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Abstract: This study is concerned with the diagnosis of discrepancies in a steel truss bridge by identifying dynamic properties from the vibration response signals of the bridges. The vibration response signals collected at bridges under three different vehicular speeds of 10 km/hr, 20 km/hr, and 30 km/hr are analyzed using statistical features such as kurtosis, magnitude of peak-to-peak, root mean square, crest factor as well as impulse factor in time domain, and Stockwell transform in the time-frequency domain. The considered statistical features except for kurtosis show uncertain behavior. The Stockwell transform showed low-resolution outcomes when the presence of noise in the recorded vibration responses. The elimination of noise and extraction of meaningful dynamic properties from the vibration responses is done by applying a new method which comes from the fusion of Hilbert transform with Spectral kurtosis and bandpass filtering. The outcomes obtained from Hilbert transform processed residual signals which are further filtered using bandpass filter show more robustness and accuracy in characterizing bridge modal frequencies from the noisy vibration responses. The proposed method produces a high-resolution frequency response which can unveil the joint discrepancy in the bridge structure.
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Notations



	
ω
:
	Angular frequency of 
B^(iω)




	
YRMS
:
	root mean square



	
Y(t,f)
:
	Complex envelope



	
δ
:
	the scaling factor used to vary gaussian window width



	
b(t)
:
	The envelope of 
B(t)
Y(t,f)




	
B^(iω)
:
	Fourier transform of signal 
B(t)




	
Kx
:
	Spectral kurtosis



	
ω(t)
:
	Gaussian window



	
[·]
:
	time averaging operator



	
H[s(t)]
:
	Hilbert transform



	
τ
:
	translation parameters



	
YP
:
	maximum peak values



	
Nw
:
	window length



	
ϕ(t)
:
	Phase angle




1  Introduction

The damage detection using vibration-based signal processing techniques in bridges has been widely applied in recent decades [1]. The advanced signal processing techniques have been applied to solve various problems such as damage detection, structural integrity determination, image processing in concrete, crack determination, ground penetrating radars, etc. The irregularities in an ideal structure introduced degrades the functioning of the structure [2–5]. The literature has reported some common reasons which cause irregularity introduction in a bridge that includes vehicular accidents, fatigue stresses development, connection loosening, operational vicinity environmental conditions variations, aging of various members, etc. [6] which imbalances the geometry, the integrity of the structure and reduces its serviceable lifespan. The cyclic fatigue stresses developed overcomes the strength of the bridge members and develops deficiencies in a bridge [7,8].

Various bridge health monitoring measures were taken in past to detect these structural deficiencies as early as possible and provide suitable countermeasures associated with the particular problem such that there can be an enhancement in the service span of the bridge [9]. The non-destructive techniques (NDTs) based on vibration response utilization give minimum damage to the structure while testing and accurately determines the health state of the structure in real-time [10,11]. The demand for fast irregularity detection in complex structures has attracted many researchers in pursuing bridge health monitoring. The experimental study of bridge health monitoring using vibration methods includes the collection of the bridge’s vibration response signals with a network of sensors mounted at specific locations of the bridge [12,13]. A huge data set is obtained which further requires large computational time and a skilled person to evaluate the outcomes correctly and provide meaningful information about the existing state of the bridge [14]. Various signal processing techniques have been developed over time to deal with this problem and provide robust results in time, frequency, and time-frequency domains.

The time-domain analysis includes the use of statistical and stochastic features in performing time-history signals analysis [15–17]. In this investigation, the statistical features of root mean square (RMS), Crest Factor, Kurtosis, Impulse Factor, and Magnitude of Peak-to-Peak, are applied to analyze the measured temporal vibration responses of bridges. The frequency-domain analysis converts the signals in the frequency domain and the visualization is done in amplitude versus frequency of the signal [18]. The Fast Fourier transform (FFT) application provides frequency domain visualization of the original vibration signal responses. The time-frequency analysis such as wavelet transform and S transform enables us to visualize the signal in both time and frequency planes simultaneously [19].

The loosening of joint connections in a bridge produces transient variation in vibration responses due to alterations in resonant modal properties such as natural frequencies etc. of the bridge [20]. The spectral kurtosis (SK) is a proposed tool which has a sensitive feature of determining non-stationary patterns and is able to indicate the frequencies occurring in a signal. Furthermore, the development of detection filters using spectral kurtosis makes it easy to extract faulty signals from added unwanted white noise. The literature provides a suitable example of spectral kurtosis in the field of bearing fault detection [21], marine propeller [22], wind turbine [23], etc. The change of bridge structure from its ideal health condition to abnormal state can be generally reflected through spectral kurtosis analysis as the damage signature arising from the measured vibration response signals.

