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Abstract. Damage causes the dynamic structural responses of civil engineering structures to change from linear 

to nonlinear. It can be challenging to break down signals and identify features, mainly when the data is generated 

by a nonlinear system and is nonstationary. Under heavy loads and during routine operations, civil structures have 

been seen to exhibit nonlinear dynamic characteristics. To assess progressive damage, it is necessary to 

characterize the time-varying attribute of the structure’s nonlinearity and consider how the frequency and 

amplitude contents of nonstationary vibration responses change over time. The properties of a nonstationary signal 

cannot be properly described by either time analysis or frequency analysis alone. When measured data include 

structural damage occurrences, it is critical to extract as much information about the damage as possible from the 

data. To create a reliable damage detection method that captures damage progression using vibration data gathered 

by sensors, this work examines the instantaneous frequency (IF) representation utilizing time-frequency 

distributions of the energy density domain based on short-time Fourier transform, wavelet transform, Hilbert-

Huang transform, Wigner-Ville distribution, and synchrosqueezed transform. Each technique capability is 

validated using various experimental data. It is found that both the synchrosqueezed transform and Wigner 

distribution proved to be the best performance in terms of IF tracking and showed particular promise due to their 

spectral energy concentration with the synchrosqueezing transform outdoing other techniques in terms of 

computation precision. 
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Introduction  

Civil and mechanical engineering structures suffer damage throughout their lives due to variations 

in the performance of the materials, loads, and other uncontrollable factors [1; 2]. Their vibration 

responses can be categorized as stationary or nonstationary by varying the statistical features over time. 

Thus, time-frequency (T-F) domains are used to study time-varying signals [3; 4]. The time-varying 

responses are frequently irregular in amplitude and frequency over time [5]. The T-F analysis (TFA) is 

needed to extract the dynamic responses’ time-varying features [3]. TFA combines the advantages of 

analysis in the time and frequency for nonstationary signals [6; 7]. The T-F method has been extensively 

used in various fields; it provides analytical tools for dynamic structural analysis and damage diagnosis 

[8; 9]. Engineering research on damage detection often focuses on linear and bi-linear T-F distribution 

[10]. TFA -based damage identification is an essential component of health monitoring research and has 

been extensively used [11; 12]. The most popular energy density distributions are short-time Fourier 

transforms (STFT), Wigner distributions, and generalized Wigner distributions (GWD) [3; 13]. 

Significant artifacts may be seen in each distribution along the frequency axis. However, it is understood 

that only WD is free from artifacts when dealing with linear frequency-modulated signals [7]. Wavelet 

is an effective tool for spilling the signal in the T-F domain[14; 15]. In[5], four signals with various 

frequencies were used to study nonstationary signals using the continuous wavelet transform (CWT) 

[16] and synchrosqueezing transform (SST) [17]. Recently, algorithms like an empirical mode 

decomposition (EMD) and Hilbert transform (HT) [18] have been used to decompose a signal more 

accurately than the wavelet. So it can detect any discontinuity in the vibration data [19]. More recently, 

the approach based on HT and EMD has been used to identify linear structures effectively [20] and was 

taken to identify, localize, and determine the damage in structures [21]. They used fractality dimensions 

based on nonlinear dynamics and SST to discover and diagnose the damage in the structures. 

This paper proposes instantaneous frequency (IF) based on various T-F representations to assess 

and track the structure conditions. Experimental data from the bridge, located across the Lieshi River, 

Rugao city, Jiangsu province, and data from the shaking table test of a six-story RC frame building are 

used to validate the proposed method.  
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Bilinear time-frequency distribution (TFD) 

The signal energy can be determined using the bilinear TFD. The bilinear TFD has inherent cross-

terms that prevent it from satisfying linear superposition. It is further subdivided into WVD-derived 

Cohen bilinear TFD and affine bilinear TFD. The bilinear TFA was developed from the energy 

spectrum, and WVD most distributions [22]. It contains amplitude and phase information. Cross-term 

interference in multicomponent signals may result, which is a fundamental characteristic of bilinear 

TFD [23]. GWD-LWD is introduced to decrease the artifacts as in [24].  

