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ABSTRACT

Structural health monitoring employs different tools and techniques to provide a prediction for damages that
occur in various structures. Damages such as debond and cracks in concrete-filled steel tube column (CFST)
are serious defects that threaten the integrity of the structural members. Ultrasonic waves monitoring applied
to the CFST column is necessary to detect damages and quantify their size. However, without appropriate signal
processing tools, the results of the monitoring process could not be crucial. In this research, a monitoring process
based on a Multiphysics numerical simulation study was carried out. Two signal processing tools: short time
Fourier transform (STFT) and Welch Power Spectral Density Estimate (PSD) were used to analyse the captured
raw signals. The STFT spectrogram was effective in identifying the different size of damage based on a graphical
interpretation. The results show that the increasing of frequency of the excited signal give a better results. The
increase in peak magnitude values in Welch PSD was found to be proportionate to the change in damage length
whereas the damage depth has a less effect. The results for the crack size identification were less promising than
those of debond damage because of the different type of the signal’s propagation path. Simulation process con-
ducted by COMSOL software has proved the validity of the adopted signal processing techniques in detecting
such damages in CFST columns.
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1 Introduction

Concrete and steel structures experience numerous kinds of damage such as cracks, delamination, and
corrosion because of loading and environmental conditions. These types of damage are subject to the type of
loading. Damage will destructively affect the reliability of the structural elements. Structural health
monitoring (SHM) aims to predict and detect damage at the early stages to maintain the structure against
failure and collapse.

Concrete-filled steel tube columns (CFST) are used widely as compression members and to resist
flexural buckling. Local buckling in CFST is resisted by concrete core which gives it a merit over hollow
section steel columns [1]. Because of their high load-carrying capacity, they are employed in high rise
buildings and in bridges. However, debond between concrete core and steel encasement weakens the
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structural performance of CFST columns. Detection of such damage by traditional techniques is of great
challenge due to its inaccessibility. Non-destructive evaluation techniques play a vital role in detection of
similar defects. Ultrasonic wave is one of these techniques that are adopted in many researches to
investigate the health state of structural elements [2,3].

Many researchers have employed ultrasonic waves monitoring in steel and concrete structural members
but few of them dealt with composite elements. Guided waves have been employed to detect debond in CFST
columns [4—6]. They are suitable for investigating damages close to a guide. When damage is far from a
boundary (i.e., lies inside bulk of structure), bulk waves are used. Ultrasonic waves are excited using
many types of sensors but many researchers have used the piezoelectric type [7—9]. Piezoelectric sensors
are cheap, easy to setup, and can be used as transmitter/receiver. In researches relevant to CFST
specimens, piezoelectric sensors are installed either on surface of the column (mounted) or inside it
(embedded) depending on the location of the monitored area and the type of the propagated wave. When
more flexibility and high accuracy is required phased array sensors are used. These sensors are widely
used in the applications of NDT and structural health monitoring. Yang et al. [10] employed the phased
array sensors in their research to detect corrosion defects in engine cylinders. Tagami [11] also used
phased array sensors in inspection of weld joints in steel structures.

It is not totally understood the behaviour of wave response when it reacts with debond of various size and
location. It is even more complex when the monitored damage extends to a point far from the propagation line
of the exited wave. Another issue could be emerged when more than one type of wave (i.e., surface and bulk
waves) are generated as in the case of a sensor amounted on a steel surface of CFST column. Testing many
specimens covering the aforementioned parameters could give a comprehensive view for the behaviour of
ultrasonic waves in such investigation. Since experimental work for too many specimens is costly and time
consuming, physics-based simulation study could be more practical.

COMSOL is a Multiphysics software has been adopted successfully in many ultrasonic based researches
[12—14]. The simulated raw wave signals captured by the receiving sensors are usually processed to extract
the potential features using signal processing approaches. In most of the cases, time domain approach is not
decisive in detecting the existing damages. Therefore, there is a pressing need to employ different domains
such as frequency and time-frequency domains. Many signal processing techniques have been used in CFST
structures for this purpose. Wavelet transform [7,15—17], fast Fourier transform [18], Time Reversal [19],
Hilbert-Huang transform [7,19] and S-transform [20,21]. Li et al. [22] used continuous wavelet
transform to study numerically and experimentally the detection process of inclusion in a cantilever
beam. Strain signals was extracted and analysed using Gabor wavelet transform. The authors concluded
that the detection of inclusion location is proportional to the inclusion depth ratio. Numerical results
shows that when the inclusion depth ratio is larger than 10%, the detecting error in inclusion location is
not more than 10%.

