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Fig. 3.18. Amplitude-frequency characteristics of the supporting system with the exciter 
mounted in the middle of the frame, determined in the direction of: a) x axis, b) y axis, 

c) z axis 

a) 

b) 

c) 
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Fig. 3.19. Amplitude-frequency characteristics of the supporting system with the exciter 

mounted at the edge of the frame above the single dynamometer, determined in the direction 
of: a) x axis, b) y axis, c) z axis 

a) 

b) 

c) 



Sustainable Bridges SB-5.6  2007-11-30 28 (70) 
     
 

Table 3.1. Resonance frequencies of the supporting system with the inertial exciter 
mounted on the frame for different impact excitations 

Direction of impact excitation 

Investigated system case Px 
horizontally, along

the frame 

Py 
horizontally, across 

the frame 

Pz 
vertically 

The exciter mounted at the edge of the frame above the two dynamometers 
System with dynamometers 27.375 Hz 18.75 Hz 63.25 Hz 

System with additional stiffening 
cross-beams and without dyna-

mometers 
42.5 Hz 39.5 Hz 86.0 Hz 

System with additional stiffening 
cross-beams and dynamometers 25.5 Hz 23.125 Hz 46.25 Hz 

The exciter mounted in the middle of the frame between rails 
System with dynamometers 29.25 Hz 12.375 Hz 42.25 Hz 

System with additional stiffening 
cross-beams and without dyna-

mometers 
48.625 Hz 22.25 Hz 57.375 Hz 

System with additional stiffening 
cross-beams and dynamometers 27.0 Hz 11.0 Hz 37.375 Hz 

The exciter mounted at the edge of the frame above the single dynamometer 
System with dynamometers 27.5 Hz 6.625 Hz 36.125 Hz 

System with additional stiffening 
cross-beams and without dyna-

mometers 
41.0 Hz 38.75 Hz 86.625 Hz 

System with additional stiffening 
cross-beams and dynamometers 25.75 Hz 7.125 Hz 44.75 Hz 

For the horizontal system excitations across the frame the lowest frequencies were ob-
served. All of them lay within the operating range of the exciter for all its placements. These 
frequencies varied from 18.75 Hz to 6.63 Hz, where the highest frequency occurred for the 
placement of the exciter above the two dynamometers, and the lowest while it was placed 
above the single dynamometer. Together with them the mode shape resulting from the frame 
swinging on the flexible dynamometers was noticed. When the exciter placement was moved 
from the place above the two support points to the place above the single support point, the 
lowest natural frequency decreased. This frequency was mainly influenced by the placement 
of large mass of the exciter, what resulted in considerable distance of the system gravity cen-
ter upwards, above the frame support surface. Small dynamometers spacing, imposed by the 
frame dimensions and their relatively large flexibility, resulting from the application of a set of 
strain gauges for the force measurements purposes, caused that the natural frequency of the 
exciter’s supporting system related to its swinging considerably decreased in comparison 
with the case of the system firmly (without dynamometers) mounted on the rails (compare 
with Tab. 3.1). When the exciter was moved away from the two-point support place the natu-
ral frequency was decreased by increasing participation of the frame torsional flexibility in the 
supporting system total flexibility. 

Since one of the exciter’s supporting system natural frequencies lied within the range of pos-
sible excitation frequencies, the system was modified. Additional stiffening cross-bars were 
mounted in the system what changed its dynamical characteristics considering the lowest 
natural frequency. Two of such cross-bars were designed and realized. One of them allowed 
for increasing the spacing between the dynamometers mounted on the same rail (Fig. 3.20), 
and the second one raised and leveled the frame. Additionally both the cross-bars could 
serve as coupling adapters between the frame and rails, allowing for their direct connection, 
without dynamometers. To provide this mounting the screw clamping rings designed to 
mount dynamometers could be used again. The exciter with the supporting frame placed on 
dynamometers with additional stiffening cross-bars is shown in Figure 3.21. 
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Fig. 3.20. The bow shaped dynamometers with an additional stiffening cross-bar (increasing 
their spacing) mounted to the rail with screw clamping rings 

After screwing the stiffening cross-bars to the frame the whole supporting system was tested 
again with impact excitations as before applied in three directions. The tests were performed 
for the system with mounted dynamometers and without them. The lowest natural frequen-
cies observed in this case are collected in the Table 3.1. Introduction of the stiffening cross-
bars and their direct fastening to the rails (without the participation of dynamometers) caused 
an increase of the supporting frame frequency for all exciter’s mount positions. Only for the 
middle placement of the exciter its swinging occurred at the frequency of 22.25 Hz, i.e. at the 
boundary of possible exciter’s frequencies range. All other natural frequencies lied above this 
range. 

Unfortunately, the system with additional stiffening cross-bars and with bow shaped dyna-
mometers does not behave as expected. For horizontal impact excitations of the supporting 
system applied along the frame, slight decrease of the natural frequencies was observed. 
For vertical excitations with the exciter mounted at the edges the lowest natural frequencies 
equalized, while for it’s mounting in the middle of the frame slightly decreased. Fortunately 
for both the directions of excitations the frequencies of free vibration lied far away from the 
range of possible excitations, so there was no need to worry about them. However for hori-
zontal impact excitations applied across the frame, there was no expected improvement of 
the system dynamical properties, i.e. significant increase of the lowest natural frequency was 
no observed. Only for the exciter placed above the two dynamometers (with increased their 
spacing) the frequency increased by 4 Hz, but still it laid at the boundary of the possible exci-
tations range. The stiffening of exciter support did not influence the system behavior for the 
exciter placement in the middle of the frame and on its edge, above the single dynamometer, 
when the lowest resonance frequencies were equal to 11 and 7 Hz, respectively. Larger stiff-
ness of the support was annihilated by the rising up of the system gravity center (introduction 
of additional cross-bars) and thus increasing of the inertia moment of the whole construction, 
which play main role in torsional oscillations of the frame. Raising up the exciter form the 
stiffened support place increased the influence of the torsional flexibility of the frame on the 
system swinging, since at the point of support with one dynamometer there was only a reac-
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tion force, without fixing moment (in the point of support the dynamometer touched the rail 
via a bullet). 

 

Fig. 3.21. The exciter with the supporting frame placed on dynamometers 
with additional stiffening cross-bars 

One can ask if in the presence of one natural frequency within the range of the exciter’s ap-
plicable excitation frequencies the system can be utilized to test bridge structures. The an-
swer seems to be plain when one looks again at the exciter characteristics displaying de-
pendence of the excitation force components on the excitation frequencies (see Fig. 3.10-
3.12). Visible increase of the excitation force components, accompanying to the supporting 
system resonance, can be noticed only for the exciter’s placement on the edge above the 
two dynamometers (compare Fig. 3.10). In the two other cases of the analyzed exciter 
placements the influence of the system resonance cannot be observed in the force compo-
nents acting to the rail (compare Fig. 3.11 and 3.12). Of course also in these cases the reso-
nant vibrations appear, but they influence to the excitation force components is negligible in 
comparison with forces generated by the exciter. Because of these facts the use of the ex-
citer at two mentioned placements is profitable, since the resonant frequencies merely influ-
ence the course and value of the excitation components. 

When one consider the practical point of view, the exciter positioning above the single dyna-
mometer, due to the domination of the force component measured by this sensor over the 
two others, seems to be the most profitable. The resonant vibrations appearing at this posi-
tion resulting from the system swinging do not influence this dynamometer signals due to its 
one-point supporting. In this case the recording of the excitation force during the bridge struc-
tures tests would be the easiest and straight, since only the one measurement channel is 
required. 

