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Ultrasonic testing analysis is a crucial scientific component during the process and interpretation of the ultrasonic detection
signal. Focusing on the ultrasonic testing characteristics, the time-invariant spectral analysis method cannot meet the processing
requirements of the detection signal fully.-us, S transform, the time-varying analysis method, was introduced into the ultrasonic
testing data processing of the concrete structure.-e acoustic wave phase velocity was derived based on the spectrum analysis, and
the S transform time-frequency analysis method was established. Finally, based on the method of concrete experimental data set,
studies show that the frequency energy spectrum with S transform can realize flexible and effective identification of defects in the
concrete structure. Definitely, this analysis method can significantly improve the resolution and practicality of ultrasonic testing.

1. Introduction

Applying nondestructive testing (NDT) to the concrete
structure detects objects without destroying the structure
using the reactions to the changes in the physical field caused
by the defects in the internal structure. We can detect the
defects in the interior material and surfaces to recognise
defects and evaluate the quality of the concrete structure
[1–3]. NDTof concrete structures is one of the critical tasks
conducted in engineering quality control and management.
Ultrasonic testing (UT) detection technology is a non-
destructive testing technology frequently used in concrete
quality management. Compared with other conventional
detection technologies, UT easily penetrates deep-layered
materials and accurately locates defects. It has outstanding
advantages in the field [4–8].

With the rapid development of information technology,
people invented various processing techniques to process
ultrasonic testing signals. -ese techniques improve the
quality of ultrasound signals, enhancing the useful signals. It
extracts useful information for location and quantitation
analysis of the ultrasonic signal to obtain quantitative

detection [9–11]. Signal processing is one of the critical tasks
in ultrasonic testing of concrete structures. It has important
effects in concrete detection. Concrete ultrasonic testing
signal is a wideband-modulated central frequency signal.
-e signal has certain frequency bandwidth, which is
nonstationary. It presents the spectral information within
the local time range. If we use a simple frequency or time-
domain analysis method, it cannot meet the requirements
for processing the detection signal. So, we need to analyse
the signal considering both the time and frequency domains
[12, 13]. -us, there are many time-frequency analysis
methods proposed that are based on Fourier analysis: short-
time Fourier transform (STFT), Wigner–Ville distributions,
Cohen class, S transform, wavelet transform (WT), and so
on [14–18].

-e STFT window function is fixed, and it also fixes the
resolution. It only applies to the nonstationary signal
analysis of the fixed bandwidth. Bilinear transforms,
Wigner–Ville distribution, and Cohen class influence the
cross term, which leads to the artefact phenomenon on the
time-frequency plane [19]. WT has adjustable accuracy. But
it does not have adaptability when the basic wavelet is
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determined. All data are analysed with the same wavelet. S
transform adopts the Morlet wavelet as the basic wavelet
and is extended from the substantially continuous wavelet
transform. It combines the advantages of STFTandWT. Its
transform result is directly related to the signal spectrum.
-e basic wavelet does not need to satisfy the admissible
condition of the wavelet function. Compared with the
Wigner–Ville distribution, Cohen class and bilinear
transform, S transform does not present cross terms and it
has higher precision [20]. S transform has been used in
many fields, such as electrical engineering, medicine,
mechanical engineering, and geophysics. [21–24]. In pro-
cessing the detection data of civil engineering structures,
we acquire the features of the signals with mathematical
transformation and obtain the defects’ features. Processing
the signal can effectively improve the resolution of the
ultrasonic testing. -erefore, the studying of UT S trans-
form is of great significance for the evaluation of civil
engineering structures.

In this study, the ultrasonic transmission method was
described in the concrete structure detection. -en, S
transform theory was introduced, and the phase velocity of
the ultrasound was also provided in the concrete structure.
-e proposed method was applied to detect the concrete
structure defect testing model. -e feasibility of the pro-
posed method was analysed, and the application effect of the
proposed method was verified.

2. Materials and Methods

2.1. Ultrasonic Detection Principle. By using the ultrasonic
transmission method to detect defects in concrete, the ul-
trasonic propagation encounters defects in the concrete
structure and then the acoustic parameters (amplitude and
frequency) change in the concrete. From a comprehensive
analysis of the acoustic parameters, the quality of the
concrete structure can be determined (Figure 1).

