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Abstract

:

This article presents a novel methodology conducted under controlled laboratory conditions to assess the dynamic behavior of the components of railway tracks by applying an unbalanced mass excitation force. The methodology for obtaining accurate measurements, which uses different excitation parameters, is based on an unbalanced mass device, and from these data, the transmissibility of the mass-elastomer system is estimated. For assessment of the dynamic behavior, different sine sweep rate excitations, the unbalanced mass, and background noise are considered. The experimental measurements of transmissibility with a shaker and an unbalanced mass device are performed to validate the methodology. For this, frequency-by-frequency transmissibility measurements and the swept sine were performed by the shaker, with a sine sweep from 1 to 51 Hz, using the unbalanced mass device with different sine sweep rates and unbalanced mass. The results obtained allow comparison of the transmissibility by excitation at specific frequencies and the sine sweep to validate the excitation parameters of the unbalanced mass device. Thus, a transmissibility estimation error with the sweep rate, the unbalanced mass, and the background noise is developed. By using the proposed methodology, it is possible to lower the error of the estimated transmissibility of the system with background noise.
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1. Introduction


The construction of a new line at a grade railway track and underground increases the level of vibration caused by the passage of trains near infrastructures (e.g., hospitals, education centers, and old infrastructures). Moreover, construction activities and increased traffic on existing railway tracks increase the level of vibration in these infrastructures [1]. In the sleeper track model on ballast, to dynamically characterize the stiffness and damping, three main elastomeric elements can be identified, such as the rail pad, mants under sleepers, and mants under ballast [2]. In these models, the mechanical behavior of the elastomeric materials is often represented using simplified viscoelastic models. Examples of these are the Kelvin–Voigt model, where the elastomeric element is represented using an elastic spring and a viscous damper [3]. Developing solutions for the design of railway tracks and to predict the propagation of vibrations to infrastructures is very important to effect accurate measurements to assess the dynamic behavior of railway tracks. For the identification of the dynamic parameters of railway tracks, the most commonly used methods are based on excitation impact tests by means of instrumented hammers; the measurements of the frequency response function with a small and large hammer and their overlap test measurements have been obtained through field tests [4,5,6,7].



Generated force with an unbalanced mass device has usually been used for excitation at low frequencies [8,9] and the study of the dynamic behavior of structures [10,11]. The transmissibility response function has been estimated from experimental measurements by accelerometers placed on the base of the test rig, and the dynamic mass of the system is evaluated using shakers to ensure that the test rig is sufficiently excited [12,13,14]. Moreover, estimation methods of the transmissibility matrix performed in the laboratory are based on the environmental excitations of the test rig, e.g., floor vibrations [15]. These methods have resulted in a reasonable estimate of the transmissibility matrix, provided that the vibrations generated by an excitation source provide sufficient spectral power in the direction of excitation of the system and considering the background noise to obtain an adequate signal-to-noise ratio [16,17]. Sine sweep base excitation vibration tests have been performed to certify structures of the aeronautical industry in a low-frequency environment, where dynamic behavior can be characterized by a small number of modes [18,19]. In addition, during the sine sweep, at each frequency, the response levels in all accelerometers were investigated; the load cells were different from a steady-state response [20]. The effects of the swept sine based on the sweep rate and a system of a single degree of freedom were examined [21] determining that, with high sine-sweep rates, the steady-state response was not achieved. So, the result in this dynamic transmissibility case could be modified by the presence of transients [22,23]. For this, the non-dimensional sweep parameter that depends on the resonant frequency and the sweep rate were defined as other components for the analysis of the swept sine response [24]. The excitation with sine sweep using one unbalanced mass device has been another method with a sweep rate that concentrates the mechanical vibration energy in short-frequency ranges to ensure that, at these frequencies, the signal-to-noise ratio is large enough [9,25,26]. The excitation parameters, such as the sine sweep rate, unbalanced mass, amplitude, and force have been used to generate harmonic excitation during experimental tests by means of an unbalanced mass device [27,28]. However, the combination of the excitation parameters of the unbalanced mass device that provides the vibrational excitation energy on the system, considering the background noise of the vibrations affecting the system, has not been determined. The problem of the experimental determination of the excitation parameters of an unbalanced mass device has not been specifically addressed. The spectral power required to generate sine sweep excitation close to the stable state on a railway system with the appropriate excitation parameters has not been determined. The criteria based on the sweep parameter and signal-to-noise ratio for the evaluation of the dynamic behavior of the components of railway systems have not been addressed.