 
. (1)

 

Here asterisk “*” denotes the complex conjugate and Eq. (1) avoids choosing the T-F resolution in 

the linear T-F representation and does not include window functions. 

Hilbert transform (HT) 

HT is a technique to project a real signal onto the imaginary axis, enabling instantaneous amplitude 

and frequency measures. HT of the signal x(t) is expressed as in [15]: 

 , (2)
 

The notions of instantaneous amplitude and frequency for general signals are not well defined [25]. 

Only monocomponent signals (MONS) can be used in HT to estimate a signal’s IF. Since HT is 

developed to detect nonlinearity, it can be used in nonlinear structures [25]. HT and EMD are combined 

to create Hilbert–Huang Transform (HHT), which works well for nonstationary data. HHT well acquires 

instantaneous amplitude, frequency and power [28], while EMD breaks down signals into MONS /IMFs. 

Since MONS are frequently thought as being close to periodic and sinusoidal, it is possible to derive IF 

from IMFs. To realize HHT for real applications, an FIR filter is used to estimate HT.   

Instantaneous frequency presentation 

Decomposition into sinusoidal components does not work effectively for nonstationary signals, and 

frequency loses its effectiveness for such signals, requiring using a parameter that considers their time-

varying nature [27]. This gave rise to the IF idea, a time-varying related to average frequencies [28]. 

Only MONS are used in HT to estimate IF and it has an analytic association as [25]: 

 𝑧(𝑡) =  𝑎(𝑡) 𝑒𝑗𝜑(𝑡) . (3) 

Methodology 

The overall procedure of the proposed method is shown in Fig.1. It is divided into various tasks as: 

1) obtain data based information for the intact and current condition to be analysed under different 

environmental conditions; 2) apply an adequate filter to eliminate the noise and normalized to remove 

the effect surrounding variation and data segmentation; 3) exploratory analysis to do accurate and 

reliable data analysis; 4) using various techniques based time frequency analysis represented in STFT, 

WT, EMD, HHT, and WVD to decompose the signals. After the decomposition, the Hilbert spectrum 

can be obtained by using HHT on each IMF; 5) map the time frequent representation and extract the 

instantaneous frequency; 6) compare instantaneous frequency based various techniques objectively in 

term of spectral energy concentration and computation precision.  

Fig. 1. Overall diagram of the work methodology 

WVDs(𝑡, 𝑓) =  ∫ 𝑠 (𝑡 +  
𝜏

2
) 𝑠∗ (𝑡 −

𝜏

2
) 𝑒−𝑗2𝜋𝑓𝜏 𝑑𝜏 

𝒴(𝑡) =  ℋ[𝑥(𝑡)] =  
1

𝜋
𝑝. 𝑣 ∫

𝑥(𝜏)

𝑡 − 𝜏

∞

−∞

𝑑𝜏 

IMFn 

 CWT SFTT 

 

IMF1 

 

Empirical mode decomposition 

 

HHT 

 

Pre-processing 

 
Exploratory analysis 

 
IMF3 

 

Vibration data 

 

Data segmentation 

 

Time frequent representation and instantaneous frequency 

 

WVD 

Comparison among various techniques-based IF 

 



ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 24.-26.05.2023. 

 

1047 

Any possible deviation in the signals of different structure states, is interpreted as a damage 

increment through the instantaneous frequency. Although the steps are listed in order, we may jump 

between them depending on the project. 

Result analysis and discussion 

This paper provides insights into IF based on STFT, WT, EMD, HHT, and WVD in structural 

vibration analysis. To do this, first the vibration signals are pre-processed, segmented and then 

visualized in time and frequency domain, as shown in Fig. 2. Fig. 2 shows the acceleration and the 

corresponding spectrums. It is noted that the records are time-varying, subjected to abrupt changing, and 

noise. The spectrums show the various dominant frequencies in the responses and how much data lies 

within each specific band over frequencies and how PSD distributes over them. 

