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ABSTRACT

Grouting defects are an inherent challenge in construction practices, exerting a considerable impact on the opera-
tional structural integrity of connections. This investigation employed the impact-echo technique for the detec-
tion of grouting anomalies within connections, enhancing its precision through the integration of wavelet packet
energy principles for damage identification purposes. A series of grouting completeness assessments were meti-
culously conducted, taking into account variables such as the divergent material properties of the sleeves and the
configuration of adjacent reinforcement. The findings revealed that: (i) the energy distribution for the high-
strength concrete cohort predominantly occupied the frequency bands 42, 44, 45, and 47, whereas for other
groups, it was concentrated within the 37 to 40 frequency band; (ii) the delineation of empty sleeves was effec-
tively discernible by examining the wavelet packet energy ratios across the spectrum of frequencies, albeit distin-
guishing between sleeves with 50% and full grouting density proved challenging; and (iii) the wavelet packet
energy analysis yielded variable detection outcomes contingent on the material attributes of the sleeves, demon-
strating heightened sensitivity when applied to ultrahigh-performance concrete matrices and GFRP-reinforced
steel bars.
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1 Introduction

Prefabricated construction has been an important part of building industrialization and has formed a
large scale of construction. Prefabricated buildings are the only way for the construction industry to
achieve high-quality development [1]. The overall working performance of prefabricated concrete
structures has attracted much attention, especially the connections between components, which are highly
important for ensuring the overall performance of structures. The grouting connection of steel sleeves is
one of the main connection methods commonly used, and the quality of this connection directly affects
the safety of the structure [1,2], as shown in Fig. 1.
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Grouting sleeve

Figure 1: Schematic diagram of the steel sleeve connection

At present, the research applied to grouted sleeves involves the detection of different defect forms and
materials with different characteristics [3—5], but there are still many problems to be solved in the defect
detection of grouted sleeves. For example, when different materials are applied to grouted sleeves, the
detection and analysis of grouted defects become more difficult. At present, radar detection methods,
ultrasonic detection methods and impact echo methods are widely used in nondestructive testing of
grouted sleeves [6—9]. Among them, the radar detection method is mainly used to locate the position of
the sleeve, but it is impossible to determine the internal defects. The ultrasonic method has been used due
to its low hardware requirements, excellent directivity, and strong penetration ability [10], but they
require point-by-point measurements [11]. The impact echo method has many advantages such as easy
operation, high efficiency, and low cost [9], which meet the application requirements of field detection
technology for prefabricated building concrete structures. However, the signals received through this
method often include surface waves and body waves, which can cause reflections and diffractions,
leading to an unstable impact response of the structure. Fourier transform, which is based on stationary
signals, further complicates the frequency spectrum and hinders the extraction of characteristic
frequencies. As a result, the lack of detection accuracy persists.

As an advanced mathematical tool, wavelet packet analysis has been widely used in various signal
extractions [10]. Due to the complexity of signals used for impact echo detection in sleeves, wavelet
packet analysis has emerged as a viable solution as it can accurately distinguish between high-frequency
and low-frequency components of such signals. By combining impact echo signals with wavelet packet
energy analysis technology, impact echo signals can be decomposed through wavelet packet energy
analysis and the sleeve defect is detected based on the different frequency bands of the wavelet packet
energy. This novel approach significantly improves the accuracy of the impact echo detection method and
effectively compensates for the deficiency in impact echo detection accuracy [12,13].

Based on the above background, this paper focuses on factors such as the defect degree of a typical
semigrouting sleeve, sleeve material, specimen strength, the type of grouting material, and the type of
connecting bars. The study aims to determine whether there are any defects present in the sleeve and to
assess the influence of these various factors on the detection method. This is achieved by analyzing the
differences in the frequency band distribution of the wavelet packet energy obtained through the
decomposition of the impact echo signal using wavelet packet analysis. The findings from this research
can provide valuable insights into nondestructive testing methods for grouting steel sleeves.

2 Principle

2.1 Impact Echo Method
The impact echo method is a nondestructive testing method that is often used in the nondestructive
testing of concrete structures. It has the characteristics of simplicity, rapidity, light equipment, little
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interference and repeatable testing. When the impact echo method is used to detect internal defects in
concrete, the P-waves and S-waves generated by the impact of small steel balls are affected by the
reflection, refraction or diffraction of the interface during propagation. Then, displacement signals caused
by these reflections and resonances can be received and amplified by the sensor. Finally, the periodic
waveform signals, i.e., the time-domain diagram, can be obtained. The frequency spectrum can be
obtained by FFT of the waveform signal, and then the thickness and defect information of the concrete
structure can be obtained. The whole process is shown in Fig. 2.