The present study clarifies the limitations of statistical (time domain), and S-transform (time-frequency domain) techniques in eliminating noise involved in the recorded vibration response signals from the steel truss bridge, and demonstrates the proposed technique of analyzing recorded vibration response signals at different vehicular speeds through combined Hilbert transform, Spectral kurtosis and bandpass filtering technique is efficient in extracting modal frequencies of the steel truss bridge. The obtained modal frequencies are used to determine the location of discrepancies in the steel truss bridge. The structurally deficient nodes showed either missing or low amplitude of modal frequencies due to loss of stiffness in the joining members at a particular location.

2  Description of the Steel Truss Bridge

The through-type steel truss bridge considered for the study is a simply supported bridge having a span of 40 m with a single lane carriageway. It is supported by the roller at one end and hinged at another end. There is an equal spacing of 4 m interval among the vertical members along the span of the bridge as shown in Fig. 1. The diagonal and vertical members are built-up sections formed of four angles with each set of two angles joined toe to toe. The bottom and top horizontal members are formed from two-channel sections attached back to back. The longitudinal members and crossbeams comprise ISMB 450 and ISMB 550. The use of gusset plates with riveted connections is done to join the members of both the trusses. The deck of the steel bridge has a 175 mm thick reinforced concrete slab covered with a wearing coat of 75 mm thickness. The width of the carriageway is 5 m along adjoined with 225 mm × 225 mm side curbs. A grid of longitudinal members and crossbeams having a spacing of 1.4 m × 4 m is used to support the whole deck of the bridge. The steel bridge experimentation is conducted to check the behavior of joints for any disparity occurrence along both upstream and downstream trusses of the bridge. The experimental procedure consists of collecting ambient and forced vibrational responses developed due to movement of the vehicle in to-and-fro motion over the bridge with the help of sensors placed at the bridge. The measurements of accelerations were done in vertical directions at 18 node locations with a total of 6 sets of sensors placement [24]. The cyclic shifting of non-reference sensors is done to collect vibrational data. A reference sensor (blue arrow sensor) and three movable sensors (red arrow sensor) for any particular sensor set are shown in Fig. 2. The downstream nodes were named as 1, 2…, and 11 and upstream nodes as 12, 13…, and 22 with nodal points of 1, 2, 11, and 22 at supports. The acceleration vibration responses of steel truss bridge at different vehicular movement speeds of 10 km/hr, 20 km/hr, and 30 km/hr are recorded. The selection of vehicular speed opted for experimentation is based on the condition of probable minimum and maximum speeds of the vehicle which can be achieved such that all the modes of steel bridge get excited. The instrument setup is the same for the varying speeds of the vehicle and the sampling frequency of 200 sps is considered while performing the experiments. The first three analytical frequencies of the steel truss bridge model are 4.56 Hz, 10.44 Hz, and 16.66 Hz, respectively [24]. The detailed description of all components of a real-time steel truss bridge, testing procedure, and analytical study is provided in previous studies [24,25], respectively.
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Figure 1: Real-time 40 m steel truss bridge
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Figure 2: Typical set of sensors layout for vibration measurement

3  Signal Processing Techniques

A summary of the definitions, process, and application of each technique used in the recorded vibration signal analysis are presented in this section. During the analysis, it has been found that the behavior of the nodes is random and the response hence is shown for all nodes under different signal processing techniques.

3.1 Time Domain Analysis

The time-domain analysis involves the computation of statistical features from the original data. Some of the popular statistical features used in the study include Crest Factor, Impulse Factor, Kurtosis, and magnitude of Peak-to-Peak [17]. The statistical features of the recorded vibration signals from considered steel truss bridge at different vehicular speeds of 10 km/hr, 20 km/hr, and 30 km/hr have been determined. It has been observed that as the vehicular speed increases a noticeable variation occurs in various statistical features (Crest Factor, Kurtosis, Impulse Factor, and Peak-to-Peak).

For any vibration signal y(i) in the time domain, with i = 1, 2, …, n, where n represents the different data points present in the signal. The root mean square (
Yrms
) indicates the energy of the signal that gets altered with any fault introduction in a structure. It is expressed as Eq. (1)


Yrms=1n∑i=1n⁡yi2
(1)

Crest Factor (
YCF
) is defined as the ratio of maximum peak values (
YP
) and the root mean square (
YRMS
) values shown as Eq. (2). The considered threshold value is 1.5 and its exceedance indicates the occurrence of a fault.


YCF=YPYRMS
(2)

where the maximum peak values (
YP
) are calculated as shown in Eq. (3):


YP=1n∑i=1n⁡YPi
(3)

The crest factor feature showed marginal variation at different nodes of the bridge as shown in Fig. 3. The nodes 4 and 10 in the downstream truss and 13, 14, 17, 18, and 19 in the upstream truss behaved ideally and followed an absolute increasing pattern with the increase in vehicular speed. However, nodes 2, 3, 5, 7, 8, and 9 in the downstream truss and 15, 16, 20, and 21 in the upstream truss exhibited no clear pattern with the variation in vehicular speed. The crest factor feature lacks confidence for determining the particular behavior as the pattern for a large number of nodes is not obtained with much clarity.
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Figure 3: Crest factor feature plots (a) Downstream truss (b) Upstream truss

Kurtosis (
YKUR
) as shown in Eq. (4) represents the characteristic of the distribution of data points in a vibration response signal. The distribution of data is represented by the probability density function [26]. The probability density curves vary for different vibration signals and it can be used to access the condition of the steel truss bridge by identifying the location of faults [27]. The introduction of damage to the steel bridge causes an increase in kurtosis value.


