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Abstract

Grouted sleeve connections are widely employed in the substructures of prefabricated
bridges. After installation, the grout filling condition inside the sleeves cannot be directly
inspected, while grouting defects may significantly compromise the mechanical perfor-
mance of the piers. This study investigates the feasibility of using the non-destructive
impact-echo method to detect grouting defects in sleeves. Finite element simulation was
conducted to analyze the influence of the distance between the impact point and the signal
acquisition point on detection accuracy, revealing that a distance of 40-60 mm yields opti-
mal results. Experimental findings demonstrate that the method can effectively identify
grouting defects in double-row sleeves, although it cannot precisely locate the defective
sleeve. A novel analytical approach is proposed, using the thickness frequency and its
modes of fully grouted specimens as a benchmark. By comparing thickness frequencies
at different measurement points, grout quality can be intuitively evaluated. Validation
using a six-sleeve model with varying grouting densities confirmed the method’s effective-
ness in detecting grouting defects in non-boundary sleeves and its practical applicability
in engineering.

Keywords: prefabricated pier; grouting sleeve; non-destructive detection; impact-echo
method

1. Introduction

Over the past two decades, significant progress has been made in prefabricated bridge
technology. Compared to traditional cast-in-place bridges, the approach of manufactur-
ing components in factories and assembling them on-site not only effectively shortens
construction periods and reduces on-site uncertainties, but also improves the uniformity
and reliability of construction quality while minimizing disruption to existing traffic [1,2].
Grouted sleeve connections, as one of the common connection forms for prefabricated
bridge piers, are widely used due to their reliable performance, ease of construction, and
seismic performance comparable to that of cast-in-place structures [3-5]. These connec-
tions rely on high-strength grout to fill the interior of the sleeve, bonding it to the steel
reinforcement and the inner wall of the sleeve to form an integrated whole and facilitate
stress transfer. However, uncertainties during construction (such as the presence of de-
bris or inadequate sealing of grouting ports) can easily lead to grouting defects, directly
affecting connection performance and structural safety [6]. Given their complex construc-
tion and concealed conditions, developing a non-destructive testing method capable of
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quickly and accurately identifying defects without damaging the structure is of significant
engineering importance.

Currently, non-destructive techniques applied to sleeve testing each have their own
characteristics, but also certain limitations. For example, while X-ray industrial CT [7-10]
can achieve fine identification and quantitative description of defects, the equipment is
bulky, costly, and poses radiation risks, making it difficult to apply for rapid on-site test-
ing. Ultrasonic methods [11-13] have the potential for long-distance screening; however,
in thick-walled sleeves, high-frequency components attenuate significantly, and due to
interface reflections and environmental noise interference, their detection accuracy and
depth for minor defects in the core are limited. In contrast, the impact-echo method demon-
strates better field applicability. Studies by Yang Hailin et al. [14-16] have shown that this
method effectively identifies grouting defects in prestressed ducts and internal debonding
in concrete; Yao et al. [17] further indicated that it is significantly influenced by the natural
vibration frequency in the detection of internal conditions of grouted sleeves. It is worth
noting that the impact-echo method is not interfered with by distributed reinforcement, nor
is the internal quality information shielded by the metallic material of the sleeve, making it
an ideal candidate for on-site testing.

Despite these advantages of the impact-echo method, its detection characteristics in
double-row sleeve configurations and rapid judgment criteria suitable for field applications
still require in-depth research. To address this, based on actual engineering backgrounds,
this paper establishes multiple finite element models to systematically analyze the influence
of signal acquisition positions and double-row sleeve arrangements on detection results.
Furthermore, model tests are conducted to verify the accuracy and practicality of the
method. Additionally, this paper proposes using the thickness frequency and its order
of a fully grouted specimen as a benchmark, enabling intuitive assessment of grouting
quality by comparing frequency differences at various measurement points. This approach
provides a new basis for the quantitative detection of defects in the field, demonstrating
promising prospects for engineering applications.