3.2.3 The exciter tests at the site 
Tests of the developed exciter were performed in 4th October 2005 on an old steel bridge 
located in Zmigrod, 50 km far from Wroclaw. The bridge is simply supported span consisting 
of two steel plate girders and roller-shaped crossbeams. Structurally it resembles the Dem-
onstration Bridge 4 located in Siechnica. The aim of tests at the site was to check the sup-
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porting system functionality and the whole system ability to force railway bridges resonance 
oscillations. Regarding the whole structure functionality the evaluation of the exciter’s wheel 
system, the frame’s raising/lowering system, the dynamometers attaching method and the 
method of fastening the exciter to the frame was performed. Regarding the exciter efficiency 
once more forces generated at support points and stability of their amplitude and frequency 
were checked. The last aspect was checked due to the different from the laboratory method 
of the exciter power supply – at the site this role was played by three-phase generator. 

Unfortunately the wheels used to transport the supporting frame with the exciter (see Fig. 
3.8) at the test site failed. After returning from the tests site a new construction of the wheel 
system was designed. New wheels with larger diameter were constructed, what allowed re-
placing the sliding bearings with ball bearings (Fig. 3.22). The new bearings were settled on 
the existing system’s axles. A new solution allows to displace the exciter’s supporting frame 
with much smaller friction and can be applied for transport purposes not only for the frame 
with the exciter alone, but also with the whole accompanying equipment. It is designed to 
carry larger payloads. The new construction of the wheel system was tested in 16th January 
2006 on bridge in Siechnice. The efficiency and durability of the corrected wheels has been 
confirmed. 

  

Fig. 3.22. The modified wheel of the exciter supporting system: a) scheme together with 
a part of axle, b) view with part of frame 

The functionality of 4 screws allowing rising and lowering the frame during the preparation to 
the bridge tests was examined. The screws worked impeccably. Application of special wash-
ers with spherical recess placed on cross-sills or directly on rail sleeper allowed to steadfast 
support of the whole structure on the track. The usefulness of the screw clamping rings ap-
plied to fasten the dynamometers to rails was also confirmed. They enabled not only to fas-
ten the system to the rails via the dynamometers, but also with them and additional stiffening 
bars (Fig. 3.23). The connection between the supporting frame and the rails did not open 
during all the tests. 

b) a) 
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Fig. 3.23. The supporting frame with the exciter mounted via additional stiffening bars 
and dynamometers fastened to the rails with use of screw clamping rings 

 

Fig. 3.24. View of the supporting frame with a crank assistance 
system for the exciter movement 

During the site tests the exciter was moved across the frame and mounted in three different 
positions. The method of the exciter fastening with use of four bolts was successful. However 
significant force has to be applied to shift the exciter on the frame and it is quite difficult to 
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place the flange notches over the holes. To facilitate the action of the exciter sliding after 
returning from the site tests a simple construction with a crank was designed and imple-
mented (Fig. 3.24). 

The next tests concerned checking the possibility of stable amplitude and frequency genera-
tion by the exciter while the mobile generator as a power supply was used. Both the excita-
tion parameters were checked for all the dynamometers at each of three exciter’s place-
ments, using the same method of their estimation as in the case when the exciter was driven 
by a stationary power supply. The site tests proved again, that actual excitation frequencies 
are stable with accordance to desired values. The excitation amplitude varied slightly from 
the nominal value. The maximal deviations of significant components of the excitation force 
were smaller than 5% for all the exciter’s placements. By a significant component we mean 
the measured components which participation in the resultant force is grater than 20%. 

3.2.4 Remarks from the exciter tests 
1. The exciter together with a new construction of the supporting frame, adopted to its fas-

tening to rails, fulfill all the functional assumptions, i.e. they allow to: continuously meas-
ure components of the excitation forces during the railway bridge tests, temporarily attach 
the wheel system for the transport purposes and lift the system for attaching/detaching 
wheels and fastening/removing dynamometers. Additionally the exciter can be mounted 
in three different positions on the frame, allowing for torsional excitations of bridges. 

2. A set of three tensometric dynamometers have been built, tested and calibrated. Place-
ment of the exciter above the single dynamometer seems to be the most effective solu-
tion. In this case there is no influence of resonant vibration of the supporting frame with 
the exciter on the excitation force components values measured by the two other dyna-
mometers. These values are negligible in comparison with the single force component 
values acting directly below the exciter. 

3. The inertial exciter with the supporting system allows obtaining an excitation force with a 
stable frequency and the amplitude deviations no larger then 5% of nominal value. The 
deviations get smaller when the excitation frequency and resulting excitation force in-
crease. Type of the power supply (stationary or mobile) does not influence the system 
performance. 

4. The excitation force for frequencies in the range of 1–22 Hz contains the base harmonic 
signal with frequency set by an operator as well as the harmonic frequencies and meas-
urement noise. Usually the amplitudes of the latter components were significantly smaller 
than the base component thus their influence on the resultant force could be neglected. 
The noise frequencies lay in the range of 80–170 Hz and are far away from the desired 
bridge excitation frequencies. The range of exciter’s adjustable frequencies covers the 
range of the lowest resonance frequencies of typical railway bridges. However, due to the 
ratio of the harmonic components amplitude to the base component amplitude and the 
value of the latter, the exciter is useful to excite bridge vibration of the frequency above 
3 Hz. 

5. The laboratory tests show that in the range of applied excitation frequencies the system 
consisting of exciter and the supporting frame on the elastic support (bow-shaped dyna-
mometers) displays base natural frequencies ranging from 6.63 Hz to 18.75 Hz, depend-
ing on the exciter placement on the frame. The related mode shape is expressed by vi-
bration resulting from transversal swinging of the whole frame on the flexible dynamome-
ters. 

6. The exciter tests with a new construction of the supporting frame performed at the site 
showed the wheel system drawback, which was removed by replacing the wheels with 
sliding bearings by the wheels of larger diameter equipped with ball bearings. Additionally 
the crank system was mounted, which allowed for easy shifting of the exciter along the 
frame. 
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7. To summarize up the above remarks it can be concluded that the excitation system with 
all its elements can be used to inducing vibrations of railway bridges in controllable and 
stable manner. 
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4 Monitoring system based on vibration tests 

4.1 General description of the monitoring system 

The main goal of the built system of railway bridge monitoring is identification of the modal 
parameters of tested construction by means of forced vibration tests. The first session of 
tests should be conducted on new structure before opening to traffic or at the beginning of 
the monitoring process (for bridges in operation). The next sessions should be conducted 
systematically during operation. Results of the tests can be compared and conclusions about 
technical condition of tested bridges, based on changes of modal parameters, can be formu-
lated. Detailed information according to applied testing procedures will be given in Chapter 5. 

The proposed system of monitoring will enable evaluation of bridge construction on the basis 
of changes in modal parameters estimated periodically. This system is designed for system-
atic monitoring of bridge technical condition for relatively fast and cheap identification of dam-
aged structures. In case of significant changes of construction modal parameters the owner 
of the bridge infrastructure will be able to make a decision on additional detailed or special 
inspection. 

Vibration tests executed on the railway bridge structures require creation and calibration of a 
specialised testing system which enables exciting of the tested structure and measuring of 
the structure response. Architecture of the testing system is schematically presented in 
Fig. 4.1. 

An exciting force is applied to the tested structure by the exciter according to the programme 
of the test. Parameters of excitation are controlled with regard to amplitude and frequency of 
the exciting force and it is done by a control application running on a personal computer. 
Controlling the excitation parameters is done indirectly via programmable inverter. A re-
sponse of the structure is measured by means of a data acquisition device controlled by the 
computer system with dedicated software. The computer system with the software is also 
applied for processing of the tests results what can be done immediately after completion of 
the test (without any other software). 
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4.2 Testing procedure 

The main goals of the single vibration test session are: 

• investigation of resonance frequencies, 

• determination of modal damping coefficients, 

• description of experimental mode shapes of the tested structure. 

