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Abstract

:

The noise and vibration that cause deterioration of comfort at specific locations can be reduced by modernisation of tram lines in some large cities where dense development surrounds tram lines. The paper deals with the impact of noise and vibration produced by tram traffic. Its aim was to verify whether the modernisation of one of the busiest tram lines in the capital of Slovakia had an impact on the reduction of noise and vibration emissions arising in its surroundings. The paper analysed experimental measurements conducted at the busiest locations of the studied tram line, focusing on the parameters LAeq and vrms. The methodology for reducing the adverse effects of noise and vibration is based on the modernisation of the tramway line, characterised in detail in the paper. The presentation and analysis of the measurement results are followed by conclusions that underline the importance of reducing noise and vibration emissions generated by tram traffic by modernising the tram line network.
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1. Introduction


Growing urbanisation and the associated increase in the urban population substantially affect transport demands. Ideally, the growing transport should occupy as little expensive urban land as possible and at the same time be energy-efficient and environmentally friendly. Rail transport, in particular urban rail transport, fulfils these conditions, as it requires less space, consumes less energy, and produces considerably less environmental pollution than car transport. In view of these facts, urban rail as an environmentally friendly transport mode has since the 1960s played an indispensable role in solving the complex traffic and transport relations in all large cities, including the city of Bratislava.



In the context of the sustainable urban environment, modernisation and, in many cases, e.g., in French and American cities, the reintroduction of trams into the public transport system, it is necessary to pay increased attention to the noise and vibrations emitted by rail transport. In the past, the issue of the impact of noise and vibration from rail transport was not addressed sufficiently, despite the fact that their negative effects on the quality of human health and the durability of buildings in the vicinity of railways have been commonly accepted. In 2008, the EU Environmental Noise Directive [1] was modified to assess the noise and vibration to which people are exposed, especially in densely built-up urban areas and agglomerations. This document created the preconditions for a relevant assessment of the negative impacts of environmental noise and vibration on environmental quality.



The directive [1], as well as other national and international legislative documents [2,3,4,5,6,7,8,9,10], consider noise and vibration as separate factors. Currently, many foreign experts prefer to combine noise and vibration into one vibroacoustic stimulus since they commonly occur simultaneously [11,12,13,14,15,16,17,18,19,20]. Therefore, in a vibroacoustic study of the modernised line, our department did not only monitor the noise emitted by the tram traffic but also the vibration in order to create a comprehensive picture of the environmental burden from the operation of a modernised section of the Bratislava tram line.



Prior to the modernisation, several measurements were carried out on the basis of an order from the Bratislava City Council. The aim of these studies was to map the state of noise and vibrations and to estimate the trend of their increase. The results of the analyses were also intended to point out the critical points in terms of absolute intensities and the increasing trend. It was these locations that were to be addressed with state-of-the-art design solutions in terms of soundproofing and vibration reduction due to tram traffic. These sites are currently included among those to be monitored. The measurements are used in conjunction with periodic diagnostics of the structural condition of the line as part of an intradisciplinary research on the impact of the upgrade of the structure on the improvement of the environmental load of noise and vibration. Previous measurements and any analysis have been published in the papers and studies [21,22,23].




2. Characteristics of Infrastructure and Modernised Tram Line in Bratislava


Tram transport has long been an indispensable part of the transport service of the city of Bratislava and is one of the oldest worldwide, with its origins dating back to 1895 [24]. In Bratislava, the tram service has been operating without any significant interruption. In many European and world cities, the so-called street tram was gradually replaced by automobile transport (bus and individual car transport) in the 1960s, or in some cases in American cities (before World War II) and European cities (after World War II), it was cancelled completely. In contrast, in Bratislava, tram transport has continuously formed the backbone of the city’s transport service system.



2.1. History of Tram Transport Infrastructure


The first public tram ride in Bratislava took place in 1895. The first line ran from the Danube embankment, through today’s Hviezdoslav Square, SNP Square, Suché Mýto, Štefánik Street, and was later extended to Hlavná Stanica (Main Station). In 1895, five electric carriages ran on the line at 10-minute intervals, making Bratislava ahead of Amsterdam, Manchester, and Tokyo. The line also included the first permanent bridge in Bratislava that from 1891 provided train transport to Vienna. In the past, the bridge name changed several times, from the original Franz Josef Bridge, to Štefánik Bridge after WWI, to the Red Army Bridge after WWII, to the present Old Bridge.



In 1951, trams crossed the Danube for the first time, and the Old Bridge was used for tram transport to the Petržalka side. However, operation on this route lasted approximately 10 years, as the technical parameters of the bridge were unsatisfactory. In the 1990s, the new economic conditions caused stagnation of public transport in Bratislava and, on the contrary, a significant development of motorisation, which caused many difficult-to-solve problems, including smog, traffic congestion, parking problems, and noise. The solution to mitigating these problems in Bratislava may be the gradual modernisation of the tram network, which at its current scale can be considered medium-sized, with 42 km of tram lines [24].




2.2. A Brief History of the Tram Network and the Composition of the Current Tram Fleet in Bratislava


The tram network of the city of Bratislava is operated in a gauge of 1000 mm. As the possibility of switching to standard gauge of 1435 mm, including the railway tracks in the city’s public transport track system, has been addressed in Bratislava for a long time, line sections have been reconstructed and equipped with a dual gauge. The tram vehicle fleet had to adapt to this possibility. At the end of the 1980s, the operation of Tatra T2 trams was terminated, and fast-rail tram lines were opened to the newly built housing estates. The 1990s were also characterised by fleet modernisation, introducing of K2S, T3G, T3Mod, and Tatra T6A5 trams.



At the beginning of the 21st century, preparations began for building a fast-rail or the so-called fast tramway. In connection with this construction in Bratislava, testing the Škoda 06 T type fast tram began, and its chassis was modified from the original 960 mm to 1000 mm. In 2007 the Capital City Council presented the intention to implement a dual gauge (Bratislava tram 1000 mm and standard railway 1435 mm) where the line could be used equally by trains and trams. In the same year, the idea of developing tram lines to several city districts was also introduced. A turning point in the need to modernise the tram lines in the Slovak capital came in 2011 and 2012 when the line providing transport to the Main Station was found to be in a state of disrepair. Moreover, a crack of considerable extent was detected in the lining of the tram tunnel under the Bratislava Castle. These issues led to the reorganisation of tram lines, reducing their number from 14 to 8 and condensing the new line intervals.



The first stage of the modernisation of the city’s public transport system in Bratislava started in 2013. At the end of this year, a work contract was signed for the reconstruction of the Old Bridge and the construction of a tram line to Petržalka. At the end of 2014, a prototype of the Škoda 30 T type two-way tram was delivered and put into operation in 2015. In 2015, a one-way tram type Škoda 29 T was also put into service. Test runs were performed on the Bratislava tram gauge (1000 mm) with a Škoda 30 T tram with a set of Tatra T6 vehicles and on the standard gauge (1435 mm) with a Tatra T3 tram (specially modified for this purpose) [25]. Figure 1 demonstrates tram types that are currently operated on tram lines in Bratislava.




2.3. Modernisation of the So-Called Petržalka Radial—Characteristics of the Tram Line Construction


The modernisation of the tram line in question is based on the concept of the gradual renewal of the railway infrastructure in Bratislava. It aims to increase the performance of urban public transport and improve the comfort and satisfaction of passengers. A turning point occurred in 2003 when the heavy metro project, which started in the 1980s, was rejected. The alternative is a system of “fast trams”—tram rapid transit—running across the Danube from the historic core of the city to the end of the largest residential area in Bratislava—Petržalka—along the route of the originally envisaged metro and connecting it to the existing tram network. The requirement for modernisation resulted mainly from the technically obsolete and thus unsatisfactory condition of the tram line and the signalling elements on the line and the negative impact of the line on the environment (especially in the area of noise and vibration). In connection with the considered combination of the tram line with the TEN-T train transport (construction of a dual gauge line—1000 mm and 1435 mm), the first part of the modernisation of the so-called Petržalka radial was proposed in 2013. The first part of the construction works included the modernisation of the Old Bridge (replacement with a new bridge structure) and the construction of a double-track line in the length of 2.4 km (from the crossing of Štúr and Jesenský Street to the crossing of Jantár Street and Rusovce Road). The second part of the modernisation considers the extension of the tram line to the Petržalka District. Figure 2 demonstrates the modernisation of the tram line section in question [29].



The Old Bridge dates back to the 19th century. After several repairs, it was operated until 2013, when it was closed due to an emergency. As the bridge did not meet the minimum navigable corridor on the Danube River, the original steel structure was replaced by a new one. The new steel construction features a higher bearing on the pillars and a larger span of the main middle field. The tram line is located in the middle of the bridge in a reinforced concrete carriageway and is used exclusively for tram transport and rescue services.



