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Abstract. As an important connection component for prefabricated concrete (PC) structures, grouted splice sleeve (GSS)
connectors are widely employed in building construction. However, effectively detecting grouting defects in GSS connectors
remains challenging due to their concealed and inaccessible nature. This paper proposes a novel grouting defect detection
method based on damping effect-induced ultrasonic wave attenuation. Based on one degree-of-freedom (DOF) free vibration
system, an ultrasonic propagation absorption attenuation model considering the damping effect is built. The result indicates that
the response of the model is exponentially decaying. Compared to the empty case, 90% of the ultrasonic energy is dissipated
when the ultrasonic waves propagate in a compact GSS. To validate the feasibility of the detection principle, five grouting
compactness cases (0%, 28%, 50%, 72%, and 100%) were artificially mimicked and tested. To improve the Signal-to-Noise
Ratio (SNR), the time reversal algorithm was applied. The normalized amplitude of the focused signal in the time domain is
used as an index to quantitatively reveal the compactness of GSS connectors. Experimental results confirmed that grout material
significantly enhances damping effects. In addition, the damping ratios of the GSS connector and the grouting stuffing were
experimentally investigated based on the logarithmic decrement of ultrasonic wave. A 2D numerical model verified that grout-
induced damping causes exponential ultrasonic attenuation, aligning with theoretical predictions and experimental data.
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Therefore, the proposed damping effect-induced ultrasonic wave attenuation is viable for grouting compactness detection.
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1. Introduction

To promote the modernization of the construction
industry, prefabricated concrete (PC) structures have been
rapidly developed worldwide in recent years (Zairul 2021).
These structures encompass diverse forms, including frame
structures, shear-wall structures, and prestressed systems,
and have been extensively applied in shopping malls,
parking facilities, low- and medium-rise buildings, and
bridges. Compared to cast-in-situ concrete, PC structures
offer significant advantages in energy conservation,
environmental sustainability, shortened construction periods,
and enhanced thermal insulation (Jayawardana et al. 2023).
Although the PC structures have attracted more attention,
the seismic performance of the PC structures is significant
depending on the connection strength of the fabricated
structural nodes. Therefore, the quality of inter-component
connections is paramount to ensuring structural integrity
and safety.

To date, common connection methods in structural
engineering include bolted connections (Chen et al. 2022,
Samantaray et al. 2018, Meher et al. 2022), welded
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connections (Kiamanesh et al. 2010, Ricles et al. 2002),
slurry-anchor lap connections (Chen et al. 2020), and
grouting sleeve connections (Kataoka et al. 2017). Among
these, grouting sleeve connections are extensively adopted
for concrete shear walls in prefabricated structures due to
their high strength and simplified installation (Kahama et
al. 2021). Specifically, this method involves inserting steel
rebars into a hollow sleeve and injecting high-strength,
slightly expansive grout between the sleeve and rebar. After
the grouting material sets and hardens, normal stress
develops at the grout-sleeve interface while frictional forces
arise at the grout-rebar interface, enabling axial stress
transfer. The integrated system of sleeve, rebar, and grout
collectively resists structural loads. Consequently, ensuring
grout compactness in sleeve joints is critical for quality
control in PC structures, directly influencing joint integrity
and structural safety (Lutz and Gergely 1967). However,
incomplete grout filling remains a prevalent construction
issue (Kim 2012), compromising axial force transmission.
As concealed elements, sleeve defects are visually
undetectable, making non-destructive evaluation of grouting
defects particularly challenging (Ling et al. 2016).
Research indicates that defect lengths exceeding 42 mm
alter failure modes from rebar tensile failure to anchorage
failure, severely jeopardizing structural safety.