This paper presents the experimental determination of the excitation parameters that allows assessment of the dynamic behavior of railway track components by applying an excitation force on a mass-elastomer system that uses an unbalanced mass device designed and implemented in the laboratory. The experimental determination of the excitation parameters is based on an exciter machine, with an unbalanced rotating mass system that supports the dynamic mass at four points. The vibrations induced to the dynamic mass are obtained through a set of accelerometers. From these data, the dynamic transmissibility of the system can be determined. In order to experimentally determine the excitation parameters in the laboratory, a test system consisting of the following parts was designed and implemented: a mass-elastomer system to be tested, a test rig on which this system rests, and an exciter motor. The mass-elastomer system represents the track, and the exciter motor represents the exciter machine described previously. In the same way as the machine used in the proposed track characterization system, this motor was installed on the mass-elastomer system. This generates a controlled excitation thanks to an unbalanced mass, creating a sine sweep excitation. The validation measurements of the transmissibility are determined by three methods: with the harmonic excitation applied by a shaker, with the sine sweep excitation also applied by a shaker, and using an exciter motor with different parameters of sweep rate and sweep time. The results obtained allow comparison of the transmissibility obtained by the different types of excitation and validate the excitation parameters to be used in the assessment of the dynamic behavior of the railway components in a controlled environment.



The main contribution of this paper is to experimentally determine the maximum sweep parameter that ensures steady-state conditions and suitable signal-to-noise ratios during a sine sweep excitation process for the unbalanced mass device proposed. In this situation, when the response of the excited system complies with the steady-state condition and its signal-to-noise ratio is large enough, it is possible to accurately estimate the frequency response functions (FRF) of the system. Moreover, the sweep rate, the unbalanced mass, and the sweep time parameters are also determined for these optimal sine sweep excitation conditions.



The rest of the paper is organized as follows. The mass-elastomer system model is described in Section 2. The experimental system identification method in the presence of background noise is described in Section 4. The experimental results and their discussion are presented in Section 5, where in Section 5.1, the parameters of the optimal sine sweep excitation conditions are determined, and where in Section 5.3, the FRF of a sample system are obtained by using the proposed methodology. Major conclusions are given in Section 6.




2. Description of the Mass-Elastomer System Model


The experimental study of the methodology through the application of the harmonic load and sinusoidal sweep with an agitator placed under the test rig and an unbalanced mass device placed on the system was developed, as shown in Figure 1. In experimentation, a preload on the elastomeric material of    m e  =   170.91 kg for both models was evaluated. The experimental methodology first used the model of a single degree of freedom with excitation at the base using a shaker, as indicated in Figure 1a, and then used a model of two degrees of freedom with the excitation force above in the mass-elastomer system, with the mass of the base    m b  =   393.5 kg and stiffness    k b  = 29.23 ×  10 6    N/m, as shown in Figure 1b. The test rig was a base frame that was supported by the ground. For the estimation of the dynamic parameters of stiffness and damping factors, as the case of elastomers, the transmissibility function was used [14].



The mass-elastomer system was given an excitation due to a force   f ( t )   generated by shaker or an unbalanced mass device excitation for FRF measurements, as shown in Figure 1a, and Figure 2a, respectively. In Figure 2b, for the unbalanced mass device, the approximate model of the application of the excitation force over the mass of the system (see Figure 1b) is used. The excitation force   f ( t )   can be controlled using a sine sweep signal source in a signal generator expressed as [29]:


  f  ( t )  = m e    ω s  + α t  2  sin   α 2   t 2  +  ω s  t + β   



(1)




where the sweep rate   α = (  ω s  −  ω e  ) / T  , the start frequency   ω s  , and the end frequency   ω e   inside the time period T are time dependent, and  β  is a complex constant, which depends on the eigenfrequency, the sweep rate  α , and the damping   ζ e   [18]. The effect of the initial condition  β  is neglected to analyze the influence of the normalized rate on the amplitude of the system response [30]. The non-dimensional sweep parameter,   η s   is used to quantify the deviation of the sine sweep response due to the excitation by an unbalanced mass device or shaker device and the steady-state response. For a linear sweep, the value of   η s   is defined as [20]


   η s  =  α    ( 2  ζ n  )  2   f n 2     



(2)







The analysis and quantification of the effects for the characterization of the test rig are presented using Equations (1) and (2). The empirical model that identifies the frequency deviation during the passage of the sine sweep by the resonance concerning the system’s frequency is given by [30]:


   η R  = 1 + 2.057 sign  (  α L  )     |   α L   |     



(3)




where    α L  = α /  ω n 2    is the standardized sweep rate, and    η R  =  ω  m a x   /  ω n    is the standardized parameter of the maximum peak frequency as a function of the natural frequency of the system.



For the mass-elastomer system with a damping factor, the equation of motion can be expressed as:


      Z e   Z b     s h   =    k e  + i ω  c e     k e  + i ω  c e  −  ω 2   m e     



(4)




where   k e   is the stiffness of the elastomeric material,   m e   is the mass of the system, and   c e   is the damping factor. However, when the excitation source is placed on the   m e  , as shown, the ratio    Z e  /  Z b    for load case B is given by:


     Z b   Z e    =     k e  + i ω  c e     k b  +  k e  + i ω  (  c b  +  c e  )  −  ω 2   m b      



(5)







In Figure 1a, the mass-elastomer system can be modeled as a two-degrees-of-freedom system; then, FRF with the source of excitation under   m b   is developed with Equation (4). In Figure 1b, the mass-elastomer system can be modeled as a two-degrees-of-freedom system; then, FRF with the source of excitation on   m e   is developed with Equation (5).



