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Abstract. Grouting sleeves are an essential connecting component of prefabricated components, and the quality of grouting
has a significant influence on structural integrity and seismic performance. The embedded grouting sleeve (EGS)’s grouting
defects are highly undetectable and random, and no effective monitoring method exists. This paper proposes an ultrasonic
guided wave method and provides a set of guidelines for selecting the optimal frequency and suitable period for the EGS. The
optimal frequency was determined by considering the group velocity, wave structure, and wave attenuation of the selected mode.
Guided waves are prone to multi-modality, modal conversion, energy leakage, and dispersion in the EGS, which is a multi-layer
structure. Therefore, a time-reversal (TR)-based multi-mode focusing and dispersion automatic compensation technology is
introduced to eliminate the multi-mode phase difference in the EGS. First, the influence of defects on guided waves is analyzed
according to the TR coefficient. Second, two major types of damage indicators, namely, the time domain and the wavelet packet
energy, are constructed according to the influence method. The constructed wavelet packet energy indicator is more sensitive to
the changes of defecting than the conventional time-domain similarity indicator. Both numerical and experimental results show
that the proposed method is feasible and beneficial for the detection and quantitative estimation of the grouting defects of the
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EGS.
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1. Introduction

In recent years, precast concrete technology has made
significant progress that has improved the construction
efficiency of each building component and compensated for
the shortcomings of on-site construction (Wu et al. 2016).
The embedded grouting sleeve (EGS) is an excellent key
for the fabricated building (Tullini and Minghini 2016). The
defects of the EGS, such as the fullness of grouting that can
affect an entire buildings’ health and safety, have therefore
attracted considerable concern. Such connection-related
defects can cause severe losses in extreme situations, even
including the entire property (Yao et al. 2021). The fullness
of grouting is subjected to highly variable factors that
combine with neglect of management, extensive
construction, ineffective supervision, and the effects of the
low refinement degree of construction (Li ef al. 2019, Ma et
al. 2019, Xue et al. 2021). The defects of grouting hidden
inside the EGS make them undetectable. A non-destructive,
real-time, and in-situ measure can be most helpful for the
entire building if the damage can be detected. Hence, an
online debonding monitoring and evaluation technique for
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the EGS is worth developing.

Various researchers have suggested numerous methods
for evaluating grouting defects, and these methods are
roughly divided into destructive and non-destructive testing.
Destructive detection methods, such as embedding damping
sensors, judge the fullness of the grouting according to the
damping amplitude (Yao et al. 2021). Destructive methods
cause some damage to the sleeve and the sensor. Therefore,
non-destructive testing methods should be given priority.
An acoustic emission (AE) technique can monitor the
damage evolution by analyzing the stress wave
characteristics released during interfacial bond failure (Ma
et al. 2019). When AE technology is applied to the defect
detection of sleeve compactness of prefabricated
components, it is susceptible to environmental noise
interference because the sensor is attached to the concrete
surface (Li ef al. 2021). The AE energy signal is superior in
concrete strength and sleeve type but not very sensitive to
the defects of the grouting material. Penetrating gamma and
X-rays provide images of the variation in the thickness of
distribution of defect images and accurate dimensional
measurement (Zhang et al. 2020). However, these methods
of debonding monitoring require radiation safety measures
(Xue et al. 2021). developed an inspection method based on
stress wave measurement for defect detection of fully
grouted and semi-grouted sleeves. The results showed that
stress wave measurement is sensitive to grouting defect
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size. But this method requires multiple sensors and does not
place the grouted sleeve into the precast structure. Phased
array ultrasound technology can be used to image the
internal structure and defects of the grouting sleeve, and
obtain high-resolution images of the cross-sections (Liu et
al. 2021). However, this method typically involves an array
of multiple sensors, which depends on the sensor density
and incurs a high cost. The research on the above
techniques provides ideas for grouting defect monitoring.
However, the requirements of real-time, high-precision, and
quantitative descriptions of the EGS are still difficult to
meet.

This paper reports a study on an in-service defect
monitoring method for EGS that utilizes ultrasonic guided
waves because of their remarkable properties of high
accuracy, fast propagation, excitation convenience, and
inexpensive implementation (Mitra and Gopalakrishnan
2016, Zhang et al. 2019). The method can be potentially
developed into a real-time debonding monitoring and
assessment tool for large-scale concrete structures. The
generation of guided waves requires specific boundary
conditions, like tube, cylinder, or plate (Zheng et al. 2019).
In the case of a cylinder-like EGS, these guided waves
include the longitudinal, bending, and torsional modes.
They have become a promising candidate for structural
health monitoring (SHM) due to their high sensitivity to
even structural damages (Guan et al. 2017, El Najjar and
Mustapha 2020). When assessing damage, the attenuation
coefficent defined based on the amplitude of the guided
wave signal, the guided wave modal velocity, and the peak
value of the spectrum after Fourier transform, and nonlinear
parameter have become essential parameters (De Barros et
al. 2004).