For these purposes the procedure consisting of three types of tests is presented in Fig. 4.2. 
All parts of the test session should be executed in proper sequence because results of the 
first test are used in the next two. 

In the first test the Frequency Response Functions for each controlled point of structure is 
created. This test enables finding of all resonance frequencies of structure for analyzed 
range of frequency by means of the Stepped Sine Test (SST). Investigation of resonance 
frequencies should be supported by theoretical modal analysis of structure executed in order 
to shorten the time of the tests. This test enables also identification of modal damping coeffi-
cients by means of Half Power Bandwidth Method (HPBM). 

In the next test modal damping coefficients for each resonance frequency are determined 
using the Logarithmic Decrement Method (LDM). This method is based on the analysis of 
vibration decreasing due to damping. The damping coefficients are calculated from ampli-
tudes of filtered vibrations (a pass-band filter should be used in order to separate single reso-
nance frequency). 

 
Fig. 4.2. Procedure applied for investigation of resonance frequencies, modal damping coef-

ficients and mode shapes of the tested structure` 
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The third part of test session is dedicated to the Mode Shape Identification (MSI) for each 
found resonance frequency. The shape of the vibration mode is extracted on the basis of the 
calculated values of Frequency Response Functions (FRF) for individual points of structure 
in relation to the FRF values for the reference point. 

The basics of applied methods of modal parameters estimation of the structure are given in 
Chapter 4.5. 

4.3 System of exciter control 

To enable assessment of the above described quantities and features a special control ap-
plication has been created and implemented. Reasons to incorporate the two tasks (control-
ling the exciter and measuring device) in one computer application were very time-
consuming manual control of the exciter and the need of automation of the required tests. 
The control system supports the following tests: 

a) investigation of resonance frequencies by means of the Stepped Sine Test (SST), 

b) assessment of modal damping parameters by means of two methods: the Half Power 
Bandwidth Method and the Logarithmic Decrement Method, 

c) obtaining separated mode shapes of vibration – the Mode Shape Identification. 

Detailed information about data processing algorithms applied in these methods is given in 
Chapter 4.5. Proposed procedures of the exciter control and a flow of information in the test-
ing system are described below. 

The control application is multi-functional software which provides: 

a) possibility of configuration of the measuring device and its each channel parameter 
with storing the data in the monitoring system database, 

b) effective and stable communication between inverter and computer as well as be-
tween data acquisition device and computer, 

c) acquisition of the measured data from gauges mounted on the tested structure and 
from the dynamometers measuring the excitation force, 

d) stable execution of control procedures of all required tests (SST&HPBM, LDM and 
MSI), 

e) possibility of manual control of excitation frequency (start, stop, restart etc.), 

f) preliminary data processing, 

g) visualization of the tests results, 

h) compatibility with various models of exciters and measuring equipment, 

i) to be easy to develop and to add new modules. 

The control application on the PC gathers and processes the data from the data acquisition 
system. All testing procedures presented in Fig. 4.2 have been implemented in the control 
application to enable operator to prepare schedule of the tests, perform all experiments in 
required order as well as process and visualise the obtained results. 

The first the Stepped Sine Test is executed. An investigation of the resonance frequencies of 
the tested structure is the most important part of the test. Searching the resonance frequen-
cies is divided into two parts: coarse searching and precise searching. This so called 
“coarse” searching has as a main goal to shorten the time of resonance ranges searching 
and to find approximate resonance frequencies in a predefined range. Input parameters of 
the test are set: the original limits of frequency range to search, a frequency step of coarse 



Sustainable Bridges SB-5.6  2007-11-30 39 (70) 
     
 

searching, a number of samples to acquire at each excitation frequency and a limit of ampli-
tude stability (used to assess whether amplitude of vibration is constant). Stability of the am-
plitude is checked simultaneously taking into account all measured channels. 

The application switches the exciter on with the first frequency from a predefined range, 
starts acquiring data and immediately starts also checking the stability of the vibration ampli-
tudes. When the amplitude is constant measuring of all channels is started and after acquir-
ing the required number of samples the application saves automatically signal to data base. 
After that the application switches the exciter to the next excitation frequency from the prede-
fined range and repeats the described steps. After completing the coarse search with all ex-
citation frequencies from the range the program calculates FRF’s based on FFT algorithms 
implemented in software. For each channel the value of FRF corresponding to the excited 
frequency is taken into the database and wrote as value of resonance curve for that fre-
quency. After processing the data for all frequency steps the application shows a chart with 
the obtained functions what make easier to choose excitation frequencies to the precise 
search. The procedure is now repeated until the satisfactory precision of resonance frequen-
cies estimation is reached. As a final result of the investigation the program displays a chart 
with identified frequency response functions for all controlled points of structure and enables 
the operator identification of all resonance frequencies in the predefined range. As an addi-
tional result of this test the application calculates and displays the modal damping coeffi-
cients for all controlled points of structure using the Half Power Bandwidth Method. 

For assessing the damping coefficients by the Logarithmic Decrement Method the control 
application automatically uses the same input parameters as in the first test. The damping 
coefficients are estimated at the resonance frequencies investigated in the first test. As pre-
viously, the program switches the exciter on, start acquiring data and checks the stability of 
vibration amplitudes. At the constant amplitude of vibration the program acquires certain 
number of samples and switches the exciter off. When the amplitude level of measured sig-
nal is below the measuring precision level (resolution) the program (or the operator) finishes 
acquiring and save the signal to database. After that the application switches the exciter to 
the next resonance frequency and repeats the described steps. After completing the tests 
with all resonance frequencies the program shows the calculated values of damping coeffi-
cients related to the excitation frequencies for all controlled points of structure. 

The Mode Shape Identification is executed in a dense grid of measuring points for the sake 
of precision needed in structural monitoring applications. For this reason a moveable set of 
transducers with at least one reference transducer mostly is applied. Before this test starts 
location of transducers is designed. In all schemes the reference transducers are fixed in the 
one position. The designed control application starts executing the test based on values of 
parameters used in the two previous tests and taking into account the gauge arrangement 
schemes. The program switches the exciter on, starts acquiring the data and checks the sta-
bility of amplitude. When the amplitude of vibration is constant the program will acquire N 
samples and repeats the same procedure for all required resonance frequencies. Next, the 
application stops exciting the structure to inform the operator that the next gauge scheme 
can be set. Each part of the signal acquired at consecutive gauge arrangements is saved 
into separated files. After completing the tests for all resonance frequencies and gauge set-
ups the application calculates FRF’s for all measured points and takes values of the func-
tions related to the excited resonance frequency. The calculated values of modal factors are 
normalized accordingly to the values obtained for the reference points. As a final result the 
application presents all identified mode shapes in form of tables. 

Several remarks to this description should be added: 

1. Before start of the tests a theoretical modal analysis of the structure should be done. 
Based on its results the range of searched frequency as well as arrangement of 
gauges and also the sampling frequency is designed. 
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2. Accuracy of determining the resonance frequencies depends on the following factors: 

a) the precision of setting the excitation frequency (the minimal possible excitation 
frequency step is limited by abilities of applied inverter and electric motor as well 
as by properties of exciter’s gear) equal to 0.008 Hz as it was mentioned in 
Chapter 3, 

b) the precision of determination of structure vibration frequency based on meas-
ured data (resolution of the frequency axis in Discrete Fourier Transform de-
pends on period of acquiring the data). 

