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Abstract: Paper presents a report of a research work that concerns possibilities of freight wagons modernization using new composite ma-
terials. The main aim of presented work was to verify the possibility of inference from the dynamic response of the wagon about the 
changes in its technical condition. During the presented works tests on real objects were carried out using Macro Fiber Composite (MFC) 
piezoelectric transducers glued to the freight wagon’s frame. The dynamical response of the wagon was measured while the object was 
driving. On the next stage the measured signal was generated on a laboratory stand using electrodynamic modal shaker and vibrations 
of the laboratory model were measured. Measured signals were juxtaposed on charts and analysed. The aim of this work was to verify 
if it is possible to detect the change in the system using measurements of vibrations that are being generated during exploitation of the 
freight wagon. 
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1. INTRODUCTION 

The aim of presented research work was to modernize the 
analysed wagon during its renovation using new materials. This 
work is a continuation of the previous research works concerned 
with analysis of new, composite materials application in freight 
wagons (Wrobel et al., 2015; Baier and Zolkiewski, 2013; Placzek 
et al., 2015 a,b). Effects that are to be achieved by the moderniza-
tion are better corrosion protection of the wagon elements, easier 
unloading of the wagon in winter conditions (no freezing of the 
cargo to the sides and floor of the wagon), reduction of the weight 
of the wagon while its load increases and easier management 
of freight wagons during exploitation. The 4-axle open wagon 
series EAOS type 1415 A3 produced by BREC Belgium is being 
taken into consideration because it is one of the most popular type 
of wagons designed to unload with the use of tipplers.  

An opportunity to apply new materials and new methodology 
allows designing devices and systems that, for example are more 
effective, have better properties and lower costs of production.  
This is why a lot of effort is spent on development of any types 
of devices that are used (Jamroziak, 2013; Rusinski et al., 2012; 
Tuma, 2009; Jamroziak et al., 2013). Smart materials, so the 
materials that can change one or more of their properties during 
operations and this change can be controlled bring a lot of new 
possibilities as well. Piezoelectric transducers which are widely 
used in many kinds of technical devices and number of their 
applications are still increasing are also smart materials. They 
properties caused that they can be used in large variety of appli-
cations, for example in vibration damping or excitation, energy 
harvesting systems, as sensors or in order to obtain precise ele-
ments positioning (Tuma et al., 2011; Placzek, 2015; Buchacz et 

al., 2014, 2015).  
In 1996 Macro Fiber Composites (MFC) was invented by 

NASA. MFC transducer is consists of rectangular piezo ceramic 
rods sandwiched between layers of adhesive, electrodes and 
polyimide film. Main benefits of the MFC are: increased strain 
actuator efficiency, damage tolerance, environmentally sealed 
packages, available as elongators and contractors (Placzek et al., 
2015b; Buchacz et al., 2015). The development of transducers 
allows new applications of piezoelectric materials and improves 
operation of existing devices.  

In this work some benefits obtained by using new piezoelectric 
transducers application is presented. In previous works for exam-
ple efficiency of both PZT and MFC transducers used as actuators 
of the mechanical system was presented. An analysis of the 
considered mechatronic system was done using a discrete-
continuous mathematical model and an approximate method 
presented in previous publications (Placzek, 2015; Buchacz et al., 
2014, 2015). On the other hand, computer aided methods 
of designing, manufacturing and product life cycle management 
are also powerful tools that helps to design and produce modern 
technical devices (Paprocka et al., 2014; Banas et al., 2015; 
Monica, 2015; Klarecki et al., 2015). Modern systems include 
elements from different science areas, such as mechanics, elec-
tronics and informatics. Such connection brings new possibilities 
and new effects, so those systems can be called mechatronic 
systems (Buchacz and Galeziowski, 2012; Gwiazda et al., 2015).  