For this transmissibility ratio, the following load case A is obtained [31]:


     Z e   Z b    =    1 +   2  ζ n   ω  ω n    2      1 −    ω  ω n    2   2  +   2  ζ n   ω  ω n    2      



(6)




where the maximum peak-amplitude in the range from 1 to 51 Hz can be extracted by the ratio   ω /  ω n  = 1   of Equation (6). The peak corresponding to the vibration mode n can be represented by three dynamic parameters, such as the frequency of the peak   ω n  , the width of the peak   ζ e  , and the level of the peak   1 / 2  ζ n    [22]. The peak-amplitude method is used to experimentally find the dynamic stiffness   k e   and the damping coefficient   c e   of the mechanical system, because it assumes that the entire response can be attributed to a local mode, and that the effects due to the other modes can be ignored [32].




3. Methodology for Assessing the Dynamic Behavior of Railway Tracks


The proposed methodology intends to first assess the estimation FRF by fast sweep rates to reduce the test time but considering the lowest FRF estimation of amplitude error, for which the presence of background noise must be determined, and the best signal-to-noise ratio must be determined during tests. For this methodology, a model of two degrees of freedom was developed and solved numerically, which resembles a railway track, applying an excitation force on the upper part of the system, as shown in Figure 1b. Then, the static stiffness values of the elastomeric material must be initially known to determine the test range of the excitation parameters, such as the sweep rate and the location of the unbalanced mass of the excitation device. The static stiffness value of the elastomeric material for railway use according to its location on the track was 2.38 × 10   6   N/m [33,34,35]. The dynamic stiffness values of the test rig and the damping factor of the system were known. The background noise values were taken in the range of [10    − 6   –10    − 3   ] (m/s   2  )   2  /Hz. Moreover, sweep rates with values between 0.5 and 5 Hz/s were used.




4. Experimental FRF Determination of the Mass-Elastomer System


In the case of transmissibility, the measurement excitation signals of input and output are represented as   z b   and   z e  , depending on the position of the excitation source, as shown in Figure 2. One sine sweep harmonic signal    z  s h a k e r    ( t )    for certain excitation parameters such as the sweep rate, amplitude, and excitation time is generated, in addition to test conditions such as background noise when the excitation source is turned on [20]. The vibrations    z  s h a k e r    ( t )    of an unbalanced mass device or shaker device on the mechanical system are produced due to the sine sweep excitation signal [36]. For the signal processing, an overlap of 50%, standardized block size of N = 1024 points, and   f s   = 1000 Hz were applied. The aliasing effect during the acquisition of data in measurements   z b   and   z e   was reduced by applying low-pass filtering with    f s  ≥ 2.56  f  m a x    . The sample of input and output signals were represented as     z   i n p u t  m   (  ( n − 1 )  Δ t )    and     z   o u t p u t  m   (  ( n − 1 )  Δ t )   , respectively, with sampling time   Δ t   and n representing the number of data points of blocksize   n ∈ { 1 , ⋯ , N }  . Moreover, the signal register length T was split into M blocksizes of equal length, with   m ∈ { 1 , ⋯ , M }   [37].



In Figure 3, measurements   z b   and   z e   were acquired using the experimentally determined parameters of the sweep rate,  α , length, and T with a bandwidth from 10 to 51 Hz in testing. The signal was split into M blocksizes of equal length, and to reduce the effects of leakage, they were multiplied with the Hanning window   w ( n − 1 ) Δ t  .



Therefore, to convert from a two-sided spectrum to a single-sided spectrum, a factor   2 /  f s    was incorporated with the unit    ( m /  s 2  )  2   [14]. The     T ^   e b    ( i ω )    estimated of the mass-elastomer system was acquired by


    T ^   e b    ( ω )  =     S ^    Z e   Z b     ( ω )      S ^    Z b   Z b     ( ω )     



(7)




where     S ^    Z e   Z b     ( ω )    is the cross-power spectrum between    Z b   ( ω )    and    Z e   ( ω )   , and     S ^    Z b   Z b     ( ω )    is the power spectrum of    Z b   ( ω )   . The    T ^   e b    is assumed as a normally distributed asymptotically circular complex; thus, the signal of the response,     z ˜  b   ( t )   , with background noise,   η  z b    and   η  z e   , is given by [38]


    z ˜  b   ( t )  =  z b   ( t )  +     ε  s h a p e   100  ·  σ 2   (  z b  )   ( t )    ·  N D   



(8)




where   ε  s h a p e    is the shape error of the FRF obtained with background noise added to the response signal     z ˜  b   ( t )    in the time domain,    σ 2   (  z b  )   ( t )    is the signal power spectral density, and N   D   is a normally distributed random function [39]. The noise additions were calculated using Equation (8).