YKUR=1n∑i=1n⁡yi4YRMS4
(4)

The kurtosis feature showed a significant irregular rise in amplitude at 6, 7, and 8 downstream nodes for both 10 km/hr and 30 km/hr vehicular speeds, while the amplitude of these nodes decreased suddenly with respect to other nodes for 20 km/hr vehicular speed. This indicates the possibility of having structural flexibility deficiencies at these locations. The nodes in the upstream truss exhibit absolute ascending order variation in amplitudes except for marginal variation in nodes 14 and 16 as shown in Fig. 4. The kurtosis feature is able to show the intactness of the nodes 2, 3, 4, 5, 9, and 10 in downstream truss and nodes 13, 15, 17, 18, 19, 20, and 21 in upstream truss as an absolute increase in kurtosis amplitude with the increase in vehicular speed.
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Figure 4: Kurtosis feature plots (a) Downstream truss (b) Upstream truss

Impulse Factor (
YIF
) is the ratio of maximum absolute value to the mean of absolute values, respectively. It measures the variation in amplitude of vibration signal generated due to any defect [26]. It is represented as Eq. (5)


YIF=max|yi|1n∑i=1n⁡|yi|
(5)

The impulse factor values on downstream truss showed an absolute increasing trend for nodes 3, 4, 6, 7, and 10 while on upstream truss no definite pattern is observed as shown in Fig. 5. The downstream nodes 8 and 9 showed an irregular pattern in their behavior with the rise in vehicular speeds. The impulse factor feature lacks in showing any clear pattern particularly for the behavior of the upstream nodes and hence no decisive conclusion for identifying the deficient nodes was not achieved.
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Figure 5: Impulse factor feature plots (a) Downstream truss (b) Upstream truss

Magnitude of Peak-to-Peak (
YP−P
) measures the maximum as well as minimum values of amplitude occurring in a signal. All the downstream and upstream nodes followed an absolute ascending pattern with the rise in vehicular speeds. The nodes 2, 4, 5, 9, and 10 in downstream truss and nodes 16 and 20 in upstream truss showed intact behavior as a clear rise in Peak-to-Peak magnitude with the rise in vehicular speed is seen. All the rest of the nodes downstream and upstream showed undesired behavior as shown in Fig. 6. The magnitude of Peak-to-Peak lacked in highlighting the particular deficient nodes and showed an irregular pattern for upstream nodes which makes it an unsuitable feature to draw any definite conclusions.
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Figure 6: Peak-to-Peak feature plots (a) Downstream truss (b) Upstream truss

The idea behind calculating some popular statistical features is to investigate raw signals in the time domain and identify nodes showing irregular behavior. Except for kurtosis other features were unable to give any significant variation in the behavior of nodes of the bridge. The staggering difference between the upstream and downstream truss nodes response is due to varying stiffness in members of the trusses. From the graphs, it is observable that maximum significant variation occurs in nodes 6, 7, and 8 and the kurtosis feature shows a reasonable change hence for further analysis kurtosis is considered. The downstream nodes 6, 7, and 8 showed peculiar behavior in comparison to all other nodes. However, magnitude of Peak-to-Peak also indicates a peculiar pattern at nodes 6, 7, and 8 but kurtosis is comparatively more distinct. However, on the upstream truss, the kurtosis results at all the nodes follow a similar pattern whereas the magnitude of Peak-to-Peak feature show randomness and do not yield any useful information.

3.2 Time-Frequency Domain Analysis

The Fourier transform has the limitation of simultaneously visualizing frequency and time and it is also not suitable for non-stationary signals [28–30]. Hence, time-frequency domain analysis is a prominent technique to determine the variation in frequency content present in signal with respect to time. Various time-frequency techniques such as Wigner–Ville Distribution (WVD), Gabor–Wigner transform, Wigner transform, Short Time Fourier Transform (STFT), Wavelet transform, Stockwell transform, etc., have been developed over time with their suitable distinct application [31,32]. The time-frequency domain analysis is performed using the Stockwell transform which gives better resolution over the WVD and STFT in the present study.