Shock Sensor
I
)
4 4 N 4 \
4 Data Acquisition System and Data
¢ Analyzing and Processing System
A s = i,
V4 & 4
A 2

A Diagram of the wave

Time Frequency

Amplititude]

Displacement

Figure 2: Schematic diagram of the half grouting sleeve

When the grouting sleeve is not full, a reflection interface between the concrete and air will be formed
inside the concrete. Stress waves will reflect, refract or diffract on this reflection interface, which will lead to a
longer propagation distance, longer propagation time, and lower thickness frequency. Fig. 3 shows a
schematic diagram of the stress wave propagation in the structure, in which (a) is the stress wave
propagation in the dense grouting area and (b) is the stress wave propagation in the insufficient grouting
area. It is not difficult to see that when the grouting in the tunnel is not grouted or insufficient, the
propagation distance of the stress wave is obviously longer than that in the dense grouting area,
which increases the propagation time and decreases the thickness frequency. Therefore, when there is
no grouting or insufficient grouting in the tunnel, defects can be found through the propagation of stress
waves.
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Figure 3: Propagation path of the stress wave
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2.2 Wavelet Packet Energy Analysis

Wavelet analysis is further developed on the basis of the Fourier transform, and it is a signal processing
method that has gradually emerged in the research direction of signal processing. The scale function of
wavelet analysis is changed to binary, and the results obtained after the decomposition of the time-
frequency of the detection signal are multiple frequency bands divided by exponential equal intervals.
Therefore, the frequency resolution is poor in high-frequency bands, and the temporal resolution is poor
in low-frequency bands. According to the characteristics of the detected signal, wavelet packet analysis
decomposes the high-frequency part and the low-frequency part of the signal at the same time and
adaptively selects the corresponding frequency bands to match the signal spectrum, thus improving the
time-frequency resolution. Taking three-layer wavelet packet decomposition as an example, the wavelet
packet decomposition tree is shown in Fig. 4.
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Figure 4: Schematic diagram of three-level wavelet packet decomposition
In Fig. 4, S represents the original impact echo signal that needs to be decomposed, A represents a low
frequency, and D represents a high frequency. The decomposition relationship can be expressed as follows:

S = AAA3 + DAA3 4+ ADA3 4+ DDA3 + AAD3 + DAD3 + ADD3 + DDD3 @)

Assuming that the detection signal S of the impact echo is decomposed by an N-layer wavelet packet, the
N-layer can obtain subsignals on 2" frequency bands to form a signal set:

Xi = [Xi1, X2, X3, X4, s Xim] @
where m is the number of sampled data points, j is the serial number of the frequency band, and
j=1,2,3,4,.,2"

The energy E;; after signal decomposition is:
2
Ey=|X|" =x1" + 52> + 53> + x4 + . F X507 3)

where 1 is the working condition serial number.

Then, the energy of the wavelet packet formed by decomposing the impact echo signal S by the N-layer
wavelet packet under working condition i is expressed as:

Ei = [Ei,laEi,ZaEi,37Ei,47 "'>Ei,2N] (4)

Assuming that in the wavelet packet energy formed after the decomposition of the impact echo signal
under working condition i, the wavelet packet energy of each frequency band in the excitation signal
frequency range is Ejx,Ejii1,Ejki2,...,Ejr, the wavelet packet energy proportional vector in the
excitation signal frequency range is defined as:

ER; = [61}17 €i2,€i3,€i4; s eia"} N
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where the energy proportion of each frequency band can be obtained as follows:

e :@e. :@e- :@e- _ L eN:@ (6)
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By analyzing the variation in the wavelet packet energy distribution across different frequency bands, it
is possible to determine whether a steel sleeve has been adequately grouted.