2. Theoretical Basis
2.1. Basic Assumptions

Current research on grouted sleeve connections primarily focuses on bond anchor-
age mechanisms, joint load-bearing performance, deformation monitoring, component
fabrication, and construction techniques. Finite element simulations of grouted regions in
rapidly constructed beam-column structures with grouted sleeve connections reveal that
beam length influences crack width [18]. The use of various fibers as grouting additives
has been demonstrated to enhance bond strength and ductility, thereby preventing rebar
pull-out [19]. Although sleeves increase the stiffness of pier columns, they reduce displace-
ment capacity and ductility [20]. The rigid segments in grouted sleeve connections lead to
curvature redistribution at the pier base, decreasing the plastic hinge height and ultimate
displacement of the pier column [21]. Non-destructive testing of sleeve defects is essential.

Non-destructive testing (NDT) methods play multiple roles in civil engineering struc-
tures. Specific point pulse response tests on concrete slabs indicate that the variability
of the frequency response function (FRF) increases in the presence of defects [22]. The
impact-echo method helps establish frequency thresholds to distinguish between solid
and defective concrete, enabling quality assessment of concrete slabs, determination of
Poisson’s ratio, and evaluation of the integrity of concrete bridge decks [23-26].

The impact-echo technique involves generating stress waves on the surface of a
specimen and evaluating the internal quality of concrete based on wave propagation
characteristics [27]. Typically, a hard hammer impacts the surface to produce stress waves,
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which are captured by displacement/acceleration sensors. Time-domain signals collected
by the sensors are converted into response curves using data analysis methods [28]. By
performing finite element analysis and comparing experimental and simulated response
curves, the internal grouting quality can be assessed [29].

Previous studies have explored the method’s capability to evaluate defect locations
and detect minimum defect sizes [30]. Extensive empirical research has continuously
refined the impact-echo method, expanding its practical applications [31-33]. Advanced
machine learning techniques have been applied to analyze industrial engineering signals,
improving detection accuracy [34]. Detection experiments on sleeve grouting compactness
models have led to the development of an impact-echo approach integrated with machine
learning [35,36]. Finite element analysis has validated the effectiveness of this method
in detecting defects in single-row, side-row, and double-row sleeve configurations [37].
Collectively, these studies confirm the feasibility of using the impact-echo method for
non-destructive testing of grouted sleeves.

2.2. Basic Principles

According to the theory of stress wave propagation, waves causing particle vibration
are mainly divided into longitudinal waves (P-waves), transverse waves (S-waves), and
surface waves (Love waves and Rayleigh waves). Longitudinal waves have the same
propagation direction as particle motion and exhibit the highest propagation speed. The
impact-echo method fundamentally assumes that only structural responses caused by
longitudinal wave propagation are considered, ignoring the influence of transverse and
surface waves. The acoustic impedance of a solid material refers to the impedance of wave
propagation through the material per unit area, measuring the material’s resistance to wave
energy propagation. Its specific value is typically determined by the material’s density and
wave speed, as in Equation (1):

Z=p-v (1)

where p is the density of the material, and v is the wave propagation speed in the mate-
rial. From the definition of acoustic impedance, it can be seen that when an stress wave
transmits from one material to another, the mismatch in acoustic impedance will cause
wave reflection and refraction. When a wave propagates to the interface of two different
materials, the proportion of energy reflected back to the original medium can be expressed
by the reflection coefficient R, as in Equation (2):
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where Z; and Z, represent the acoustic impedance of the incident material and the acoustic
impedance of the transmitting material, respectively. Obviously, R is a coefficient less than
or equal to 1. Compared with concrete, the acoustic impedance of air is very small, so when
the stress wave enters the concrete and propagates to the air interface, the stress wave is
almost completely reflected back into the concrete at the same angle.

When using the impact-echo method for non-destructive testing, a small hammer
is used to strike the surface of the concrete structure to generate a stress wave, which
propagates through the concrete and is reflected at the air interface on the opposite side of
the striking face, and finally captured by a signal receiver located on the same side as the
stress wave excitation surface. The effective frequency f. of the stress wave generated by
the hammer striking as shown in Equation (3):
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where t. is the contact time between the hammer and the concrete surface. If the velocity
of the excited stress wave is C, and the size of the component in the direction of wave

propagation is d, as in Equation (4):
PCp
f=5 (4)
where f is the propagation frequency of the longitudinal wave in concrete, which can
be obtained by FFT transformation of the received signal, also known as the thickness
frequency. B is the structural section correlation coefficient that represents the propagation
cross-sectional area, and for large structural sections such as walls or plates, can be taken
as 0.96. If the path changes during propagation due to some reason, it will lead to a certain
degree of decrease in the thickness frequency.