 

Fig. 2. Acceleration and spectrums, (a,b) bridge, (c,d) frame-intact, and (e,f) frame-damaged 

Method assessment for tracking of time-varying frequencies  

This section studies how different methods can capture the time-varying frequency in the vibration 

response. Fig. 3 shows IF distributions for HT, STFT, and SST. HT fails to calculate IF because the 

signal is not monocomponent, while SST shows good results compared with others. HT needs to perform 

EMD to compute IMFs and residual signals. Figs.4 shows IMFs obtained from EMD for the data 

obtained from the bridge. Normalized IMFs are used to compute the IF-based HT. 

 

Fig. 3. Overall diagram of the work methodology 

 

Fig. 4. IMFs of the acceleration response methodology 
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Fig. 5, 6, and 7 show various T-F representations with IF to track the energy distribution. The bright 

colour at each point is associated with the magnitude of the coefficient, representing the signal’s energy 

distribution. Note that the spectrogram based STFT cannot distinguish the different IFs when the 

frequencies are low or close together and its performance is slightly poorer compared to other techniques 

due to its restricted frequency resolution, which is a result of the analysis window’s fixed breadth. SST 

shows a T-F representation that accurately captures IF. It has largely compensated for the spread in TF 

introduced by the wavelet filters. Though there are some fluctuations of identified IFs, SST can still 

precisely reflect the trend of changing frequency. SST has squeezed the relatively broad peaks in T-F 

into narrow ridges. You can extract these ridges and reconstruct the individual components from the T-

F ridges. To validate the accuracy of the proposed technique, acceleration data obtained from the shaking 

table test of a six-story RC frame building conducted in E-Defense, Japan, is used. The data and 

corresponding spectrum response are shown in Fig. 2. 

 

Fig. 5. T-F representation with IF, (a) STFT, (b) SST 

  

 

Fig. 6. Various T-F representations 

 

Fig. 7. T-F representation with IF, (a) SST, (b) smoothed Winger distribution 
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IF-based SST is used to investigate the change in IF to track time-varying frequencies to detect and 

locate the damage. Fig 8 compares IF of the undamaged and damaged states. There is a significant 

variation. The distinguishable difference between two IF signals can be used as an indicator for condition 

assessments. It has been shown that SST work better in capturing frequency shifts as a frequency 

component is compressed and localized over time. 

 

Fig. 8. Comparison of IF of undamaged and damaged states 

Conclusions 

This study investigated the potential of various T-F representation techniques for tracking and 

interpreting the instantaneous frequency (IF) as damage feature for civil structure condition assessment. 

Also, it discusses the IF concept, its definitions, and the correspondence between the various 

mathematical models formulated for IF representation. Particularly, IF based STFT, CWT, SWVD, and 

SST are compared to highlight the superiority. The various techniques feasibility and effectiveness for 

tracking IF are verified using experimental acceleration data from a bridge and frame building. Also, 

experimental data sets were utilized in our comparisons. The results from this investigation show that 

both SWVD and SST methods could be performed significantly better in terms of spectral energy 

concentration than other methods, with SST outdoing other techniques in terms of convergence speed 

and computation precision. Also, it is shown that IF is a good descriptor of structure condition 

assessment. The SST technique is also adaptive to the data, i.e. the prior nature of the signal was not 

necessary to be known and it provides an efficient way to characterize signals whose frequencies change 

in time as well as non-linear characteristics and track the time-varying frequencies in real data and 

capturing frequency shifts as a frequency component. The SST technique not only enhances the 

correctness of instantaneous frequency identification, but also clearly describes the relations of changing 

frequency versus the time. As the name implies, the SST technique can squeeze wavelet components to 

refine and sharpen T-F curves, and a more accurate IF is obtained as a result. Hence, it is concluded that 

SST can successfully identify IF of time-varying and nonlinear structures, compared with other standard 

TFR methods. Finally, although SST gave relatively better performance among other T-F analysis 

approaches, it can be concluded that either SST or SWVD is appropriate for time-varying frequencies 

in real data analysis to track IF which can be used as a good descriptor of structure condition assessment. 

A fundamental contribution of this study is the introduced technique based IF that can be used for 

stationary ambient and nonstationary severe motion responses to assess various structural conditions. 
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