3 Test Materials and Schemes

3.1 Test Materials

The semigrouting sleeves studied in this paper are carbon steel sleeves (JTZB 418/18) and ductile iron
sleeves (GTIB4 18/18). The specific parameters are shown in Fig. 5 and Table 1. The grouting materials used
include the ordinary grouting material UJION-108 and polypropylene (PP) fiber grouting material. The PP
fiber used had the length of 9 mm, the diameter of 27 pm, and the density of 0.91 g/cm® and a mixing content
of 5%. The tensile strength and elastic modulus of PP fiber were 556 and 4186 MPa, respectively. The
elongation of PP fiber was 18%. The water-material ratio is 0.13. The specimens are configured
according to the JG/T408-2019 [14] and JGJ355-2015 [15]. The test method for determining the fluidity
of the grouting material was in accordance with GB 50448-2015 [16], and the compression and resistance
strength of the grouting material were measured according to the standard test block with the dimensions
of 40 mm x 40 mm x 160 mm per GB/T 17671-1999 [17]. The specific parameters are shown in Table 2.
Two types of connecting bars are considered as HRB400E reinforcing bars with a diameter of 18 mm,
and glass fiber reinforced plastic (GFRP) bars with a diameter of 18 mm. Ultrahigh-performance concrete
(UHPC) is used in the test except for 2-3 groups, and C30 concrete is used in the other steel sleeve
specimens. The average compressive strength of C30 concrete is 35 MPa, and the average compressive
strength of UHPC is 142.66 MPa.
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Figure 5: Schematic diagram of the half grouting sleeve
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Table 1: Design parameters of the half grouting sleeve (mm)

Model D d L L1 L2 L3
GTJB418/18 42 313 195 25 147 26
JTZB418/18

Table 2: Mechanical properties of UIION-108 and PP fiber grouting materials (MPa)

Age Group name Rupture strength Compressive strength
1d UJION-108 11.7 46.9
PP 12.3 51
3d UJION-108 12.4 65
PP 12.4 66.4
28 d UJION-108 13.8 85
PP 16.7 87

3.2 Test Plan

In this experiment, the feasibility of the impact echo method was verified by setting different defects,
grouting materials, material characteristics, and layouts of steel bars around the sleeve on the detection
results. According to the specifications of JGJ1-2014 [18], 15G365-1 [19] and 15G365-2 [20], three types
of test specimens were designed as follows:

1. Control group: dense concrete slab, dense concrete slab with steel bars, and concrete with a sleeve that
has different degrees of grouting defects arranged in the middle.

2. Material characteristics group: different materials (material sleeves, strengths of grouting material,
concrete strength, and types of connecting bars) with a sleeve that has different degrees of grouting
defects arranged in the middle.

3. Surrounding steel bar layout group: different sleeve layouts (sleeve arranged in the center with two
steel bars symmetrically laid around the sleeve, offset sleeve with a steel bar laid beside the sleeve).

The specific scheme is shown in Table 3.

Table 3: Design of the experimental scheme

Group Specimen Sleeve Grouting Concrete Connection  Sleeve Defect level/%
material reinforcement location
Effects of 1-1-1 GTJB4 UJION- C30 Ordinary No sleeves  Dense concrete
different 18/18 108 reinforcement slab
defects 1-1-2 Dense concrete
slab with steel
bars
1-1-3 Centered 0
1-1-4 50
1-1-5 100

(Continued)
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Table 3 (continued)

Group Specimen Sleeve Grouting Concrete Connection  Sleeve Defect level/%
material reinforcement location

Effects of 2-1-1 JTZB4 UJION- C30 Ordinary Centered 0
material 212 18/18 108 reinforcement 50
properties 213 100

2-2-1 GTJB4 PP fiber C30 Ordinary Centered 50

200 18/18 reinforcement 100
Effects of 2-3-1 GTJB4 UJION- UHPC  Ordinary No sleeves  Dense concrete
material 18/18 108 reinforcement slab
properties 2-3-2 Dense concrete

slab with steel
bars

2-3-3 Centered 0

2-3-4 50

2-3-5 100
Effects of 2-4-1 GTIB4 UIJION- C30 GFRP No sleeves  Dense concrete
material 18/18 108 reinforcement slab with steel
properties bars

2-4-2 Centered 0

2-4-3 50

2-4-4 100
Effects of 3-1-1 GTJB4 UJION- C30 Ordinary Centered and 0
reinforcement 3.1 18/18 108 reinforcement two steel 50
around 313 bars 100

3-2-1 Offsetand 0

3-2-2 one steel bar 5

3-2-3 100

The specimens in each group have the same dimensions with 300 mm x 200 mm % 200 mm. When a
specimen is subjected to impact, the stress wave first received by the signal receiver is reflected from the
bottom of the specimen, and the stress wave reflected by the boundary has a long distance and slow
reflection, which has no influence on the detection results. Thus, the boundary effect is almost negligible.
The dimension of specimen is in line with the actual working conditions [21].