In order to obtain the same frequency resolution in DFT as it is available at inverter 
setting of the length of data acquisition time should be 125 sec. In the coarse search-
ing the resolution of 0.033 Hz is recommended (30 sec. of data acquisition). 

3. In data processing applied in LDM in the control software application of digital filters is 
required. The digital filters have been implemented into the application enable the 
operator extraction of the signal with required frequency range. Due to the filters in-
fluence on the distortion of the signal obtained during tests it is recommended to use 
one filter with precisely described parameters for all LDM tests. 

4. The condition of amplitude stability will be checked using a preset Δ value given in 
percent as a rate of allowed amplitude fluctuation. This value is set according to the 
required precision in the given application but also it has to be confronted with the 
real conditions during the tests. Existing disturbances as wind and ground motions 
make sometimes impossible to obtain as stable vibration amplitude as required. 

4.4 Data acquisition system 

The acquisition system for testing of bridge modal properties should consist of the following 
basic parts: 

• a computer-based system to control of the measuring device, collecting and saving 
the measured data, 

• a measuring device that enable an acquisition of a signal with sampling frequency up 
to 1 kHz and which is able to cooperate with various transducers (designed to meas-
ure displacement, velocity, acceleration, temperature and also strain), 

• a set of transducers with appropriate handles that enable measuring displacement, 
velocity, acceleration, temperature and strain, 

• a power generator that supplies power (230 V) to both the personal computer and the 
measuring device. 

The personal computer used for controlling the measuring device should be efficient enough 
to cope with data transmission at a high sampling frequency of the measuring device. The 
computer ought to cope also with collecting and saving the measured data on hard disk in 
reasonable time.  

In the set applied in test performed by WUT a Fujitsu-Siemens mobile computer was used 
which is equipped with 1 GB of RAM, 80 GM of HDD, and 1.86 GHz Intel Pentium processor. 
All devices were connected to the computer by USB ports. For control the exciter and data 
acquisition processes the computer software described in Chapter 4.3 is used. 

During all field tests as a measuring system a Hottinger Baldwin Messtechnik set was used 
consisting of DAQ Spider8 (16-bit, 8 channels), 4 inductive accelerometers and 10 LVDT 
displacement sensors. 
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The portable voltage generator enables the use of the testing system in field tests independ-
ently on local power sources. 

4.5 Data processing 

4.5.1 Frequency Response Functions 
Various techniques of data processing can be applied for analysis of the data collected dur-
ing the vibration tests. Information on several selected procedures is presented below. Ad-
vantages and disadvantages of the methods have been discussed and their usefulness in 
the monitoring system has been evaluated. 

Frequency analysis of a stationary signal is usually carried out by means of computer with 
software that uses the Discrete Fourier Transform based on the Fourier series. It is a way to 
transform a signal given in time domain into frequency domain, but this tool also enables 
rebuilding the original signal from frequency domain into time domain. If the analyzed signal 
is sampled in time (given only in specific points of time with a constant sampling frequency) 
instead of continuous function: 

∫
∞

∞−

= dtetgfG ftπj2-)()(  

to transform given signal into frequency domain the discrete function is used: 

∑
∞

−∞=

−=
n

ftj
n

netgfG π2)()(  

where: 

)(tg  – the analyzed signal given in time domain, 
)( fG  – the function contains a representation of an analyzed signal in frequency domain, 

tntn Δ=  – the time corresponding to the nth time sample. 

Due to assumptions related to the DFT and its numerical implementation (Fast Fourier 
Transform) in real signal processing two kinds of numerical error should be avoided: aliasing 
and leakage [19]. The first is caused by too low sampling frequency (fs) in relation to the fre-
quency content of the measured signal and it can be avoided by removing from the meas-
urement the vibrations with frequency higher than fs/2 or by increasing fs. Leakage in spec-
trum can be diminished by application a data window that zeroes the measured signal at the 
ends and leave it intact in the middle of the data record. Various types of windows are used 
in practice having different properties in spectrum distortions so it is recommended to use 
one type of window for all data in one experiment. The use of the windows technique is 
shown in the Fig. 4.3. 

Usefulness of the DFT is particularly appreciated in so called Frequency Response Function 
measurements. FRF is a measure of system response on the given excitation and is calcu-
lated from the general formula: 

)(
)()(

ω
ωω

F
XH =  

where: 

)(ωH  – response function in frequency domain, 
)(ωX  – system output, usually DFT of the measured displacement, velocity or accelerations, 
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)(ωF  – system input, DFT of the measured excitation force.  

In practical application of the method an estimator H1 of the FRF is determined: 

)(
)()(1 ω

ωω
FF

XF

G
GH =  
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Fig. 4.3. Application of data windows: a) raw data, b) Tukey window, c) windowed data 

a) 

b) 

c) 
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where: 

)(1 ωH  – estimator of the FRF, 
)(ωXFG  – cross-spectrum of the measured displacement, velocity or accelerations with the 

measured excitation force, 
)(ωFFG  – auto-spectrum of the measured excitation force. 

In case of the harmonic excitation at constant frequency fe the only value of H1 corresponding 
to fe is valid. Detailed steps of the data processing were implemented in scripts and functions 
of Matlab software [24]. Application of this method is shown in Fig. 4.4. 

The time domain signal from an accelerometer and from the dynamometer are firstly de-
trended and windowed (Fig. 4.5b and Fig. 4.5d). Secondly coherence function is determined 
between the two signals to confirm relationship between the excitation force and the accel-
eration (Fig. 4.5e). The coherence shows a degree of linear correlation between two signals. 
Its value close to 1 indices perfect correlation and values close to 0 shows complete lack of 
correlation. In Fig 4.5e values close to 1 are visible in the region of the excited frequency 
(17.2 Hz) what confirms the fact that entire output was caused by the excitation. As the next 
step the three functions are calculated: cross-spectrum between the acceleration and the 
force signal (Fig. 4.5f), auto-spectrum of the force signal (Fig. 4.5g) and estimator H1 
(Fig. 4.5h). As the results of the single excitation step the values of frequency fe correspond-
ing to maximum absolute values of H1 and the complex value of H1 corresponding to the fe 
are obtained. More advanced information about theoretical bases of Fourier transform and 
derivative functions are given as an example in [19] or in [20]. 

 

 
Fig. 4.4. Data processing window 
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Fig. 4.5. Data processing in stepped sine test: a) raw measured acceleration at excitation 

frequency fe=17.2 Hz, b) windowed acceleration, c) raw measured force, d) windowed force, 

a) 

b) 

c) 

d) 

e) 

f) 

g) 

h) 
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e) coherence, f) cross-spectrum of input and output, g) auto-spectrum of input, 
h) the estimator H1 
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4.5.2 Digital filters 
Digital filters are used in signal processing in many cases. In the proposed system the filters 
are used in the Logarithmic Decrement Method as a tool enabling data preparation. In gen-
eral, the digital filters are designed to separate a chosen range of frequency from the whole 
spectrum. The following types of filters are available: 

• low-pass filter, which allow to pass the part of the spectrum including frequencies 
lower than upper cut-off frequency, 

• high-pass filter, which allow to pass the part of the spectrum including frequencies 
higher than bottom cut-off frequency, 

• band-pass filter, which allow to pass the part of the spectrum including frequencies 
lower than upper cut-off frequency and higher than bottom cut-off frequency, 

• band-stop which allow to pass the part of the spectrum including frequencies higher 
than upper cut-off frequency and lower than bottom cut-off frequency. 