The request for the modernisation of the tram line in question is based primarily on its technically outdated and currently unsatisfactory condition. Structurally, the track consists of 49E1-shaped rails placed on concrete sleepers in an open track bed. In the section of the line from the Karlova Ves turnaround to the Dolné Krčace stop and in the area of the crossings with a cast surface finish, the track superstructure consists of TV rails. NT1 placed on concrete panels on a gravel bed or sleepers in an open rail bed. The section of the line from the intersection of Líščie údolie–Botanická streets to the Molecova stop is the TV rails. NT1 stored on VUIS panels have already been extensively destroyed. In particular, the track sections set up on the panel structures due to their technical condition were a source of high levels of noise and vibration, creating a significant noise load in the areas through which the tram line is led. The effort to modernise the Dúbravsko–Karloveská radial section follows on from the concept of gradual renewal of the railway infrastructure of the Capital City of the Slovak Republic, Bratislava. The main purpose of the construction was to modernise the technical infrastructure of the line to achieve the following requirements:




	
increase in line speed;



	
increase in spatial permeability;



	
increase in the bearing capacity of the track bottom;



	
increase in operational safety;



	
increasing passenger safety;



	
increase the culture, comfort, and fluidity of travel;



	
reduction of negative impacts of rail traffic on the population;



	
improving and upgrading the environment.








The designed technical solutions for the reduction of specific noise and vibration due to operation of trams consisted of



	
the replacement of worn-out tramway structures;



	
the establishment of an open tram superstructure in the section Hanulova–turnaround Karlova Ves with the possibility of covering with absorption panels, which will reduce the conditions for the propagation of noise emissions from tram crossings;



	
the establishment of a fixed carriageway in the section of Karlova Ves with grassing of the track between the associated stops;



	
the considering in curves of smaller radii with the installation of equipment for rail lubrication;



	
the new construction of the Karlova Ves turntable with the removal of tonal noise.






The first part of the modernisation included a complete replacement of the tram substructure, superstructure, and drainage. These modifications were intended to increase passenger comfort and at the same time minimise the negative effects of tram operation (noise and vibration) on the surrounding urban area. There are four barrier-free stops on the route, built as part of the modernisation. In crucial traffic nodes, the stops were designed as integrated combined stops to ensure a minimum collision crossing over parallel roads. The structural elements that most limited the track speed and caused increased noise emissions and vibration were obsolete turnout structures and curves of small radii. Therefore, during the modernisation, new electrically controlled and heated switch constructions, which also allow higher line speed, were built into the track.



The construction of the tram line was implemented uniformly along its entire length as a ballastless track (slab track). Under the layer of drainage concrete, a sub-ballast layer of crushed aggregate fr. 0/63 mm, thickness 0.30 m was placed. Due to the poor support and the unsatisfactory material composition of the subgrade surface, its lime stabilisation with a thickness of 0.30 m was implemented. Fibertex F300 nonwoven PP geotextile was applied to the stabilised subgrade surface.



The track superstructure, designed as a ballastless track, consists of rails of shape 49E1 (S49) or grooved rails (60Ri2), covered with rubber rail dumper to limit the propagation of noise and vibration, also enclosing switch structures.



In the construction of the track superstructure, there are always two adjacent rail strings that allow a dual track of 1000 mm and 1435 mm, i.e., with four rails in each direction. Switch structures are made of 60Ri2 groove rails, while the turning radius in interchanges is R = 50 m. All switches are also mounted on the ballastless track structure.



Water from the rail grooves is drained by point drains (in the case of concrete surfaces with a groove rail, water is drained by combined drains—both the groove of the rail and the surface of the carriageway).



Rainwater from the tram line drained by the drainage system into sewerages or infiltration shafts does not need to be additionally treated with an oil separator (ENT), as only electrically driven units will be operated on the tram line, and there is no risk of oil leakage.



The rails are fixed on plastic W-TRAM baseplates with a flexible clamp Sk121 on a reinforced concrete slab made of reinforced concrete C30/37 (ballastless track) and are thermite welded to each other into long rail strings. The reinforced concrete slab is 0.25 m thick and 2.5 m wide, having a separate structure under each track. The support plate is reinforced with steel reinforcement except in areas where track circuits are applied to control the switches. These areas are reinforced with fibreglass reinforcement. Under the load-bearing reinforced concrete slab, there is a permanently flexible pad PURASYS MSS P 2020, 20 mm thick (material—mixed cellular polyurethane elastomer). The reinforced concrete slab of the ballastless track is placed on a layer of interstitial drainage concrete MCB C8/10 with a thickness of 0.25 m. L-shaped prefabricated parts were installed at a distance of 1.75 m from the axis of the adjacent track to separate the tram cover and the adjacent terrain.



The track layout and construction of the tram lines are depicted in Figure 3 and Figure 4.



Rail lubrication devices were installed in small radius curves. Moreover, to eliminate noise and vibrations on the track, the 49E1-shaped rails (on NT1-type crossings) were fastened to concrete sleepers equipped with sub-sleepers with elastic-plastic properties using a flexible fastening of the VOSSLOH Skl type 14, welded to a contactless rail. To capture secondary vibrations from the operation of the tram line more efficiently, a sub-ballast damping mat was placed directly under the ballast bed. In the sections of the track, where the space conditions allowed it, the areas between the tram line and the parallel roads were covered with grass, which was also a measure to reduce noise emissions.



The tram line in the modernised section (except for the section led on the Old Bridge) is run on a separate substructure and permanent way parallel to the city roads. Therefore, in addition to tram crossings, road traffic also becomes a source of noise and vibration in the affected area. However, car traffic in the modernised section is of low intensity and consists mainly of passenger cars, the dynamic effects of which are negligible compared to tram traffic. Noise from car traffic depends on the car speed and the degree of utilisation of its engine, which can increase the overall noise levels. For this reason, noise from tram transport is considered in combination with noise generated by road traffic. The assessment of the noise situation in the external area of the area of interest was performed in accordance with the Act on the Protection, Support and Development of Public Health of the National Council of the Slovak Republic no. 355/2007 and Decree of the Ministry of Health of the Slovak Republic no. 237/2009 Coll. [2] (Supplements the Decree of the Ministry of Health of the Slovak Republic No. 549/2007 Coll.) that establish the permissible values of noise, infrasound, and vibration in the environment. The assessment of the discussed section of the modernised tram line for noise and vibration is the subject of another part of the article [32].





3. Noise and Vibration Effects of Modernisation


In connection with the tram line modernisation in Bratislava, a vibroacoustic study was prepared in designated localities. It contains the results of measured noise and vibration levels caused by the dynamic effects of vehicles running on tram lines in the Slovak capital. It also includes an analysis of all experimentally obtained results. These measurements were performed in two selected localities along the tram line route on Štúr Street and the Old Bridge over the Danube in Bratislava.



3.1. Experimental Measurement on Štúr Street


At the time of the experiment, the temperature from 24 to 26 °C and the northwest, variable wind 2 to 5 m/s were recorded. The choice of this location was related to the reconstruction of a double-track tram line with a gauge of 1000 mm, run in a separate substructure and permanent way in parallel with the city road (Figure 5).



The dominant noise effects in the location are caused by tram and road traffic. The intensity of car traffic is low and the resulting dynamic effects are negligible, while the passage of trams has a more significant effect. At the time of the measurement, several types of trams were operated on the line. Older noisier construction types Tatra—T3G, K2, and T6A5 were supplemented by more modern types, Škoda—29T and 30T ForCity Plus (Figure 1). Noise from their passage is significantly affected by several factors:




	
technical condition of the tramway (overall track layout and geometry, quality of rail joints, corrugation of rails, stability, and overall condition of track switches);



	
track substructure.








In the case of the carriageway imperfections, various dynamic impacts occur during the driving at the wheel-rail contact, while the noise level is also affected by its routing in the terrain in the traffic area. Concrete slabs, for example, cause the membrane effect of its radiation, and this phenomenon is also associated with the formation of vibrations. The resulting vibrations propagate through the material half-space as surface and shear waves from the source and their character is stochastic, with variable power in time and space. In addition to noise levels, it is, therefore, necessary to determine the intensity and frequency spectrum of the vibrations of the tram line subsoil and the adjacent geological environment. From this space, the vibrations spread to the foundations of the tram line buildings.



3.1.1. Objectives of Experimental Measurements


The first objective of the experimental measurements was to determine the current noise situation by measuring the noise in the location and defining its levels from the passage of individual tram sets. The measuring points were determined objectively regarding the monitored surrounding buildings.