When a stress wave encounters an obstacle or defect, the phenomenon that it continues
to propagate by bypassing the obstacle or defect and changing direction is called diffraction.
Similarly, when using the impact-echo method to detect a grouting sleeve located on the
path of the stress wave movement, if the grouting sleeve has insufficient density and forms
a cavity or certain defects, a small part of the energy of the stress wave will be reflected
after reaching the surface of the sleeve, and most of it will bypass the sleeve and propagate
to the opposite side. Finally, it will be reflected at the air interface on the opposite side
and received by the signal receiver located on the same side as the stress wave excitation
surface. In this process, due to diffraction, the propagation path and time of the wave
increase, which causes the thickness frequency f in the received signal to be lower than
that in the defect-free case. Figure 1 shows the principle of using the impact-echo method
to detect grouting defects in concrete sleeves.
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Figure 1. Stress waves propagation path.

3. Finite Element Analysis
3.1. Creating Components

A finite element model was developed in ABAQUS 2020 to systematically analyze the
influence of signal reception range and double-row sleeves on stress wave propagation.
Since this study focuses solely on the in-plane stress wave propagation characteristics, two-
dimensional plane strain elements were employed to effectively avoid boundary effects
associated with stress waves in the thickness direction. The model comprises five types
of components: concrete cover, sleeve grouting material, main reinforcement, sleeve body,
and confinement stirrups. The stirrups were discretized using truss elements, while the
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remaining components were modeled with CPE4R solid elements for detailed simulation.
The sleeves were made of steel, the grouting material was grade C100, and the reinforcement
used in the model was HRB400. The parameters of the components are listed in Table 1.

Table 1. Material properties used in the FEM.

Material Properties

Component Material Density Young's Poisson’s
(kg/m®3) Modulus Ratio
(MPa)
Concrete C40 [38] 2400 34,600 0.2
Grouting sleeve Steel [39] 7800 206,000 0.3
Grouting material C100 [40] 2600 41,600 0.2
Steel bar HRB400 [38] 7800 200,000 0.3

The meshing of the model took into account both wave simulation accuracy and
geometric characteristics. The outer C40 concrete region was discretized with a maximum
element size of 10 mm. In the core area containing sleeves, steel reinforcements, and
grouting material, local mesh refinement was applied with an element size of 5 mm to
accurately capture interface effects and complex wave fields. A free meshing technique was
adopted, resulting in a hybrid mesh dominated by quadrilateral elements supplemented by
triangular elements. Given that the stress waves generated by the small hammer impact are
negligible compared to the small-scale prefabricated pier, fixed constraints were applied at
the four corner nodes of the concrete. To simplify the model, the effects of damping and
material nonlinearity were not considered in this study.

Point loads were used to simulate the stress waves excited by the hammer impact. The
load function was defined as the positive half-cycle of a sine wave, with an impact force
magnitude of F = 100 N, simulating a hammer with diameter D = 10 mm. The expression
of the load function is given in Equation (5):

Py = ol 0=t (5)

The excitation duration is related to the hammerhead diameter D, and the relationship
is given by Equation (6):
tc = 0.0043D (6)

To clearly distinguish between the load application process and the structural response
process, two analysis steps were established: the first analysis step represents the load
application phase with a duration of 50 pus, and the second analysis step captures the
structural response extraction phase with a duration of 950 ps.

3.2. Signal Reception Range

A model with dimensions of 515 mm x 400 mm was established (Figure 2), with a
sleeve diameter of 95 mm and a reinforcement diameter of 40 mm.

In the first group, the sleeve was fully grouted, while the second group had a non-
grouted sleeve. For both groups, the excitation load was applied to the concrete surface
outside the sleeve’s centerline, and signal collection points were positioned at 20 mm,
40 mm, 60 mm, 80 mm, and 100 mm from the excitation point.
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Figure 2. Analysis of the influence of signal reception range.