Nevertheless, the guided wave is currently only used in
components with simple waveguide structures. If a very
complex multi-layer structure is detected, grouting
detection will be difficult to achieve as the attenuation,
multi-mode, and dispersion of guided waves. Guided wave
technology has successfully detected the grouting fullness
of a single sleeve (Li and Liu 2019), but the sleeve has not
been placed into concrete, thereby lacking in practical
guidance. When guided waves propagate along pure steel,
only the steel material’s attenuation is considered.
Nevertheless, for structures that have multi-layer mediums,
such as EGS, the phase velocity of the guided wave in the
steel bar is higher than the shear, and the longitudinal
velocity of the surrounding medium has a high attenuation
effect on the propagation of the guided wave along the steel
bar (Beard et al. 2003, Sun and Zhu 2020). Given these
guided waves’ limitations, some researchers have developed
multi-mode suppression techniques and modal separation
analysis (Hay and Rose 2002, Xu et al. 2012, Zhu et al.
2018). However, they are usually suitable only in situations
where the number of guided wave modes is small, and
accurate prior information is required. Therefore, it is
challenging to apply to the EGS structure. However, time
reversal (TR) technology can be used for guided wave
multi-mode  focusing and  automatic  dispersion
compensation and does not require any prior information
(Saitoh and Ishiguro 2021). Thus, this technology can be

used in EGS structures to overcome the adverse effects of
multi-modality and dispersion phenomena.

TR technology can be automatically focused on solving
the two problems of complex sensor and signal processing
in the application of guided waves for multi-layer
structures. In the ultrasound field, Ing and Fink (1998) first
proposed the concept of TR. Since then, the TR method has
been widely used in guided wave damage identification and
has achieved good results in plate inspection (Mustapha et
al. 2012, Wang et al. 2015). Sutin et al. (2003) employed
the concept of TR to apply the inelastic properties of cracks,
indicating that the TR technique can successfully focus on
crack damage location. Qiu and Yuan (2011) used the
nonlinear damage TR similarity characteristics in composite
material damage detection. When the time-reversed signal
passes through the defect, the reconstructed signal will
change significantly to evaluate the interface damage of the
composite structural material board. In reinforced concrete
structures, Mustapha et al. (2014) employed the signal
obtained by the TR method to construct the similarity
damage index of reinforced concrete beams, confirming the
effectiveness of the TR method in indetifying reinforced
concrete. Hong et al. (2016) judged the quality of the bolt
connection according to the peak value of the focus point.
Du et al. (2016) used a real-time quantitative detection
method for the depth of pipeline corrosion pits and
confirmed that the focus signal based on TR could judge the
pipeline corrosion state. However, ultrasonic guided waves
based on TR have not been used to analyze the fullness of
grouting of the EGS.

This paper proposes an ultrasonic guided wave method
based on TR for monitoring and evaluating EGS grouting
defects. First, the basic principle of the TR method of
guided waves is introduced. Second, a simplified numerical
model is proposed, and the model’s validity is confirmed.
According to the dispersion curve, wave structure, and
attenuation coefficient, the optimal frequency and number
of cycles of the excitation signal are determined. Then, four
EGS specimens with different defect levels are designed,
and guided wave monitoring is carried out. Hilbert
transform is applied to extract the wave packets of the
L(0,9) mode, which is highly sensitive to defects, followed
by TR. Finally, an energy similarity indicator is constructed
based on the wavelet packet analysis, which need not be
compared with the health signal. The numerical simulation
and test results based on TR show that the damage can be
quantitatively reflected. This paper considers the influence
of concrete cover, and proposes developing an efficient
non-destructive technique for monitoring grouted sleeve
(GS) embedded shear walls, especially in large-scale
concrete structures.

2. Proposed methodology

A multi-modal phenomenon occurs in the EGS, and
different modes have different wave structures, causing the
superposition of signals to change with the size of the
grouting defects. This phenomenon makes the evaluation of
the EGS grouting defects difficult through the existing
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Fig. 1 Time-reversal method of EGS

indicator evaluation. The TR method has been proven to
eliminate the influence of multi-modal guided waves,
facilitating the assessment of structural damage. The modes
of wave can be described as in form of Cartesian notation as
(Rose 2014)

2
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In the formula, p is the density. A, and pu are the
Lame constants. u is the displacement. t is the time. V
represents the Hamiltonian operator. Using the stress
boundary condition, three modes of guided wave
propagation in the cylinder are obtained, namely
L(n,m), T(n,m) and F(n,m), where n is related to the
geometric characteristics of the cylindrical structure, and m
represents the order of the wave. The TR method can be
performed because the Eq. (1) only contains even order
derivatives, as shown in Fig. 1.