To ensure the construction quality of the PC structures,
it is necessary to inspect the grouting compactness of GSS
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connectors. Traditional destructive methods require drilling
at detection points—a time-consuming and labor-intensive
process—limiting application to selective spot checks. In
recent years, non-destructive testing technologies have
advanced rapidly. Approaches, including the embedded
sensor method (Martinez and Andrade 2009), impact-echo
method (Mori et al. 2002, Yue 2023), borehole endoscopy
method (Fulawka er al. 2018), infrared thermal imaging
method (Sakagami and Kubo 2002), and X-ray digital
imaging method were proposed (Migeon et al. 1998).
Thakur et al. (2011) employed all-fiber embedded sensors
to monitor grouting completeness during construction,
demonstrating effective compactness detection with
temperature insensitivity. However, grout adhesion to
sensors may compromise accuracy. Muldoon et al. (2007)
tested a series of standard concrete beams with built-in
plastic conduits using impact echo-based stack imaging of
spectral amplitudes. The experimental results showed that
the proposed method can effectively detect cavities in
plastic conduits. Xie et al. (2022) used the borehole
endoscope method to detect the sleeve in the shear wall, and
the test results showed that the proposed method were direct
and reliable, and the grouting defects of the sleeve could be
found. Gao ef al. (2017) achieved cross-sectional
visualization of grout distribution using X-ray imaging,
though radioactivity constraints limit practical deployment.

Due to its advantages of good directivity, no-
radioactivity, and high resolution (Xie et al. 2024),
ultrasonic testing has been extensively applied in concrete
structures for concrete strength assessment (Bogas et al.
2013), concrete thickness measurement (Trtnik ef al. 2009),
concrete defects detection (Dang ef al. 2023, Saint-Pierre et
al. 2016). A total focusing method (TFM) based on
ultrasonic waves is employed by Liu et al. (2023) for
debonding damage detection in concrete-filled steel tube
(CFST) structures. 16 CFST columns of the Shenzhen SEG
Building were successfully inspected and the result shows
that the comprehensive debonding rate is about 46.6%. The
ultrasonic wave can also be used in grout compactness
detection of GSS connectors. Jiang and Cai (2018) derived
the first-arriving ultrasonic wave propagation path and
proposed the t-distribution-based ultrasonic probability
algorithm for compactness detection of GSS connectors. Qu
et al. (2021) investigated compactness tomography using
ultrasonic waves. Finite element simulations and
experimental testing were carried out in their research. A
validation experiment was carried out and five grouted
defects in five GSS connectors were investigated. Li ef al.
(2019) presented the guided wave waveforms at different
grouting defects, and a damage index was proposed by
calculating the differences between compactness and
defective specimens. A wavelet packet energy algorithm
was proposed by Cao et al. (2023) for testing the
compactness of grouting sleeves. Finite element analysis of
ultrasonic elastic wave propagation was performed and the
energy proportion distribution shows that the high-
frequency component gradually decreases with the decrease
of anchorage length.

Although previous studies have demonstrated the
feasibility of ultrasonic-based grouting compactness
detection, the mechanism is not fully revealed. This paper

proposes a novel defect detection approach based on
damping effect-induced ultrasonic wave attenuation. By
modeling the transducer-specimen system as a one degree-
of-freedom (DOF) free vibration system, the system
response under ultrasonic excitation with damping effects
can be derived. Experimental validation employed five full-
scale GSS connectors with surface-mounted Lead Zirconate
Titanate (PZT) transducers, complemented by a 2D
numerical model to elucidate the detection principle. The
paper is organized as follows: section 2 presents the
theoretical principles derived from the damping model.
Section 3 details experimental validation. Section 4
conducts numerical simulations of damping effects on
ultrasonic propagation. Section 5 provides concluding
remarks.

2. Detection principles based on damping effect

Assuming the PZT-based pitch-catch system as a one
degree-of-freedom (DOF) free vibration system, the
governing equation can be expressed as Eq. (1)\

mi(t) + cx(t) + kx(t) = F(t) (1)

where x(7) is the displacement with the variation of time ¢,
F(¢) is external force, m, ¢, and k are the mass, damping,
and stiffness of the structures, respectively.

Eq. (1) is the expression of a forced vibration system. To
obtain the solution of the equation, the free vibration should
be studied first, as shown in Eq. (2)

mi(t) + cx(t) + kx(t) =0 2)
The solution of free vibration can be assumed as
x(t) = Gest (3)

where G is a complex constant, et is an exponential
function.
Substituting Eq. (3) into Eq. (2) yields

2+£+ZGst=0 4
(s +—s + w)Ge 4

The solution for Eq. (4) can be expressed as

S12 = —

1 (o) - w? (5)

2m 2m

In practice, the damping ratio—defined as the ratio of a
system’s actual damping to its critical damping—provides a
convenient metric for quantifying energy dissipation. When
externally excited, a vibrating structure exhibits amplitude
attenuation due to dissipative forces that progressively
decay its motion. This ratio physically characterizes the
amplitude reduction extent and critically determines
vibration system stability and energy transfer efficiency.