Rail transport is a very important part of the modern economy, 
one of the components determining its dynamic development. It is 
therefore important to conduct research and taking action aimed 
at the development and refinement of this branch of industry. 
Numerous studies are conducted, aimed at introducing new tech-
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nologies and solutions, both in terms of railway infrastructure and 
logistics management systems, as well as in traction vehicles 
themselves (Grebowski and Zielinska, 2015; Oleszak et al., 2013; 
Stypula; Stypula, 2009; Bruni et al., 2011; Connolly et al., 2014; 
Hecht 2009; Herwig and Bruhwiler, 2011; Jönsson et al., 2008, 
Kovalev et al., 2009; Mehrpouya and Ahmadian, 2009). Such 
actions directly translate into an increase in its effectiveness, 
safety, reduction of burden on the environment and society. This 
paper contains a report on the part of works conducted in the 
research and development project entitled "Analytical and experi-
mental studies and determination of the structural features 
of components and assemblies in innovative structure of repaired 
wagons". This project is realized within the Program of Applied 
Research by Institute of Engineering Processes Automation and 
Integrated Manufacturing Systems of Silesian University of Tech-
nology together with consortium partners: company DB Schenker 
Rail Poland SA and Germaz. The main objective of the project is 
to develop a technology of modernization of freight wagons for the 
transport of coal and aggregates, through the use of innovative 
materials and technologies to repair this type of wagons during 
periodic repairs. Actions which have been undertaken within the 
project are to improve the operating conditions considered types 
of wagons by increasing their resistance to corrosion and freezes 
transported cargo to the shell of the body in the winter conditions, 
and thus an easier unloading (Wrobel et al., 2015; Baier and 
Zolkiewski, 2013; Placzek et al., 2015 a,b). An additional objective 
is also verification of strength of modernized carriages and an 
estimation of the possibility of reducing their weight, while main-
taining or increasing the permissible load. One of elements of the 
project is also to develop a system for diagnosing the technical 
condition of the modernized shell of wagon body during operation. 
For this purpose the use of non-destructive testing methods 
of technical state of constructions will be used, including methods 
that use the analysis of dynamic response of the object. Therefore 
research is conducted which examines the possibility of use of the 
foils with piezoelectric properties as sensors used in the system 
of vibration measurement of tested items (Placzek et al., 2015a). 
These research efforts are a continuation of previous work related 
to the analysis of possibilities to use of composite materials 
as a part of the wagons boxes shell. Application of the composite 
panels to the freight wagon’s body shell was proposed as the 
solution that can solve mentioned problems during exploitation 
of freight wagons (Wrobel et al., 2015; Baier and Zolkiewski, 
2013; Placzek et al., 2015 a,b). The composite panels composed 
of fiberglass and epoxy resin were proposed. They will be mount-
ed on the body shell using rivet nuts. What is more the body shell 
of the modernized freight wagon will be painted using an anti-
corrosion agent. 

2. A PROCESS OF QUALIFICATION TO REPAIR 

The main aim of the system designed for of inferred from the 
dynamic response of the wagon about the changes in its technical 
condition is to support a process of freight wagons qualification to 
repair. At this moment all freight wagons should be verified about 
their technical condition at a certain time interval. During the 
qualification process a qualifying protocol is used. In the DB 
Schenker Rail Poland SA Company in order to decide which 
elements of the freight wagon should be repaired or replaced by 
the new ones the protocol includes such data as: 

 the type of the analysed freight wagon; 

 the drawings of the analysed type of wagons including views 
of all side walls and the floor; 

 the identification number of the wagon; 

 the date and type of the previous repair and the date and type 
of the actual renovation; 

 the table with listed elements of the wagon with the possibility 
to mark whether the item is suitable for repair, replacement, 
or whether it is in good technical condition; 

 the signatures of the responsible people and the place 
for other notes. 
During mentioned research work also a statistic analysis 

of data from qualifying protocols were analysed in order to verify 
if there are elements the most exposed to damage during stand-
ard exploitation of the freight wagons. Qualifying protocols from 
years 2012 up to 2014 were analysed. The number of analysed 
protocols was 298 for different types of freight wagons. Protocols 
were scanned and sorted taking into account types of freight 
wagons. Data from protocols were analysed in order to specify the 
percentage of repairs of individual wagons elements. Obtained 
results were presented on charts. In order to analyse date from 
protocols elements of the freight car’s box were named and 
marked on the scheme of the freight wagon. In Fig. 1 names 
of the EAOS 1415 A2 and A3 wagon’s elements designations are 
presented. The front of the wagon is indicated by the position 
of the brake cylinder. 