The specimens adopted the following naming rules: 1-1-X represents different defect groups, 2-1-X
represents the JTZB4 18/18 sleeve group, 2-2-X represents the PP fiber grouting material group,
2-3-X represents the UHPC group, 2-4-X represents the GFRP connection reinforcement group, 3-1-X
represents the central arrangement of the sleeve with two steel bars arranged symmetrically on both sides,
and 3-2-X represents the offset arrangement of the sleeve with a steel bar arranged on the other side.

In this experiment, plastic foam and plastic pipes were used to simulate grouting defects. The specific
methods were as follows: (i) plastic foam was wrapped on the steel bar, and then plastic pipes of the same
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length were used to wrap the plastic foam wrapped on the steel bar. (ii) After the plastic pipe was wrapped,
the wrapped steel bar was put into the sleeve and fully grouted. At this time, the plastic pipe and plastic foam
occupy the corresponding spaces, resulting in the grouting material not being filled to simulate the grouting
defect there. The physical diagram of the defect simulation is presented in Fig. 6. Notably, the plastic pipe
should not be close to the inner wall of the grouting sleeve to ensure that the grouting material can flow
through the gap during grouting. A structural diagram of the 50% grouting defect is shown in Fig. 7. The
steel bars used in the layout of the surrounding steel bar group were hot-rolled ribbed steel bars with a
diameter of 8 mm. The arrangement of the steel bars was divided into two situations: the central
arrangement of the sleeve with two steel bars arranged symmetrically on both sides, and the offset
arrangement of the sleeve with a steel bar arranged on the other side. The specific arrangement is shown
in Fig. 8.

Figure 6: Physical diagram of the defect simulation

50%grouting defect

h»
g
~ 4 —steel bar
8
(a) A steel bar on one side laid (b) Two steel bars symmetrically laid
beside the sleeve around the sleeve

Figure 8: Layouts of the steel bars (unit: mm)
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3.3 Test Preparation

The surface of the specimen was treated, and then the measuring points and lines were arranged. The
measuring line was set directly above the sleeve. Within the effective range of the sleeve, each measuring
point was set every 20 mm, for a total of 9 measuring points, as shown in Fig. 9. Measuring points
1-7 are located on the connecting bars of the sleeve. For specimens with 50% grouting fullness in groups
1-3, the defects are mainly arranged at measuring points 4—7, and measuring points 1-3 belong to the
dense grouting area. According to the arrangement of sleeve defects, measuring points 2 and 5 were
randomly selected as the measuring points for wavelet packet energy analysis.
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Figure 9: Layout of the measuring points and measuring line (unit: mm)

In this experiment, a prestressed concrete multifunctional detector (SPC-MATS) was used. According to
the thickness of the specimen, a small steel ball with a diameter of 5 mm was selected as the impact source to
knock the specimen. Before the test, it is necessary to denoise the equipment to ensure that the Voice Onset
Time (VOT) of the noise signal is less than 0.02 ms and the signal-to-noise ratio is less than 2 db. A field test
diagram is shown in Fig. 10.

Figure 10: Diagram of the field test

4 Experimental Results

The collected impact echo detection data signal was imported into MATLAB for further analysis.
Wavelet packet decomposition was performed using the wavelet analyzer in MATLAB. The db22 wavelet
function, known for its excellent characteristics across various wavelet bases, was used for the
decomposition. A total of eleven layers of wavelet decomposition were carried out. The signals at
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measuring points 2 and 5 were taken from each group of specimens for wavelet packet energy analysis.
Among them, three impact echo signals were collected at each measuring point to calculate the wavelet
packet energy ratio, and the arithmetic average value was taken as the wavelet packet energy ratio.