3.2.1 Stockwell Transform (S Transform)

Stockwell transform involves combined elements of both Short Time Fourier transform (STFT) and wavelet transform (WT) that gives outcome in the time-frequency spectrum [33]. Stockwell transform solves the problem of representing any signal simultaneously in both time and frequency domains by proposing a suggestion of opting for a base function with a movable and scalable gaussian window. The increase in the width of the time window makes the resolution of low frequencies higher and with the decrease in window size higher frequencies can be seen with high resolution [34].

The Short-Time Fourier Transform (
STFT(r,f)
) of any signal y(t) is mathematically expressed as Eq. (6)


STFT(r,f)=∫−∞+∞⁡y(t)h(t−r)e−j2πftdt
(6)

where, f = frequency and r, t = time variables

The uncertainty principle states that the product of time-bandwidth cannot be reduced without limits. The Gaussian window (
ω(t)
) combines both time and frequency domains and can be expressed as Eq. (7)


ω(t)=1δ2πet22δ2
(7)

where, 
δ=
scaling factor used to vary gaussian window width.

‘
δ
’ expressed as Eq. (8) 
δ
can be adopted as a frequency function for the self-adaptability of the width of the Gaussian window.


δ(f)=1|f|
(8)

The new base function obtained is shown as Eq. (9)


ω(t,f)=|f|2πe−t2f22
(9)

where 
f=frequency
and 
r,t=timevariables


The mathematical expression of S-transform is shown as Eq. (10)


ST(r,f)=∫−∞+∞⁡y(t)|f|2πef2(r−t)22e−i2πftdt
(10)

The inverse S-transform can be expressed as Eq. (11)


y(t)=∫−∞+∞⁡[∫−∞+∞⁡ST(r,t)dt]ej2πftdt
(11)

where 
f=frequency
and 
r,t=timevariables
.

The plots of S-transform have been shown for downstream nodes 2, 6, 7, and 8 at different vehicular speeds in Fig. 7. The frequencies obtained in the vicinity of the first three analytically obtained modal frequencies (4.56 Hz, 10.44 Hz, and 16.66 Hz) are determined.
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Figure 7: S-Transform plots for downstream nodes 2, 6, 7, and 8 of the steel truss bridge)

For downstream nodes, 1st, 2nd and 3rd modal frequencies at vehicular speeds of (a) 10 km/hr are in the range of 2.81 Hz to 16.75 Hz, 7.25 Hz to 11.33 Hz, and 16.25 Hz to 16.99 Hz, respectively (b) 20 km/hr are in the range of 4.67 Hz to 6.57 Hz, 8.28 Hz to 10.66 Hz and 14.75 Hz to 16.66 Hz, respectively (c) 30 km/hr are in the range of 3.49 Hz to 4.70 Hz, 7.98 Hz to 12.57 Hz and 16.56 Hz to 16.75 Hz, respectively.

The detailed values of all the frequencies obtained for downstream nodes around 1st (4.56 Hz), 2nd (10.44 Hz), and 3rd (16.66 Hz) analytical modal frequencies from Stockwell transform at all vehicular speeds are shown in Tab. 1, respectively.

Table 1: Frequencies obtained for downstream nodes from Stockwell transform nearby analytical modal frequencies
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The mean of frequencies obtained around 1st, 2nd, and 3rd modes for 10 km/hr vehicular speed are 4.92 Hz, 9.74 Hz, and 16.58 Hz, respectively. For 20 km/hr vehicular speed are 5.31 Hz, 10.15 Hz, and 16.17 Hz, respectively. For 30 km/hr vehicular speed are 4.49 Hz, 10.46 Hz, and 16.71 Hz, respectively.

The plots of S-transform have been shown for upstream nodes 13, 15, 16, and 18 at different vehicular speeds in Fig. 8.
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Figure 8: S-Transform plots for upstream nodes 13, 15, 16, and 18 of the steel truss bridge

For upstream nodes, 1st, 2nd and 3rd modal frequencies at vehicular speeds of (a) 10 km/hr are in the range of 4.66 Hz to 6.98 Hz, 7.98 Hz to 12.04 Hz, and 14.33 Hz to 16.86 Hz, respectively (b) 20 km/hr are in the range of 4.75 Hz to 5.75 Hz, 7.50 Hz to 12.55 Hz and 13.25 Hz to 17.75 Hz, respectively (c) 30 km/hr are in the range of 5.33 Hz to 7.98 Hz, 8.34 Hz to 12.25 Hz and 14.55 Hz to 17.75 Hz, respectively.

The values of all the frequencies obtained for upstream nodes around 1st (4.56 Hz), 2nd (10.44 Hz), and 3rd (16.66 Hz) analytical modal frequencies from Stockwell transform at all vehicular speeds are shown in Tab. 2, respectively.

Table 2: Frequencies obtained for upstream nodes from Stockwell transform nearby analytical modal frequencies
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The mean of frequencies obtained around 1st, 2nd, and 3rd modes for 10 km/hr vehicular speed are 5.77 Hz, 10.34 Hz, and 16.06 Hz, respectively. For 20 km/hr vehicular speed are 5.36 Hz, 10.30 Hz, and 15.99 Hz, respectively. For 30 km/hr vehicular speed are 5.55 Hz, 10.16 Hz, and 15.79 Hz, respectively.