For each measurement, especially the level parameters as defined in the following apply:




	
LAeq—A-weighted continuous sound level for continuous sound signals;



	
LAFmax—maximum sound pressure level during the measurement interval.








The time-averaged sound pressure level (equivalent continuous sound pressure level) is obtained using (1).


   L  e q   = 10 log    1 T    ∫  0 T  p    t   2  d t    p 0 2     



(1)




where




	
Leq—the time-averaged sound pressure level (equivalent continuous sound pressure level) in dB;



	
p(t)—the sound pressure in Pa;



	
p0—the reference sound pressure;



	
T—the averaging time in s3








The second objective was to measure vibrations in the vicinity of the foundation structures of a residential building in a given urban and geological location. Specifically, the following quantities were surveyed:




	
vibration levels on the foundation structure of building no. 20 (Police of the Slovak Republic), and the results were evaluated by methods of statistical analysis;



	
frequency characteristics of vibration amplitudes at point B1V on the selected building (to determine the frequency spectrum of the vibration of the subsoil generated by the tram passage—application of spectral analysis);



	
vibration time histories in (t), recorded by a set of accelerometers in the vertical direction z and horizontal direction y perpendicular to the axis of the tramway (sensors marked B1Vz, B1Vy).








Measurement functions vrms and vmax are a means of expressing vibration in absolute value on the basis of measured waveforms. The root mean square value of the instantaneous values over a period of time refers to the power of the wave. The vrms value of the velocity is one of the important factors for diagnosis. This value of the vibration velocity is obtained by using (2).


   v  r m s   =  1 T    ∫    t 1     t 2    v    t   2  d t  



(2)




where




	
vrms—root mean square value of the instantaneous values over a period of time;



	
v(t)—the vibration speed;



	
T—the averaging time.








Peak amplitude vPEAK is a peak value in a certain time duration. It is used to measure shocks or waves which are rather stable (3).


   v  P E A K   = m a x   v  t     



(3)







The following mathematical Formula (4) is used to calculate the PSD (power spectral density) of the vibration velocity. It is a standard equation based on the Fourier transform.


   G  x x   =       ∫  0 ∞   v   t     e  − i 2 π f t   d t    2   



(4)







Since the processing of the results deals with digital data, all the above formulas are used in discrete form. That is, integrals are converted into sums and continuous functions into data sets in time samples with sampling frequency.




3.1.2. Measurement Methodology and Measuring Line


All measurements were performed in the first stage of measuring accuracy with an automatic measuring apparatus. The selected methodology complied with the set conditions of the relevant legislative documents [7,8,9].



Figure 5 schematically demonstrates the position of the two measuring points B1H and B1V. Two independent measurement sets were applied. An assembly with a precise integrating sound level meter for measuring the noise situation was placed in place B1H. The system uses verified acoustic software by Brüel and Kjær (BK) [34,35]. Its distance from the nearest tram line track (K1) in the direction of Petržalka-Centre is about 3.0 m. The track of the K2 tram line in the direction of Centre-Petržalka is about 5.4 m away from point B1H. The set for measuring noise effects included a BK sound meter type 2270-G4 with modules for sound level meter BZ—7111, octave frequency analysis BZ—7223, and time recording BZ—7224; measuring microphone BK, type 4189; and acoustic calibrator BK, type 4231.



In order to obtain objective dynamic results, a specific measurement and evaluation line was set up at the B1V point. The set for measuring dynamic effects included the BK 4508 B accelerometer, LAN-XI module type 3060, battery module Type 2831, Wi-Fi AP Slave, Wi-Fi AP Master, battery module type 2831, and PC HP Pavilion for B&K (Figure 6). The accelerometer for measuring the level of vibrations from the operation of the tram line was located on the foundation structure of the building at pavement level. Its distance from the nearest track ET (K1) is approximately 4.2 m, and the track K2 is approximately 6.6 m from B1V.




3.1.3. Results of Experimental Noise Measurements


From the above-mentioned acoustic sources, trams, in addition to the results of direct measurement in situ, the relevant acoustic quantities were processed numerically by computer. Their designation is provided by the Brüel and Kjær software.




	
LAFmax—maximum achieved weighted noise level in the measured interval in dB (A);



	
LAFmin—minimum achieved noise level in the measured interval in dB (A);



	
LCpeak—max. peak noise level reached in dB in the recording interval at the weighted C sound level meter function;



	
LAeq—equivalent continuous noise level in dB at weighted function A;








LZFmax, LZSmax, LZFmin, LZSmin, LZeq—spectral characteristics based on complete spectral statistics of time histories of noise levels at the weighted frequency function Z (A, B, C).



A series of 12 noise level measurements were performed at the site with various combinations of tram operation on the K1 and K2 tracks. In one case, it was also a combination with traffic on the city road. Table 1 demonstrates the characteristics of individual measurements. The resulting measurement uncertainty for the applied measurement chain was considered to be ubp = 0.767 dB.



The location on Štúr Street is built-up on both sides by multi-storey buildings. As a result, a characteristic diffuse (multi-reflective) acoustic field is created in its space. Humans subjectively perceive this phenomenon as the amplification of sound (noise). Achieved tram speeds were recorded in the range from 25 to 50 km/h. The resulting acoustic situation is also partially affected by the road operation in parallel with tram transport. The results of all relevant recorded noise measurements at point B1H are depicted in Table 2, which contains, in addition to the time data of the measurements, also an overview of the resulting above-mentioned values of acoustic quantities from the whole time records.



Figure 7 and Figure 8 demonstrate the time histories of the values of the noise levels LAeq and the frequency spectra of the values of the noise levels of the selected measurements. These are measurements in which extreme values of LAeq noise levels (measurements no. 10 and 12—Figure 9) were found on tracks K1 and K2 for new and older types of trams. The values of the noise level values in the 1/3 octave frequency spectrum band are specified in Table 3.



The extreme values of the noise levels LAeq measured in this location can be identified by the track that the trams moved on and by the older or a new type of tram.



	
track K1 (≈3 m from point B1H) in the case of older types of trams, the highest value of the noise level was measured in measurement no. 12—LAeq = 75.56 dB (red colour in Table 2).



	
track K1 (≈3 m from point B1H) in the case of newer types of trams, the highest value of the noise level was measured in measurement no. 1—LAeq = 74.15 dB (red colour in Table 2).



	
track K2 (≈5.2 m from B1H) in the case of older types of trams, the highest value of the noise level was measured in measurement no. 8—LAeq = 72.24 dB (green colour in Table 2).



	
track K2 (≈5.2 m from B1H) in the case of newer types of trams, the highest value of the noise level was measured in measurement no. 10—LAeq = 72.90 dB (green colour in Table 2).







3.1.4. Results of Experimental Vibration Measurements


The application of analytical and numerical procedures, for the established dynamic characteristics of the geological environment, allows us to calculate further the necessary parameters of the criteria for assessing the state of vibration with respect to the requirements of relevant standards and regulations. It is also possible to calculate the expected level of vibrations in the rocks in the road vicinity in the form of a power spectrum of acceleration amplitudes and velocities vibration at a certain point in the space (near the building). Such a spectrum then serves as an input spectrum for calculating the dynamic response of a building structure to traffic on transport routes (railways, roads, trams, etc.). The results can be divided into amplitude and spectral analyses.



The amplitude analysis revealed the basic characteristics of the time histories of the amplitudes of the vibration velocity of the subsoil—v(t) at the monitored points




	
vrms—effective value of the amplitude of the subsoil vibration velocity;



	
vmax—maximum amplitude of the subsoil vibration velocity;



	
vmin—minimum amplitude of the subsoil vibration velocity;



	
|vmax| + |vmin|—maximum range.








These characteristics suitably describe the vibration intensity in the form of parameters of the subsoil vibration velocities. Specific results were obtained using the evaluation line of the University of Žilina from the 12 above-mentioned experimental measurements in two directions, on two channels of measuring and recording apparatus. Statistical amplitude analysis allowed for the obtaining of 12 × 4 × 9 = 432 statistical data to determine the levels of vibration at the monitored points of the site. Table 4 is therefore supplemented by the values of the quantities vmax, vmin and the effective values of the amplitudes of the vibration velocity vrms at the measured points (Table 2).



The dominant frequencies of the dynamic response at the measured points were determined by spectral analysis. The program “Spectra—FFT” provided 12 × 2 × 2 = 48 autospectras FFT—Sii(f). At the same time, spectral analysis was performed using PULSE BK software that was applied to calculate 48 power spectral densities Gii(f). Figure 10 and Figure 11 demonstrate examples of the time histories of the vibration amplitudes in (t) with the results of the spectral analysis Gii(f). These are cases of tram rides when extreme values of vrms vibration velocity amplitudes were reached at points B1Vy and B1Vz (in Table 4 marked in red for track K1—old type of tram and green for track K1—new type of tram).