4.1 Influence of Different Defects

Fig. 11 illustrates the specimens in group 1-1, showcasing the frequency bands with high energy ratios
ranging from 38 to 41. The energy ratio of specimen 1-1-1 is primarily concentrated in frequency band 40,
with the energy values at measuring points 2 and 5 both registering as 0.02085. Specimen 1-1-2 exhibits a
similar concentration in frequency band 40, with the energy values at measuring points 2 and 5 recorded as
0.02088, indicating a minor difference of 0.00003 from the energy ratio of specimen 1-1-1. Similarly,
specimen 1-1-3 primarily shows concentration in frequency band 38, with an energy ratio of 0.021,
representing a deviation of 0.00025 from that of specimen 1-1-1. The detection signals of specimens
1-1-4 and 1-1-5 are mainly concentrated in frequency band 39.
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Figure 11: Wavelet packet energy ratio of each test point in group 1-1

According to the data, the frequency band of the specimen with 0% grouting fullness is the lowest band
in the band range, so wavelet packet energy analysis can easily distinguish the sleeve with 0% grouting
fullness. However, the frequency bands of the specimens with 50% grouting fullness and 100% grouting
fullness are the same, indicating that the sleeve with 50% grouting fullness and 100% grouting fullness
cannot be distinguished well. The reason was that due to the limitations of the accuracy of the method
itself, the wavelet packet energy method cannot accurately judge defects with little difference in grouting
degree.

4.2 Influence of Different Materials
By comparing the wavelet packet energy ratios of specimens in group 2-X with those of specimens in
group 1-1, the influence of different materials on the wavelet packet energy analysis is analyzed.

4.2.1 Specimens in Group 2-1

Fig. 12 illustrates the specimens in group 2-1, showcasing the frequency bands with high energy ratios
ranging from 38 to 41. The energy ratio of specimen 2-1-1 is chiefly concentrated in frequency band 38, with
respective energy ratio values of 0.0287 and 0.0244 at measuring points 2 and 5. For specimen 2-1-2, the
energy ratio is primarily concentrated in frequency band 39, featuring energy ratio values of 0.0248 and
0.0212 at measuring points 2 and 5. Specimen 2-1-3 exhibits a main concentration in frequency band 39,
with energy values of 0.0274 and 0.0278 at measuring points 2 and 5, respectively.
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Figure 12: Wavelet packet energy ratio of each test point in group 2-1

According to the data, the frequency bands of specimens with 0%, 50%, and 100% grouting fullness are
the same as those of the specimens in group 1-1. Compared with the wavelet packet energy ratios of
specimens in group 1-1, the material of the sleeve does not affect the detection of grouting defects in the
sleeve.

4.2.2 Specimens in Group 2-2

Fig. 13 illustrates the specimens in group 2-2, showcasing the frequency bands with high energy ratios
ranging from 38 to 41. The energy ratio of specimen 2-2-1 is primarily concentrated in frequency band 38,
with energy ratio values of 0.0275 and 0.0279 at measuring points 2 and 5, respectively. On the other hand,
the energy ratio of specimen 2-2-2 exhibits a main concentration in frequency band 39, with energy ratio
values of 0.0232 and 0.0238 at measuring points 2 and 5, respectively.
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Figure 13: Wavelet packet energy ratio of each test point in group 2-2

Compared with the frequency bands of specimens in group 1-1, the frequency band of the PP fiber
grouting material group is slightly lower than that of the ordinary concrete group, and the frequency band
of specimens with 50% grouting fullness is not the same as that of 100% grouting fullness. This
phenomenon may be attributed to the use of the PP fiber grouting material, which increases the influence
of the defective specimens on the frequency band.
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4.2.3 Specimens in Group 2-3

Fig. 14 illustrates the specimens in group 2-3, showcasing the frequency bands with high energy ratios
ranging from 42 to 47. The energy ratio of specimen 2-3-1 is mainly concentrated in frequency band 45, with
energy ratio values of 0.0273 and 0.0281 at measuring points 2 and 5, respectively. The energy ratio of
specimen 2-3-2 is mainly concentrated in the frequency band 47, and the energy values at measuring
points 2 and 5 are 0.0281 and 0.0289, respectively. The energy ratio of specimen 2-3-3 is concentrated in
frequency band 42, with energy ratio values of 0.0273 and 0.0250 at measuring points 2 and 5,
respectively. The energy ratio of measuring point 2 of specimen 2-3-4 is concentrated in the frequency
band 45, with an energy value of 0.022, and the energy ratio of measuring point 5 is concentrated in
frequency band 44, with an energy value of 0.022. The energy ratio of specimen 2-3-5 is mainly
concentrated in frequency band 45, and the energy values at measuring points 2 and 5 are 0.0266 and
0.0281, respectively.
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Figure 14: Wavelet packet energy ratio of each test point in group 2-3