According to Fig. 1, piezoelectric ceramic sheet A
receives the N period F frequency signal, the energy of
the time domain signal is expressed as E;, and the
frequency domain signal is expressed as V(w). Then,
piezoelectric ceramic sheet A excites the guided wave to
propagate in the sleeve (Step 1).

E =k (w)V(w) ()

where k; (w) is the electromechanical coefficient of PZT A,
and the time domain signal of PZT A can be expressed as

1 (® .
V(b)) = ﬂf_ Vi(w)e*tdw (3)

The signal transmitted by the guided wave to the PZT B
can be expressed as (Step 2)

E; = G(w)ky(0)V1(w) (4)

where G(w) is the transmission coefficient of the sensor
path at both ends of the sleeve. The signal received by the
PZT B piezoelectric ceramic sheets can be defined as

V2 () = k3 (@)ky ()V3 (0) G (w) )

The sensors at both ends are from the same factory, and
the production models are the same. Thus, the signal can be

expressed as

V2 (@) = Vi (w0)G(w) (6)

The time of the V,(w) signal is reversed. According to
the time-frequency domain cyclic shift theorem, the time-
domain signal turning is equivalent to the frequency-
domain conjugate, so the inverted signal can be expressed
as

V3 (@) = Vi’ (0)G" () (7

The inverted signal is re-energized by PZT A(Step 3),
and the signal received on PAT B is

V7' (@) = V' (0)6" (0)G(w) ®)

The guided wave signal received by PZT B is
reconstructed as (Step 4)

V(@) == V1(0)G(0)G" (w) )

According to the complex conjugate rule, a complex
number is multiplied by its complex conjugate, and the
result is a real number

G'(w)G(w)=2Z (10)

where Z is the TR coefficient. Therefore, the finally
obtained guided wave reconstruction signal can be
expressed as

Va(w) = ZVy(w) (11)

,(t) = % f ) 7V, (w)ei“tdw (12)

If the transmitted signal is unaffected by the frequency,
reconstructed signal V,(t)and excitation signal V;(t) have
the same shape. If the transfer function is unaffected by
frequency, then the reconstructed signal has the same shape
as the excitation signal. However, the transfer function is
dependent on frequency, then a big difference will exist
between the reconstructed and original signals. The transfer
function in a specific mode can be expressed as (Gresil and
Giurgiutiu 2015, Huang et al. 2018)

1 )
G(w) = A(w) NG e~ S(@reik(@)r (13)

where A(w)is mainly affected by the sensor characteristics,
the coupling parameters, and the structural response
amplitude parameters;

represents the geometric

1
7
attenuation of the sound wave; e $(“)T represents the
damping attenuation of the sound wave, which is
determined by damping —{(w), —{(w) represents the
geometric dispersion of the sound wave. TR coefficient Z
is also affected by frequency and damping, which can be
expressed as

7 = A*(w)e~2¢(@ryp—1 (14)

The above formula shows that TR technology can
effectively eliminate geometric dispersion. If the excitation



44 Jiahe Liu, Li Tang, Dongsheng Li and Wei Shen

of guided waves generally uses narrow-band modulation
signals, the amplitude parameters and damping can be
considered approximately unchanged (Fink 1992, Huang et
al. 2018). Therefore, the reconstructed and excitation
signals are roughly unchanged. However, grouting and
concrete materials have a strong dissipative effect. When
the ultrasound is in the Rayleigh zone, the scattering
attenuation effect of grouting and concrete is approximately
positively correlated with the frequency (Philippidis and
Aggelis 2005). This phenomenon results in the strong
frequency dependence of damping, which destroys the
invariance of TR to a certain extent. When grouting defect
occurs, the dissipation of guided wave energy is avoided,
and the similarity between the reconstructed and original
excitation signals increases. This similarity change will
provide guidance and suggestions for evaluating the
grouting defects in the EGS.

3. Experimental, numerical, and theoretically
model

3.1 Experimental setup

A concrete wall that is 750 mm wide, 160 mm deep, and
1000 mm long, as shown in Fig. 2(a), is used in the study.
Four half-grouted sleeves with rebars of 18 mm in diameter
are embedded within the wall. The rebars are extended
outside the concrete by 100 mm on either side of the wall to
enable free access to guided waves. Piezoelectric
transducers (PZT D33) are used for the excitation and
reception of guided waves. The PZT diameter is 18 mm,
and the thickness is 15 mm. The PZT is connected to the
bayonet nut connector by a dual-core shielded wire. When
PZT is used as an exciter or a sensor, it is connected to a
signal generator or a data acquisition system. Each PZT is
bonded to the rebar end faceby a coupling agent.