Short time Fourier transform (STFT) is another signal processing tool presents time-frequency analysis
for non-stationary signals. Due to its good performance regarding readability, resolution, and computational
time, it has been selected as a time-frequency estimator [23]. While STFT has been used in different SHM-
based researches, it has rarely used in composite structure studies. Ke et al. [6] employed STFT to assess
debond between steel plate and substrates for CFST member. However, the use of STFT was limited to
production of frequency-slowness spectrogram. Petro et al. [24] used STFT to convert the time domain
data into frequency domain. They employed ultrasonic pulse velocity to detect delamination in concrete.
The fast Fourier trans-form or short-time Fourier transform can be adopted by altering the basis from the
time domain to frequency domain [25]. However, such transforms carry limited information regarding the
wave spectrum, unlike wavelet transforms such as Morlet, Gabor, and Mexican hat transforms [26]. A
different frequency domain approach used in feature extraction of wave signals is called Welch method. It
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is an approach for power spectral density estimation (PSD). Krejcar et al. [27] applied Welch periodogram to
average data segments through an analysis process aiming to improve the nondestructive diagnostics of solid
objects. Although Welch method has been used in many studies [28,29], it has not been found in ultrasonic
waves-based studies.

In this research, an ultrasonic-based monitoring process has been simulated using COMSOL
Multiphysics software to provide a good understanding about damage detection in CFST columns. The
resulted raw signals were analysed using STFT spectrogram and Welch PSD periodogram.

2 Numerical Modelling of Ultrasonic Wave-Based Damage Detection System

CFST column specimens with various debond and crack size were modelled. A height of 1 m and cross-
section of 35 x 35 cm was selected for CFST column. The steel encasement has 2 mm thickness. Artificial
debond size including debond length parallel to the wave propagation direction and debond depth
perpendicular to the propagation direction. Debond length has two stages, the first to increase it from 1 to
5 cm by an increment of 1 cm each time. The second stage is to increase it from 5 cm to 75 cm by 5 cm
increment. Debond depth was selected to range from 1 to 5 cm. To achieve these parameters,
100 specimens are modelled. Crack damage with various opening width is modelled separately. Crack
width sizes are ranged from 1-5 mm. Fig. 1 shows the schematic of the proposed specimen.
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Figure 1: Schematic of the test specimen
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PZT sensors were mounted on the surface of the steel encasement at the bottom and top of the CFST
column left side. The PZT diameter was 10 mm with 1 mm thickness. PZT-4 material type was selected.
Multiphysics simulation was conducted by COMSOL software. Extremely fine mesh was selected.
Meshing statistics are found in Tab. 1 and Fig. 2.

Ultrasonic wave signal with amplitude of 10 V was exited using PZT transmitter sensor. Because the
wavelength of a wave is inversely proportional to frequency, the wave was excited with 100 kHz
frequency for 5-75 cm debond length whereas 500 kHz was chosen for 1-5 cm. A sinusoidal five cycles
Hanning function F(z) was applied on the exited signal, see Eq. (1) and Fig. 3.
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F(t) = Asin(2nft) sin(2nft /2n) (1)

where (4) is wave amplitude, (f) is excitation frequency, () is time, and (n) is number of cycles of the
window. Spatial and temporal resolution was applied based on Egs. (2) and (3)
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where 1, is the element length , A,;, is the minimum wavelength for the wave used, At is the time step, and
frmax 18 the maximum frequency.