In the first group, the sleeve was fully grouted, while the second group had a non-
grouted sleeve. For both groups, the excitation load was applied to the concrete surface
outside the sleeve’s centerline, and signal collection points were positioned at 20 mm,
40 mm, 60 mm, 80 mm, and 100 mm from the excitation point. Response cloud diagrams
were extracted at three stages: the initial load application, the first arrival of the stress wave
at the concrete interface opposite the loading point, and the wave’s return to the vicinity
of the detection point. The collected response signals were then subjected to fast Fourier
transform (FFT) processing, with specific graphs shown below.

A comparative analysis of the finite element results from Test Group 1 (Figure 3) and
Test Group 2 (Figure 4) reveals significant differences in thickness frequency between the
two groups. Additionally, the raw signals in Group 2 exhibited more intense responses
with higher amplitudes, robustly validating the impact-echo method’s efficacy in detecting
ungrouted sleeves.
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Figure 3. FEM and FFT results for compact grouting sleeve.
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(a) Initial stage of load application.
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Figure 4. FEM and FFT results for empty grouting sleeve.

Further analysis of Group 1’s results showed that when the excitation load was applied
to the concrete surface outside the sleeve’s centerline, the raw signals at Detection points
1, 2, and 3 differed significantly. However, their frequency-domain responses showed
high consistency in thickness frequency, with peak amplitudes decreasing as the distance
from the excitation point increased. Notably, discernible deviations in thickness frequency
were detected at Points 4 and 5. The observations from Group 1 were further corroborated
by Group 2’s results. Considering that signals collected too close to the excitation source
may be contaminated by loading interference, a comprehensive analysis indicated that
positioning detection points 40-60 mm from the excitation load yielded more accurate and
reliable data.

3.3. Double-Row Sleeves

In the wave propagation direction, double-row sleeves were arranged with a center-to-
center spacing of 180 mm. Four experimental groups were designed to investigate grouting
defects: Group 1 (Figure 5a) had a fully grouted near-end sleeve and an ungrouted far-end
sleeve; Group 2 (Figure 5b) reversed this configuration; Group 3 (Figure 5c) had both
sleeves ungrouted; Group 4 (Figure 5d) had both sleeves fully grouted. For all groups, the
excitation load was applied to the concrete surface outside the sleeve’s centerline, with the
signal collection point fixed 40 mm from the load application point to ensure consistent
testing conditions.
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Figure 5. Analysis of the influence of signal reception range.

Group 1 simulated practical grouting defects by fully grouting the near-end sleeve
while leaving the far-end ungrouted. Group 2 mirrored the scenario with a fully grouted
far-end and ungrouted near-end sleeve. Group 3 modeled concurrent grouting failures in
double-row sleeves by leaving both ungrouted, whereas Group 4 (control) featured fully
grouted sleeves. Response contour plots were extracted at three key stages: initial load
application, first arrival of the stress wave at the opposite concrete interface, and the wave’s
return to the detection point vicinity. Collected signals were then processed via FFT, with
results presented below.

Analysis of the four finite element datasets (Figures 6-9) indicates that, compared to
the fully grouted control group (Group 4, with a thickness frequency of 46.998 kHz), the
thickness frequencies of Groups 1, 2, and 3 with grouting defects shift to 46.9563 kHz,
46.9563 kHz, and 51.3369 kHz, respectively, with an average shift of 1.4 kHz. This
validates the effectiveness of the impact-echo method in detecting grouting defects in
sleeves. However, it should be specifically noted that the data characteristics of Group 1
and Group 2 are highly similar, making it difficult to accurately locate the defects based
solely on the existing results. This limitation suggests that future research should further
optimize the detection methods and analysis techniques to improve the accuracy of
defect localization.
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Figure 9. Group4 FEM and FFT results.