The whole time history of the vibration velocity of one measurement for B1y and B1z is demonstrated in Figure 11.



As an example, the amplitude spectra Gzz(f) and Gyy(f) are shown in Figure 12 on a logarithmic scale from the vibration velocity record from measurements no. 3 and no. 1.





3.2. Experimental Measurements on the Old Bridge


Measurement of noise conditions and vibration levels on the Old Bridge was implemented in partly cloudy weather and at a temperature of 24–28 °C and the southern, variable, 5–12 m/s wind. The first part of the Petržalka tram project (Figure 13) included a proposal for building a 2.4 km long double-track line from the intersection of Štúr and Jesenský Streets, through Šafárik Square and Old Bridge to the intersection of Jantár and Rusovce Roads. Part of this project was also the reconstruction of the Old Bridge, including the replacement of the original bridge structure with a new load-bearing steel horizontal structure. On the bridge in question, the track was designed with a dual gauge of 1000 and 1435 mm with four rails in each direction. Both gauges are available along their entire length with the symmetrical track layout. The exception is switches that allow passage and turning only for a gauge of 1000 mm.



The new load-bearing steel structure of the bridge is a welded truss rhombic system. Unlike the original bridge structure, the sidewalks for pedestrians and cyclists were widened to 4.5 m on both sides of the bridge. Above pillars no. 4 and no. 5, viewing platforms were designed (Figure 14). The middle part of the bridge with a railway track placed in a concrete roadway is used exclusively for tram transport and rescue and safety units. The tram superstructure on the bridge is designed as a ballastless track with contactless rails, using Ri60R2 (for 1000 mm gauge) and Ri67R1 (for 1435 mm gauge) groove rails, equipped with a simple, flexible compensated catenary. Engineering networks (water supply, gas pipeline, high-voltage cables, and optical cables) are led in the space under the construction of the tram line. As part of the bridge reconstruction, two original pillars were demolished at the same time, and one new pillar was built in their place outside the fairway profile.



3.2.1. Objectives of Experimental Measurements


The first objective was, similarly to the measurements mentioned in Section 3.1.3, to determine the current noise situation on the reconstructed bridge and the new carriageway caused by the tram passage. There is no car traffic on the bridge structure, and therefore the only relevant source of noise is the trams, which are the two-way Škoda 30T trams (Figure 1). These vehicles are 32.5 m long and reach a maximum design speed of 65 km/h (in standard traffic approximately 50 km/h, as they operate in the urban area of the city). The assessed double-track section of the tram line is placed on a reinforced concrete supporting structure—a ballastless track with contactless rails. This type of construction of the tram surface as well as the position of the measuring points is specified in Figure 3 and Figure 14.



The second objective of the experimental measurements was to determine the intensity of vibrations caused by the dynamic effects of moving tram vehicles on the track in question located on the bridge structure. During their movement, as mentioned in Section 3.1.3, the trams cause dynamic effects that propagate through the material environment of the supporting structure of the bridge and its non-bearing elements in the form of deformation waves of a random character. Numerical analysis of the dynamic response of the measured point of the bridge structure can be expressed in the form of power spectral densities of vibration amplitudes and the course of vibration amplitudes in the time domain (kinematic quantities). Their intensity again depends on several factors (position of the examined point from the source of vibrations—tramway track, level of errors in the track geometry, wear of rail tracks, dynamic characteristics of tram vehicles, dynamic parameters of bridge construction, etc.).



The following quantities were specified:




	
vibration levels at the tram line at a distance of 1.65 m from the K1 track at the bridge deck level (B2V)—evaluation by statistical analysis methods (amplitude analysis);



	
frequency characteristics of the vibration amplitudes of the bridge structure in the vicinity of the tram line in order to determine the frequency spectrum of the bridge vibration by individual types of trams by applying correlation and spectral analysis;



	
vibration time histories v(t), which are recorded by a set of accelerometers in the vertical direction z and horizontal y perpendicular to the axis of the tramline (sensors marked B2Vz, B2Vy). The position of the measuring points can be observed in Figure 14.









3.2.2. Measurement Methodology and Measuring Line


The locations B2H and B3H for measuring noise were determined to be able to objectively assess the current noise situation in the characteristic section of the tram line on the Old Bridge. It is a measurement of the intensity of vibrations of the main source of vibration of the tram line and its local effects in the vicinity of the track gutter, placed in a composite reinforced concrete bridge deck. The distance of B2H point on the bridge from the axis of the nearest track of the tram line K1 (direction CE–PE) is about 4.0 m, and track K2 (direction PE–CE) is about 6.4 m from the point B2H. Figure 15 schematically demonstrates the position of the measured points and the tramway tracks. The set for measuring noise effects by Brüel and Kjær is the same as for the measurements presented in Section 3.1.2.



Figure 15 also depicts the position of the B2V point for experimental determination of the vibration intensity from the effects of electric operation and its frequency spectrum. The specific measuring and evaluation line at the B2V site is identical as in the case of vibration measurements on Štúr Street.




3.2.3. Results of Experimental Noise Measurements on the Old Bridge


Experimental procedures for measuring noise levels and the measured acoustic quantities and their designations are characterised in Section 3.1.3. In the location on the Old Bridge B2 → B2H, a series of 12 measurements of noise levels were implemented with various combinations of tram operation on the K1 and K2 tracks. Table 5 provides basic descriptions of particular measurements. This table also contains measurements in the first field of the bridge at the B3H site, where four tram passages were recorded. Table 6 presents the results of all relevant noise measurements in the B2H and B3H localities, including time data of individual measurements and an overview of the resulting values of measured quantities from time records in the given location—LAeq, LCpeak, LAFmax, LAFmin.



Locations B2 and B3 are characterised by a complex acoustic situation, as the bridge structure itself is essentially a noise pipeline during the duration of tram passages. At the same time, its shape in open space creates a characteristic diffuse (multi-reflective) acoustic field that people subjectively perceive as an amplification of noise. Trams on the bridge structure reach speeds from 30 to 55 km/h. The only efficient damping element is the flexible mounting of the rails and partly also the reinforced concrete composite slab or its placement.



Figure 16 and Figure 17 demonstrate the time histories of the values of the noise levels LAeq and the frequency spectra of the values of the noise levels of the selected measurements. These measurements determined the noise levels LAeq (measurements no. 6 and 7 for point B2H, and measurements no. 1 and 4 for point B3H) from the extreme values. The values of noise levels in the 1/3 octave frequency spectrum band are specified in Table 7.




3.2.4. Results of Experimental Vibration Measurements


On the basis of the analysis types, the results of vibration measurements can be divided into amplitude and spectral analyses.



Amplitude analysis of the recorded signals was performed in the Statistics programme. The basic amplitude characteristics of the time histories of the amplitudes of the subsoil vibration velocity v(t) at the monitored points (vrms, vmax, vmin,|vmax| + |vmin|) were determined. A total of 12 experimental measurements were statistically evaluated in two directions and on two channels of the measuring and recording equipment. Statistical amplitude analysis enabled the obtaining of 432 statistical data points for determining the levels of vibration at the monitored points of the site.



Table 8 specifies the values of the quantities vmax, vmin and the effective values of the amplitudes of the vibration velocity vrms at the measured points. The highest values of vrms for the passage on the track K1 and K2 are marked in colour, while in the case of the track K1, the values were significantly higher. The highest of them had a value of 41.37 mm/s for measurement no. 1, direction Petržalka, and speed of 45 km/h—red colour. On track K2, the highest value was recorded in the case of measurements no. 6, wherein the direction to the Centre and the speed of the passage were identical, 45 km/h—green colour and vrms = 20.04 mm/s.



Spectral analysis provided results in the form of 48 Sii(f) autospectres, from which the dominant frequencies of the dynamic response at the measured points were determined. At the same time, spectral analysis was performed using PULSE BK software. The result was 48 power spectral densities Gii(f). Figure 18 demonstrates the time history of the vibration amplitudes v(t) with the results of the spectral analysis Gii(f) for measurement no. 1 with extreme values of amplitudes of vibration velocity vrms at points B2Vy and B2Vz during excitation on track K1.






4. Conclusions


The reduction of noise and vibration is based on reducing the factors of their origin. In the case of tram transport, noise from the source (tram line) spreads through its natural environment, which is a very complex environment in urban built-up areas. In the process of noise propagation, many reflections, interferences, absorption, and especially dispersion attenuation occur. For this reason, the affected subject comes in the form of a random behaviour of the sound pressure. In the case of vibration propagation, it is a very similar issue, where the mechanical vibration from the source of vibrations moves through the geological environment. This process of vibration propagation is called technical seismicity caused by traffic [36,37].