Table 1: Mesh statistics for CFST model
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Figure 2: Meshing of the CFST model, (a) debond model, (b) crack model

3 Theoretical Background of Signal Processing Techniques

3.1 STFT-Based Spectrogram

STFT has a robust capability of representing signals in a frequency domain which is useful in wave-
based damage detections. Some of the advantages of the STFT method are the ease of implementing the
fast Fourier transform and outcome data in standard Fourier forms [30]. A natural extension of the
Fourier transform when the signals are time-varying is the STFT, which is defined as [31]
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where A(t;) is a window function centred at time t;. Squaring the magnitude of the STFT gives the
spectrogram, as follows:

Se(t.f) = |X(t.f)] (5)
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Figure 3: The excited wave endowed with a Hanning window

A spectrogram is a visual representation of the spectrum of frequencies of a signal as it varies with time,
see Fig. 4. There are several types of spectrogram according to the signal processing it is formulated from
such was Wavelet, Gabor, Wigner-Ville Distribution and STFT spectrogram. Spectrogram (X) returns the
spectrogram of the signal specified by vector X. X is divided into a number of segments with 50%
overlap, each segment is windowed with a specific window. The number of frequency points used to
calculate the discrete Fourier transforms is equal to the maximum of 256 or the next power of two greater
than the length of each segment of X. In this research, number of segments taken was 8 and type of
window used was Hamming.

3.2 Welch PSD Estimate

PSD refers to the spectral energy distribution traced in a specific time. PSD can be computed using many
methods such as Power Spectral Capon, Thomson’s multitaper method, and Welch method. It is a discrete
Fourier transform (DFT) based method that can be implemented efficiently using the fast Fourier
transform (FFT). Welch periodogram uses averaging technique to produce smoother PSD estimate over
time. It depends on some parameters that highly affect their results such as number of sampling points,
percentage of overlapping between segments and window length. The observation window is divided into
sub-segments to reduce the variance. Each sub-segment is multiplied with a windowing function to
reduce the side lobes [32]. Welch method can be calculated as follows [29]:

Gi(f) = — immﬁ (6)

Yalf) = Ty Y wtin[fe ™ ™
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and
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where ng is the number of the overlapping segments whereas N, T, y, are the number of samples, the
sampling period and the individual record at position k, respectively. The parameter w[t] denoting the
window function and j is the imaginary unit. In this research, the window type used is Hanning window,
the value of T, is 5 x 1077 seconds, and Hanning window length is 256. The data were analysed using
signal processing toolbox in MATLAB software.
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Figure 4: Illustration of STFT process

4 Results and Discussion
4.1 Debond Damage

Time domain analysis are usually used in wave propagation because of its ease in use. Moreover, no
complex methods are needed. However, for most type of damages, detection process is not useful. In this
section time domain analysis is used to decide if it is appropriate for the data in this research. The results
are to be shown for different damage sizes in time domain scheme. The propagation of excited wave by
the piezoelectric sensor is shown in Fig. 5. It shows that more than one type of waves are generated (i.e.,

surface and bulk waves). However, the first arriving signal captured by the receiving sensor at specific
time was analysed.

Raw signals shown in Fig. 6 are plotted to compare between two damage lengths: 5 cm and 10 cm, 5 cm
and 35 cm, 5 cm and 60 cm using time domain representation. For graph parts, (a) and (b) it can be noticed
that it is difficult to recognise between the two data lines. However, when the damage is bigger in size, the
difference became noticeable, as be seen in part (c). This implies that time domain is not suitable for detection
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of debond concerning this cases particularly when the damage size is small or moderate. To overcome this
problem, more suitable signal processing techniques were employed. Time-frequency domain is suggested to
investigate the damage detection process. In this research, STFT spectrogram is used. Moreover, Welch PSD
which is a statistical method are also suggested for the same purpose.
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Figure 5: Simulation of propagated waves through CFST model

4.1.1 STFT Spectrogram Results

In Fig. 7, the same signals from Fig. 5 are plotted in time-frequency domain using STFT. The frequency
segments inside the red ellipse appearing in the second part of the figure form a significant difference
between the two results. They reflect the frequency change due to the change in debond length from 5 to
10 cm.

More results for different debond length are shown in Fig. 8. It can be noted that the bigger debond
length value the more recognizable image is produced. Spectrogram image in part (b) is more
recognisable from that in part (a) where the debond length gap is 20 cm. The distinction is less in case of
results in Fig. 7 where the debond length gap is only 5 cm.