4. Experimental Research
4.1. Specimen Preparation

The focus of the laboratory’s non-destructive testing on grouting sleeve joints of
prefabricated bridge piers is to investigate the impact-echo method’s capability to detect
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grouting defects in practical engineering scenarios. The test feasibility is evaluated by de-
signing sleeves with large dimensions, substantial thickness, and symmetric arrangements,
while accounting for the influence of stirrups on test results. In actual construction, outer
concrete pouring is performed before sleeve grouting. However, in this experiment, we
predetermined the locations of defects and prioritized sleeve grouting to ensure grouting
quality and prevent the introduction of new defects during testing, followed by outer
concrete pouring.

The test model has a cross-sectional dimension of 515 mm x 400 mm and a height of
1010 mm. The model is embedded with six GTZQ4-40 steel sleeves, arranged symmetrically
in two rows with three sleeves per row. The center-to-center spacing between sleeves in the
same row is 180 mm, and the distance between the two rows is 240 mm. Both the outer
stirrups and longitudinal reinforcement are made of HRB400 hot-rolled ribbed steel bars
with a diameter of 10 mm, and the concrete cover thickness is 20 mm. The configuration is
shown in Figure 10.

- “ w #4 #5 #6
Sti
Grouting defect mic
Limit baffle. Steel bar =
2
Grouting material Grouting
sleeve
Concrete .
t
S
| s

Figure 10. Diagram of defect layout in the experimental models.

Six sleeves were designed with different grouting conditions, using foam tape to
simulate grouting defects with sizes of 12 mm, 15 mm, 20 mm, 24 mm, 32 mm, 40 mm, and
48 mm, respectively. The sleeve numbering and defect configurations are shown in Table 2.

Table 2. Designed grouting defect locations and sizes.

Distance from Distance from
Sleeves Number Defect Size (mm) Defect to Top of Sleeves Number Defect Size (mm) Defect to Top of
Sleeve (mm) Sleeve (mm)

80 120

220 255

#1 20 500 #4 15 530

640 665

780 785

120 120

40 280 48 288

#2 0 522 # “ 506

666 658
120
252

#3 12 536 #6 Null Null
668

788
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The sleeves are then assembled and grouted. Prior to grouting, the grouting inlet
and outlet of the sleeves should be carefully inspected to ensure they are unobstructed.
Equipment such as the mixer and grouting machine must be pre-tested, and tools like
rubber plugs should be prepared. The C100 grouting material is first dry-mixed for 2 min
according to the standard ratio, followed by sequential addition of 70% and 30% of the
total water volume, with mixing durations of 1 min and 2 min, respectively. After standing
for 2 min for deaeration, the mixture is poured into the grouting machine. During grouting,
the material is slowly and continuously injected from the grouting inlet. Once a uniform
slurry flows out from the outlet, both ends are immediately sealed with rubber plugs. The
entire process must be carried out continuously to prevent initial setting of the slurry.

After the initial setting of the grouting material, the sleeves are placed within the
stirrups, and their positions are fixed to prevent displacement during subsequent concrete
pouring. The stirrup-sleeve assembly is hoisted into the formwork to the designed position,
after which the outer concrete is prepared and poured. C40 concrete is mixed according
to the designed mix ratio and poured in layers, with each layer being 300-500 mm thick.
Upon completion of concrete pouring, timely curing is implemented, including covering
with plastic film and regular watering to maintain moisture, for a duration of 28 days. As
shown in Figure 11.

TiABU AL T

B e B
(a) Defects arrangement. (b) Arrangement of sleeves.  (c) Pouring external concrete.

Figure 11. Impact-echo experimental procedure.

After curing was completed, the measurement points were arranged. As shown in
Figure 12, the measurement points on the specimen comprehensively covered all sleeve
defect areas. Taking Sleeve No. 1 as an example: the measurement points started from
the grouting port end (lower end) as point 1 (minimum value) and ended at the opposite
grout outlet end (upper end) as point 25 (maximum value), with a consistent interval
of 1 cm between adjacent measurement points. Except for Sleeve #1, which contains
25 measurement points, the analysis of all other sleeves is based on 24 measurement points.

4.2. Data Processing

The signal acquisition was performed using the Sichuan Lutong SPC-MATS testing
system, which integrates an S31SC piezoelectric accelerometer and a 24-bit high-precision
data acquisition unit. The acquisition unit supports IEPE power supply and offers a
minimum sampling interval of 1 ps (corresponding to a maximum sampling rate of 1 MHz).
In this study, the sampling rate was set to 500 kHz to ensure complete capture of transient
impact signals. The sensitivity of the sensor is 20 mV/g.
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Figure 12. Distribution of detection points in the test model.