A 5-cycle Hanning window with a central frequency of
70 kHz and a peak-to-peak voltage of 9 V, as decipted in
Figs. 2(b)-(c), is generated in the function generator and
applied to PZT, as expressed in the following equation. The
response is received by another PZT using an oscilloscope
at the far end of the wall. The output signal is acquired with
a sampling frequency of 5 MHz. The complete monitoring
process of the guided wave is outlined in Fig. 3.

Y(t) = v[%(l—cos Z'ETM)]-sin @-7-f-0) (15)

where y(t) represents the voltage excitation, amplitude v
takes the value of 9 V, t is the time, f is the center
frequency, and n is the number of cycles.

3.2 Grouted sleeve specimens

In this study, to prove the applicability of the proposed
detecting method for EGS with guided wave-based TR
measurements, half-grouted sleeves that have been widely
used in practice are experimentally studied. In prefabricated
structures, for column-to-cap and column-to-column joints
or wall-to-wall joints, EGS joints are threaded into one end,
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Fig. 2 (a) Schematic diagram of the RC wall; (b) Time-
domain of 70 kHz input signal; and (c) Frequency-
domain of 70 kHz input signal
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Fig. 3 Guided wave monitoring process diagram

Table 1 Technical parameters of the investigated EGS joints

(Unit: mm)
Type Rebar  Sleeve inner Sleeve outer
length Inserted Length diameter  diameter diameter
GT18 193 144 18 30.5 40
Table 2 Material properties
Elastic . Sleeve Dielectric
Type Density . .
leneth modulus (ke/m’) inner constant in
& (GPa) & diameter  vacuum (C/m)
GT18 200 0.25 7850 -

Steel rebar 200 0.3 7800 -
Grouting 5 0.2 2320 -
material
Concret 30 0.2 2400

PZT - - - 8.85E-12
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and the other steel is grouted into the opposite end. The key
technical parameters of the studied EGS joints are shown in
Table 1. The material specifications in the experiment are
listed in Table 2. Four EGS specimens with the type of
GT18 are investigated. One sample is grouted well, and the
other three have different degrees of artificially
manufactured grout defects.

3.3 Design of artificially manufactured grout
defects in grouted sleeve specimens

The grouting defect of the specimens is manufactured
artificially with an ethylene-vinyl acetate (EVA) foam
material and compared with one perfect sample. The grout
defect types are along the length of the rebar, and the
thickness direction remains unchanged for different defect
levels, only changing the length direction. EVA polymer
foam is uniformly and continuously wrapped on the steel
until the outer diameter of the EVA is the same as the inner
diameter of the sleeve. Then, the steel is inserted into the
GS specimens. The EVA foam material will be gradually
filled with the insertion of the grouting material between the
sleeve and the steel bar. The EVA foam material can
simulate grouting defects very well because of its
lightweight, good adhesion, moisture proof, and waterproof
advantages. In this paper, the ratio of the length of the EVA
foam polymer wrapped steel bar to the size of the inserted
steel bar is used as the grout defect degree. The grout defect
dimensions of all of the four specimens are decipted in
detail in Table 3.

3.4 Numerical and theoretical modeling

In this paper, the finite element analysis software
Abaqus/CAE is selected to generate the numerical model of
the EGS. Concrete, grouting, sleeve, and steel bars are the
different components used, and their properties are shown
in Table 2. They are bound by the TIE constraint in the
numerical model, which serves as a boundary condition
ensuring the continuity of displacement and stress between
the rebar, sleeve, and the grout. The defect simulation
adopts the elements deletion method, and the analysis type
is explicit dynamics. The total simulation time is 1 ms. The
mesh dimension should meet at least eight elements for
each wavelength, so 1 mm is selected as the mesh
dimension. The time step is set to 4E-4 ms to ensure that at
least 10-time steps are used in a cycle.

The solution of guided waves propagation along the
axial direction in columnar structures has been extensively
studied. Interference occurs when waves propagate along
the columnar structure. The dispersion curve is a collection

Table 3 Material properties

Specimen No. Defect length (mm)
S1 0 (perfect status)
S2 36
S3 72
sS4 108

of all wave modes that satisfy the condition of constructive
interference. For example, the curve can be expressed as the
relationship between frequency and phase or group velocity.
At present, the dispersion curve can be calculated using the
GUIGUW software and PCdisp programs available in the
market. The former uses the semi-analytical finite element
method and forms a graphical interface with an intuitive
operation (Bocchini et al. 2011). The latter uses a modal
analysis method based on Pochhammer-Chree (PC) theory
to solve the behavior of cylindrical waveguides by using
MATLAB as the working environment (Seco and Jiménez
2012). The calculation of the dispersion curve of the EGS is
very complicated because the geometry of the sleeve, the
steel bar, and the concrete wall are different. A previous
analysis used the approximate size of the steel bar and
considered that the length of concrete is infinite. However,
the size of the concrete wall is limited in practice. Thus, if
the dimension of the concrete in the wall is finite, the results
might be erroneous.