The most popular are filters: Chebyshev type I, Chebyshev type II, Butterworth, Bessel and 
elliptic (Cauer) filter. The main difference between the products of these filters is in various 
distortions of the original signal. Applicability of all these types of the filters in the experimen-
tal data processing has been analyzed. 

An example of the manner of the mentioned filters operating is shown below. In Fig. 4.6a the 
raw signal from accelerometer acquired during LDM test is presented and in Fig. 4.6b-4.6d 
the signal after application of Butterworth (order 3, ripple in the passband equal to 3 dB, stop-
band attenuation equal to 40 dB), Cauer (order 2, ripple in the passband equal to 3 dB, stop-
band attenuation equal to 40 dB) and Chebyshev type II (order 3, ripple in the passband 
equal to 3 dB, stopband attenuation equal to 40 dB). All these filters are band-pass filters in 
the range from 10.02 Hz to 10.62 Hz. The typical distortion of the signal caused by the filter 
is avoided by inverting the original signal in time domain before application of the filter and 
reverting it after filtering. 

The original signal contains the part with harmonic excitation (about 2 sec.) at stable fre-
quency of 10.32 Hz and afterwards the part of free decaying vibration after switching the ex-
citer off. The best resemblance of the original signal character is visible in the result of the 
Chebyshev filter application. 

Amplitude characteristics of the applied filters are presented in Fig. 4.7. The best properties 
of the Chebyshev filter are also confirmed due to flat passband and quite steep transition 
zones in comparison with both other filters. The main disadvantage of the Cauer filter is high 
ripple in the passband and the Butterworth filter has to gentle stopband slopes. 

Concluding, the Chebyshev II type filter is recommended to use in preprocessing the results 
obtained in LDM test. More advanced information about theoretical basics of filters are given 
as an example in [19] or in [20]. 

For application of the filters to data processing in the developed software a part of code was 
created in Matlab language in form of scripts and converted into .dll libraries. 
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Fig. 4.6. Results of digital filtering: a) the original signal, b) Butterworth filter application, 
c) Cauer filter application, d) Chebyshev II type filter application 

a) 

b) 

c) 

d) 
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Fig. 4.7. Amplitude characteristics of the three digital filters: a) Butterworth filter, b) Cauer 
filter, c) Chebyshev II type 

4.5.3 Stepped sine test 
The stepped sine test is proposed for identification of the resonance frequencies of the 
tested structure. In the proposed monitoring method the vibrations are induced by the exciter 
producing the exciting force with an adjusted frequency and amplitude. Based on the meas-
ured input (the exciting force) and output (acceleration, velocity, displacement) of the struc-
ture the Frequency Response Functions are determined in each frequency step by the pro-
cedure described in p. 4.5.1. 

Typically the frequency of excitation related to the highest value of response amplitude is 
identified as the resonance frequency of structure. The results obtained in this approach suf-
fer from insufficient resolution of the frequency steps. It is reason for increasing the resolution 
in the region of amplitude peaks by more precise resonance searching. The second method 
of resolution increasing is application of more advanced method of modal parameters extrac-
tion as for example Circle Fit or Line Fit (SDOF methods) or one of MDOF method such as 
Rational Fraction Polynomial or Least Squares Frequency Domain [22], [23]. To ensure the 
possibility of usage of these methods equal spacing of frequency steps should be set at least 
in the region of amplitude peaks. 

a) 

b) 

c) 
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Fig. 4.8. Result of stepped-sine test carried out on the bridge in Siechnica 

Example of results of the stepped sine test is presented in Fig. 4.8. The tested structure was 
the demonstration bridge 4 located in Siechnica close to Wroclaw, Poland. The test was a 
part of progressive damage test performed in order to identify an influence of damage on 
modal parameters of the structure. The investigation was carried out in frequency range 3-
23 Hz. Location of exciter and sensors used to record the response of the structure is pre-
sented in Chapter 5. 

4.5.4 Natural frequency estimation techniques 
Identification of the natural frequency can be performed directly from the obtained FRF func-
tions using the rule that the peak of absolute value of FRF indices the damped natural fre-
quency. However, this technique can be used only as an approximation of the quantity. 

More accurate technique is the Circle Fit method proposed by Kennedy and Pancu in 1947 
[21]. This method is designed as SDOF approach and is based on the fact that a piece of 
complex receptance (FRF calculated from displacement and force) drawn in Nyquist plane 
resembles a section of circle. The best circle is fit to the experimentally obtained points and 
parameters of this mode are determined based on properties of this circle. The most com-
mon rule for estimation of natural frequency in this method is that it is located between two 
points determining the largest internal angle (together with the centre of the circle). The exact 
location is calculated by Newton's divided differences formula [23]. 

Additional possibility in this method is damping estimation using internal angle values be-
tween consecutive points of the receptance and the line connecting the point corresponding 
to the identified natural frequency and the circle centre. The characteristic carpet plot is cre-
ated for points before and after the resonance and mean value of the damping factor is cal-
culated from values for all point pairs. As an example of use this method a range between 
19.2 Hz and 21.0 Hz of the receptance shown in Fig. 4.8 is selected and analysed by the 
Circle Fit method (Fig. 4.9). The best circle was fit for data in range 19.6 Hz and 20.4 Hz and 
the natural frequency was found in 20.020 Hz. The bottom part shows calculated values of 
damping and the mean value 0.007. According to [22] this character of carpet plot implies 
a non-linearity of the tested structure. 
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Fig. 4.9. Result of stepped-sine test carried out on the bridge in Siechnica: a) the best circle 
with the identified natural frequency, b) damping values estimated for all pairs of points be-

fore and after resonance 

For application of the Circle Fit procedure in modal parameters identification the function was 
coded using Matlab language. 

4.5.5 Damping estimation techniques 
Calculation of the modal damping coefficients can be based on the obtained FRF curves. In 
this case the Half Power Bandwidth Method is used (see Fig. 4.10). The resonance fre-
quency f0 as well as the frequencies for which amplitudes of FRF are 0.707 of the maximum 
amplitude are required. The coefficient of structural damping may be calculated from the fol-
lowing equation (a description of the used symbols in the Fig. 4.10 is given): 
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Fig. 4.10. The quantities used in the Half Power Bandwidth Method 

Another way of obtaining modal damping coefficients is called the Logarithmic Decrement 
Method (LDM). It is based on the test where vibrations of structure are excited by the exciter 
and after a period of time it is switched off and vibrations start decreasing. Analyzing the fol-
lowing amplitudes of the vibrations the damping coefficients can be calculated. The acquired 
time series should be filtered to separate a single mode (a pass band filter should be used) 
for the sake of the Logarithmic Decrement Method it is designed for SDOF systems only. The 
recommended filter is Chebyshev II type – see Chapter 4.5.2. 

The main idea of this method is illustrated in Fig. 4.11. To obtain the damping coefficient the 
following formula is used: 

NP

P

A
A

N +

⋅= log
2

1
π

ξ  

where: 
N – number of periods, 

AP – value of amplitude on the start of a calculation range, 

AP+N – value of amplitude on the end of a calculation range (N periods after). 