 
Fig. 1. Designation of EAOS 1415 A2 and A3 wagon’s elements,  
            where symbols denotes: L – the left side, R – the right side,  
            F – the front, B – the back of the wagon   

The most important, taking into account assumption of mod-
ernization of the freight wagons using composite panels mounted 
to the wagon’s shell of the body, is the information about the 
damage of its elements. Percentage of repairs of individual ele-
ments of the shell of the body is presented in Fig. 2. 

 
Fig. 2. Percentage of individual elements repairs of the body shell  
            of freight wagon EAOS 1415  
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Presented results of qualifying protocols analysis shows that 
there are some different between percentage of repairs of differ-
ent elements of the freight wagons body shell. In case of type 
EAOS 1415 freight wagons it can be noticed that elements of the 
side walls were repaired more often than elements of the front 
wall and the back wall. What is more it can be noticed that even 
simetrical elements of the freight wagon (ex. L3 and R3) have 
different values of percentage of repairs. It can be explain by the 
random characteristic of the corrosion process of freight cars. 
It should be mentioned that in order to obtain more precise infor-
mation about the process of damage of individual elements of the 
freight wagons body shell during their exploitation it is necessary 
to carry out a more accurate operational documentation starting 
from the production of wagons, which will take into account oper-
ating conditions of carriage, such as the type of transported cargo, 
as well as all carried out repairs.  

The system that is to be developed should inform about de-
struction of the wagon’s body shell during standard operation 
of the wagon. This should help to detect of major defects 
of wagon's body shell without transporting it to the service station. 
In order to develop such system it is necessary to verify the pos-
sibility of inference from the dynamic response of the wagon about 
the changes in its technical condition during its standard opera-
tion. 

3. MEASUREMENTS OF WAGON’S VIBRATION  
DURING OPERATION  

At the first step of the carried out tests measurements of the 
wagon’s elements vibration during operation were carried out.  

The object of research is the four axial freight wagon of ordi-
nary type Eaos 1415-A3 production BREC Belgium. It is present-
ed in Fig. 3. It was being taken into consideration because it is 
one of the most popular types of wagons designed to unload with 
the use of tipplers. 

 
Fig. 3. The considered type of freight wagon

Channel 1 

 

Channel 2 

 
Channel 3 

 

Channel 4 

 
Fig. 4. The measured profile of excitations (empty wagon and max. speed 10 km/h) 

Measurements were carried out using analogue input card 
type NI-9215 (http://www.ni.com/pdf/manuals/373779a_02.pdf) 
and portable device NI cDAQ-9191 (http://www.ni.com/datasheet/ 
pdf/en/ds-371) – the compact 1-Slot chassis which allows Send 
data to a host PC over Ethernet or IEEE 802.11 Wi-Fi. As sensor 
M-8514-P1 model of Macro Fiber Composite transducer was used 

with active area 85 x 14 mm (http://www.smart-material.com/MFC-
product-main.html). Four sensors were glued on the surface of the 
frame and body shell of the tested wagon and connected to the 
portable measurement system for data acquisition. Measurements 
were carried out while the observed train was driving (locomotive 
and two wagons) with the maximum travelling speed about 

http://www.ni.com/datasheet/
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10 km/h. The speed of the train was limited  as a result of the 
applicable regulations because measurements were carried out in 
the area of the railway repair company. There was no agreement 
to conduct research during normal exploitation. The train was 
driving a section of about 400 meters, stopped and then it was 
returning. The test was repeated five times to verify the repeatabil-
ity of the results. Measurements were made in repair facility of DB 
Schenker Rail Poland in Rybnik. Measurement points were as: 

Channel 1 – the centre of the top band of the box, interior of 
the freight wagon; 

Channel 2 – the support frame – the bottom surface of the 
main, outer beam of the frame; 

Channel 3 – the support frame – the inner surface of the main, 
outer beam of the frame; 

Channel 4 – the support frame – side surface of the cross-
beam. 