In this study, the cubic concrete geometry is
approximately simplified to a cylinder, as decipted in Fig. 4,
with an effective radius, R4; the inner sleeve radius, R3; the
grouting radius, R2; and the steel bar radius, R1. The value
of R4 is taken as the depth of concrete, that is, 80 mm. The
properties of the four-layer material are shown in Table 2,
which are used to calculate the dispersion curve. The group
velocity dispersion curve is generated using a PCdisp
program.

Rebar —@
Grouting——@

Sleeve

Rl:radius of rebar

R2:radius of grouting
R3:radius of sleeve
R4:effective radius of concret

Fig. 4 Approximation of RC wall fabricated for the aim of
dispersion curve

Experiment_S1]
Numercical_S1

Normalized amplititude
e
(=]
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Fig. 5 Comparison of experimental and numerical models
in a health state. The dots represent the peaks of the
first wave
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Fig. 6 Group velocity dispersion curves of EGS

The accuracy of the theoretical model in a healthy state
is necessary for the damage assessment of structural
components. The model under the healthy state is the EGS
without grout defects in the numerical simulation. Fig. 5
shows no significant difference in the number of wave
packets and the flight time between the experimental and
numerical results. It can be seen that due to the
experimental equipment and the surrounding environment,
the experimental signal will have =zero frequency
components relative to the numerical signal. The zoomed
figure shows that both the experimental and numerical
signals show a clear first wave (L(0,9)), which overlaps less
with other modes. In addition, the peak values of the first
waves of the two are only 4us apart, much smaller than one
period of the emitted wave. Therefore, the proposed
approximate calculation theoretical model is adequate. The
author uses the PCdisp program to calculate the relationship
between the group velocity and frequency of the EGS, and
the result is shown in Fig. 6.

4. Results and discussion
4.1 Frequency selection

As shown in Fig. 6, the propagation of guided waves in
the EGS structure is complex and has many modes. Given
that the concrete material wraps the steel bar and is a typical
anisotropic material, ultrasonic waves will scatter on its
surface. Therefore, the ultrasonic waves in concrete can be
divided into three states: the Rayleigh, random, and
geometric zones (Planes and Larose 2013). When the
wavelength is much smaller than the geometric size and
larger than the aggregate size, the wave propagation is in
the Rayleigh region. The corresponding frequency range is
approximately 20-150 kHz (Kiihn et al. 2006), and the
primary manifestation is interference waves. As the
frequency increases to approximately 150 kHz to 1 MHz,
the wavelength is equivalent to the size of the concrete
aggregate (Frojd and Ulriksen 2017). The coherent wave
decreases, the incoherent wave increases, and the wave is in
the random region. When the frequency exceeds 1 MHz, the
wave propagation is in the geometric area, and the wave
will be severely attenuated, and thus rarely used in practice
(Planes and Larose 2013). At present, the application of
ultrasound in concrete structures is mainly concentrated in

Table 4 The choice of the best mode for EGS

Approximate
frequency (kHz) 50 70 90 100 120
Mode L(0,4) L(0,9 L(0,11) L(0,12) L(0,14)

the Rayleigh area. Many experiments and numerical
simulations have shown that the attenuation coefficient of
sound waves is positively correlated with frequency. The
higher the frequency is, the more serious the attenuation
will be (Asadollahi and Khazanovich 2019). Therefore, this
article also focuses on selecting a guided-wave frequency at
20-150 kHz. In the EGS wave structure, the appropriate
frequency will directly affect the evaluation result. The
most suitable frequency for EGS grouting defect evaluation
is determined from three aspects: group velocity, wave
structure, and attenuation coefficient. First, as shown in the
group velocity diagram, the group velocity of a single-mode
at a specific frequency is significantly greater than that of
the other modes, and this point has relatively weak
dispersion characteristics. Fig. 6 shows the approximate
locations of the five points with the evaluation potential
listed below in the Table 4.

Second, to clarify the wave structure of these five modes
in the EGS, numerical simulation was used to obtain the
power flow density across the entire cross-section at the
grouting part of the EGS, and the theoretical wave structure
is plotted in Fig. 7.