The Input Excitation Analysis Method


To accurately estimate the FRF, the presence of background noise was needed to acquire accurate measurements with enough spectral power input, using a source of excitation external to the system. The experimentally determined parameters that produced the best signal-to-noise ratio were [12]


  S N  R p  = 10  log 10     100 ·  σ 2   (  z b  )   ( t )     ε  s h a p e   ·  σ 2   (  z b  )   ( t )      



(9)







Equation (9) was applied to generate the noise sequence whose power is a percentage % of the signal power that gives the SNR. Then, the background noise was added to the original signal    z b   ( t )    using Equation (8). The p spectral power density      S ^    Z b   Z b     p   of the input excitation is dependent on the sweep rate, amplitude, and signal time due to the unbalanced mass device.





5. Experimental Results


An elastomeric material 400 mm in length and 400 mm in wide with 18 mm thickness was selected as the test object for this experimental investigation. The elastomeric material was placed on a steel base 500 mm in length and 500 mm wide with a thickness of 100 mm, defined as a test rig supported by the ground, as shown in Figure 2a. A preload mass of 170.91 kg was mounted on the elastomeric material that included 21 kg of the unbalanced mass device used for the experimental estimation of the transmissibility    T ^   e b    of the mass-elastomer system. For this, a sinusoidal excitation at specific frequencies and sine sweep were applied under the base of the test rig using an electromagnetic shaker (Br   u ¨    &   Kjaer  , type: 4825), and the maximum force of 200 N is presented in Figure 1a.



Moreover, the unbalanced mass device placed on the mass-elastomer system with a control system (ABB, type: ACS401000532) was used for the estimation of    T ^   e b    transmissibility. In addition, a linear sine sweep was carried out between 1 and 51 Hz with three sweep rates  α , and a disc with respect to the axis of rotation of the device had three positions e   1  , e   2  , and e   3   in which the mass m of 0.10 kg that would generate the imbalance was placed, as shown in Figure 1b. The excitation device had four force transducers (Br   u ¨    &   Kjaer  , type: 8230-003) with a sensitivity between 0.2275 and 0.2829 mV/N located in the supports of its base, as shown in Figure 2a. Three piezoelectric accelerometers (PCB, type: 393B31) with a sensitivity range of 1.025–1.046 V/ms    − 2    were located on the ground, in the test rig, and on the system; see Figure 2b. For the acquisition of the excitation signals, an analyzer (LMS spectral testing Pimento) with a bandwidth of 40 kHz and 24 channels was used.



In this section, the sequence of experimental tests with the results of different experimental parameters and test conditions, as well as the validation of the methodology to evaluate the dynamic behavior of structural systems based on accurate measurements, are shown below:




	
Apply the peak-amplitude method to determine the transmissibility curve.



	
Specific frequencies by shaker.



	
Sine sweep by shaker.






	
Maximum amplitude frequency estimation.



	
Numerical analysis of the standardized parameters   α L   and   η R  .



	
Development of an approximate curve that relates   ω  m a x    to the maximum amplitude of the vibratory response.






	
Use the SNR for estimate transmissibility by the unbalanced mass device.



	
Apply the spectral analysis method for the measurements of the input and output signals.



	
Define the signal-to-noise ratio for different excitation parameters.



	
Find the error,  ε , to estimate the transmissibility,    T ^   e b    based on the SNR due to background noise.






	
Determine the excitation parameters of the unbalanced mass sweep rate  α , unbalanced mass me, and excitation frequency   ω  m a x    of the mass-elastomer system.



	
Define   η R  , the standardized parameter of the maximum peak frequency as a function of the natural frequency of the system.



	
Determine the stiffness,   k e  , of the railway elastomeric component and its damping factor,   ζ e  , to validate the methodology.











5.1. Apply Peak-Amplitude Method to Determine the Transmissibility Curve


For this experiment, the transmissibility ratio    T ^   e b    of the mass-elastomer system was found. A shaker device   B & K   type 4825 was turned on to excite the base with specific sine harmonic excitation between 1 Hz and 50 Hz in steps of 1 Hz, as shown in Figure 1a. The sampling signal at 1 kHz was chosen because it was the closest sampling value to the vibration analyzer software. The signal for 10 s with a resolution 0.1 Hz was collected. A 24-bit ADC with a blocksize of 10,000 sampling points was chosen. Each blocksize was filtered using a Hanning window.