In fact, the part of the signal where AP and AP+N are chosen from is crucial to the calculated 
values of damping coefficients. In Fig. 4.12 results of five repetitions of LDM test for the 
gauge 00 (displacement measurement) are shown. The single line shows the values of 
damping coefficient calculated at each amplitude peak (AP+N) with the reference amplitude 
peak (AP) located on the start (time equal 0 sec.). In following points on the line the value of 
damping coefficient is the mean value of damping calculated across the growing base 
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(N periods), thus the value on the end of each line is the mean value of the damping coeffi-
cient for the whole acquired sample of signal. 
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Fig. 4.11. The quantities used in the Logarithmic Decrement Method 
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Fig. 4.12. Values of damping coefficient calculated for the gauge 00 (displacement meas-
urement) in five repetitions of LDM test 
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Fig. 4.13. The comparison of damping coefficients obtained for 8 displacement gauges using 
the Half Power Bandwidth Method (HPB) and 5 repeated tests using the Logarithmic Decre-

ment Method (LDM) 

The coefficient of damping may be calculated on the basis of measured displacement, veloc-
ity, acceleration or strain. Values of the damping coefficient calculated by means of both 
mentioned methods for one mode of analyzed structure are comparable as it is shown in 
Fig. 4.13. All 8 gauges were used to measure displacement in the HPBM as well as in the 
LDM. Maximum values of damping coefficient identified by means of LDM (see Fig. 4.12) 
were used to compare them with the values of damping coefficient identified by means of 
HPBM. 

4.5.6 Mode Shape Identification 
Identification of forced vibration mode shapes of the tested structure by means of exciter can 
be done at the constant excitation frequency equal to estimated resonance frequency. De-
pending on the number of gauges and on properties of the measuring device one of the two 
following procedures can be selected: 

1) testing by means of a set of gauges fixed to the structure all the time during the test, 

2) testing by means of the fixed reference gauge and a set of gauges moved from point 
to point during the test. 

The second procedure needs more complicated technique of result processing to obtain uni-
form values in the eigenvector because values obtained in all tests should be normalized 
according to value obtained for reference gauge localized in the fixed position. On the other 
hand mode shape identification with moveable set of gauges can be executed using fewer 
gauges than in the first procedure. Acceleration and velocity transducers are mainly used in 
the second procedure for the sake of the transducers which don’t require a fixed base (as 
against displacement transducers) and are easy to move. 
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Data processing in MSI test is similar to this employed in the stepped sine test at FRF identi-
fication – see p. 4.5.1. The difference is that in the stepped sine test the FRF’s in the investi-
gated range of frequencies are determined for selected DOF’s of the tested structure and in 
the MSI test single values of the FRF’s are determined for one frequency (in the resonance) 
for all DOF’s required for identification of mode shape. As estimation of mode shapes the 
imaginary part of FRF’s for all DOF’s are used. 

Example of mode shape identification is presented in Fig. 4.14. The tested structure is the 
demonstration bridge 4 located in Siechnica. Proportions of obtained eigenvectors to the 
reference value are presented in chart according to positions of gauges in the measuring grid 
thus the obtained mode shapes are normalized to unity.  
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Fig. 4.14. Identified the 3rd mode shape of the Siechnica bridge for the resonance frequency 
20.3 Hz (red lines represent undeformed shape of the experimental model of the structure, 

blue lines represent the identified mode shape) 

4.6 Control software 
Functional design of the control software was based on the needs of the acquisition system 
control as well as communication with the excitation system. The system was named  
MANABRIS for Modal ANAlysis of BRIdge Structures. The main advantage of the software 
usage is automation of all tests preparation and execution and digital control on the excita-
tion parameters. The control system supports the following tests: 

• investigation of resonance frequencies by means of the Stepped Sine Test, 

• assessment of modal damping parameters by means of two methods: the Half Power 
Bandwidth Method and the Logarithmic Decrement Method, 

• obtaining separated mode shapes of vibration – the Mode Shape Identification. 

The control application is multi-functional software which provides: 

• possibility of configuration of the measuring device and its each channel parameter 
with storing the data in the monitoring system database, 

• effective and stable communication between inverter and computer as well as be-
tween data acquisition device and computer, 

• acquisition of the measured signal from gauges mounted on the tested structure and 
from the dynamometers used in the exciter, 

• stable execution of control procedures of all required tests (SST&HPBM, LDM and 
MSI) 
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• possibility of manual control of excitation frequency (start, stop, restart etc.), 

• preliminary processing of the measured data, calculation of FRF, damping ratios, 
mode shape values, 

• visualization of the tests results, 

• compatibility with various models of exciters and measuring equipment, 

• module-based architecture enabling simple adding new components. 

Before each test the control application enables description of the measuring point’s location, 
types and names of sensors with their amplification as well as assignation of calibration 
curves. In the window of device properties the software enables also setting all parameters 
for communication with the data acquisition system and with the exciter’s inverter. 

The first the Stepped Sine Test is carried out and the procedure of the test preparation and 
execution is based on the flow chart presented in Fig. 4.2. An investigation of the resonance 
frequencies of the tested structure is the most important part of the test. Searching the reso-
nance frequencies is divided into two parts: coarse searching and precise searching. This so 
called “coarse” searching has as a main goal to shorten the time of resonance ranges 
searching and to find approximate resonance frequencies in a predefined range. Input pa-
rameters of the test are set: the start limits of frequency range to search, a frequency step of 
coarse searching, a number of samples to acquire at each excitation frequency and a limit of 
amplitude stability (used to assess whether amplitude of vibration is constant).  

The application switches the exciter on with the first frequency from a predefined range, start 
measuring with chosen channel and start checking the stability of the amplitude. When the 
amplitude is constant measuring of all channels is started and after acquiring the prescribed 
number of samples application saves signal to data base. After that the application switches 
the exciter to the next excitation frequency from the predefined range and repeats the de-
scribed steps. After completing the coarse search with all excitation frequencies from the 
range the program shows the measured data in form of time series drawings for visual in-
spection of data (Fig. 4.15). 
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Fig. 4.15. Presentation of the measured data in the MANABRIS software 

In the next step all files are processed to obtain FRF and as a result the plot of absolute val-
ues of the Frequency Response Function for all channels is drawn (Fig. 4.16). The plot en-
ables selecting frequency ranges for precise search. The precise searching is done auto-
matically and in the same manner as the coarse searching. As a result of the investigation 
the program displays the supplemented FRF plot for all controlled points of structure and 
enables identification all resonance frequencies in the predefined range. 
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Fig. 4.16. The identified Frequency Response Function for all channels 

For assessing the damping coefficients by the Logarithmic Decrement Method the control 
application automatically uses the same input parameters as in the first test. The damping 
coefficients will be estimated at the resonance frequencies investigated in the first test. As 
previously, the program switches the exciter on, starts measuring and checks the stability of 
amplitude. At the constant amplitude of vibration the program acquires the prescribed num-
ber of samples and switches the exciter off. When the level of measured signal amplitude is 
below of measuring precision level (resolution) the program finishes acquiring and saves the 
signal to database. After that the application switches the exciter to the next resonance fre-
quency and repeats the described steps. After completing the tests with all resonance fre-
quencies the program shows the measured data in form of time series drawings for visual 
inspection of data and delivers data for damping coefficients estimation. 

In the Mode Shape Identification the control application starts executing the test based on 
values of parameters used in the two previous tests. Generally the procedure of testing is the 
same as in the stepped sine test but despite of the testing at consecutive frequency steps the 
tests are performed at consecutive measuring points setups. The excitation frequency is 
constant during all these tests. Each part of the signal acquired at various gauge arrange-
ments is saved into separated files. After completing the tests with all gauge arrangements 
the next resonance frequency is chosen to MSI and the described steps are repeated. There 
is also possibility to reverse the order of the tests to delimit the number of moves the sensors 
from point to point. At one sensors arrangement all resonance frequencies are excited one 
after another and then the set of sensors is moved to the next position. After completing the 
tests for all resonance frequencies and sensor arrangements the application performs the 
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data processing in a similar way as at the SST and presents all identified mode shapes in 
form of values in tables. 