Numerical results and theoretical values are normalized
and show a good correlation. These five modes belong to
the fastest modes at a specific frequency, but exhibit
different wave structures. As shown in Fig. 7, the L(0,4)
mode shows that the energy is mainly concentrated in the
concrete, which makes it difficult to effectively identify the
lack of grouting material. In contrast, the energy of the
other four modes is mainly concentrated at the interface
between the steel bars and the grouting material, so these
four modes are more susceptible to grouting defects. This is
because the vibration of the L(0,4) mode mainly occurs in
the concrete, and if there is no grouting material, the energy
cannot show significant changes in this area. The vibration
of the other four modes mainly occurs at the interface
between the steel bars and the grouting material, so they are
more sensitive to grouting defects. Therefore, 50 kHz is no
longer considered as the working frequency. Finally, to find
the optimal frequency, the attenuation curve of the received
signal is calculated at the remaining four frequencies. The
attenuation values of the experimental and numerical results
are shown in Fig. 8. The energy attenuation of the received
signal is positively correlated with the frequency. For the
EGS structure, when the velocity and the wave structure are
applicable simultaneously, 70 kHz is selected as the
excitation frequency after comparing the attenuation
coefficient. Meanwhile, the relatively small frequency also
plays a role in reducing the mode.

Narrow-band signals can suppress dispersion to a certain
extent (Huang et al. 2018). After determining the excitation
frequency of the Hanning window, the number of cycles
also greatly influences the application of guided waves. The
following Fig. 9 shows the signal diagrams of the 5-, and
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12-period Hanning window modulations at a center
frequency of 70 kHz. It can be seen that the higher the
number of cycles of the modulation signal is, the more
concentrated the frequency spectrum is, suppressing the
dispersion phenomenon well. However, the width of the
time-domain signal increases with the number of cycles,
which will cause the time-domain signals to overlap and the
signal uncertainty to be increasingly significant (Su et al.

2006). Therefore, spatial and temporal resolutions should be
considered in practical applications. Wilcox et al. (2001)
proposed a minimum resolution dimensionless parameter to
compare different operating points. On this Therefore,
spatial and temporal resolutions should be considered in
practical applications. Besides, this paper proposes a period
selection method suitable for a specific model at a particular
frequency in the EGS waveguide structure. Under the
condition that the frequency spectrum is concentrated, the
resolution of the first wave packet is optimized, that is, the
minimum period N should meet the following

(oot — Vi) = Nf 71 >0 (16)

where v, is the speed of the fastest mode of group
velocity, vge. is the speed of the group velocity in the
second mode, and f is the center frequency of the
excitation signal. The theoretical number of cycles should at
least satisfy this formula. The difference between the fastest
L(0,9) and the next L(0,5) at 70 kHz is approximately 600
m/s, so the calculated N should be less than 6. Therefore,
the most suitable excitation signal for the EGS structure is
the 70 kHz Hanning window under five cycles.

47



48 Jiahe Liu, Li Tang, Dongsheng Li and Wei Shen

1.0 — S-period |
— 12-period
0.5 1
(]
2 0.0 ]
3
oot
-0.54 1
-1.0+ ]

0.00 0.03 0.06 0.09 0.12 0.15 0.18
Time (ms)

(a) Time domain

100 T T . r

80+ — S-period
%04 — 12-period|

40

Amplitude

20

0

0 30 60 9 120 150
Frequency (kHz)

(b) Frequency domain

Fig. 9 Frequency 70 kHz sinusoidal modulation signal diagram under different cycles

Wavenumber(rad/mm)

0 2 4 6 8

10 12
Frequency(Hz) «10%

Fig. 10 Frequency wavenumber analysis diagram of EGS
structure

4.2 Level 2Longitudinal guided waves for detection
of EGS

Frequency—wavenumber  analysis  (2D-FFT) s
performed to extract the modal information of the signal
(Michaels et al. 2011). The wavenumber represents the
spatial characteristics of the signal, and frequency refers to
the time characteristics of the signal. The primary
expression is

+00 400
V(f, k) = f f v(t, x)e TR gedy  (17)

where V(f,k) is the value of the signal in the time and
space domains, v(t,x) represents the received signal, t is
the time data, and x is the spatial data.
Frequency—wavenumber analysis was performed on the
steel bar propagation path, and the longitudinal
displacement was obtained every 2 mm within 0.1 ms. Fig.
10 shows the various wave modes obtained from 0 to 150
kHz with the PCdisp results. The spectrogram summarizes
three key points. First, the primary energy of the guided
wave is concentrated around 70 kHz, and the phenomenon
of dispersion prevents the effective extraction of a single
mode. Meanwhile, a large number of PZT slices cannot be
arranged to obtain the wave number in the actual structure.
Second, the numerically and experimentally obtained
signals are from these modes and not from the interface
reflections. Third, the energy of L(0, 9) occupies a large
proportion among the numerous modes. Therefore, these
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Hilbert envelopg

—
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!
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Fig. 11 Schematic diagram of the extraction of the cut-off
signal of S1

points show that the TR method of guided waves is highly
advantageous for this structure.