Eq. (6) shows the expression of the damping ratio
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where w = \/% is the circular frequency.

For the low damping system, the solution of s in Eq. (5)
can be obtained by substituting Eq. (6) into Eq. (5)

S10 = —€w + i1 - §2 (7)

The solution of free vibration can be expressed as

x(t) = pcos(wty1 — &2 + §)e(F2@D (®)

Eq. (8) is the solution of Eq. (2), which is the general
solution of the one degree-of-freedom (DOF) forced
vibration system in Eq. (1).

Although Eq. (8) shows the specific relationship
between the x(f) and the damping ratio ¢, the damping
ratio’s physical influence requires further interpretation.
Therefore, to fully understand the influence of the damping
ratio, a numerical analysis was performed. Ten values, from
0.01 to 0.10 with an interval of 0.01 were calculated.
Specifically, in the numerical analysis, ¢ = 0.002 s, the
amplitude of the constant term of p is normalized. The
circular frequency is 228 kHz, which corresponds to the
central frequency of the excited signal in the experimental
validation in section 3. The phase angle is 0. As shown in
Fig. 1, as the increase of damping ratio, the amplitudes of
the normalized displacement decay increasingly. When the
¢ is 0.01, it took more than 2 ps for the amplitude of the
normalized displacement to decay from 1 to 0. However, it
took about 0.3 ps when the ¢ equal to 0.1. Thus, higher
damping ratios correspond to stronger damping forces,
accelerating amplitude decay and equilibrium restoration.
Conversely, lower damping ratios reduce dissipation forces,
prolonging both amplitude decay and system stabilization.
These results confirm the damping ratio’s critical role in
governing structural response dynamics.

Normalized displacement
)

Time (s) %107

Fig. 1 Free vibration of low damping system with different
damping ratio

x(f)

Fig. 2 Schematic diagram of low damping free vibration

For the low damping system (the damping is lower than
the critical damping, & < 1), the schematic diagram of low
damping free vibration is presented in Fig. 2. In this case,
the damping ratio of the system can be solved using the free
vibration damping method.
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§ ©
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where the xx and xx+ are the two adjacent peaks in the free
decay curves, respectively. lnxx—K is the logarithmic
K+1

decrement of the vibration amplitude. Considering nth
peaks in a vibration process, Eq. (9) can be expressed as
follows

1 Xg

=—1
¢ 2nn nxK+n

(10)

where xk+, is the amplitude of nth wave peak after xx in the
free decay curve.

Assuming that {So}, {Si}, ..., {Sy} are the recorded
ultrasonic signal at nth different grouting compactness,
{do}, {41}, ..., {An} are the amplitudes of the {So}, {Si},
..., {Sn}, respectively. To quantitatively evaluate the
compactness of grouted splice sleeve (GSS), a compactness
index based on the normalized amplitude of wave signal in
time domain was proposed, as shown in Eq. (11)

pri = (11)
Ao

where the 4; is the amplitude of {S;}, (i=1, 2, ..., N).

3. Experiment
3.1 Specimen and setup

Five full-scale GSS connectors were tested (Fig. 3), with
inner and outer diameters of 36 mm and 48 mm
respectively, and a length of 310 mm. Embedded rebars
measured 16 mm in diameter. Fig. 4 details the GSS
dimensions and PZT transducer locations. The grouting
material comprises a high-strength, non-shrinking
composition with a water-to-cement ratio of 1:0.14. Table 1
summarizes its key parameters.

Grouting defects predominantly occur near the outlet
due to leakage from the bottom inlet. Accordingly, PZT
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PZT transducers

Fig. 3 Five whole GSS connectors

25
l—LPZTI PZT3 135

48

2
| PZT2  pzT4t 75

310

Fig. 4 The dimension of the GSS connector (unit: mm)

Table 1 Parameters of high strength grouting material

Index Critical value Observed data

» Initial 305
Fluidity/mm -
30 min 275
Compressive 1d 30.1
strength/Mpa 3d 475
3h 0.14
Vertical Deviation bet
expansion rate cviation between
P 24hand3h 0.06
Chloride ion content/% - 0.01
Bleeding rato/% - 0