4.7 Concluding remarks on the monitoring system 
As a summary of this chapter the following general remarks can be formulated: 

1. Proposed architecture of the monitoring system seems to be useful and comfortable 
to use. Integration of all tasks in one software application enables using one com-
puter to control the inverter, the exciter and the measuring device. The generators as 
power sources enable carrying out the tests independently from local power sources. 

2. Proposed method of resonance frequency investigation i.e. the Stepped Sine Test 
used on basis of the vibration tests by means of the developed exciter seems to be 
effective and precise. Additionally it enables an estimation of modal damping coeffi-
cients by the Half Power Bandwidth Method. 

3. The range of operation of the presented exciter is located between 2 Hz and about 
23 Hz. The inverter used for control excitation frequency produces a stable and re-
peatable excitation even for a long length of time. 

4. Precision of results of LDT test strongly depends on the digital filters used in separa-
tion of required ranges of signal. Due to this circumstance it is recommended to use 
one filter with precisely described parameters (type, order, ranges of filtered frequen-
cies, ripple level in passband and passband attenuation) in all used methods of data 
processing and in all tests session. The Chebyshev type II filter is recommended for 
this purpose due to low ripple in passband and quite steep slopes. Other types of digi-
tal filters are also applicable however, attention should be paid to extent of signal dis-
tortion. 

5. The developed software enables execution of all described tests in semi-automatic 
manner with precise control of all required parameters. Implemented graphic user in-
terface and preliminary data processing facilities are useful during field tests due to 
direct control of the measured data. 
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5 Railway bridge monitoring 

5.1 Monitoring procedures 
In general, the proposed monitoring system consists of two major stages: 

• initial procedure, 

• systematic condition monitoring procedure. 

The initial procedure (see Fig. 5.1) is applied to determine modal parameters using proce-
dures described in previous chapters (see Chapter 4.2 and Fig. 4.2) for each bridge structure 
which is taken into account for the first time by this monitoring system. The initial procedure 
applies: 

• to the existing bridges that are qualified for monitoring – their systematic tests should 
be preceded by the initial procedure, 

• to the new bridges – test should be carried out before opening the bridge to traffic. 

This procedure should also be used for calibration of the theoretical (numerical or analytical) 
model of the structure which is implemented in the monitoring system. 

 

Fig. 5.1. Procedure of bridge initial testing by means of the vibration exciter 

The initial test procedure starts with a creation of theoretical model of the considered struc-
ture consisting of a model of geometry, model of material and model of loading. These mod-
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els can be numerical as for example FEM or analytical. In the next step the model is used for 
determination of the structure natural frequencies and mode shapes. It is strongly recom-
mended to create a model taking into account all elements which can influence the values of 
the stiffness and mass matrix. 

The results of theoretical modal analysis create a base for determination of excitation pa-
rameters (locations of exciter on the structure range of excitation frequency). According to 
the tested mode shape the exciter should be located in places where the highest values of 
vibration amplitudes occur. Similarly, a location of measuring points should be decided taking 
into account required level of precision in analysis of empirical mode shapes. A choice of 
measured quantities depends on local conditions of tested construction, available gauges 
and measuring devices. It is recommended to use uniform measuring systems (gauges and 
measuring devices) for the sake of obtaining mode shapes in unified quantities. In any other 
case a numerical integration or differentiation may be needed that can diminish precision of 
the test results. 

Values of resonance frequencies and mode shapes should be compared with the values 
obtained in theoretical modal analysis and should be used for calibration of the model of 
structure. Sets of results, calculated and measured, should be both stored in a database of 
a dedicated computer-based system. 

The second stage of the developed monitoring system – condition monitoring procedure (see 
Fig. 5.2) – consists of the repeated test sessions executed at predefined intervals. Depend-
ing on the individual requirements of the monitored structure (construction type, progress of 
degradation process etc.) the schedule of the monitoring tests should be programmed. In 
each test session modal parameters of the monitored structure are identified applying the 
procedures described in Chapter 4.2 (see Fig. 4.2). Results of each test are used for deter-
mination of the current modal parameters of the monitored structure and for comparison with 
the parameters obtained during the previous tests. Results of the comparison create a base 
for assessment of the bridge technical condition. 
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Fig. 5.2. Procedure of bridge condition monitoring based on the vibration tests 

During bridge operation the condition monitoring procedure (presented in Fig. 5.2) is applied 
in order to determine current modal parameters of the considered structure and to compare 
them with the values obtained during the previous condition monitoring tests. First of all, in-
formation according to the test setup and results of the previous test (excitation parameters, 
location of measuring points, measured quantities and resonance frequencies) are taken 
from database. Next, the whole test procedure is repeated in the same manner as during the 
earlier test sessions. 

Comparison of the structure modal parameters obtained during current test session with the 
results from the previous sessions lead into conclusion about technical condition of the moni-
tored structure. The lack of any significant changes of the compared parameters means that 
there is no changes of the construction technical condition and a date of the next monitoring 
session can be planned (if monitoring is still needed). Considerable differences of compared 
modal parameters mean that the structure technical condition has changed. In such a situa-
tion the following levels of condition evaluation can be applied: 

• elementary level – changes of modal parameters are evaluated on the basis of the 
first few basis vibration modes to make a decision if the structure requires additional 
detailed inspections or tests because its condition is reduced; 

• advanced level – changes of modal parameters are investigated on the basis of a 
larger number of vibration modes that can enable identification of damage or struc-
tural modification type as well as damage parameters (location, intensity etc.); this in-
formation is used for a more precise evaluation of structure condition. 

Analysis on the advanced level gives more valuable results but it is of course more time- and 
cost-consuming than the elementary-level analysis. 
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Whether the changes of modal parameters are observed or not all the latest modal parame-
ters of the construction should be stored in database as a reference for comparison after the 
next monitoring session. 

5.2 Correlation tools 
In Fig. 5.2 the shaded items indicate tasks which can be supported by a specialized expert 
system. After processing two sets of results (from an initial test and from a monitoring test) 
some conclusions related to changes in technical condition of the analyzed structure might 
be suggested by the expert tool. In this analysis changes of resonance frequencies, changes 
of vibration amplitudes at the resonance frequencies, changes of mode shapes and changes 
in damping coefficients should be taken into account. 

Typically some correlation tools are used for this purpose as for example MAC, COMAC [22]. 
Many research teams experienced in damage detection practice have developed their own 
methods of searching modal parameters changes for damage indicators e.g. [8] and [14], for 
this topic see also [23] and [26]. Many of the correlation tools are based on mode shape 
slopes, curvatures, squared curvatures, strain energy values and other quantities. 

The values of the criterion COMAC for all degree of freedom are usually plotted in a bar 
chart, what is difficult to interpret. An enhancement of this tool is proposed which enable to 
present the values on the grid of the measuring points. The new criterion is called UNCO-
MAC (for Uncorrelated Coordinate Modal Assurance Criterion) and the values are calculated 
using the formula: 
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where: 
kUNCOMAC  – UNCOMAC value for kth degree of freedom, for modes from r = 1 to N, 

u
krψ  – value in kth degree of freedom for mode shape r (undamaged state), 
d
krψ  – value in kth degree of freedom for mode shape r (damaged state). 