Fig. 11 shows the reception diagram of the test piece
(S1) in the experiment and the envelope obtained by Hilbert
transform. The signal has multiple wave packets, and a
certain amount of superposition occurs between each wave
packet. Therefore, the waveform used for reversal is very
important to the TR effect. The all-received signal need not
be used for time reversal. On the one hand, some modes are
insensitive to damage and consume a huge amount of
memory and time. On the other hand, the TR process causes
the guided wave to experience secondary damping loss,
resulting in a small residual wave in the received signal,
which has a weak influence on the reconstructed signal. For
this reason, the previous work analyzed the optimal
frequency to find the most suitable wave packet for TR, that
is, L(0,9). The wave structure of L(0,9) is sensitive to
grouting defects, and the speed is much higher than that of
the second mode. The frequency—wavenumber analysis also
confirms that the L(0,9) mainly exists in the propagation
path. Even when seeking the optimal number of cycles,
L(0,9) will theoretically be separated from the wave packets
of the other modes. Given its dispersion phenomenon,
L(0,9) will appear elongated in the time domain. Therefore,
the first two wave packets are selected for TR to ensure that
all L(0,9) waves return to the excitation point. The
technology for automatic extremum identification
determines the specific time point. Fig. 12(a) shows the
received signal of the values of the four test pieces, and
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Fig. 14 Schematic diagram of extraction of effective time
area of specimen S1

Fig. 12(b) presents the received response of the four test
pieces in the field test. The selection method of the cut-off
signal is the same as that of the test piece of S1. After
cutting off the signals obtained from different specimens,
they are re-acted on the excitation point.

4.3 Relationship between similarity and defecting

The signal received by the receiver for the second time
is filtered in the time domain, and the time-reversed signal
is corrected in time according to the start and end time of
the time truncation window of the reversed signal. Fig. 13
shows the reconstructed signal diagrams of the experiment
and numerical simulation, and the effective time area is the

time width of the original excitation signal. The converted
signal is extracted according to the effective interval of the
original excitation signal to characterize the defect
information, as shown in Fig. 14.

4.3.1 Damage identification based on time
similarity

According to the definition of the TR coefficient in
Section 1, the damping and frequency dependence of the
grouting will destroy the invariance of TR, resulting in
inconsistency between the correction and excitation signals.
The lack of grouting avoids the leakage of the energy
propagating along the steel bars, which will increase the
similarity between the correction and excitation signals. To
this end, a time-domain signal damage index (TDI) is
constructed. The TDI is the most common evaluation
index applied in the TR method. Meanwhile, the index
meets the requirement that no baseline can improve the
evaluation accuracy and does not require any comparison
with the health signal, as shown in the following formula

(S V() - Ver(®) - dt)’
Jio Ve(®) - dt - [ii Vir(®) - dt

TDI = (18)

where 1 (t)is the excitation signal, and V,,.(t) represent
the time domain responses of the excitation signal and the
reconstructed signal, respectively. The schematic diagram
of their extraction process is shown in Fig. 14. t0 and t1
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are the respective start and endpoints of the original
excitation signal. The larger the TDI value is, the stronger
the similarity between the signals is.

Fig. 15 shows the variation of the test and numerical
TDI with the degree of grouting defects. The similarity
coefficient is calculated according to Eq. (18). Before
calculation, the original and reconstructed signals are
normalized. The numerical value and the experimental
indicators tend to increase with the grouting defect.
However, the increase does not exceed 0.01, making the
evaluation of the defect’s size difficult. The sidelobe
packets formed on both sides of the corrected signal will
also cause uncertain factors. In addition, the grouting
material has a strong scattering attenuation effect on the
high-frequency part of the signal, causing the waveform to
oscillate at the edge (Sohn et al. 2007). Therefore, a highly

sensitive indicator for EGS grouting defects must be
proposed.

BRI

(%) SJURIIIFa0d ¥

(a) Experimental signal

4.3.2 Damage identification based on wavelet
packet energy
The study of signal changes over time is called time-
domain signal analysis. This type of analysis completely
ignores the natural frequency of the structure. Fast Fourier
transform is usually used for the frequency analysis of
signals, but its shortcomings are due to the periodicity
assumption of Fourier changes. To overcome the limitations
of the two methods above, wavelet transform, which can
deal with non-stationary signals well and eliminate of the
periodicity assumption of Fourier transform, is proposed.
However, wavelet analysis can only further process the low-
frequency part but cannot decompose the high-frequency
component. Wavelet packet analysis is based on wavelet
transform while further decomposing the high-frequency
portion of the signal (Stephane 1999). As shown in Fig.16,
‘L’ represents the low-frequency part of the signal, and ‘H’
represents the high-frequency component of the signal. The
choice of the wavelet basis function should be similar to
that of analyzing the signal waveform, so this article
chooses the ‘Demy’ basis function for wavelet packet
decomposition.