Since the geological environment is not homogeneous and many physical phenomena occur in the transmission of vibration, similar to noise propagation, the resulting signal arrives at the affected system in the form of random vibrations. The task of evaluating the reduction of noise and vibration generated by tram transport is therefore based on the assessment of the integral parameters of discrete random variables. In terms of effects on the population, these parameters are LAeq and veqv. These are the so-called weighted equivalent values, where the individual weighting coefficients respect the sensitivity of the human body to the stimuli of noise and vibration depending on the frequency or the frequency band. Last but not least, it is necessary to focus on the influence of technical seismicity on structures. In this way, they are degraded in the event of excessive vibrations, and thus the quality of the environment is reduced. Therefore, due to the legislative limits of the study, it contains other integral parameters of random vibration vrms, vmax, and vmin. In the case of tram transport, there is an especially enormous increase in intensity during the day. Due to this, key measurements were implemented at peak times. They are described in detail in the focus chapter of the article—Chapter 3. The most significant factors generating noise and vibration emissions are the conditions of the electric vehicles and tramways.



The Bratislava vehicle fleet is being modernised, and thus the unfavourable noise-vibration emissions are gradually reduced. However, this process is slow and needs to be accelerated due to its efficiency over time. Replacing all vehicles is very costly and unecological. Therefore, it is necessary to address the second influencing factor, and that is the technical condition of the tram line. The modernisation of the line presented in the experimental part of the paper is implemented not only due to the reduction of noise-vibration emissions but also due to the degradation of materials of the tram line components. Specific results in terms of the above-evaluated parameters are provided below.




5. Findings from Experimental Noise Measurements


The main objective of experimental noise measurements in localities B1, B2, and B3 was to determine noise levels generated by standard operation in the modernised sections. In the location on Štúr Street, in the densely built-up zone of the city, noise levels were measured in the vicinity of building no. 20 (building of the Police of the Slovak Republic) during standard operation on the tram line and local road in the given section, at point B1H (approx. 1.4 m from the building). As a relevant comparative noise parameter, the values of the equivalent continuous noise level LAeq in (dB) at weighted function A were applied. In measurements in the location on Štúr Street, it was possible to measure noise levels in various acoustic and traffic conditions (diffuse noise field at maximum tram speeds, acceleration, and retardation of trams from distant stops).



On the basis of the findings, the following can be stated:




	
The results of experimental noise measurements at the measuring points on Štúr Street were achieved for trams with speeds from 20 to 50 km/h in the given sections. To define the noise conditions for a given number of performed measurements, it was possible to select the passages of trams on the K1 and K2 tracks with extreme values of noise levels. Extreme values of noise levels LAeq in location B1H were achieved during tram passages on track K1 (approximately 3 m from point B1H), where in cases of older types of trams, the value max LAeq = 75.56 dB was reached (no. 12). In the case of new types of trams, the value max LAeq = 74.15 dB (no. 1). For the tram passage on track K2 (approximately 5.2 m from B1H), the value max LAeq = 72.24 dB (no. 8) was reached for older tram types and the value max LAeq = 72.90 dB (no. 10) for new tram types.



	
Extreme values of noise levels LAeq in B2H location (bridge approximately 4.0 m from track K1) were achieved during the passages of a new type of trams on track K1, where the value of max LAeq = 76.39 dB (No. 7), and during the passage of these trams on track K2 (approximately 6.0 m from B2H), the value max LAeq = 70.77 dB was reached (no. 6).








Extreme values of noise levels LAeq in B3H location (bridge—approximately 4.0 m from track K1) were achieved for passage of a new type of trams on track K1 in the value max LAeq = 74.56 dB (no. 1) and during the passage of these trams on track K2 (approximately 6.0 m from B2H) value max LAeq = 68.41dB (no. 4).



Vibration and noise events are strongly correlated and influence each other. When the track oscillates while the tram is running on a geometrically and structurally poor-quality track, the noise from rolling the wheel on the track becomes the dominant source of the noise. Therefore, the correct and modern design of tram lines with anti-vibration elements in the subsoil significantly reduces the emission of noise into their surroundings.




6. Findings from the Vibration Measurements


The main objective of experimental vibration measurements in B1 and B2 sites was to determine the levels of vibration generated by the standard operation on the tram track in the modernised sections. In the tram zone on Štúr Street, in the densely built-up area of the city, vibration levels were measured on the cellar wall of building no. 20 (building of the Police of the Slovak Republic) at point B1V and in the third field on the bridge structure at points B2V, during the standard traffic operation in the given line section. As a relevant comparison parameter of vibration levels, the effective value of the amplitudes of the vibration velocity vrms (mm/s) is considered in the given case. On the basis of the findings, the following can be stated:




	
The results of experimental vibration measurements in the location on Štúr Street were obtained from measurements of vibration levels in different traffic conditions, creating multi-source excitation vibration fields with random characteristics—during different tram speeds, their acceleration and retardation from distant tram stops, etc. (trams in the given sections moved at speeds from 20 to 50 km/h). For the number of measurements performed at point B1V (in the x and z directions), in order to determine the vibration conditions in this location, it was possible to select the relevant characteristic passages of trams on tracks K1 and K2. Extreme values of vrmsvibration amplitudes in the B1V location were achieved by the vibration of foundation structures in the vertical direction (B1Vz), during tram passages on the K1 track (approximately 4.2 m from B1V). In the cases of older types of trams, the achieved value of vrms = 1.76 mm/s, and in the case of new types of trams, the value max vrms = 2.29 mm/s.



	
During the tram passages on the track K2 (approximately 6.6 m from B1V), the value max vrms = 1.73 mm/s was reached on the older track. In the new track cases, the value max vrms = 1.90 mm/s was achieved. Extreme values of amplitudes of vibrations vrms in the B1V location were achieved by the vibration of foundation structures in the horizontal direction y (B1Vy), during the passage of trams on the track K1 (approximately 4.2 m from B1V), where in the case of older types of trams, the value max vrms = 3.31 mm/s was reached. In cases of new types of trams, the value max vrms = 3.43 mm/s was achieved. During the tram passages on the K2 track (approximately 6.6 m from the B1V), the value of max vrms = 3.26 mm/s was reached for the new tram types. The absolute extreme value of the amplitude of the vibration velocity during all measurements was achieved in the case of a passage of a new type of tram on K2, namely, max v(t) = 26.24 mm/s. The results of the spectral analysis at the B1V point pointed to the fact that the maximum values of vibration levels at the building foundations in the case of older types of trams occurred mostly in the band of dominant frequencies fD = 60 to 80 Hz. In the case of new types of trams, it was in the band of dominant frequencies fD = 75 to 100 Hz.



	
The results of experimental vibration measurements on the Old Bridge in the location of the tram line B2 were obtained from the vibration levels on the steel–concrete bridge deck at point B2V (approximately 1.5 m from K1), generated by the standard tram line operation (tram speeds in the given sections ranged from 30 to 50 km/h). For the performed number of measurements at the measuring point B2V, it was possible, in order to determine the vibration conditions, to select suitable passages of trams on the track K1 and K2. The effective value of the vibration velocity amplitudes vrms (mm/s) is considered to be the relevant noise comparison parameter in the given case. Extreme values of vrms vibration amplitudes in the B2V location were achieved by bridge deck oscillating in the vertical direction z and the horizontal y (B2V) during tram passages on the K1 track (approximately 1.65 m from B2V). Here, the max vrms value was reached for the vibration direction z = 41.37 mm/s and the max value vrms = 46.71 mm/s for the y direction. During the passage of trams on the track K2 (approximately 4.05 m from B2V), the value max vrms = 20.04 mm/s was reached for the direction of vibration z and the value max vrms = 21.07 mm/s for the direction y. The results of the spectral analysis at point B2V pointed to the fact that the maximum values of vibration levels at the foundations of the building occurred mostly in the band of dominant frequencies fD1 = 55 to 70 Hz (fD2 = 170 to 220 Hz).








The detected frequency bands exclude the occurrence of resonant phenomena during the vibration of buildings on Štúr Street, as the values of their basic natural frequencies f0i are considerably below (f0i << 20 Hz) these detected excitation frequency bands. The mentioned frequency bands exclude the occurrence of resonant phenomena during the vibration of the Old Bridge generated by the tram operation on the modernised line, as the values of the fundamental natural frequencies f0i are considerably below (f0i << 10 Hz) these detected excitation frequency bands.