-e velocity of the ultrasonic in the propagating medium
is an important parameter for characterizing the concrete
properties. -e ultrasonic velocity is also related to the wave
type. In a uniform isotropic medium, the shear wave velocity
VT is as follows:

VT �

��������
Y

2ρ(1 + σ)



, (1)

where Y is Young’s modulus, σ is Poisson’s ratio, and ρ is the
density.

Similarly, the longitudinal wave velocity VI is as follows:

VT �

���������������
Y(1 − σ)

2ρ(1 + σ)(1 − 2σ)



. (2)

When there are defects (void-defective concrete, cellular,
cracks, etc.) in the concrete, the density, Poisson’s ratio, and
elastic modulus are different from those of intact concrete.
-e ultrasonic wave appears to reflect, refract, and diffract,
which will lead to changes in the propagation velocity of the
ultrasonic waves.

2.2. S Transform)eory. S transform combines the merits of
short-time Fourier transform and WT. It regards the Morlet
wavelet as the basic wavelet. Here is the formula for WT:

X(a, τ) �
1
��
a

√ 
+∞

− ∞
ψ

t − τ
a

 x(t)dt, (3)

where t denotes time, a is the scale, which is the inverse of the
frequency, τ is the time of the spectral localization, x(t) is a
function of time, and ψ is the mother wavelet. -e Morlet
wavelet can be expressed as follows:

ψ(t, f) �
|f|
���
2π

√ e
i2πft

e
− t2f2/2( ), (4)

where the frequency f is the inverse of the factor a.
Combining equations (3) and (4), the following ex-

pression is obtained [25]:

S(τ, f) � 
+∞

− ∞
x(t)

|f|
���
2π

√ e
i2πft

e
− (τ− t)2f2/2( )dt, (5)

with a substitution, we concluded that the S transform is
defined as a WTwith the Morlet wavelet by the phase factor:

S(τ, f) � X(a, τ)e
i2πft

. (6)

S algorithm, short-time Fourier transform, and wavelet
transform are applied to analyse the transient wave signal
and to determine the solution of the S algorithm for time-
varying signal processing. One transient wave signal is
Ricker wavelet whose central frequency is 100Hz, as shown
in Figure 2.

Time-frequency of the energy spectrum can be solved by
S transform, short-time Fourier transform, and Wavelet
transform for the transient wave signal.-e energy spectrum
of time-frequency S transform is shown in Figure 3, the
energy spectrum of time-frequency short-time Fourier
transform is shown in Figure 4, and the energy spectrum of
time-frequency wavelet transform is shown in Figure 5.

Based on Figures 3∼5, time-frequency with S transform
has good solution. However, short-time Fourier transform

Sender

Concrete

Receiver

Figure 1: Schematic representation of experiments.
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fixes the resolution, and the length of window significantly
affects the solution. Time-frequency solution of wavelet
transform also depends on the different wavelets. However, S
transform result is directly related to the signal spectrum and
does not need to set many parameters.

2.3. Phase Velocity Computation. Concrete is a dispersive
material, as the ultrasound phase and group velocity are
different and depend on the frequency. Phase velocities can
be calculated from time-frequency diagrams [26]. -e lo-
calization time of the pulse component with phase f can be
obtained as the first moment of energy:

tf �


N
n�Mn Sn,f




2


N
n�M Sn,f




2 . (7)

Based on formula (7), time tf can be calculated for a
specific frequency of a broadband pulse to cross a dispersive
medium. -en, the transducer-transducer pulse can be used
to compute the phase velocity:

vf �
d

tf

, (8)

where d is the concrete depth.

3. Concrete Structural Detection Experiment

According to the specifications of the mixing ratio and the
moulding process, the model specimen containing square-

hole defects in the concrete was made. -e model specimen
had a height of 1500m and a thickness of 700mm, so that the
testing may be carried out on two symmetric sides. -e four
cavities’ depths were 100mm, 200mm, 300mm, and
400mm (Figure 6). Both specimens’ surfaces were polished
so that they were smooth, bright, and clean. To collect more
data, survey lines were symmetrically arranged along the
defect site survey line on both sides of the model specimen.
From top to bottom, the three measurement lines were
uniformly planned.