NI USB 6366

.f'_

g m
W

-
-
-—
a

Trek !'
2100HF

T2% 100%

Fig. 5 Experimental setups (a) and (b) grouting cases 1
(0%); (c) grouting case 2 (28%); (d) grouting case 3
(50%); (e) grouting case 4 (72%); (f) grouting case 5
(100%)

transducers were mounted at two strategic locations:
adjacent to the inlet and outlet. Implementing the pitch-
catch strategy defined by our detection principles, four PZT
transducers (diameter: 10 mm, thickness: 1 mm) were
affixed to opposite sides of the GSS outer surface. PZT1
and PZT3 functioned as actuators, while PZT2 and PZT4
served as sensors. Although grout strength increases with
curing age, sleeve bearing capacity reaches 96% of ultimate
strength after 7 days, with subsequent strength gain
diminishing significantly. Thus, ultrasonic signal acquisition
was conducted precisely 7 days post-grouting.

As shown in Fig. 5(a), a PC equipped with LabVIEW
software platform was used to control the NI USB 6366
data acquisition (DAQ) card to pulse the excite signal and
record the propagating wave. A power amplifier (Trek
model 2100 HF) was used to amplify the signal output from
NI USB 6366. Five grouting compactness cases, including
0%, 28%, 50%, 72%, and 100% were artificially mimicked,
as shown in Figs. 5(b)-(f).

The pulse signal is a modulated Gaussian signal, which
can be expressed as

x(t) = Age k=D cos(2nf.(t — d)) (12)
_ 5m2b2f’ (13)
¢ gqin(10)

where A is the amplitude, d denotes the time delay, /. is the
central frequency, b represents the normalized bandwidth,
and ¢ is the attenuation constant.

The parameters of the Gaussian pulse are shown in
Table 2. It should be noted that before pulsing the Gaussian
signal, the excitation frequency should be specified. To
determine the central frequency of the emitted pulse signal,
a linear sweep signal ranging from 1 kHz to 500 kHz was
applied to the PZT actuator. Fig. 6(a) is the received signal
from PZT2. Fast Fourier transform (FFT) was used to
extract the resonant frequency of the recorded signal, as
shown in Fig. 6(b). The result shows that the central
frequency is about 228.8 kHz.

Due to the strong energy dissipation effect, the
amplitude of the received signal is very low. To improve the
SNR, time reversal algorithm was applied in the
experiment. The procedure of the time reversal process is
shown in Fig. 7. Taking PZT3 and PZT4 as an example, the
time reversal process can be described as follows:

(1) PZT3 was excited by the Gaussian pulse signal.

(2) PZT4 senses and records the ultrasonic wave
propagated from the waveguide (steel sleeve and
inner grouting stuffing).

(3) The recorded signal in step (2) was reversed in time
domain and reemitted by PZT4.

Table 2 Sweep signal parameters of Gaussian pulse

fCentral Amplitude Sampling Attenuation Normalilzed

requency ) frequency (dB) bandwidth
(kHz) (MHz/s) (kHz)
228.8 1 2 0.8 1.5
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Fig. 6 The received signal in (a) time domain; and
(b) frequency domain

Pulse signal ~ Focused signal

Received signal Reversed signal

Fig. 7 Schematic diagram of the time reversal process

(4) PZT3 senses the ultrasonic wave reemitted by
PZT4. The signal has the characteristic of temporal
and spatial focusing characteristics.
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3.2 Experimental result

Fig. 8 illustrates the time reversal process signals for the
fully grouted case. Fig. 8(a) shows the Gaussian pulse
signal applied to the actuator, while Fig. 8(b) displays the
sensed signal recorded by the PZT sensor, with an
amplitude of 0.021 V. Following time reversal processing,
the received signal is amplified 10 times and retransmitted.
Fig. 8(d) presents the resulting focused signal, which
exhibits an amplitude approximately twice that of the
direct-arrival signal in Fig. 8(b). Thus, the TR algorithm
significantly enhances the SNR of ultrasonic waves,
particularly in high-attenuation environments.

In this experiment, two detection spots were designated
per GSS connector, resulting in ten total detection points
across five specimens with PZT transducers attached.
However, signals from two PZTs failed to capture ultrasonic
waves, leaving eight locations available for analysis. Due to
variations in bonding thickness, weld quality, and other
installation factors between transducers, signal amplitudes
differed across PZTs. To isolate the attenuation effects of
grout defects, the focused signal amplitudes were
normalized. Fig. 9 presents the normalized amplitudes for
all five grouting conditions following time reversal
processing.