Periodic monitoring of noise and vibration is necessary to reduce the environmental impact of tram traffic. Baseline or initiation measurements must be performed just after the construction of the traffic route. It is also necessary to make measurements after major modifications to the track. Major structural modifications of the tramway include the upgrading of individual sections. In Bratislava, the most loaded radial of the tramway transport system has been modernised due to its unsatisfactory structural and technical condition. A gradual increase in the noise and vibration effects of the tram line in poor condition also contributed to the modernisation. The measurements showing this increase were essential for the decision of the city council to upgrade this radial. A large number of reports of experimental measurements are in the electronic resource [27]. The last measurements before the reconstruction [38] carried out in different sections of the tramway transport system of Bratislava led to the following findings:




	
The noise from tram operation is primarily generated by two sources—the construction of the tram track and the tram vehicles.



	
Noise from the rolling motion of the wheels of the vehicles on the rails is dominant. At standard tram speeds in urban areas, rolling noise represents 80–90% of the total noise emitted.



	
A substantial reduction in noise levels on the modernised sections of track can be expected compared to the current situation (before modernisation).








Reference noise values resulting from measurements before the radial modernisation were in the range of LAeq = 87 to 92 dB [38]. The results of the measurements after the retrofit, reported in Chapter 3 and in the summary section of the conclusions, reported values of LAeq = 68 to 76 dB. However, even with the track modernisation, the reduction of noise levels below the LAeq = 70 dB value reported in the national legislation was not achieved [38]. Faster upgrading of tram vehicles will contribute to the reduction of levels. Monitoring measurements are currently in progress confirming these assumptions (decrease on average to LAeq = 6 dB).



In the aspect of vibrations, the measurements before the modernisation in the monitored locations reached the values of the parameter vrms = 5–15 mm/s. The results of the measurements after the modernisation, presented in Chapter 3 and in the summary section of the conclusions, reached values of vrms = 1–3.5 mm/s. This fact confirms the absolutely significant effects of modernisation on the effects of vibrations on structures in the sense of the current national legislation [39]. This standard defines the necessity to deal with vibration effects for the category of structures close to the track only after the value vrms = 6 mm/s has been exceeded. The vibration measurements on the Old Bridge reached higher values of vrms = 20–47 mm/s even after the retrofitting, but since it is not a residential building, it cannot be assessed in terms of health regulations. However, the measurements at these points are very useful as an initiation for the purpose of monitoring the structural and technical condition of the tramway.



In general, the results of the modernisation of the most loaded tram line in the capital of Slovakia, Bratislava, specifically at its most critical places, revealed a declining trend in the intangible emissions of noise and vibration. This statement is based on the measured and evaluated values of LAeq and vrms. However, it should be emphasised that the monitoring of these parameters must be performed at regular intervals due to the degradative properties of construction materials of building structures and electric vehicles. Overall, the impact of modernising the monitored localities contributed significantly to the increased quality of the environment and indirectly improved the living conditions of people in this location in Bratislava.



The research focused to similar scientific subject as the research presented in this paper can be found in the following references: [40,41,42,43].
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Figure 1. Currently operated tram vehicles in Bratislava [26,27,28]. 
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Figure 2. Modernisation of Petržalka radial [30,31]. 
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Figure 3. Schematic cross-section of the Old Bridge structure with details of the tram line superstructure, 1—EDILON Corkelast filling material, 2—EDILON Primer U90WB primer, 3—EDILON Primer 21 2K coating, 4—EDILON Cork Wedge K-cork wedge ZKS, 5—EDILON polymer filling block Fillerblock 021, 6—EDILON polymer filling block Fillerblock 020, 7—EDILON polymer washers ZKS, 8—EDILON elastic belt of recessed rail system (ZKS), 9—EDILON Dex-G type 20, 10—concrete gutter, 11—rails, 12—steel profile, 13—steel connecting strap + mounting kit [32]. 
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Figure 4. Schematic cross-section of the tram line structure outside the bridge structure [33]. 
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Figure 5. Location of measured points B1H (B1V) used devices and view of the monitored building—Štúr Street. 
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Figure 6. Block scheme of the standard connection of the measuring line. 
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Figure 7. Frequency spectrum of values of noise levels of selected measurements (from above LZFmax, LZSmax, LZeq, LZSmin, LZFmin). 
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Figure 8. Vibration velocity time history v(t) and power spectral density Gii of the vibration velocity recording for measurements for new types of trams. 
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Figure 9. Time history of values of noise levels LAeq of selected measurements. 
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Figure 10. Vibration velocity time history v(t) and power spectral density Gii of the vibration velocity recording for measurements for old types of trams. 






Figure 10. Vibration velocity time history v(t) and power spectral density Gii of the vibration velocity recording for measurements for old types of trams.



[image: Applsci 12 06947 g010]







[image: Applsci 12 06947 g011 550] 





Figure 11. Total signal waveform of vibration velocity v(t). 
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Figure 12. Amplitude spectrum of Gzz (measurement no. 1) and Gyy (measurement no. 3) in logarithmic scale from vibration velocity recording. 
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Figure 13. Route of the modernised tram line with the stop locations. 
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Figure 14. View of the reconstructed Old Bridge over the Danube in Bratislava and the tram line placed in the concrete roadway and its transverse profile. 
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Figure 15. Location of measured points B2H, B3H (B2V) in the location on the Old Bridge. 
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Figure 16. Time history of noise level values LAeq of selected measurements. 
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Figure 17. The 1/3 octave frequency spectrum band of noise level values of selected measurements (from above LZFmax, LZSmax, LZeq, LZSmin, LZFmin). 
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Figure 18. Vibration velocity time history v(t) and power spectral density Gii from vibration velocity record for measurements with achieved extreme values of vibration velocity amplitudes. 
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Table 1. Overview of experimental measurement data in Bratislava, Štúr Street.






Table 1. Overview of experimental measurement data in Bratislava, Štúr Street.





	
Bratislava—Štúr Street




	
Measurement Number

	
Type

	
Track

	
Direction

	
Velocity

(km/h)

	
Time






	
1

	
N

	
K1

	
PE–CE

	
30

	
10:26




	
2 (+)

	
N

	
K1 + K2

	
Both directions

	
30

	
10:30




	
3

	
N

	
K1

	
PE–CE

	
35

	
10:33




	
4

	
N

	
K1

	
PE–CE

	
30

	
10:37




	
5

	
N

	
K2

	
CE–PE

	
40

	
10:42




	
6

	
O

	
K1

	
PE–CE

	
30

	
10:48




	
7

	
O

	
K1

	
PE–CE

	
35

	
10:58




	
8

	
O

	
K2

	
CE–PE

	
35

	
11:01




	
9

	
O

	
K1

	
PE–CE

	
30

	
11:07




	
10

	
N

	
K2

	
CE–PE

	
35

	
11:11




	
11

	
N

	
K1

	
PE–CE

	
35

	
11:13




	
12

	
O

	
K1

	
PE–CE

	
30

	
11:18








O, N: old type of tram, new type of tram; PE–CE: direction from Petržalka to Centre; CE–PE: direction from Centre to Petržalka; (+) combination.
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Table 2. Time history of measurements and overview of values of measured quantities of the whole record in B1H.
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Bratislava—Štúr Street

	

	




	
Measurement Number/Track

	
Direction/Type

	
Start of Measurement

	
Elapsed Time (s)

	
LAeq

(dB)

	
LCpeak

(dB)

	
LAFmax

(dB)

	
LAFmin

(dB)






	
1/K1

	
CE/N

	
10:26:57

	
08

	
74.15

	
103.01

	
80.37

	
63.06




	
2 (+)/K1 + K2

	
CE,PE/O

	
10:30:39

	
11

	
72.36

	
100.48

	
77.51

	
60.18




	
3/K1

	
CE/N

	
10:33:38

	
12

	
71.01

	
101.03

	
78.01

	
59.70




	
4/K1

	
CE/N

	
10:37:29

	
10

	
71.60

	
100.89

	
80.16

	
60.96




	
5/K2

	
PE/N

	
10:42:27

	
13

	
72.00

	
96.65

	
77.46

	
62.67




	
6/K1

	
CE/O

	
10:48:24

	
13

	
73.18

	
101.05

	
81.52

	
59.44




	
7/K1

	
CE/O

	
10:58:17

	
12

	
71.32

	
93.94

	
76.13

	
60.62




	
8/K2

	
PE/O

	
11:01:25

	
10

	
72.24

	
95.44

	
76.39

	
62.72




	
9/K1

	
CE/O

	
11:07:42

	
09

	
73.04

	
98.45

	
78.91

	
59.97




	
10/K2

	
PE/N

	
11:11:00

	
12

	
72.90

	
95.12

	
78.67

	
59.82




	
11/K1

	
CE/N

	
11:13:40

	
11

	
73.19

	
100.24

	
79.69

	
60.77




	
12/K1

	
CE/O

	
11:18:11

	
10

	
75.56

	
101.19

	
81.58

	
66.39








O, N: old type of Tram, new type of tram; PE–CE: direction from Petržalka to Centre; CE–PE: direction from Centre to Petržalka; (+) combination.
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Table 3. Values of noise levels in the 1/3 octave frequency spectrum band at B1H of selected measurements.
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Measurement Number 10