Debond length less than 5 cm has been conducted. Five samples with debond length 1-5 cm have been
simulated. Because higher frequency is more suitable for smaller debond lengths, frequency of the exited
wave were increase from 100 kHz to 500 kHz. The results shows different behaviour regarding the
spectrogram image. All samples have appeared in the same distribution of the magnitude segments.
Therefore, it was necessary to interpret the results on the basis of the colour scheme of the spectrogram
image. It is well known that the colours of the spectrogram image change based on the change of the
intensity of STFT magnitude. As shown in Fig. 9, the area bounded by red ellipse has changed its
colours. Red colour was reduced and yellow changed to sky blue. Both colour change means an increase
in magnitude according to the accompanied colour map.
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Figure 6: Time domain of two raw signals with debond length, (a) 5 cm and 10 cm, (b) 5 cm and 35 cm, (¢)
5 ¢cm and 60 cm

Based on 100 kHz frequency, increasing debond depth from 1 to 2 cm shows a little effect on the results
but changing frequency of excited signal to 500 kHz has given a better results. Fig. 10 shows image
spectrograms for four specimens have debond length of 5 c¢m and debond depth of 1 and 2 cm,
respectively. Part (a) is based on a signal frequency of 100 kHz whereas part (b) is based on 500 kHz. It is
hard to find the difference between the two images in part (a) where they are almost have the same
intensity distribution. In part (b), the difference is better but it is still hard to give a direct decision about the
most damaged case. This could be attributed to the fitting of higher frequencies to the smaller damage size.

4.1.2 Welch PSD Estimate Results

To determine the extent of damage in a quantitative method instead of the graphical method used in the
previous section, Welch PSD estimate is used. Fig. 11 shows Welch PSD estimate results for a wave signals
passing through a CFST columns with debond length of 5 and 15 cm, respectively. It can be noted easily the
difference between the two results regarding the shape of the curves and the difference in the peak values of
the magnitude. The peak values of the magnitude in these curves are (—204.34) and (—198.41), respectively. It
was noted that the peak values of the magnitude decrease with the increase of debond length. The decrement
percentage between the successive steps increased gradually with the increment of debond length. It is only
(1.04%) between debond length 5 and 10 cm, (5.17%) between 35 and 40 cm, and (9.76%) between 70 and
75 cm, the results can be seen in Tab. 2. Similar results can be seen in Tabs. 3 and 4 having damage length
3 cm and 5 cm, respectively.
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Figure 7: STFT Spectrogram with debond length: (a) 5 cm, (b) 10 cm

To make sense of the results of the peak value of the magnitude versus debond length in a mode of
damage index having upward curve, these values have been inversed and then multiplied by (-1000). The
resulting curve is proportional and very close to a second degree equation, as can be seen in Figs. 12—14.
In these figures, three results with selected damage sizes with fixed 575 cm debond length and 1 cm,
3 cm, and 5 cm debond depth were exhibited to show the effect of debond depth. All of the selected
cases showed a good proportionality with R? factor as 0.9948, 0.9962, and 0.9968, respectively.
However, the peak magnitude values in Tabs. 2—4 show an insignificant effect of the change in debond
depth on the results.
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Figure 8: STFT Spectrogram with different debond length: (a) 30 cm, (b) 50 cm, (c) 75 cm
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Figure 9: STFT Spectrogram with debond length: (a) 1 cm, (b) 2 cm; excitation frequency is 500 kHz

4.2 Crack Damage

Time domain raw signals shown in Fig. 15 below are selected for four signals with no crack case and 1,
3, and 5 mm crack width. The identification of each signal is easier than that in of debond damage. However,
no suitable pattern is found to rely on the time domain analysis to investigate the crack size. To look for more
convincing results, STFT technique is inspected in the next section.

4.2.1 STFT Spectrogram Results

Results of the STFT spectrogram shown in Fig. 16 below presents three cases one without crack and two
with different crack size width, 1 and 5 mm. To identify the effect of crack progress on the signal, upper two
bands of the each spectrogram are bounded by a box to make the comparison easier. It can be noted that
bounded area of part (b) has more color variation of small strips similar to a comb’s teeth. This could be
attributed to the fluctuation of signal energy due to the initiated crack. This is true for the bounded area
of part (c) with more yellow color which means less energy because of the widening crack (i.e., 5 mm).
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Crack damage identification using this technique is not straightforward as it is in the debond detection. This
could be attributed to the homogeneity of the path material the signal propagate on where the path of the
excited signal in the case of debond detection is a steel cover of the CFST column whereas in the second

case the path is mainly concrete core.
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Figure 10: STFT Spectrogram with different frequencies, (a) 100 kHz (b) 500 kHz