Compared with the frequency bands of the specimens in group 1-1, the frequency band of the UHPC
group is greater than that of the ordinary concrete group because UHPC can increase the propagation
speed of stress waves and increase the frequency band of the wavelet packet energy in the concrete,
greatly affecting the detection of grouting defects in the sleeve. Moreover, the frequency band will shift
greatly if the steel sleeve is not grouted, so the frequency bands of measuring point 2 and measuring
point 5 of the specimen with 50% grouting fullness are different, so that sleeves with 50% grouting
fullness can be distinguished. We still find that the frequency band of the specimen with 0% grouting
fullness is the lowest band in the band range.

4.2.4 Specimens in Group 2-4

Fig. 15 illustrates the specimens in group 2-4, showcasing the frequency bands with high energy ratios
ranging from 37 to 40. The energy ratio of specimen 2-4-1 is mainly concentrated in frequency band 45, and
the energy values at measuring points 2 and 5 are 0.0265 and 0.0270, respectively. The energy ratio of
specimen 2-4-2 is mainly concentrated in frequency band 37, and the energy values of measuring points
2 and 5 are 0.0258 and 0.0257, respectively. The energy ratio of measuring point 2 of specimen 2-4-3 is
concentrated in frequency band 39, with an energy value of 0.0283, and the energy ratio of measuring
point 5 is concentrated in frequency band 38, with an energy value of 0.0263. The energy ratio of
specimen 2-4-4 is mainly concentrated in frequency band 39, with energy ratio values of 0.0284 at
measuring points 2 and 5.
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Figure 15: Wavelet packet energy ratio of each test point in group 2-4

Compared with the frequency band of specimens in group 1-1, due to the plastic characteristics of the
GFRP connecting bar, the wavelet packet energy ratio frequency band of the GFRP connecting bar group is
reduced. The frequency band of the wavelet packet energy ratio will be greatly shifted if the steel sleeve is not
grouted so that sleeves with 50% grouting and 100% grouting can be distinguished.

In summary, the following conclusions are drawn from the analysis:

(1) Different material properties have different effects on wavelet packet energy analysis, while different
sleeve materials have little effect on the wavelet packet energy frequency band. The application of PP fiber
grouting material and GFRP connecting bars decreases the energy proportional frequency band of the
wavelet packet, and the application of ultrahigh performance concrete increases the energy frequency
band of the wavelet packet.

(2) The application of PP fiber grouting material deepens the influence of defective specimens on the
frequency band, which makes the frequency bands of sleeves with 50% and 100% grouting fullness
different, which makes it possible to distinguish between them.

(3) Wavelet packet energy analysis is more sensitive for detecting defects in specimens with UHPC and
GFRP connecting bars. The application of these materials causes the frequency band of the wavelet packet
energy ratio to greatly shift if the steel sleeve is not grouted, so the frequency bands of measuring point 2 and
measuring point 5 of the specimen with 50% grouting fullness differ. This phenomenon makes it possible to
identify 50% grouting fullness.

4.3 Influence of the Layout of Surrounding Steel Bars

By comparing the wavelet packet energy ratios of specimens in group 3-X with those of specimens in
group 1-1, the influence of the layouts of steel bars around the sleeve on the wavelet packet energy analysis is
analyzed.

4.3.1 Specimens in Group 3-1

Fig. 16 illustrates the specimens in group 3-1, showcasing the frequency bands with high energy ratios
ranging from 38 to 41. The energy ratio of specimen 3-1-1 is mainly concentrated in frequency band 38, and
the energy values of measuring points 2 and 5 are both 0.0292. The energy ratio of specimen 3-1-2 is mainly
concentrated in frequency band 39, and the energy values at measuring points 2 and 5 are 0.0299 and 0.0292,
respectively. The energy ratio of specimen 3-1-3 is mainly concentrated in frequency band 39, and the energy
ratio values of measuring points 2 and 5 are 0.0285 and 0.0272, respectively.
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Figure 16: Wavelet packet energy ratio of each test point in group 3-1

Compared with the wavelet packet energy ratio of specimens in group 1-1, the symmetric steel bars on
the two sides slightly increase the wavelet packet energy ratio value. However, the frequency bands of
specimens with 0%, 50%, and 100% grouting fullness are the same as those of the specimens in group 1-1.