Measuring points were selected on centre points of main 
beams of the wagon’s frame and on the centre of the top band 
of the box because it was predicted that deformation of surfaces 
of these elements of the wagon construction will be the biggest. 
This was important for the measurements using MFC piezoelectric 

foils glued on surfaces of these elements.  
The main aim of the measurements was to acquire a profile 

of excitations that are elements of the freight wagon exposed to 
during exploitation of the wagon. This profile was in the next step 
used in tests using laboratory stands in order to verify their dy-
namical response onto the excitation occurring during operation. 
In Fig. 4 examples of results of measurements obtained for the 
described channels are presented. The measured profile of exci-
tations occurring during operation for empty wagon and maximal 
speed 10 km/h for all measuring points is presented. The red 
vertical line separates two operating ranges: in the first range the 
wagon was pulled by the locomotive, while in the second one the 
wagon was pushed by the locomotive. 

It can be observed that the electric voltage generated by the 
piezoelectric MFC sensors has not a high value but measured 
signal can be used in order to reproduce the extortion profile 
course during laboratory tests. 

The measured signal was then analysed used Fast Fourier 
Transform to verify the resonance zones of the vibrating elements. 
An example of results of measured signal FFT analysis obtained 
using Hanning window is presented in Fig. 5.  

 

  
 

  
Fig. 5. An example of results of measured signal FFT analysis  

The carried out measurements proved that results are repeti-
tive and can be used in laboratory tests. During all measurements 
it could be observed that obtained results are repeatable (taking 
into account range of possible measurement errors) for all tested 
measuring points without influence of the weather conditions and 
temperature. It can be concluded that Macro Fiber Composite 
piezoelectric transducers proposed as sensors in developed 
system could be successfully used. They have a lot of advantages 
which causes that they can be proposed as a very good solution, 
for example they can be easily applied to the structure by gluing it 
to its surface. They are produced in the form of thin foils, so they 
also can be easily laminated into the structure of the composite 
panels that will be mounted in the modernized freight wagons. 

What is more they are resistant to weather conditions and do not 
require additional power source. What is more, for a low frequen-
cies measurments the store & hold amplifier can be used with the 
MFC transducers what can improve precision of measurements 
(http://www.smart-material.com/MFC-product-main.html). 

4. MEASUREMENTS USING LABORATORY STAND 

The composite panels composed of fiberglass and epoxy res-
in were proposed. They will be mounted on the body shell using 
rivet nuts. What is more the body shell of the modernized freight 
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wagon will be painted using an anti-corrosion agent. Application 
of the new materials in the considered freight wagons is connect-
ed with the need to conduct a series of studies of the proposed 
materials properties, taking into account their strength analysis, 
abrasion resistance, fatigue resistance, and other properties 
important because of the working conditions in the modernized 
freight wagons. Very important property that has strong influence 
onto the safety of the modernized freight wagons exploitation 
is also the verification of the new elements flammability. Results 
of those studies were presented in other papers (Wrobel et al., 
2015; Baier and Zolkiewski, 2013; Placzek et al., 2015 a,b). 

a) 

 

b) 

 
Fig. 6. The type of type 418V freight wagon (a) and its CAD model (b) 

a) 

 

b) 

 
Fig. 7. The CAD model of the tested piece of 418V freight wagon’s side  
            (a) and The CAD model of the laboratory stand (b) 

At the next step the measured profile of vibration excitation 
that is a result of the operation of the freight wagon was used for 
tests on a created laboratory stand. The laboratory stand was 
prepared for strength analysis of a side of a hopper freight wagon 
type 418V. This type of wagon is presented in Fig. 6. 
In Fig. 7a) a CAD model of the tested piece of the freight wagon’s 
side is presented. In carried out measurements the laboratory 
stand for strength analysis of the 418V freight wagon side element 
was used. A CAD model of the stand with the analysed wagon’s 
side is presented in Fig. 7b). The side’s element was prepared in 
1:2 scale. 