From the Stockwell transform plots it is concluded that at different vehicular speeds the frequencies of downstream and upstream nodes are not exactly same. The resolution of output plots showing the frequencies present in the vibration response signals got improved with the application of Stockwell transform with respect to time features respectively. However, the presence of noise in the vibration signals generated unwanted frequencies in the vicinity of desired modal frequencies. The nodes 6, 7, and 8 in downstream truss showed undesired behavior with the presence of higher intensity frequencies only around 1st mode at all the vehicular speeds.

To ensure that there exists partial flexibility in the joints at these locations further denoising of the vibration signals is required. Various studies are showing a broader range of areas of application of Hilbert transform on noisy vibration signals for obtaining better visualization of hidden frequencies [35–42]. In the present study, the efficiency of fused Hilbert transform with spectral kurtosis and bandpass filter in obtaining the modal frequency of a steel truss bridge is shown. The Hilbert transform is the relationship between the real and imaginary parts of the FFT of a one-sided function. Hilbert transform 
H[s(t)]
of a signal s(t) is given by Eq. (12) [43]


H[s(t)]=1π∫−∞+∞s(τ)t−τdτ
(12)

where, 
t
= time and 
τ
= translation parameters.

Hilbert transform is a frequency independent time domain involution that maps real time-domain value into another value. It is also called 90° phase shifter and does not affect the non-stationary characteristics of a modulating signal. This can be obtained mathematically by the following Eq. (13)


B(t)=s(t)+iH[s(t)]=beϕ(t)
(13)

where, 
b(t)=s2(t)+H2[s(t)],ϕ(t)=arctanarctanH[s(t)]s(t)
and 
i=−1,b(t)
is the envelope of 
B(t)
.


B^(iω)
the Fourier transform of signal 
B(t)
and its properties are given by Eq. (14)


B^(iω)={2s^(iω)0≤ω0ω<0
(14)

where, 
s^(iω)
is Fourier transform of 
s(t)
and 
ω
is the angular frequency of 
B^(iω)
.

From the time domain analysis performed earlier it is known that the kurtosis feature shows better performance than others, hence the signal obtained after Hilbert transform having the highest kurtosis value is selected to obtain a spectral response. The spectral kurtosis provides the highest kurtosis value, frequency present along with its duration in the signal. Further, the bandpass filter is used to refine the final outcome vibration signal. The modal frequencies are obtained which are further utilized to identify the bridge nodes having discrepancies, respectively.

4  Proposed Method

After the analysis of popular statistical features, and improved method in time-frequency, i.e., S-transform. The identification of flexible nodes requires more confidence. From the performed analysis it has been concluded that time-domain analysis only gives the identification of response of speed variation. The time-frequency analysis gives more information regarding the condition of nodes from frequencies obtained with poor resolution due to the presence of noise in vibration signals measured from the bridge. However, by using previously established techniques, due to the presence of noise some nodes not able to give a clear understanding of the node which may mislead the interpretation. Thus, a methodology is proposed that is efficiently able to remove the noise and successfully provide a clear view of the present fundamental modal frequencies of the bridge. The methodology adopted here is shown in the flowchart in Fig. 9.
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Figure 9: Flowchart of the adopted methodology

Step 1: Initially power spectrum analysis is performed and then Hilbert transform is computed.

Step 2: The Hilbert envelope spectrum is calculated from the Hilbert envelope signal to identify the modal frequencies. The Hilbert envelope spectrum analysis was performed to present the hidden dynamic information which spectral analysis fails to depict. The typical envelope signal and envelope spectrum plots are shown in Figs. 10a and 10b, respectively. The Hilbert envelope spectrum limits in showing significant peaks due to the masking of external noise.
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Figure 10: Hilbert envelope (a) of signal and (b) its spectrum

The visualization of the contaminated signal in the time domain along with the computation of kurtosis of the signal was done.

Step 3: Kurtosis is a statistical measure that defines how heavily the tails of distribution differ from the tails of a normal distribution as shown in Fig. 11 [43]. In other words, kurtosis identifies whether the tails of a given distribution contain extreme values. In our case, lower kurtosis means the low extreme value which indicates the node is not vibrated more due to its stiffness. The selection of signals with the highest kurtosis was made with kurtogram plots. The kurtosis shows the impulsiveness present in a signal. The occurrence of large impulsiveness shows the inclusion of more faulty signal features hence enhancing the signal-to-noise ratio through Hilbert transform makes it a vital step before performing envelope spectral analysis. The local computation of kurtosis within frequency bands was done with kurtogram evaluation and spectral kurtosis application [44]. The kurtogram indicates the central frequency of the frequency band with proper bandwidth and highest kurtosis values depiction. The kurtogram also suggests the optimal window length for calculating the spectral kurtosis of the original signal as shown in Fig. 12.
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Figure 11: The normal distribution, positive kurtosis and negative kurtosis [43]
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Figure 12: Kurtogram plot of a typical node