As shown in Fig. 9, the amplitude of the focused signal
decreases with increasing grouting ratio. For the 0% grout
condition (i.e., an empty GSS connector), the amplitude
reaches its maximum value. However, as grout progressively
fills the connector, the normalized wave energy exhibits
significant attenuation. At 50% grouting ratio, the amplitude
is reduced to less than 50% of the 0% grouting case value.
In the fully grouted condition (100% fill), 98% of the signal
amplitude is attenuated, demon-strating that the grouting
material dissipates most ultrasonic wave energy through
damping mechanisms. The damage index (DI) values
decrease exponentially with grouting ratio, following the

0.02 4

0.00

Amplitude (V)

-0.02

T T T T T 1
0.000 0.001  0.002 0.003 0.004
Time (s)

(b)

0.04

0.02

0.00

Amplitude (V)

-0.02

T T T T T T 1
0.000  0.001 0.002  0.003 0.004
Time (s)

(d)

Fig. 8 (a) Gaussian pulse; (b) received signal; (¢) reversed signal; and (d) focused signal in time reversal

process at full grouting case
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Fig. 9 DI values for five grouting compactness

fitting function

p—0.078
f(p) = —4.61 x 107* + 0.993e(" 32670 (14)

where the p is the grouting percentage. In addition, the
coefficient of determination (R?) is 0.970, indicating the
exponential decay curve is well fitted to the experimental
result.

The variance and the standard deviation were calculated
in our revised manuscript and the results were presented in
Table 3. Table 3 shows that when the grouting percentage is
50%, the maximum variance is 0.0033, and the standard
deviation is 0.057, which also reaches the maximum value.

To characterize frequency responses across grouting
conditions, fast Fourier transform (FFT) analysis was
performed on the 0%, 50%, and 100% cases. As shown in
Fig. 10, in the empty GSS connector condition, ultrasonic
waves propagate unimpeded along the sleeve, yielding a
central frequency band of 180-280 kHz. As the grouting
compactness increases to 50%, the amplitude of the high-
frequency component decreases significantly. When the
GSS connector is fully compact, the central frequency is
about 1.45 kHz, and the high-frequency component is
filtered. This occurs because increased grout volume
extends the wave propagation path through the material,
where reflection, refraction, and scattering dissipate wave
energy. Consequently, the grouting medium functions as a
low-pass filter, selectively attenuating high-frequency
components during waveguide propagation.

Table 3 Variation and standard deviation for different
grouting percentage

Percentage (%) 0 28 50 72 100
Variance 0 0.0031 0.0033 0.0015 3.8¢3
Standard deviation 0 0.056  0.057 0.040 0.0062
3 . . ;
X 1449.58 X 228401 0%
¥ 2.18556 ¥ 2.92105 50%
™ ——100%| |
z ]
a 1 2 ; 4 5
Frequency (Hz) «10°

Fig. 10 Frequency for five grouting compactness

4. Numerical simulation

To elucidate the damping-based detection mechanism
for grouted splice sleeves (GSS), numerical analysis was
conducted, leveraging experimentally determined damping
properties. Section 4.1 quantifies the damping ratios of both
the GSS structure and grout through experimental testing.
Building on these results, section 4.2 establishes a finite
element model that simulates varying grouting conditions
using the damping parameters from section 4.1. Section 4.3
presents the corresponding simulation outcomes, revealing
the fundamental relationship between grout-induced
damping and ultrasonic wave dissipation.

4.1 Damping tests of the grouting stuffing and GSS

Fig. 11 illustrates the experimental setup for damping
characterization. A PXIe-1088 host chassis with integrated
PX1-5412 oscilloscope module was used to acquire time-
domain waveforms. The CTS-8077PR ultrasonic instrument
(Guangdong Goworld Co., Ltd., Ultrasonic Instrument
Branch) was connected to a single PZT transducer for pulse
excitation and signal reception. Critically, this configuration
differs from the pitch-catch arrangement in Section 3.1:
whereas section 3.1 employed two transducers (one
actuator, one sensor), this damping test utilized a single
transducer operating in pulse-echo mode to measure free-
decay ultrasonic responses. This approach enables direct
acquisition of grout and GSS free-decay curves, thereby
allowing precise quantification of material damping
properties in both waveguide systems.