Based on the thickness of the structure under test, a steel ball with a diameter of
10 mm was selected as the impact source. The steel ball has a mass of approximately 4.1 g,
and this configuration can generate transient stress waves containing the main frequency
components required for detection. The impact was applied at a distance of 20 mm from
the signal acquisition point to ensure consistency and repeatability of the excitation process.

Prior to the formal tests, a standard 150 mm concrete test block was used for verifi-
cation. The analysis of the impact-elastic wave signals showed that the back-calculated
detection path matched the actual dimensions of the test block, confirming the method’s
effectiveness in detecting targets and acquiring clear signals. Subsequently, the system’s
built-in self-calibration function was initiated. The instrument automatically monitored
waveform stability and background noise, and upon confirming that the noise level was be-
low the specified limit, it completed the calibration of the sensors and acquisition channels
to ensure signal acquisition accuracy.

This pre-test verification confirmed the validity of the method, and the automatic
calibration ensured that the equipment was in an optimal working state, laying a solid
foundation for the formal experiments.

During data acquisition, repeated measurements were conducted under the same
working conditions to reduce the influence of random errors. The test and data acquisition
are illustrated in Figure 13.

FFT was applied to convert time-domain signals to the frequency domain, thereby
extracting frequency characteristics.

Figure 14 is a schematic diagram of signal conversion.

Initial experimental tests yield raw and intuitive data in the form of time-domain
signals. These signals undergo Fast Fourier Transform (FFT) to obtain frequency-domain
data, where the prominent peak corresponds to the thickness frequency at the measurement
point. Since the frequency axis generated by FFT spans an extensive range with values
approaching zero at higher frequencies, these negligible portions are truncated to achieve
data reduction. The processed data is then visualized using the “contour map” function in
Origin 2025 software, generating comprehensive graphical representations.
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o B

(a) Tapping the concrete surface.

Figure 13. The test and data acquisition.
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Figure 14. Schematic diagram of signal conversion.

Frequency order is a concept introduced for experimental data analysis. The results
obtained through FFT transformation exhibit discrete characteristics, and connecting these
discrete points forms a frequency spectrum. Since the spacing between these discrete
points is equal and the valid data are concentrated within the first few hundred points,
each discrete point is defined as one “order.” This approach intuitively describes the thick-
ness frequency at each measurement point and enables comparative analysis of thickness
frequencies across different measurement points.

The entire data processing workflow is summarized in the following flowchart. As
shown in Figure 15.
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Figure 15. Flowchart of data processing.

4.3. Results Analysis

The time-domain signals from the test group were transformed using FFT, and the
first 600 frequency-domain orders along with their corresponding amplitudes from each
measurement point were selected to generate the figure above. As Sleeve #6 was designed
as a fully grouted specimen, its frequency-domain response was analyzed first. The
color depth in the legend represents amplitude intensity, with the darkest color at each
measurement point indicating the peak frequency. As shown in Figure 16, statistical
analysis revealed that among the total 24 measurement points, except for points 12, 16,
and the missing point 18, the thickness frequency orders of the remaining points were
consistently clustered around the 430th order, accounting for 88% of the total. Therefore, the
range near the 430th order was established as the benchmark for determining full grouting
in Test Group 1, providing a quantitative basis for subsequent defect identification. In
Figures 16-21, red circles are used to mark the location of the 430th order.

In this study, the identification of defects was based on the frequency order shift in the
thickness peak in the spectrum, using a fully grouted sleeve as the baseline. The specific
criteria are as follows: a peak shift exceeding 30 orders, consistently observed across
multiple consecutive measurement points in a given area, was defined as a confirmed
defect. A shift between 10 and 30 orders was classified as a suspected defect, requiring
comprehensive judgment considering adjacent points.
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(a) Frequency response. (b) Comparison of thickness frequencies at different points.