The typical spectrogram of spectral kurtosis is shown in Fig. 13. The presence of central frequency at 11.72 Hz is shown in the plot.
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Figure 13: Spectrogram plot of spectral kurtosis of a typical node

Step 4: The Spectral Kurtosis is applied to the specified window length obtained from kurtogram plots. The concept of spectral kurtosis (
Kx
) originated with the application of kurtosis to the imaginary and real parts of the STFT to locate the hidden transients as well as the non-stationary behavior of the signal [45]. The spectral moment at normalized fourth-order of a signal y(t) shown in Eq. (15) can be defined as the Spectral Kurtosis (SK) of the signal y(t) [46].


Kx(f)=S4,y(f)S2,x(f)2−2withSn,y(f)=[|Y(t,f)|n]
(15)

where 
[·]
= time averaging operator


Y(t,f)
= complex envelope generated from signal y(t)

“−2” removes the complexity of the signal

The complex envelope (
Y(t,f)
) can be represented in Eq. (16) as


Y(t,f)=∑n=tt+Nw−1⁡h(n−t)y(n)e−j2πfn
(16)

where 
h(n−t)=
analysis window having a length 
Nw
.

The complex envelope
Y(t,f)
provides better sensitivity than time-domain based kurtosis in obtaining non-stationary transient components with ease even in noisy signals. The window length 
Nw
influences the outcomes such that shorter window length may yield spectral kurtosis (SK) with high values and too short window length selection may lead to the loss of certain meaningful information and produce poor spectral representation. Antoni et al. [47] further investigated and proposed a solution through kurtogram which represents the optimum central frequency and bandwidth values which maximizes the kurtosis output of the bandpass filter. The detailed analysis of the signal using a kurtogram is a better and fast data computational approach [48].

4.1 Application of the Developed Methodology

The refined spectral kurtosis plots for typical nodes 2 and 6 at different vehicular speeds of 10 km/hr, 20 km/hr, and 30 km/hr are shown in Fig. 14, respectively. The typical nodes 2 and 6 are selected to show the variation in spectral kurtosis plots for intact and damaged nodes of the bridge. The intact nodes 2, 3, 4, 5, 9, and 10 showed variation in frequency from 30 Hz to 40 Hz with the increase in vehicular speed from 10 km/hr to 30 km/hr, respectively. The nodes 6, 7, and 8 showed irregular behavior as the frequencies concentrated in the lower range up to 10 Hz only. This behavior raises suspicions about the intactness of nodes 6, 7, and 8, respectively. For upstream truss, all the nodes 13, 14… up to 21 followed a similar pattern of having frequencies up to 30 Hz at the lower vehicular speed of 10 km/hr whereas the spread of frequency range was up to 40 Hz for the vehicular speed 20 km/hr and 30 km/hr.
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Figure 14: Spectral Kurtosis of typical nodes 2 and 6 of the steel truss bridge

It is concluded that all downstream and upstream nodes showed a high range of frequencies except for nodes 6, 7, and 8, respectively. This indicates that the Spectral Kurtosis values give a clear-cut indication of the consolidation in frequencies in the lower range for deficient nodes.

Step 5 Band-Pass filter is applied to the spectral kurtosis outcome signals for retrieving a more enhanced amplitude modulated signal. The low frequency and high frequency cut offs used in band pass filter for effective filtration of the noise from spectral kurtosis signal are 0 Hz to 35 Hz, respectively.

Fig. 15 shows the output of the bandpass filter where the original signal and filtered signal with their envelope are shown by blue and red signals. Figs. 16a and 16b shows the magnitude-squared coherence and cross spectrum phase plots respectively for typical node 6 for typical node 6 at 10 km/hr, 20 km/hr, and 30 km/hr vehicular speeds.
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Figure 15: Band-Pass filtering plots at a typical node
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Figure 16: (a) Magnitude-squared coherence plots and (b) Cross spectrum phase plots for typical node 6 at 10 km/hr, 20 km/hr, and 30 km/hr vehicular speeds

The spectrum responses of downstream nodes from the proposed methodology at different vehicular speeds respectively are shown in Fig. 17. The 1st, 2nd and 3rd modal frequencies for vehicular speed of (a) 10 km/hr are in the range of 4.69 Hz, 10.94 Hz to 11.72 Hz, and 16.41 Hz to 17.20 Hz, respectively. (b) 20 km/hr are in the range of 3.91 Hz to 5.47 Hz, 8.59 Hz to 11.72 Hz, and 16.41 Hz to 17.97 Hz, respectively. (c) 30 km/hr are in the range of 3.91 Hz to 5.47 Hz, 10.16 Hz to 11.72 Hz, and 16.41 Hz, respectively.
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Figure 17: Proposed methodology outcomes for downstream nodes of the steel truss bridge