L e

SYNC OUT RF SIGNAL OUT
PXle-1088 host
CTS-8077PR
Zin=50chms CH2
IR R CHI1 OR SYN
T J

Display screen

(2)

" Di : CTS-8077PR

PXle-1088 host

Specimen

(b)

Fig. 11 Setups for damping test: (a) schematic diagram;
(b) experimental test
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(1) Damping ratio tests of the GSS material

Since the damping ratio of the GSS cannot be measured
directly, the damping ratio of a steel plate of the same
material as the GSS is used. To reduce the measurement
errors in the experiment, five measuring points (PG1, PG2,
PG3, PG4, and PGS5) were selected, and five PZT-5H
sensors were pasted onto the surface of the steel plate, as
shown in Fig. 12. Taking PG1 as an example, the reflected
wave in time domain for GSS damping test is presented in
Fig. 13. As shown in Fig. 13, the 1%, 2", and 3™ reflected
waves can be clearly recorded.

According to Eq. (9), xx and xk+, are the amplitudes of
K" and (K+n)" wave peaks, respectively. Since the I
reflected wave owns the largest amplitude, the waveform of
the 1% reflected wave was applied for the damping
calculation of GSS material. In this research, K and » are 1
and 3, respectively. Therefore, in Fig. 13, x; is 1.395 V and
x41s 0.486 V. Substituting x; and x4 into Eq. (9) yields the
value of the damping ratio of GSS material. The result of
the damping ratio of the GSS material is shown in Table 4.
The average damping ratio of GSS material in this research
is 0.057.

(b)

Fig. 12 Specimen for GSS damping test in (a) vertical;
and (b) side views

Amplitude (V)
(=]

0 0.5 1 1.5 2 25 3 3.5
Time (5) %107

Fig. 13 Reflected wave in time domain for GSS damping
test

Table 4 Damping ratio of the GSS material

Test point PGl PG2 PG3 PG4 PG5 Average
Value (102 559 6.17 521 551 6.02 5.70

Table 5 Damping ratio of the grouting stuffing

(2) Damping ratio tests of the grouting stuffing

A cylindrical specimen (radius: 72.5 mm, height: 43
mm) was fabricated using the same grout mixture and
water-to-cement ratio as section 3.1. After 7-day standard
curing, damping ratios were measured via free-decay
testing. To minimize measurement uncertainty, five
measuring points (PS1, PS2, PS3, PS4, and PS5) were
selected, and five PZT-5H sensors were pasted onto the
surface of the specimen, as shown in Fig. 14. The reflected
wave recorded by PGl is presented in Fig. 15.

As shown in Fig. 15, due to the significant energy
dissipation effect of the grouting stuffing damping, only the
1* reflected wave can be observed in the reflected wave. In
this section, K and » are 1 and 2, respectively. Therefore, x;
is 0.1278 V and x3is 0.0473 V. Substituting x; and x3 into
Eq. (9), the damping ratio of grouting stuffing can be
obtained. The damping ratio of the grouting stuffing in five
repeated tests is shown in Table 5. The average damping
ratio of grouting stuffing is 0.808, which is 1.42 times that
of the GSS material.

4.2 Multi-physics field coupling modelling

In this section, a two-dimension GSS model was built
using COMSOL Multiphysics. Seven grouting levels,
including 0%, 14%, 28%, 50%, 72%, 86%, and 100% were
considered. As shown in Table 6.

To accurately simulate the wave propagating process in
GSS connectors, five components, including two PZT

(b)

Fig. 14 Specimen for grouting stuffing damping test in
(a) vertical view; and (b) side view

Amplitude (V)
o

. . . ' . .
0 05 1 15 2 25 3 35
Time (s) %107

Fig. 15 Reflected wave in time domain for grouting stuffing
damping test

Table 6 Grouting levels in coupling modeling

Test point PGl PG2 PG3 PG4 PG5 Average
Value (102 82 791 811 818 7.99 8.508

Cases Gl G2 G3 G4 G5 G6 G7
Grouting levels (%) 0 14 28 50 72 86 100
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Fig. 16 Finite element model of GSS in G4 (50% grouting
level)

transducers (PZT1, and PZT2), splice sleeve, grouting, and
steel bar, were built in the numerical model. Taking the
grouting case of G4 as an example, Fig. 16 is the finite
element model of GSS. In our model, PZT1 and PZT2 are