An example of the application of the tool is shown in Fig. 5.3. 
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Fig. 5.3. Visualization of UNCOMAC values calculated for correlation 
of the undamaged state and the state with detached structural element 

– results of the Demonstration Bridge 4 modal tests 

5.3 Field test of the monitoring system 
The above described method of bridge structure monitoring was practically tested in the WP8 
on the Demonstration Bridge 4 located close to Wrocław and Siechnica (Poland). Entire 
bridge consists of 12 simple supported spans made of riveted steel. For the tests one span 
was selected (Fig. 5.4). The main purpose of this test was proving the monitoring system 
efficiency, stability, precision and ergonomics with special attention paid to the excitation 
system and to the control application MANABRIS. Detailed goals were as follows: 

• calibration of the measuring parameters as sampling frequency, period of data acqui-
sition, density of the measuring points grid etc, 

• test of the control application MANABRIS focused on its stability and efficiency in field 
tests, 

• evaluation of the influence of the real field conditions (traffic on the parallel structure, 
operation in the strong electric field etc.) on the system efficiency, 

• assessment of time required for vibration tests with disruption due to train traffic, 

• study of the changes of modal parameters of the structure caused by environmental 
conditions changes, 

• study of the changes of modal parameters of the structure caused by artificially intro-
duced damages. 

• assessment of practical applicability of the system to bridge monitoring and possibility 
of decreasing of basic visual inspection intensity. 

detached 
element 
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Fig. 5.4. Demonstration Bridge 4 used for tests of the monitoring system 

 

Fig. 5.5. FEM model of the Demonstration Bridge 4 

The experimental analysis was supported by results of Theoretical Modal Analysis (TMA) of 
the tested structure’s FEM model (Fig. 5.5). The results of TMA were used for appropriate 
design of sensors locations and their directions in order to ensure required observability of all 
modeshapes. 

Conclusions drawn from the results of the monitoring system field tests are as follows (based 
on [27]): 

1. The resolution of the inverter applied to control the exciter is 0.008 Hz. To achieve the 
maximum resolution of the transmittance the time of data acquisition at particular steps in 
SST should be equal 1/0.008 Hz = 125 sec. Since the majority of railway bridge struc-
tures show the first few natural frequencies in range of 0–50 Hz the recommended sam-
pling frequency is between 50 Hz and 500 Hz. Grid of measuring points should enable to 
identify all required mode shapes with appropriate smoothness. Theoretical modal analy-
sis of the structure model (the most often FEM model) is very helpful in designing of 



Sustainable Bridges SB-5.6  2007-11-30 66 (70) 
     
 

proper location and direction of sensors. It enables also to define frequency range of ex-
perimental analysis. 

2. The program MANABRIS during all tests worked stable. All required test can be per-
formed in manual or semi-automatic manner. In course of early test trials it was noticed 
that the facility for data processing immediately after its acquisition would be very helpful. 
Consequently the current version of the software has been equipped with facilities for 
data processing from time to frequency domain, identification of transfer function, estima-
tion of damping ratios and mode shapes. 

3. According to an impact of the strong electric field (from railway traction line) on the sys-
tem efficiency it hasn’t been observed any undesirable influence or disturbing symptoms. 
In the modal testing methods which use the determined source of excitation as exciter all 
extraneous sources of excitation are regarded as disturbances and should be avoided. 
For this reason the tests of the Demonstration Bridge 4 were paused each time when 
a train passes the adjacent bridge. Specificity of the described method of modal testing 
and the demand of low ambient noise requires closing off the bridge for normal traffic. 
The time of closure depends on how extensive tests should be: the finer grid of measur-
ing points, the higher resolution of the FRF’s, the broader range of frequencies, the 
higher number of modes, the smaller number of sensors available – the time required for 
tests is longer. One testing session of the Demonstration Bridge 4 consisting of SST and 
MSI tests took around 8 hours. The tests were performed with the following parameters: 
104 measuring points, 120 FRF points (frequency steps in SST), 3 modes, 4 acceler-
ometers. 

4. The monitoring system was applied to test the Demonstration Bridge 4 in two sessions: 
during winter and summer conditions. The tests results revealed a strong dependence of 
the structure modal parameters on the environmental temperature. The crucial point in 
modal behaviour of the span during the two sessions was a change of boundary condi-
tions. It can be concluded with two remarks. Firstly, the grid of measuring points should 
be designed in such a way to make possible identification the real structure behaviour 
regarding movements of bearings. Secondly, the modal tests focussed on bridge moni-
toring should be performed at similar environmental conditions as the initial test to make 
the results comparable. 

5. Results of bridges’ modal parameters monitoring are often used in damage detection 
based on tracking changes in natural frequencies and mode shapes. Due to typically 
small changes of modal properties caused by local crack or material loss, the employed 
results of monitoring should be of high accuracy and precision. In the case of the Dem-
onstration Bridge 4 subjected to tests with introduced damages the results quality was 
sufficient to detect symptoms of structural changes by means of the proposed correlation 
tool UNCOMAC. However, the change of resonance frequencies caused by the intro-
duced damages was small (between 0.043 and 1.730 Hz) and there is difficult to relate 
the changes with the structural modifications. 

6. Based on the experience gained at the Demonstration Bridge 4 analyses and tests time 
consumption on consecutive stages of the analysis is estimated – see Table 5.1. The 
work is divided between specialists (typically an engineers experienced in structural 
analysis) and technical personnel taking part in the tests execution. The time can vary 
from the given in the table due to structure complexity, size and local conditions as well 
as due to specific demands concerning data precision etc. 
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Table 1. Approximate time consumption and person involvement in main stages of test works 

Person involvement 
Stage Time consumption

[working day] specialist worker 

Theoretical analysis of structure 10 1 0 

Monitoring design & preparation 2 2 0 

Test execution 2 1-2 2-4 

Data processing & evaluation:    

elementary level 5 1 0 

advanced level 15 2 0 
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6 Concluding remarks 

1) The developed monitoring technology is directly connected with the main goals of the 
Project because it enables precise determination of real dynamic parameters of the 
structures that is of great importance for the bridges on the high-speed and higher 
axle loads railway lines. Monitoring of the modal parameters also enables early de-
tection of damages (e.g. cracks) and immediate rehabilitation what ensures extension 
of the bridge lifetime. 

2) Technology of vibration tests offers an efficient, precise and relatively inexpensive 
tool for monitoring of the railway bridge condition. Results of the monitoring process 
can be used: 

• on the elementary level – for selection of the bridges which changes the mo-
dal parameters – in the next step the selected bridges should be individually 
tested, 

• on the advanced level – for more precise identification of damages causing 
changes of the modal parameters. 

3) Prototype of a special exciter for vibration tests of the railway bridges has been con-
structed and tested. Results of the laboratory and field tests have confirmed useful-
ness of the developed construction for railway bridge tests with excitation frequency 
from 3 Hz to 23 Hz and with effective resolution of 0.008 Hz. For each frequency 
within this range the exciting force is stable as regards to amplitude as well as fre-
quency. The developed system of excitation force measurement by means of the 
bow-shaped dynamometers together with the rail clamping elements have been suc-
cessfully tested during field tests of the Demonstration Bridge 4 in WP8. 

4) A portable set of the testing equipment consisting of exciter, inverter, measuring de-
vice is precisely controlled by means of special software which has been tested with 
respect to its stability and efficiency. All basic functions have been implemented in 
this software as well as some data processing functions. 

5) Selected methods of data processing have been analysed as regards to their useful-
ness for the monitoring system. During analysis of the preliminary laboratory and field 
tests results efficiency and robustness of the methods has been confirmed. 

6) The proposed monitoring system based on systematically repeated modal tests is 
useful in accurate and precise identification of modal parameters of structures. The 
results of the monitoring can be employed in damage detection procedures providing 
that the consecutive modal tests are performed at similar environmental conditions as 
the initial test. 

7) The investigation of the monitoring system sensitivity on various bridge damages per-
formed on the Demonstration Bridge 4 in WP8 revealed the system ability to precise 
identification of modal parameters of the tested bridge which allows distinction be-
tween undamaged and damaged state. Detailed analysis of the obtained results is 
presented in D8.2 report [27]. 
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