	
Measurement Number 12




	
Frequency (Hz)

	
LZFmax

(dB)

	
LZSmax

(dB)

	
LZFmin

(dB)

	
LZSmin

(dB)

	
LZeq

(dB)

	
LZFmax

(dB)

	
LZSmax

(dB)

	
LZFmin

(dB)

	
LZSmin

(dB)

	
LZeq

(dB)






	
12.5

	
66.90

	
66.90

	
54.88

	
54.88

	
61.16

	
58.60

	
58.60

	
51.12

	
51.12

	
55.08




	
16.0

	
64.85

	
64.85

	
55.66

	
55.66

	
60.85

	
58.97

	
58.97

	
53.45

	
53.45

	
55.90




	
31.5

	
66.28

	
65.48

	
59.32

	
60.32

	
63.02

	
70.61

	
69.73

	
56.40

	
58.35

	
64.93




	
63.0

	
80.27

	
76.70

	
59.40

	
64.99

	
71.57

	
71.99

	
69.87

	
56.30

	
60.91

	
65.31




	
125.0

	
71.13

	
64.84

	
50.38

	
54.39

	
61.34

	
74.24

	
69.90

	
54.26

	
58.84

	
65.06




	
500.0

	
77.88

	
75.34

	
52.63

	
60.31

	
70.54

	
78.57

	
76.40

	
58.47

	
63.29

	
71.71




	
1000

	
69.85

	
68.47

	
49.11

	
56.12

	
64.51

	
69.58

	
66.85

	
51.32

	
56.30

	
62.30




	
2000

	
61.88

	
60.64

	
41.84

	
45.96

	
56.01

	
66.18

	
62.12

	
47.83

	
52.82

	
57.65




	
4000

	
51.24

	
50.05

	
35.59

	
38.98

	
46.94

	
56.29

	
54.11

	
40.29

	
44.55

	
49.77




	
8000

	
47.72

	
43.01

	
25.33

	
29.23

	
39.65

	
50.27

	
44.19

	
28.17

	
33.88

	
39.93




	
16.000

	
34.77

	
30.83

	
11.45

	
15.65

	
27.46

	
47.39

	
39.31

	
13.89

	
20.71

	
30.87




	
20.000

	
36.38

	
30.01

	
10.41

	
13.13

	
25.80

	
39.72

	
31.75

	
11.02

	
15.73

	
24.43




	
A

	
78.67

	
76.73

	
59.82

	
64.32

	
72.90

	
81.58

	
79.77

	
66.39

	
68.36

	
75.56




	
C

	
85.58

	
82.22

	
68.61

	
72.37

	
78.52

	
86.58

	
84.48

	
71.84

	
73.46

	
80.03
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Table 4. Amplitude characteristics from vibration velocity time records at points B1Vz and B1Vy.
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Bratislava—Štúr Street

	
B1Vy

	
B1Vz




	
Measurement Number/Track/Direction/Type

	
Start/Elapsed Time (s)

	
vmax

(mm/s)

	
vmin

(mm/s)

	
vrms

(mm/s)

	
vmax

(mm/s)

	
vmin

(mm/s)

	
vrms

(mm/s)






	
1/K1/CE/N

	
10:26/08

	
10.05

	
−9.11

	
1.57

	
11.27

	
–10.37

	
1.84




	
2/K1 + K2/CE,PE/N

	
10:30/11

	
7.93

	
−7.86

	
1.25

	
9.67

	
–11.04

	
1.91




	
3/K1/CE/N

	
10:33/12

	
20.31

	
−20.40

	
3.43

	
8.29

	
−9.82

	
1.55




	
4/K1/CE/N

	
10:37/10

	
17.40

	
−19.56

	
3.21

	
13.79

	
−11.10

	
1.58




	
5/K2/PE/N

	
10:42/13

	
23.64

	
−19.85

	
3.26

	
9.21

	
−12.16

	
1.72




	
6/K1/CE/O

	
10:48/13

	
17.05

	
−18.24

	
1.96

	
11.65

	
−12.97

	
1.37




	
7/K1/CE/O

	
10:58/12

	
25.31

	
−20.21

	
3.31

	
8.33

	
−9.94

	
1.76




	
8/K2/PE/O

	
11:01/10

	
20.97

	
−19.39

	
3.14

	
8.91

	
−10.80

	
1.73




	
9/K1/CE/O

	
11:07/09

	
10.24

	
−8.34

	
1.87

	
9.24

	
−8.78

	
1.41




	
10/K2/PE/N

	
11:11/12

	
26.24

	
−20.38

	
3.09

	
10.09

	
−10.85

	
1.90




	
11/K1/CE/N

	
11:13/11

	
18.17

	
−18.67

	
2.95

	
16.35

	
−11.87

	
2.29




	
12/K1/CE/O

	
11:18 / 10

	
8.66

	
−9.96

	
1.90

	
8.77

	
−8.12

	
1.29








O, N: old type of tram, new type of tram; CE: direction to Centre; PE: direction to Petržalka.
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Table 5. Overview of noise measurement data on the New Bridge, in the B2H and B3H localities.
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Bratislava—New Bridge—B2H




	
M.N.

	
Type

	
Track

	
Direction

	
Velocity

(km/h)

	
Time






	
1

	
N

	
K1

	
CE–PE

	
45

	
12:58




	
2

	
N

	
K2

	
PE–CE

	
40

	
13:02




	
3

	
N

	
K1

	
CE–PE

	
45

	
13:03




	
4

	
N

	
K2

	
PE–CE

	
40

	
13:05




	
5

	
N

	
K1

	
CE–PE

	
50

	
13:08




	
6

	
N

	
K2

	
PE–CE

	
45

	
13:11




	
7

	
N

	
K1

	
CE–PE

	
45

	
13:13




	
8

	
N

	
K2

	
PE–CE

	
40

	
13:15




	
9

	
N

	
K1

	
CE–PE

	
45

	
13:19




	
10

	
N

	
K2

	
PE–CE

	
40

	
13:21




	
11

	
N

	
K2

	
PE–CE

	
40

	
13:25




	
12

	
N

	
K1

	
CE–PE

	
48

	
13:28




	
Bratislava—New Bridge—B3H




	
1

	
N

	
K1

	
CE–PE

	
40

	
13:34




	
2

	
N

	
K2

	
PE–CE

	
30

	
13:36




	
3

	
N

	
K1

	
CE–PE

	
35

	
13:39




	
4

	
N

	
K2

	
PE–CE

	
30

	
13:42








N: new type of tram; PE–CE: direction from Petržalka to Centre; CE–PE: direction from Centre to Petržalka.
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Table 6. Time history of measurements and overview of values of measured quantities of the whole record at B2H and B3H.
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Bratislava—New Bridge—B2H




	
M.N.

	
Direction/Type

	
Start of Measurement

	
Elapsed Time (s)

	
LAeq

(dB)

	
LCpeak

(dB)

	
LAFmax

(dB)

	
LAFmin

(dB)






	
1

	
PE/N

	
12:58:47

	
12

	
75.83

	
109.27

	
84.28

	
60.80




	
2

	
CE/N

	
13:02:01

	
17

	
70.75

	
106.75

	
79.30

	
53.90




	
3

	
PE/N

	
13:03:01

	
19

	
73.46

	
109.50

	
83.89

	
53.61




	
4

	
CE/N

	
13:05:44

	
24

	
68.98

	
104.38

	
77.83

	
53.61




	
5

	
PE/N

	
13:08:58

	
21

	
73.02

	
109.66

	
82.65

	
52.45




	
6

	
CE/N

	
13:11:29

	
19

	
70.77

	
107.11

	
80.16

	
50.21




	
7

	
PE/N

	
13:13:02

	
12

	
76.39

	
109.98

	
84.98

	
60.41




	
8

	
CE/N

	
13:15:41

	
23

	
68.53

	
104.07

	
77.34

	
49.79




	
9

	
PE/N

	
13:19:10

	
19

	
73.54

	
109.64

	
83.83

	
58.00




	
10

	
CE/N

	
13:21:49

	
24

	
68.07

	
104.03

	
76.85

	
49.24




	
11

	
CE/N

	
13:25:28

	
19

	
70.76

	
106.56

	
79.94

	
50.44




	
12

	
PE/N

	
13:28:55

	
25

	
72.20

	
110.05

	
81.91

	
51.96




	
Bratislava—City bridge—B3H




	
1

	
PE/N

	
13:34:36

	
18

	
74.56

	
110.18

	
83.21

	
55.10




	
2

	
CE/N

	
13:36:43

	
16

	
68.37

	
102.34

	
75.34

	
51.88




	
3

	
PE/N

	
13:39:41

	
16

	
74.00

	
107.67

	
82.90

	
56.81




	
4

	
CE/N

	
13:42:19

	
16

	
68.41

	
103.27

	
76.03

	
54.00








N: new type of tram; CE: direction to Centre; PE: direction to Petržalka.
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Table 7. Values of noise levels in the 1/3 octave frequency spectrum band in B2H and B3H of selected measurements.
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Measurement Number 6—B2H