In Figure 4a, the experimental frequency-to-frequency transmissibility curve has been drawn in steps of 1 Hz in the frequency range of 10 to 51 Hz. The maximum peak corresponding to the resonant frequency at 23 Hz with an amplitude at 8.81,    c e  =   1731.8 N·s/m, and the damping factor    ζ e  < 0.06   was obtained by Equation (6). Moreover, with the mass of 170.91 kg placed in the elastomeric material the stiffness was at 3.57 × 10   6   N/m. Additionally, six transmissibility curves were obtained at different sine sweep rates, as shown in Figure 4b; the transmissibility ratio at 12.63, the peak amplitude corresponding to the sweep rate of 0.5 Hz/s, and resonance frequency at 22.57 Hz were chosen. With a mass load of 170.91 kg, the estimated stiffness at 3.45 × 10   6   N/m was obtained. The error due to the difference in the frequencies obtained with frequency-to-frequency excitation was around 3.35% using the sine sweep. A response distortion was presented by the sine sweep; therefore, the modal parameters identified from the response were also perturbed [20]. The experimental methodology is evaluated based on the criteria of the ISO 10846 standard for the dynamic characterization of elastomeric materials used in railway applications and determined only the transmissibility function. Therefore, we do not consider the phase-angle information [40].




5.2. Maximum Amplitude Frequency Estimation


In this investigation, an approximate curve that relates   ω  m a x   , at which the maximum amplitude of the vibratory response occurs with the normalized rate of the excitation   α L  , was obtained from Equation (3), as shown in Figure 4b The normalized values of the sweep rate,   α L  , of the experimental sweep sine test at different rates were obtained using a shaker with base excitation, as shown in Figure 5a. Thus, knowing the value of   ω  m a x    and the value of the  α  rate applied in the sine sweep, it was possible to determine a range for the real value of the natural frequency through the proposed model, as shown in Figure 5b. In Figure 5a, the numerical values of the standardized sweep rate of the range between 1.67 × 10    − 5    and 1.19 × 10    − 3    obtained from the    α L  = α /  ω n 2    were determined. In addition, the values of the standardized maximum frequency,   η R  , between 1.002 and 1.035, were developed by applying Equation (3), as shown in Figure 5b.




5.3. Use the SNR to Estimate Transmissibility by the Unbalanced Mass Device


The proposed test to estimate the transmissibility    T ^   e b    was developed using the exciter device for three unbalanced masses me and six sweep rates  α  placed on the mass-elastomer system with a mass of 70.74 kg, as shown in Figure 2. With each unbalanced mass of 0.25 × 10    − 2    kgm, 0.45 × 10    − 2    kgm, and 0.65 × 10    − 2    kgm, the amplitude    T ^   e b    decreased due to the location of the mass of 0.10 kg at each position of the rotating disc of the device, different sweep rates between 0.5 and 5 Hz/s, and without background noise, as shown in Figure 6. Moreover, the maximum peak frequency from 25.55 Hz to 24.54 Hz decreased due to distortion, as shown in Section 2. Therefore, the best measurements that minimized the distortion of the maximum peak to extract the dynamic parameters of the mass-elastomer system   k e  , damping factor   ζ e  , and frequency of resonance   ω r   during the sine sweep for the bandwidth 10–51 Hz were chosen. The sweep parameter   η s  , for the measurements of the input Z    e   ( ω )    and output Z    b   ( ω )    signals of the system, according to the excitation parameters of me,  α , and bandwidth   Δ ω  , satisfied the steady-state condition when    η s  < 0.1   [20] was obtained by Equation (2). Moreover, the sweep parameters   η s   for different excitation conditions me,  α , and   ω r   are shown in Table 1. The small value    η s  = 0.043   of the sweep response level was very close to steady state; so the unbalanced mass 0.65 × 10    − 2    kgm, sweep rate 0.5 Hz/s, and bandwidth at low frequencies 10–51 Hz were chosen to obtain accurate measurements of excitation of the system, as shown in Figure 2.



The measurements of the response signal of the mass-elastomer system for each unbalanced mass me and sweep rate  α  of the signal-to-noise ratio 0–30 dB were obtained by adding background noise from Equation (9). The estimated transmissibility for the unbalanced mass excitation parameter me   3  , for the best steady-state condition    η s  < 0.1  , sine sweep rates of 0.5 Hz/s and 5 Hz/s were chosen, and background noise to the response signal Z   b   was added between 0 dB and 30 dB, as shown in Figure 7, where the maximum peak amplitude error to estimate the transmissibility with sine sweep without background noise and with background noise was calculated. Moreover, operating Equation (7), the estimated transmissibility was obtained using the method of spectral analysis. In Figure 7a, the comparative transmissibility (signal with background noise results) with the error of 1%, slower sweep rate of 0.5 Hz/s, and the best SNR, 30 dB, shows the maximum peak shape was observed more clearly between 23 Hz and 25 Hz. In Figure 7b, the comparative transmissibility error of 20%, with a poor SNR, 0 dB, and slower sweep rate, 0.5 Hz/s, was proof of the effect of background noise on the bandwidth between 10 and 25 Hz. Moreover, for the highest sine sweep rate of 5 Hz/s and the best SNR of 30 dB, there was attenuation of the maximum peak in the range from 20 to 30 Hz with an error of less than 6% of the FRF without background noise, as shown in Figure 7c. For a poor SNR of 0 dB and the highest sine sweep rate of 5 Hz/s, an error increase close to 200% was evidenced due to the attenuation of the maximum peak of the FRF in the range from 20 to 25 Hz, as shown in Figure 7d.