mounted on the bottom and top surface of the splice sleeve,
and the thin epoxy layer is not considered. All the
components are connected by Form Union. Two physical
field modules, the solid mechanics field and the
electrostatic field are applied. A Gaussian signal which is
the same as section 3 is modulated. The modulated
Gaussian signal is excited by PZT1 with an amplitude of 50
V. The upper surface of the PZT2 is set to a terminal. Two
mesh cell types, free triangular grid and rectangular grid are
applied. For the balance of calculation time and efficiency,
the element size is less than 1/10 of the wavelength and the
maximum integration step size should be less than 1/20 of
the maximum period. Splice sleeves, grouting stuffing and
steel bars were assumed to be isotropic materials. The
damping ratio of the GSS material and grouting stuffing
measured in section 4.1 were applied in the simulation.
Table 7 shows the parameters of the material properties.

Table 7 Material properties of splice sleeves, steel bar and grouting stuffing

Material Density Elastic modulus Poisson’s Damping
(kgem) (104 MPa) ratio ratio
Splice sleeves and steel bar 7850 20.5 0.2 0.057
Grouting stuffing 2300 2.5 0.28 0.081
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4.3 Result

Signals received by PZT2 reveal ultrasonic wave
propagation through the GSS connector across varying
grouting levels (Fig. 17). Due to significantly higher wave
velocity in steel compared to grout, waves reach the
sleeve’s upper region by ¢t = 1 x 10° s. The low damping
ratio of steel further confines propagation primarily within
the sleeve walls, as evidenced in Figs. 17(b)-(d).
Normalized signal amplitudes (Fig. 18) demonstrate
maximum amplitude occurring in non-grouted specimens.
Simulation results incorporating time reversal processing
yielded focused time-domain signals for seven grouting
cases (Fig. 19), with extracted compactness indices plotted
in Fig. 20. These results confirm an exponential amplitude
decay with increasing grout volume, expressed as

+0.411 (

P
f(p) = 0.123 + 0.903¢ " 11529 15)

The coefficient of determination (R?) in Fig. 20 is 0.973.
The exponential decay curve fits well with the simulation
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Fig. 18 Received signals after normalization with different
grouting compactness levels
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results. In addition, the simulation results are consistent
with the experimental results, which verifies the reliability
of the simulation results. Therefore, the normalized
amplitude can function as an indicator to quantitatively
reveal the compactness of the splice sleeve.

5. Discussion

Unfavorable factors, including the ambient noise,
surface roughness, and inconsistent bonding of PZT
sensors, are critical for practical inspection. For the ambient
noise, the time reversal (TR) algorithm enhances signal-to-
noise ratio (SNR) by temporally and spatially focusing
ultrasonic energy. A 200% amplitude gain can be obtained
after TR processing. In addition, the filter algorithms can be
applied to further isolate ambient noise. Surface
irregularities may affect acoustic coupling between PZT
transducers and the sleeve. To address this issue, surface
roughness should be treated, such as polishing. In addition,
the normalized amplitude index can detect poor sensor
bonding. In the future, an on-site study is planned on a
prefabricated bridge, where environmental factors (e.g.,
temperature, humidity) and structural vibrations will be
considered and monitored.

6. Conclusions

Based on the damping model, this study proposes an
ultrasonic wave-based approach for grouting defect
detection. The key conclusions are summarized as follows:

(1) By modeling the PZT pitch-catch system as a one
degree-of-freedom (DOF) free vibration system, the
detection principle using ultrasonic wave was
revealed. Results demonstrate that structural
responses are significantly governed by damping
ratio, with 90% ultrasonic energy dissipation
observed in fully compacted GSS connectors versus
empty cases.

(2) Implementation of the time reversal algorithm
enhanced signal-to-noise ratio (SNR), while the
normalized amplitude of focused signals served as a
quantitative compactness indicator. Validation
experiments on five full-scale GSS connectors
confirmed that grout-induced damping causes
exponential ultrasonic wave attenuation.

(3) A 2D numerical model further elucidated the
damping-based detection mechanism.
Experimentally measured damping ratios for both
GSS  connectors and grout material were
incorporated into the finite element model.
Simulations across seven grouting cases revealed
exponentially decaying normalized amplitudes with
increasing grout percentage, aligning with
experimental results and confirming grout-
dominated ultrasonic energy dissipation.
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