	
Measurement Number 7—B3H




	
Frequency (Hz)

	
LZFmax

(dB)

	
LZSmax

(dB)

	
LZFmin

(dB)

	
LZSmin

(dB)

	
LZeq

(dB)

	
LZFmax

(dB)

	
LZSmax

(dB)

	
LZFmin

(dB)

	
LZSmin

(dB)

	
LZeq

(dB)






	
12.5

	
71.14

	
71.14

	
60.65

	
60.65

	
66.22

	
71.73

	
71.73

	
62.57

	
62.57

	
68.37




	
16.0

	
69.30

	
69.30

	
56.35

	
56.35

	
65.03

	
68.45

	
68.45

	
62.86

	
62.86

	
66.04




	
31.5

	
79.23

	
78.04

	
60.02

	
60.02

	
72.21

	
79.49

	
78.49

	
66.31

	
67.17

	
73.27




	
63.0

	
91.44

	
88.70

	
62.35

	
69.02

	
81.78

	
93.02

	
90.37

	
73.88

	
75.59

	
84.43




	
125.0

	
85.33

	
82.01

	
52.35

	
58.74

	
74.88

	
85.33

	
82.10

	
63.04

	
65.99

	
77.20




	
500.0

	
73.18

	
69.47

	
41.00

	
44.39

	
62.57

	
79.88

	
75.66

	
48.89

	
52.55

	
69.49




	
1000

	
66.25

	
64.65

	
39.49

	
41.86

	
58.02

	
71.45

	
67.79

	
48.15

	
50.35

	
62.48




	
2000

	
62.27

	
60.38

	
30.66

	
34.30

	
52.68

	
67.43

	
64.77

	
38.88

	
41.54

	
58.71




	
4000

	
57.64

	
54.66

	
23.44

	
27.80

	
47.31

	
56.46

	
54.30

	
29.02

	
32.52

	
49.06




	
8000

	
52.28

	
50.15

	
15.56

	
18.68

	
41.89

	
48.61

	
46.38

	
16.87

	
21.02

	
40.44




	
16,000

	
40.61

	
38.47

	
8.04

	
9.29

	
29.70

	
33.63

	
31.70

	
8.78

	
10.18

	
25.46




	
20,000

	
38.40

	
34.45

	
9.11

	
9.96

	
26.10

	
31.33

	
28.79

	
9.49

	
10.13

	
22.91




	
A

	
80.16

	
77.57

	
50.21

	
54.20

	
70.77

	
84.98

	
81.57

	
60.41

	
62.45

	
76.39




	
C

	
96.60

	
92.95

	
67.00

	
73.06

	
86.16

	
98.72

	
95.12

	
77.50

	
80.05

	
89.61




	
Measurement Number 1—B3H

	
Measurement Number 4—B3H




	
Frequency (Hz)

	
LZFmax

(dB)

	
LZSmax

(dB)

	
LZFmin

(dB)

	
LZSmin

(dB)

	
LZeq

(dB)

	
LZFmax

(dB)

	
LZSmax

(dB)

	
LZFmin

(dB)

	
LZSmin

(dB)

	
LZeq

(dB)




	
12.5

	
71.92

	
71.92

	
63.15

	
63.15

	
68.52

	
70.48

	
70.48

	
60.19

	
60.19

	
66.20




	
16.0

	
70.37

	
70.37

	
55.39

	
55.39

	
66.54

	
66.86

	
66.86

	
59.28

	
59.28

	
63.77




	
31.5

	
82.31

	
80.98

	
66.13

	
65.84

	
75.89

	
76.24

	
75.16

	
62.73

	
65.16

	
72.02




	
63.0

	
97.96

	
94.09

	
70.69

	
70.95

	
87.98

	
87.14

	
84.75

	
64.15

	
68.77

	
79.78




	
125.0

	
88.78

	
84.96

	
57.80

	
59.40

	
78.16

	
82.89

	
77.60

	
53.73

	
58.41

	
72.45




	
500.0

	
73.91

	
72.09

	
44.34

	
45.72

	
65.12

	
66.23

	
62.73

	
42.75

	
46.33

	
58.58




	
1000

	
67.54

	
65.58

	
43.70

	
44.02

	
59.73

	
60.89

	
58.61

	
42.42

	
44.88

	
54.54




	
2000

	
65.90

	
63.52

	
38.06

	
39.51

	
56.75

	
60.11

	
57.04

	
36.66

	
39.33

	
52.36




	
4000

	
59.83

	
56.12

	
31.25

	
32.11

	
49.34

	
60.13

	
55.11

	
27.03

	
31.76

	
49.47




	
8000

	
48.36

	
45.16

	
20.14

	
25.35

	
38.35

	
50.78

	
46.17

	
18.20

	
23.67

	
40.10




	
16,000

	
36.86

	
32.85

	
9.12

	
14.29

	
26.28

	
40.77

	
36.08

	
9.41

	
10.22

	
29.03




	
20,000

	
33.15

	
30.27

	
9.64

	
11.79

	
23.66

	
37.76

	
33.59

	
9.75

	
9.67

	
26.07




	
A

	
83.21

	
81.29

	
55.10

	
56.18

	
74.56

	
76.03

	
72.47

	
54.00

	
56.15

	
68.41




	
C

	
100.35

	
97.40

	
70.01

	
76.24

	
91.30

	
92.93

	
89.3

	
70.16

	
74.40

	
84.73
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Table 8. Amplitude characteristics from time records of vibration velocity at points B2Vz and B2Vy.
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Bratislava—New Bridge

	
B2Vy

	
B2Vz




	
Measurement Number/Track/Direction/Type

	
Start/Elapsed time (s)

	
vmax

(mm/s)

	
vmin

(mm/s)

	
vrms

(mm/s)

	
vmax

(mm/s)

	
vmin

(mm/s)

	
vrms

(mm/s)






	
1/K1/PE/N

	
12:58/12

	
511.58

	
−449.59

	
46.71

	
471.65

	
−574.03

	
41.37




	
2/K2/CE/N

	
13:02/17

	
245.89

	
−244.59

	
17.66

	
236.04

	
−195.38

	
19.58




	
3/K1/PE/N

	
13:03/19

	
435.83

	
−473.01

	
38.20

	
551.18

	
−516.03

	
23.69




	
4/K2/CE/N

	
13:05/24

	
154.85

	
−153.81

	
12.62

	
187.62

	
−180.16

	
15.07




	
5/K1/PE/N

	
13:08/21

	
525.84

	
−477.36

	
32.51

	
437.11

	
−503.30

	
27.81




	
6/K2/CE/N

	
13:11/19

	
276.38

	
−272.37

	
21.07

	
232.9

	
−205.45

	
20.04




	
7/K1/PE/N

	
13:13/12

	
543.39

	
−588.07

	
40.39

	
500.03

	
−500.83

	
35.13




	
8/K2/CE/N

	
13:15/23

	
205.61

	
−177.87

	
13.48

	
200.81

	
−169.25

	
15.61




	
9/K1/PE/N

	
13:19/19

	
505.84

	
−507.11

	
35.52

	
504.89

	
−542.18

	
31.91




	
10/K2/CE/N

	
13:21/24

	
191.28

	
−164.63

	
14.23

	
235.72

	
−208.42

	
17.62




	
11/K2/CE/N

	
13:25/19

	
236.03

	
−256.23

	
17.86

	
236.33

	
−215.42

	
17.56




	
12/K1/PE/N

	
13:28/25

	
376.16

	
−340.75

	
20.90

	
392.77

	
−429.99

	
21.13








O, N: old type of tram, new type of tram; CE: direction to Centre; PE: direction to Petržalka.
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