-e ultrasonic equipment used was the Pundit PL-200
sonicator from the Swiss company Proceq SA (Figure 7).
During the concrete testing process, the centre frequency of
the ultrasound probe was 54KHz, the sampling interval was
0.1 μs, and the sampling point number was 7,928. Based on
the ultrasonic transmission detection principle, we con-
ducted tests on the concrete specimen. Figure 8 shows the
position of the detection point. -e intact concrete positions
were in the left side of the concrete specimens, and the
positions of the 200mm square holes were in the right side of
the concrete specimen. -e depths of the square holes were
sequentially 100mm, 300mm, 400mm, and 200mm. -e
time-domain signals in the five cases of ultrasonic detection
of the concrete structure were sequentially collected
(Figure 9).

4. Time-Frequency Domain Analysis Based on
S Transform

4.1. Time-Frequency Domain Analysis. First, we took the
ultrasonic signal samples at the position of the intact con-
crete for three times. According to the S transform principle,
the time-domain signal was converted into the time-fre-
quency domain energy spectrum. -e results are shown in
Figure 10. -us, the S transform can effectively turn the
ultrasonic time-domain signal into the energy spectrum of
the time-frequency domain.

-rough analysis of the time-frequency domain in
Figure 10, the instantaneous frequency changes can be
found at three different times of the ultrasonic signal. From
Figure 10, it can be seen that the instantaneous frequency
keeps consistency in the three different times testing signals
for the intact concrete. It can be found the experimental
results are reliable. -e range of the energy spectrum is from
0 to 8,000. In the first phase, a weak energy band occurred
within the range of 0∼20ms, corresponding to a frequency
within the range of 30∼150KHz. -e range of time-fre-
quency may be formed by system noise. In the energy
spectrum of the time-frequency domain, one significant
energy concentration area occurred within the range
160∼280ms, which was first received from the ultrasonic
wave after penetrating the concrete. -e time epoch for the
first wave was about 160ms. Over time, the vibration signal
gradually attenuated and a faint energy band appeared.

When studying the sample of the testing signals at the
position containing the square hole, the time-domain signal
was converted into the time-frequency domain energy
spectrum. S transform can also turn the ultrasonic time-
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Figure 3: Time-frequency with S transform.
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Figure 2: Ricker wavelet signal (100Hz).
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(a) (b)

Figure 6: Concrete structure specimen construction site. (a) Pouring site. (b) Formed concrete slab.
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Figure 4: Time-frequency with short-time Fourier transform. (a) Hamming window 20ms. (b) Hamming window 40ms.
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Figure 5: Time-frequency with wavelet transform. (a) Amor wavelet. (b) bump wavelet.
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domain signal into the energy spectrum of the time-fre-
quency domain. -e results are shown in Figure 11.

Figure 11 shows the ultrasound energy spectrum at
different square hole depths. -e maximum of the energy
spectrum reaches 3,000. In Figure 11, there is a weak energy
band within the range of 0∼20ms, corresponding to the
frequency within the range of 30∼150KHz.-e frequency of
the interference region may have been formed by system
noise. Within the time-frequency near 19∼400ms, the faint
band energy also appeared, and the first wave epoch time
was around 190ms. -en, there was one significant energy
concentration area near the main frequency, forming a
plurality of extreme values in the areas.

-rough the comparison of Figures 10 and 11, the energy
spectrum of the intact concrete structure is much higher
than that of the concrete structure containing defects. When
testing the intact concrete structure, there was one signifi-
cant energy area near the main frequency. But when testing
the concrete structure containing defects, the energy spec-
trum near the main frequency 50KHz may occur with more
energy group, and the time appears to have lagged in the case
of the intact concrete. When the concrete structure is in
defective conditions, significant differences occur compared

to the case of the intact concrete due to the acoustic re-
fraction, reflection, diffraction, and other phenomena.