The processing of the measurements experimentally in the laboratory with background noise, as without background noise, was carried out for the calculation of the PSD (power spectral density) by the Hanning window and 50% overlap. In Figure 8, the increase in background noise, evidenced by different parameters of sweep rate excitation and the unbalanced mass device disc location, caused an increase in the FRF estimation error. Thus, the mean amplitude errors of the    T ^   e b    without background noise and with background noise were obtained.



The fundamental frequency with the presence of background noise is around 25 Hz for the different excitation conditions. This indicates that the excitation force of the unbalanced mass device and low scan rates using FFT processing affect the obtaining of reliable measurements with the presence of background noise, as shown in Figure 7. In addition, the methodology presented is for the characterization of railway components in the laboratory under controlled conditions, applying the ISO 10846 and 7626 standards for the vertical direction, thus avoiding the use of multi-degrees of freedom. Additionally, a sinusoidal load applied to the centroid of the base is used to avoid chaotic motion, as was rightly pointed out. Therefore, we designed the spectral analysis to correctly apply the FFT.



In the validation of the results of the dynamic parameters of the elastomeric material, the shaker and the unbalanced mass device were used in order to find its stiffness,   k e  , and frequency with the maximum peak amplitude method, for which the sweep rate of 0.5 Hz/s and unbalanced mass me   3   were chosen due to the    η s  < 0.1   value, as shown in Table 1. It was also evident that, for these conditions of excitation, the mean amplitude error in the estimate of    T ^   e b    for background noise values <10    − 6       ( m /  s 2  )  2  / Hz   was less than 5%, as shown in Figure 8; thus, the experimentally developed curves can ensure that the measurements have the best SNR as the PSD varies due to the increase in the unbalancing mass.



The input signal was designed based on the presence of noise and the best signal-to-noise ratio was obtained for the unbalanced mass device with the lowest FRF estimation error at low sweep rates between 0.5 Hz/s and 0.83 Hz/s, with which a movement in stable state would be obtained, as shown in Figure 9. The unbalanced masses contribute to the estimation error of the FRF that the greater the unbalanced mass, the lower the estimation error is obtained with respect to the presence of noise of background, as shown in Figure 8.



The results of the dynamic stiffness   k e   obtained during excitation at specific frequencies for a preload mass of 170.91 kg were 3.57 × 10   6   N/m, and with sine sweeps at different sweep rates,   α i   were between 3.40 × 10   6   and 3.44 × 10   6   N/m corresponding to an error of 4.8% using the shaker, as shown in Figure 9, respectively.



The validated methodology can be especially useful when elastomeric material characterization is performed in highly noisy laboratories. This methodology could also be extended to characterization procedures that consider operating conditions, such as in situ experimental tests.



Therefore, the determination of the stiffness throughout a certain frequency range can be carried out with a couple of tests. This simplifies the laboratory procedures significantly, and will allow accurate estimation of the dynamic stiffness uncertainty not to be impossible.



Moreover, the results of the dynamic stiffness during the sine sweep with the unbalanced mass device and the preload mass of 170.91 kg were obtained according to the best excitation conditions shown in Section 5.3. So, the dynamic stiffness corresponding to 3.61 × 10   6   N/m and a damping factor    ζ e  < 0.06   were chosen. The dynamic stiffness error due to the sweep sine was 1.12% by the unbalanced mass device and, at specific frequencies, was 5.8% by the shaker excitation. Therefore, the elastomeric material was characterized by the excitation parameters shown in Section 5.1 and Section 5.3, and also by applying the sine sweep to obtain the dynamic transmissibility of the mass-elastomer system, as shown in Figure 1b.





6. Conclusions


Measurements at specific frequencies, at different sweep rates, and in different unbalance conditions were performed to validate the experimental methodology developed in the laboratory. Moreover, the effect of the sine sweep rate was verified due to distortion of the resonance peak by the different laboratory tests. Additionally, the error in the estimation of the dynamic parameters of the elastomeric material was obtained by the different excitation tests. Based on the results obtained, the following conclusions can be drawn.



	(1)

	
In the test with the unbalanced mass device, a better signal-to-noise ratio and slower sweep rate can effectively improve the estimate of transmissibility. The FRF estimation error decreased as the signal-to-noise ratio increased. The location of the unbalanced mass in the largest position of the rotating disc of the unbalanced mass device showed a decrease in the FRF estimation error.




	(2)

	
In the laboratory test, different background noise conditions demonstrated the dependence on the sweep rate to achieve the best steady-state condition using the unbalanced mass device.