During measurements the freight wagon’s side was excited 
using vibration test system produced by TIRA GmbH. As sensors 
also Macro Fiber Composite M-8514-P1 piezoelectric transducers 
were used and connected with analogue input cards and portable 
device NI cDAQ-9191. Measurements were carried out with and 
without composite panels mounted to the wagon’s side using rivet 
nuts. The aim of this work was to verify if it is possible to detect 
the presence of composite panels mounted to the tested wagon’s 
side element. The tested element was excited using electrody-
namic shaker and vibration profile obtained during the measure-
ments carried out on the real freight wagons. Vibrations of the 
analysed side were measured in four measuring points using MFC 
piezoelectric transducers. The MFC sensors were glued to the 
surfaces of the side’s frame as well as to the sheet metal fill. 
Measuring points were selected on centre points of main beams 
of the wagon’s side model and on the centre point of the compo-
site panel. It was predicted that deformation of surfaces of these 
elements of the wagon’s side model will be the biggest. 

5. RESULTS 

Results obtained for measuring points on the side’s frame and 
on the sheet metal fill for the wagon’s side model with and without 
composite panels are presented in this work. As the next step 
of the carried out analysis the Fast Fourier Transform of meas-
ured signals was carried out in order to verify if any change in the 
obtained results can be observed. Results of the FFT analysis 
of measured signals obtained for the system with and without 
composite panels are juxtaposed in Fig.9 up to frequency 200 Hz. 
The red line denotes results obtained for the model of the freight 
wagon’s side without any additional element while the blue line 
denotes results for the model with composite panels. The panels 
were made of fiberglass and epoxy resin with thickness 6 mm. 
They were mounted using rivet nuts. 

It can be noted that for both measuring channels the analysed 
system has higher values of the amplitude for all frequencies 
of vibrations in case when there is no composite panels mounted. 
Such results can be very useful for the algorithm that will be use 
in the system designed for modernized freight wagons technical 
condition monitoring during their exploitation. There may be 
a possibility to detect destruction of the mounted composite pan-
els by the system on the basis of measured signals from applied 
piezoelectric foils. The system should also detect if the freight 
wagon is loaded or it is used empty and inform about its status 
using GPS system. Such information can be very useful for better 
managing of freight wagons and for data collecting in the system 
that should record the history of the wagons exploitation.  
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a) 

 
 

b) 

 
Fig. 9. Results of the FFT analysis of measured signals juxtaposed for the system witch (the blue line) and without (the red line) composite panels  
            for channel 1 (a) and channel 2 (b) 

6. CONCLUSIONS 

Carried out tests and measurements on freight wagons as 
well as using laboratory stands proved that Mecro Fiber Compo-
site piezoelectric transducers can be successfully used as sen-
sors for measurements of freight wagon’s elements vibrations. 
They can be easily applied to the surface of monitoring structure 
as well as laminated in composite panels that will be used during 
proposed freight wagons modernization. What is more they can 
be easily protected to weather conditions. 

During carried out tests on the real freight wagon the speed 
was limited and it was lower than speed of a train during its 
standard exploitation. It caused that values of measured signals 
were lower than they can be predicted in application on freight 
wagons for standard operation. However, using measured profile 
of excitation it was possible to infer about the status of the labora-
tory stand. Taking into account obtained results of laboratory tests 
it was possible to conclude whether composite panels are con-
nected to the tested model of the freight wagon’s side or they are 
lacked. Obtained results allows to conclude that proposed method 
of control of technical condition of modernized freight wagons may 
be a good solution.  

In further research more measurements on laboratory stands 
and especially on real objects during their standard   exploitation 
will be carried out in order to verify repeatability of the obtained 

results and to take into account influence of various conditions 
such as weather conditions, deformations of the wagon’s body 
shell that are results of its exploitation, mainly unloading using 
excavators etc. The influence of changes in monitored system 
created during its exploitation appears as a main problem which 
may result in system malfunction.  
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