4.2. Ultrasonic Phase Velocity. In order to study the re-
lationship between the ultrasound frequency and velocity,
the corresponding relationship between the ultrasonic ve-
locity and frequency can be calculated in the extreme region.
From the time-frequency spectrum, Figure 12 shows that the
ultrasonic velocity changes with the frequency in the intact
concrete structure in the three different times testing signals
for the intact concrete.

From Figure 12, it can be seen that the frequency-de-
pendent velocity of the ultrasonic pulse also keeps consis-
tency in the three different time testing signals for the intact
concrete. -en the ultrasonic wave propagated in the intact
concrete structure, the ultrasound velocity changed from
3,500m/s to 3,000m/s in the frequency range of
30∼100KHz. -e ultrasonic wave velocity of 3,500m/s near
the main frequency decayed to 3,000m/s, and then, the
ultrasonic velocity remained unchanged.

When there was a square hole in the concrete structure,
the corresponding relationship between the ultrasonic ve-
locity and frequency could be calculated within the extreme
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Figure 8: Ultrasonic testing concrete detection point schematic.

Figure 7: Pundit PL-200 sonicator.
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Figure 10: Energy spectrum of time-frequency S transform at the intact concrete position: (a) 1st testing signal; (b) 2nd testing signal; (c) 3rd
testing signal.
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Figure 9: Time-domain ultrasonic signals in five cases: (a) intact concrete; (b) square hole depth 100mm; (c) square hole depth 200mm; (d)
square hole depth 300mm; (e) square hole depth 400mm.
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Figure 11: Energy spectrum of the S transform: (a) square hole depth 100mm; (b) square hole depth 200mm; (c) square hole depth 300mm;
(d) square hole depth 400mm.
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Figure 12: Frequency-dependent velocity of the ultrasonic pulse in concrete.
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region. Based on the frequency spectrum, Figure 13 shows
the relationship between the ultrasonic frequency and ve-
locity in the case of the defective concrete.

In Figure 13, when the ultrasonic wave propagated in the
defect-filled concrete structure, the ultrasound velocity
changed from 1,400m/s to 1,300m/s in the frequency range of
30∼100MHz. -en, the ultrasonic velocity remained un-
changed. When comparing Figures 12 and 13, in the defective
concrete structure, the extreme region velocity was much
smaller than that of the intact concrete structure. Since the
ultrasonic propagation velocity in air is smaller than the
propagation velocity in concrete, Figure 13 shows the lower
phase velocity. However, the S-transform analysis of various
defects has almost the same result for all the defects.-e reason
may be that the ultrasonic probes used are very narrowband.

5. Conclusions

Based on the past concrete structure ultrasonic testing
theory, a series of time-frequency analyses were carried out
on ultrasound detection of concrete structures. Using the
multiscale time-frequency of the S transform, S transform
was introduced into the data processing of ultrasonic testing
of the concrete structures. -e ultrasonic phase velocity was
derived based on the spectrum analysis. -en, S transform
time-frequency analysis methods were established. From the
study, several conclusions can be drawn as follows:

(1) -e S-transform algorithm is simple and easy
to implement. It accurately transforms the ul-
trasonic time-domain signal into a time-frequency
domain spectrum and has a significant recognition
effect.

(2) In the defective concrete structure, the energy
spectrum of the S transform has significant differ-
ences from that of the intact concrete structure. -e
time-frequency energy spectrum can accurately test
the presence of defects in the concrete structure
based on the S transform.

(3) In the energy spectrum’s extreme area, the ultrasonic
phase velocity’s change with the frequency can be
calculated. In the case of the defective concrete
structure, the ultrasonic phase velocity is smaller
than that of the intact concrete structure.

-e proposed method needs to be further applied in
actual data for nondestructive detection. Future work will be
conducted on improving the applicability of the method in
practice.

Data Availability

-e data used to support the findings of this study have not
been made available because they are from other institutions
and they do not permit to release the data.
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Figure 13: Frequency-dependent phase velocity of ultrasonic pulse in concrete: (a) square hole depth 100mm; (b) square hole depth
200mm; (c) square hole depth 300mm; (d) square hole depth 400mm.
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