Given that the TR coefficient is affected by the damping
and frequency dependence, the proportion of high-
frequency components of the correction signal will increase
with the grout defect level. For this reason, a new wavelet
packet damage indicator (WDI) is proposed as

(IS Ea(®) - Ewn(®) - dt)”

WDI =
Jy Eq(t)-dt- 5 Ep(t) - dt

(19)

where E, and E,, are the energies of each frequency band
of the excitation signal and the reconstructed signal after
wavelet packet decomposition, s is the number of nodes
after wavelet packet decomposition. The lack of grouting
will change the energy distribution in each frequency band.
This indicator belongs to the category of no baseline and
need not be compared with any baseline signal. As the level
of grouting defects increases, the WDI will increase
accordingly.

After the signal is sampled, the sampling frequency is
500 Khz, which satisfies the Shannon sampling theorem. At
this time, the frequency range corresponding to the 0 node

SleABM
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(b) Numerical signal
Fig. 17 Wavelet packet energy distribution of experimental and numerical signal
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the degree of grouting defects

is 0-250 kHz. The energy distribution of the corrected
signal after the 4-layer wavelet packet decomposition is
decipted in Fig. 17. The frequency width of each interval is
15.625 kHz. It can be seen that the proportion of frequency
components of the signal will gradually change as the level
of grouting defects increases. In addition, to better illustrate
the impact of grouting material on the frequency band, the
ratio of the relative high-frequency part (125-250 kHz) to
the total spectrum was further extracted from Fig. 17, prior
to the index evaluation. It was found that the ratio of the
high-frequency part increased by 7% in the experimental
signal, while it increased by 19% in the simulated signal,
when the defect level rose from 0% to 75%. This
phenomenon of high-frequency shift of the ultrasonic
frequency band caused by the absence of cement-based
materials has also been reported in Na et al. (2003).

According to Eq. (19), the WDI of different defect
levels is calculated as shown in Fig. 18. The numerical and
experimental WDI values approximately increase linearly
with the grouting defect level. Therefore, the higher the
grouting defect level is, the greater the WDI value is, and
the waveletpacket energy index can reflect the degree of
grouting defect well. However, the experimental result and
the numerical analysis result do not match exactly, which
may be due to the following factors: EVA foam was used as
a surrogate for the grouting material and the defect in the
experiment, but EVA changed shape under the compression
of the surrounding grouting material, creating irregular
defect boundaries that deviated from the finite element
model; the ribs on the rebar were omitted in the numerical
analysis model, which might alter the ultrasonic frequency
band distribution; the rebar and concrete in the numerical
model were assumed to be elastic, and their viscoelastic
properties were not accounted for. Nevertheless, both WDI
and TDI can faithfully reveal the trend of defect changes,
and WDI index has a higher sensitivity.

5. Conclusions

The characteristics of the guided waves propagation in
the EGS without and with grouting defects are
systematically investigated in the present study using
analytical, numerical, and experimental analyses to develop
PZT-induced wave-based SHM methods for grouting

defects. The traditional guided wave scheme is unsuitable
for multi-inter structure because it has many modes, high
attenuation, and dispersion, which directly complicate the
guided wave signals and the signal’s characteristics for
damage identification. Therefore, a TR-based multi-mode
focusing and dispersion automatic = compensation
technology is proposed to eliminate the multi-mode phase
difference in the EGS. Four EGS specimens without and
with different grouting defects are designed and
experimentally investigated to prove the efficiency and
practicality of the proposed method. The following
conclusions can be drawn based on the experimental and
numerical study.

* The finite size of the medium is considered for
calculating the dispersion curve. The comparison of
the numerical and experimental signals and the
theoretical wave structure confirm that the
approximate EGS model could effectively replace
the full-scale three-dimensional model of the actual
EGS. Therefore, the model is very cost-effective.

o The success of guided wave detection largely
depends on the choice of wave mode. For this
reason, numerical values, theoretical analysis, and
experiments are combined to provide a set of
optimal frequencies and cycles suitable for EGS
structures. The wave packets that are sensitive to
defects are found through Hilbert transform, and the
TR operation is performed. The TR method can
realize the multi-mode automatic focusing and
dispersion compensation of guided waves, thereby
eliminating the phase difference of different modes
in the EGS.

* The conventional indicator of TR does not change
significantly with the defects, so the WDI is
proposed to reflect the frequency under different
damage degrees. Wavelet packet analysis can avoid
the inherent periodicity assumption of Fourier
transform and decompose the signal at high
frequency. The WDI decomposed by the $Demy$
wavelet four-layer can effectively evaluate the defect
length in the numerical and experiment values. As
the defect increases, the WDI value changes
significantly. Meanwhile, the WDI does not require
prior structural information, which is conducive for
developing baseline-free damage identification for
large structures.

* In this study, the EGS is in a stress-free state. Further
research should focus on the method’s applicability
under complex stress states.
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