4.2.2 Welch PSD Estimate Results

0.9

As in the case of debond detection, Welch PSD method is applied on the raw signals obtained from the
simulation process for the case of crack size detection. Fig. 17 below shows the relation between cracks width
and the damage index value for six values (i.e., 0—-6 mm). Inconsistent values of crack width may belong to
the same reasons affecting the STFT results. These include homogeneity of steel plate and inhomogeneity of
concrete in the cases of debond and crack damages, respectively.
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Table 2: Results of PSD peak value vs. debod length (Damage length = 5 cm, damage depth = 1 cm)

Debond length, cm Magnitude, dB
5 —204.34
10 -202.22
15 —198.41
20 -194.9
25 —-191.23
30 -186.13
35 -177.43
40 —-168.24
45 -159.7
50 —151.88
55 —144.78
60 —-138.06
65 -130.67
70 -121.21
75 —109.38

Table 3: Results of PSD peak value vs. debod length (Damage length = 5 cm, damage depth = 3 cm)

Debond length, cm Magnitude, dB
5 204.15
10 201.44
15 197.95
20 194.01
25 191.93
30 185.44
35 175.27
40 166.62
45 157.99
50 150.34
55 143.86
60 137.38
65 130.13
70 120.67

75 110.67
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Table 4: Results of PSD peak value vs. deboding length (Damage length = 5 cm, damage depth = 5 cm)

Debond length, cm Magnitude, dB
5 -204.34
10 -202.22
15 —-198.41
20 -194.9
25 -191.23
30 —-186.13
35 -177.43
40 -168.24
45 -159.7
50 -151.88
55 —144.78
60 —138.06
65 —-130.67
70 -121.21
75 —-109.38

Debonding size:
Length = 5-75 cm, depth = 3 cm

10

y =0.0196x2 - 0.0323x + 4.9417
R?=0.9962

Damage Index Value
S = N W RE N 9 0 O
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Figure 13: Damage index based on Welch PSD estimate for damage length 5—75 cm and damage depth 3 cm
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Figure 14: Damage index based on Welch PSD estimate for damage length 5—75 cm and damage depth 5 cm
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Figure 16: STFT spectrogram for different crack size, (a) No crack, (b) 1 mm, (c) 5 mm
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Figure 17: Damage index based on Welch PSD estimate for crack width 0—5 mm
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5 Conclusions

In this study, debond detection between steel and concrete in CFST column has been investigated. A
simulation study was adopted to conduct monitoring process by ultrasonic waves generated and received
by piezoelectric sensors. Since time domain representation was not effective in debond identification, the
ultrasonic wave signals were analysed using STFT spectrogram and Welch PSD periodogram. The first
method was employed graphically to identify the expected damage whereas the latter was used to
quantify the damage size through a suitable damage index. STFT spectrogram was successful in
recognizing the different size debond based on the distribution change of the magnitude segments. The
detection of damage and its size is subject to the change in colour scheme of the STFT spectrogram. The
resulted images show that the increasing of frequency of the excited signal give a better results.
Moreover, It was noticed that the change of debond depth has less effect on the image change of STFT
spectrogram than the effect of the change of debond length. The change in the peak magnitude values in
Welch periodogram is proportionate to the change of the debond size. The proportionality was of second
order polynomial equation with R? equal to 0.9948, 0.9962, and 0.9968 for the damage length 5-75 cm
and damage depth 1 cm, 3 cm , and 5 cm. It was noted that the peak values of the magnitude decrease
with the increase of debond length but almost no effect of the increasing of damage depth on these
results. The decrement percentage of the successive steps increased gradually with the increasing of
debond length. Crack width identification was carried out using the same signal processing techniques.
However, these techniques have shown better capabilities in detection of debond than crack damages.
This study concludes that it is worth using STFT and Welch PSD approaches in detection debond damage
in CFST columns. It is recommended to extend this work to include more parameters taking into
accounts new settings for the distribution of transmitting and receiving sensors.
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