	(3)

	
By obtaining the stiffness of the elastomeric material, the damping factor using the shaker with frequency–frequency excitation, and sine sweep, as well as the unbalanced mass device, the background noise effects of the FRF were experimentally validated.




	(4)

	
The methodology was validated in the laboratory with the characterization of the elastomeric material for railway applications to determine the dynamic parameters of stiffness   k e   and damping factor   ζ e   using the unbalanced mass device.




	(5)

	
The methodology is useful for reducing setup time in cases where several different samples need to be tested, such as quality control tests in the manufacturing process.
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Figure 1. Models of two-degrees-of-freedom for the validation of the experimental identification method. (a) Excitation force at specific frequencies and harmonic sine sweep under the base using the shaker, load case A; (b) application of the excitation force with sine sweep on the mass-elastomer system using the unbalanced mass device, load case B. 
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Figure 2. Schematic representation for the determination of the transmissibility T  ( ω )   of the mass-elastomer system on the test rig: (a) dynamic testing installation; (b) two-degrees-of-freedom model for the mass-elastomer system. 
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Figure 3. Scheme of the methodology to obtain the dynamic parameters of the railway track for estimates of transmissibility     T ^   e b    ( ω )    via measurements:    z b   ( t )    and    z e   ( t )    are the actual input–output signals, and    z  s h a k e r    ( t )    is the excitation shaker device. The   n    z b    ( t )   ,   n    z e    ( t )   , and    m  z b    ( t )   ,   m  z e    are the background noise and the input–output measurement noise, respectively. 
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Figure 4. Peak–amplitude method using the electromagnetic shaker (Br  u ¨  &Kjaer, type: 4825): (a) the solid blue line represents    T ^   e b    for specific frequencies; (b) the magnitude plots of the estimated transmissibility of the system    T ^   e b    for different sweep rates,   α i  . 
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Figure 5. Numerical–analysis of the standardized parameters   α L   and   η R  : (a) The solid blue/red/green/cyan/magenta/black line represents the standardized sweep rate   α L   for specific sweep rates 0.5, 0.8, 1.25, 1.7, 2.5, and 5 Hz/s, respectively; (b) the magnitude plots of the   η R   of Equation (3) for different standardized sweep rates,   α L  . 
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Figure 6. Transmissibility–  τ ( ω )   obtained from the measurements    Z e   ( ω )    and    Z b   ( ω )    by an unbalanced mass device for 0.25 × 10    − 3    kgm (solid yellow line), 0.45 × 10    − 3    kgm (solid red line), and 0.65 × 10    − 3    kgm (solid line blue): (a)  α  = 5 Hz/s, (b)  α  = 2.5 Hz/s, (c)  α  = 1.7 Hz/s, (d)  α  = 1.25 Hz/s, (e)  α  = 0.83 Hz/s, and (f)  α  = 0.5 Hz/s. 
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Figure 7. Estimated–FRF at different sine sweep rates   α i   and background noise added using the unbalanced mass me   3   = 0.65 × 10    − 2    kgm. The solid red line, solid blue line, and solid green line represent the transmissibility obtained experimentally with background noise without signal processing, with signal processing, and without background noise with signal processing, respectively. (a)  α  = 0.5 Hz/s with 30 dB SNR noise; (b)  α  = 0.5 Hz/s with 0 dB SNR noise; (c)  α  = 5 Hz/s with 30 dB SNR noise; and (d)  α  = 5 Hz/s with 0 dB SNR noise. 
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Figure 8. The mean–amplitude error in the estimate of    T ^   e b    obtained for 0.5 Hz/s with different amounts of background noise solving Equations (8) and (9). The solid yellow line, solid red line, and solid blue line represent me   3   = 0.65 × 10    − 2    kgm, me   2   = 0.45 × 10    − 2    kgm, and me   1  = 0.25 × 10    − 2    kgm, respectively. 
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Figure 9. Transmissibility   τ ( ω )   obtained from the measurements    Z e   ( ω )    and    Z b   ( ω )    by an unbalanced mass device for 0.25 × 10    − 3    kgm (solid yellow line), 0.45 × 10    − 3    kgm (solid red line), and 0.65 × 10    − 3    kgm (solid line blue): (a)  α  = 5 Hz/s, (b)  α  = 2.5 Hz/s, (c)  α  = 1.7 Hz/s, (d)  α  = 1.25 Hz/s, (e)  α  = 0.83 Hz/s, and (f)  α  = 0.5 Hz/s. 
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Table 1. Sweep parameter   η s   for different unbalanced masses me, sweep rates  α , and resonance frequencies   ω r  .
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	me [kg m]
	    η 5        [ − ]    
	    η  2.5         [ − ]    
	    η  1.7         [ − ]    
	    η  1.25         [ − ]    
	    η  0.83         [ − ]    
	    η  0.5         [ − ]    