4.3.2 Specimens in Group 3-2

Fig. 17 illustrates the specimens in group 3-2, showcasing the frequency bands with high energy ratios
ranging from 38 to 41. The energy ratio of specimen 3-2-1 is mainly concentrated in the infrequency band 38,
and the energy values of measuring points 2 and 5 are 0.0242 and 0.0245, respectively. The energy ratio of
specimen 3-2-2 is mainly concentrated in frequency band 39, and the energy values at measuring points 2 and
5 are 0.0272 and 0.0292, respectively. The energy ratio of specimen 3-2-3 is mainly concentrated in
frequency band 39, and the energy values of measuring points 2 and 5 are 0.0256 and 0.0272, respectively.
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Figure 17: Wavelet packet energy ratio of each test point in group 3-2

Compared with the wavelet packet energy ratio of specimens in group 1-1, it can be seen that steel bars
set on the offset side slightly improve the energy ratio of the wavelet packet but slightly reduce the energy
ratio of specimens in group 3-1. However, the frequency bands of the specimens with 0%, 50%, and 100%
grouting fullness do not change.

In summary, it can be seen from the analysis that laying steel bars around a sleeve increases the energy
ratio of the wavelet packet, and the increase in the energy ratio is related to the number of steel bars laid
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around the sleeve. The more steel bars that lay around, the more likely the energy ratio is to increase.
However, this increase will not affect the detection of sleeve defects, and the frequency bands of the
specimens with 0%, 50%, and 100% grouting fullness are the same as those of the specimens in group 1-1.

5 Conclusion

In this paper, the impact echo method and wavelet packet energy principle are comprehensively applied
to study the influence of different defects, material characteristics, and the layout of surrounding steel bars on
the detection of the grouting fullness of steel sleeves. The conclusions are as follows:

1. Through experiments, the application of the wavelet packet energy principle improves the ability of
the impact echo method to judge whether there are defects in sleeves. The frequency band of the specimen
with 0% grouting fullness is the lowest band in the band range, which makes it effective to detect sleeves with
0% grouting fullness. However, due to the limitations of this method, the frequency bands of the sleeve
specimens with grouting plumpness of 50% and 100% are not regularly distinguished, that is, the sleeve
specimens with grouting plumpness of 50% and 100% cannot be quantitatively identified. This means
that we need to continue our research in this area to determine a more appropriate approach.

2. Defects in sleeve grouting will affect the distribution of signals obtained by impact echo detection in
the wavelet packet energy frequency band, reducing the wavelet packet energy ratio and having different
effects on the frequency band of the wavelet packet energy. In addition, there are great differences in the
energy ratio frequency band of the sleeves under different grouting conditions.

3. Different material properties have different effects on the defect detection method of steel sleeves
based on wavelet packet energy analysis. The material of the sleeve has little influence on the frequency
band of the wavelet packet energy ratio value and does not affect the detection of defects. The application
of PP fiber grouting material slightly reduces the frequency band of the wavelet packet energy ratio but
does not affect the detection of defects. The UHPC can improve the propagation speed of stress waves
and increase the frequency band of the wavelet packet energy, which is mainly concentrated in frequency
bands 42 to 47, and wavelet packet energy analysis is more sensitive to the detection of sleeve defects in
UHPC specimens. Because of the plastic properties of GFRP connecting bars, the frequency band of the
wavelet packet energy ratio is reduced and is mainly concentrated in frequency bands 37 to 40. The
wavelet packet energy analysis is more sensitive to the detection of sleeve defects using GFRP
connecting bars. Because of their sensitivity, the frequency bands of measuring points of 2 and 5 of the
specimens with 50% grouting fullness are different, so that sleeves with 50% grouting fullness can be
distinguished.

4. The arrangement of steel bars around the sleeve will increase the frequency band of wavelet packet
energy, and the increase of the frequency band of wavelet packet energy is related to the number of
surrounding steel bars. The more the surrounding steel bars, the more the energy ratio band increases, but
this does not affect the frequency band of the specimens with 0%, 50%, and 100% grouting plumpness
compared with the specimens in group 1-1.
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