Figure 16. FFT analysis result of sleeve#6.
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Figure 17. FFT analysis result of sleeve#1.
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Figure 19. FFT analysis result of sleeve#3.
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Figure 20. FFT analysis result of sleeve#4.
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Figure 21. FFT analysis result of sleeve#5.

Analysis of Specimen #1 (Figure 17): Thickness frequencies of Points 1-7 appeared
at the 400th order with slight deviation. Points 8-11 exhibited 430th-order frequencies,
consistent with full grouting, confirming sound grouting quality in this range. Points
12-14 had roughly estimated 400th-order frequencies, deviating slightly from the full-
grouting reference. Given Test Group’s double-row sleeve arrangement, potential de-
fects in the opposite sleeve at these positions rendered grouting fullness unconfirmable.
Points 15-18 showed obvious frequency deviations, indicating defects. Points 19-22 had
400th-order frequencies, again attributed to possible opposite-sleeve defects (due to double-
row arrangement), precluding grouting quality confirmation. Points 23-25 exhibited
significant frequency shifts, confirming grouting defects.

Analysis of Specimen #2 (Figure 18): Points 14-18 and 1-7 had 370th-order thickness
frequencies with obvious deviations, indicating grouting defects in these zones. Points
20-24 showed 430th-order frequencies (consistent with full grouting), confirming good
quality. Except for Points 8, 9, and 11 (400th-order frequencies), no full-grouting thickness
frequencies were observed. Despite three repeated tests, results remained inconclusive.

Analysis of Specimen #3 (Figure 19): Notably, Points 7-12 showed stable 430th-order
thickness frequencies, reflecting good grouting quality. All other points exhibited devia-
tions, indicating extensive defects.
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Analysis of Specimen #4 (Figure 20): Points 1-3 had thickness frequencies significantly
below the 430th order, confirming grouting defects. Points 4-6 matched the full-grouting
benchmark. Points 7-20 failed to meet the 430th-order criterion, while Points 21-24 roughly
matched it, highlighting stark grouting quality variations.

Analysis of Specimen #5 (Figure 21): The thickness frequency comparison chart
showed disordered frequency distributions, with only Point 21 clearly at the 430th order.
Comprehensive sleeve layout analysis revealed that Specimens #1, #3, #4, and #5 were
positioned on the component’s outer side, close to the air interface, potentially causing
chaotic frequency responses. More importantly, the double-row arrangements of #1-#5
and #3-#4 matched the experimental design’s pre-set interference conditions—thickness
frequency responses from all detection points of these four sleeves incorporated cross-talk
from opposite sleeves, making it impossible to determine which row contained defects.
This finding aligns with finite element simulation conclusions.

5. Conclusions

(1) When employing the impact-echo method, the concrete surface outside the sleeve
centerline should be struck with a small hammer. Finite element simulation results demon-
strate that signal collection points must be positioned 40-60 mm from the impact point to
achieve optimal detection performance.

(2) During experimental defect detection, selecting reference measurement points and
comparing their thickness frequencies with other test points can effectively evaluate the
overall grouting quality of sleeves. This method combines intuitive results with operational
convenience, fulfilling practical engineering application requirements.

(3) The impact-echo method can reliably identify defects in double-row grouted sleeves.
However, when defects exist in only one row, precise localization becomes unachievable.
Stress wave reflections and refractions at concrete—air interfaces interfere with detection
signals, resulting in compromised effectiveness in boundary regions compared to other
areas. Under such complex conditions, implementing multi-directional testing combined
with three-dimensional waveform analysis is recommended for reliable defect localization.

(4) Defect detection accuracy proves superior at the grouting end (specimen bottom)
compared to the outflow end (specimen top), necessitating repeated testing at the outflow
end. Notably, no defects were detected at the grouting ends of any sleeves, potentially
because defects near grouting ports were filled with grouting material. Consequently,
grouting quality assessment should prioritize the outflow end.

(5) For subsequent research, the following directions are recommended: systematically
expanding the sample database to establish more universal defect identification thresholds;
introducing machine learning methods for intelligent defect recognition and classification;
and optimizing detection strategies for multi-row sleeves by combining multi-directional
excitation with time-domain waveform depth localization to enhance defect positioning
accuracy in both longitudinal and transverse directions.
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