	0.25 × 10    − 2   
	0.615
	0.366
	0.249
	0.141
	0.095
	0.076



	0.45 × 10    − 2   
	0.480
	0.310
	0.194
	0.124
	0.089
	0.057



	0.65 × 10    − 2   
	0.419
	0.235
	0.149
	0.118
	0.075
	0.043
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
() (b)

L H~

Railway eastomeric

. ' Accderometer
material E = I_./ on mass-elastomer, Ze
|

I1
l

I | met
T 7777777777 fe——Accelerometer
on test-rig, Zy,

Accderometer
on ground






nav.xhtml


  machines-10-00394


  
    		
      machines-10-00394
    


  




  





media/file18.png
%108

3.4

ke (N/m)

a (Hz/s)

(a)

%108
34

3.2

ke (N/m)

28

26

24

0.5 1 1.5 2 2.5 3 3.5 4 4.5

%108

3.4

3.2

ke (N/m)

28

26

24 . |

05 1 15 2 25 3 35 4 45
a (Hz/s)

(e)

k. (N/m)

28

26

ke (N/m)

238

26

)]

1.5 2 2.5 3 3.5 4 4.5
a (Hz/s)

(b)

0.5

a

15 2 25 3 35 4 45
a (Hz/s)

(d)

Sl
z
= 1285
2.8
28
26
4 275
24 B 2

15 2 25 3 35 4 45 5
a (Hz/s)

(f)





media/file16.png
00)
o

)] ~
o o

o)
o

N
o

FRF estimation error (%)

30

10°

107 107

Background noise (m/s?)?/Hz

1073





media/file2.png
(a)

Ze (1)

240 L mb
‘ L

f(t)

kp <

VA A

(b)

f(t)

b T

kp <,

SIS 7 A






media/file5.jpg
Tumed-on —=]

Exciation

nzhu)l 7,00
5O, (L 20

Zyw)=

(1

Ani-alising|

T

FFT

Zdw)






media/file3.jpg
sy i

()

et 7

] pccsemens
P






media/file1.jpg
70

@

7,,mL

% L.,
—— =
% \ L,
kb b
M

% L,
——

() % ch
kp b
S I —





media/file7.jpg
e






media/file10.png
ar (-)

10 15 20 25 30 35 40 45 50
Frequency (Hz)

(a)

nr (-)

1.035

1.03

1.025

1.02

1.015

1.01

1.005

ar, (-) x10™%

(b)





media/file12.png
3.5

|(Ze/Zs)us| (-)

25 30 35 40 45 50
Frequency (Hz)

(a)

(Ze/Zb)ws] (-)
. o w
- o N o w o

©
o

25 30 35 40 45 50
Frequency (Hz)

(c)

|(Ze/Zs)us| (-)

N
T

20 25 30 35 40 45 50

Frequency (Hz)

(e)

(Ze/Zb)ws| (-)

20 25 30 35 40 45 50
Frequency (Hz)

(b)

@
o

w
T

[\
&)
T

(Ze/Zs)w| (-)

—_t
o
I

1F
0.5 )
v \\\
NS
O | | | 1 | |
20 25 30 35 40 45 50
Frequency (Hz)
12
10 |
8 -

(Ze/Zs)w| (-)

20 25 30 35 40 45 50
Frequency (Hz)

(f)





media/file9.jpg
b

®)





media/file0.png





media/file14.png
Magnitude (dB)

—_

Magnitude (dB)

)]
o

.(a) : . . | | fb)

30
20
| B 1 |
0r ” ”H ' }‘ % 10 F "\
| Wl i | Wy
- | -20 -
20 25 30 4IO 4I5 5IO -3020 2I5 3IO 3I5 4IO 4I5 50
Frequency (Hz) Frequency (Hz)
I(C) T T T 40 T $d)

o

_ W‘W [ H r T wm‘ H\ wuww w ;: .,W W A ‘ WWMW m WW

Frequency (Hz) e e





media/file8.png
L

15 20 25 30 35 40 45 50
Frequency (Hz)

(a)

£ (iw)/Z, (iw)| (-)

N - 7 “'-{.-‘ .
\\ e e e S

5 Hz/s
2.5 Hz/s
1.7 Hz/s
1.25 Hz/s
0.8 Hz/s
0.5 Hz/s

,//-V'.W \\"\x;. .
7 M‘f.’ ~

30 35 40 45 50
Frequency (Hz)

(b)





media/file11.jpg
®






media/file6.png
n V4 b(t) n Ze(t) ‘

e 0T, b mm

device

!
‘ Anti-aliasing

‘Anti-aliasing

Zb(w)<—‘ o H gﬁmzb(t) mg (1) —>4>7 \——¢ FFT }_Zi(w)






media/file15.jpg
@
8

5
3

@
3

@
38

FRF estimation error (%)
IS
8

30

e
—me,

10®

10°% 10
Background noise (m/s?)?/Hz

10%





media/file17.jpg
®

@

®