For the downstream nodes at 10 km/hr vehicular speed the 1st modal frequency is obtained for all the nodes except for nodes 7 and 9, respectively. The nodes 5, 6, and 8 showed a low amplitude of 1st modal frequency. The 2nd modal frequency is obtained with low amplitude for all the nodes except for nodes 7 and 9. The 3rd modal frequency at all the nodes has a significant amplitude except for nodes 6 and 7. At 20 km/hr vehicular speed the 1st modal frequency is obtained at all the nodes except for nodes 7 and 9 respectively. The nodes 2, 3, and 4 showed higher amplitude for 1st modal frequency relatively to the other nodes. The 2nd modal frequency is obtained at all the nodes. The nodes 6, 7, 9, and 10 showed higher amplitude relatively to other nodes. The 3rd modal frequency is obtained with significant amplitude at all the nodes except at nodes 6, 7, and 8, respectively. At 30 km/hr vehicular speed the 1st modal frequency is obtained at all the nodes. The nodes 5, 6, 7, and 8 showed a low amplitude for 1st modal frequency relatively to the other nodes. The 2nd modal frequency is obtained at all the nodes. The nodes 6, 7, 8, and 9 showed a low amplitude for 2nd modal frequency relatively to the other nodes. The 3rd modal frequency is present at all the nodes with high amplitude except for nodes 6, 7, and 8, respectively. From the obtained modal frequencies of the downstream nodes for different vehicular speeds, it is concluded that the irregular behavior at nodes 6, 7, and 8 shows the presence of deficiencies at these locations of the steel truss bridge.

The spectrum responses of bridge upstream nodes with the proposed methodology at different vehicular speeds as shown in Fig. 18, respectively. The visibility of the desired first three modal frequencies was found in all the upstream nodes from 13, 14 … up to 21 of the steel truss bridge. The 1st, 2nd, and 3rd modal frequencies for vehicle speed of (a) 10 km/hr are in the range of 3.63 Hz to 4.69 Hz, 10.16 Hz to 10.94 Hz, and 16.41 Hz to 17.19 Hz, respectively. (b) 20 km/hr are in the range of 3.91 Hz to 4.69 Hz, 10.16 Hz to 10.94 Hz, and 16.41 Hz, respectively. (c) 30 km/hr are in the range of 3.91 Hz to 4.69 Hz, 10.16 Hz to 10.41 Hz, and 16.41 Hz, respectively.

[image: images][image: images]

Figure 18: Proposed methodology outcomes for upstream nodes of steel truss bridge

For the upstream nodes at 10 km/hr vehicular speed the 1st modal frequency is obtained at all the nodes. The nodes 13, 14, 20, and 21 showed higher amplitude relatively to the other nodes. The 2nd modal frequency is present at all the nodes. All the nodes showed a low amplitude for 2nd modal frequency except nodes 19 and 21. The 3rd modal frequency is present at all the nodes. The nodes 15, 16, 17, 18, and 21 showed higher amplitude relatively to the other nodes. At 20 km/hr vehicular speed the 1st modal frequency is present at all the nodes. The nodes 16, 17, and 19 showed a low amplitude for 1st modal frequency relatively to the other nodes. The 2nd modal frequency is present at all the nodes except node 15 respectively. The nodes 17, 18, 19, and 21 showed a high amplitude for 2nd modal frequency relatively to the other nodes. At 30 km/hr the 1st modal frequency is present at all the nodes. The nodes 18, 19, 20, and 21 showed a high amplitude relatively to the other nodes. The 2nd modal frequency is present at all the nodes. The nodes 15, 16, 18, and 19 showed higher amplitude relatively to the other nodes. The 3rd modal frequency is present at all the nodes. The nodes 14, 17, and 19 showed low amplitude relatively to the other nodes.

It is observed in the present study that the adopted method provides better denoised outcome of frequencies present in the recorded vibration response signals from the bridge than statistical techniques, and S-transform. The improved resolution of frequency component makes it easy to identify the deficient node through significant variation in modal frequencies. The adopted method of Hilbert transform in combination with spectral kurtosis and bandpass filter is a generalized method which can be applied on any stationary and non-stationary signals collected from any structure (e.g., fault detection in induction motor, turbine, etc.).

5  Conclusions

In the present study, the novelty is that the proposed methodology uses combined Hilbert transform, spectral kurtosis, bandpass filter and kurtogram for the selection of window length for a high-resolution frequency response which is utilized to unveil the irregularity in the steel truss bridge structure using various speeds of vehicle. The limitation of study is that only first three modal frequencies are obtained from the experimentally measured vibration response data for all the nodes of the bridge. The higher nodes are not able to be extracted accurately and they showed uncertain behaviour with low amplitude. It is observed from the analytical model analysis that the modal load participation factor ratios for first three modes are 96.26%, 93.35%, 91.58%, respectively. The first three modes have shown dominant behaviour to analyze the dynamic behaviour of the bridge structure. The deviation of experimentally obtained modal frequencies w.r.t analytical frequencies shows discrepancies in behaviour of bridge structure. The nodes with increased flexibility and reduced stiffness were identified with the indication of low or missing modal frequency at all three vehicular speeds. The structural deficiency in joining members at the particular nodes can cause peculiarity in nodes behavior. The healthy nodes exhibit modal frequencies in vicinity of analytically obtained modal frequencies of bridge.

•   Statistical analysis features, i.e., Crest factor, kurtosis, Impulse Factor, and Peak-to-Peak feature lack confidence for determining the particular behavior as the pattern for a large number of nodes is not obtained with clarity. The kurtosis gives the best pattern among all the statistical features as the speed of the vehicle increases. The kurtosis feature showed a significant irregular rise in amplitude at nodes having structural flexibility deficiencies.

•   In the time-frequency domain, the S-transform showed better resolution of modal frequencies plots due to its scalable window and cross-term issue elimination. The unwanted frequencies are obtained in the S-transform plots and require further denoising of the signal to eliminate the noise from vibration signals. The mode value of the obtained frequencies is observed to be the closest to analytical frequency for both downstream and upstream nodes at all vehicular speeds.

•   The proposed methodology utilized Hilbert transform, spectral kurtosis, and bandpass filter in combination to extract the hidden dynamic modal information with high resolution. The methodology is performed to obtain the enhanced amplitude modulated signal as compared to the outcomes of statistical features, and S-transform methods. The elimination of the noise is significantly observed with the application of Hilbert envelope analysis and bandpass filtering. The variation in obtained distinct modal frequencies is used to obtain the deficient nodes present in the steel truss bridge.
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(a) 10 km/hr

Node No. 1°* Mode 2™ Mode 3" Mode
13 — 8.15, 11.82 16.66
14 4.66*, 6.98 10.66 14.66, 15.66, 16.86
15 6.33 11.98, 10.33 14.33, 16.33
16 — 9.33, 10.33, 12.04 15.22, 16.66
17 5.10 10.85 16.57
18 — 9.10, 10.57 16.57
19 — 7.98, 10.75 16.50
20 — 10.01, 11.76 16.25
21 - 9.75 16.50
(b) 20 km/hr
Node No. 1% Mode 2" Mode 3" Mode
13 4.75 7.50, 10.75, 12.55 17.75
14 - 10.33 13.25, 16.66
15 6.20 11.25 16.20
16 5.75 10.20 16.66
17 4.75 9.66, 10.25 16.56
18 — 10.85 15.71
19 - 10.85 16.78
20 - 10.57, 11.43 1542, 16.25
21 — 8.25,9.49, 10.50 14.50, 16.75
13 — 7.98, 11.66, 12.00 14.66, 15.66, 16.56
14 - 10.75, 12.25 14.25, 16.75, 17.75
5 5.75 10.75 16.25
16 5.33 7.66, 8.99, 9.66, 10.66 14.33
17 - 10.33 15.55
18 5.57 10.57 16.28
19 — 8.34, 10.75 14.55
20 — 9.37, 10.33 16.87
21 — 8.39, 10.33, 12.20 14.80, 16.74

Note: All frequencies provided in the table are in Hz. *The bold values in the table indicate the minimum and maximum frequency values. ‘-’ Not
present or marginally present.
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(a) 10 km/hr

Node No. 1°' Mode 2" Mode 3" Mode
2 4.75 7.25%, 10.75 16.25
3 4.75, 6.25, 6.75 7.25, 10.50 16.25
4 - 8.66, 11.33 16.99
5 5.70 10.57 16.66
6 4.70 - _

7 3.50 — —

8 2.81 — —

9 - 10.66 16.66
10 5.10 10.66 16.66

(b) 20 km/hr

Node No. 1°' Mode 2" Mode 3" Mode
2 5.98 10.33 16.44
3 4.67 10.66 16.66
4 5.33 10.33 16.66
5 4.77 8.28 16.28
6 470 9.89 -

7 4.80, 6.28 10.33 —

8 4.67 — —

9 - 10.55 14.75
10 6.57 10.85 16.25
2 3.49 10.75 16.66
3 4.67 10.75, 11.86 16.75
4 _ 12.25 16.75
5 - 8.28, 10.57 16.66
6 4.70 11.46 -

7 4.75 8.28, 10.33 —

8 4.70 — —

9 - 7.98, 12.57 16.85
10 4.65 10.44 16.56

Note: All frequencies provided in the table are in Hz. *The bold values in the table indicate the minimum and maximum frequency values. ‘-’ Not present
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