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For the current problem of detection of grouting defects in posttensioned prestressed concrete members, the paper takes a single-
layer arrangement of prestressed pipes as the object of study. The influence law of the main factors such as pipe material, defect
size, defect critical surface location, and prestressing reinforcement location on the results of the impact-echo method for
detecting concrete grouting defects was studied. Firstly, the ABAQUS finite element software was used to simulate these factors to
obtain the influence law on the detection results, and a modal test was conducted to verify them. The results show that the impact-
echo method can effectively test the location of defects and the degree of burial depth, and the pipe material influences the test
results, and the impact of corrugated metal pipe is smaller and more accurate than the PVC pipe. In addition, the greater the plate
thickness frequency drift rate, the larger the transverse size of the defect, so the plate thickness frequency drift rate and the

measured defect depth are combined to quantitatively determine the depth of the defect.

1. Introduction

With the extensive use of posttensioned prestressed con-
crete bridges, the compactness of posttensioned pre-
stressing duct grouting has become a major problem
affecting the performance of bridges. Poor grouting results
in the corrosion of prestressing steel bars, and conse-
quently, the collapse of bridge structures has occurred
frequently in the past decades. There have been publicly
watched bridge collapses in recent years, including the
Ynys-y-gwas in South Wales [1], Malle Bridge in Belgium
[2], and Tian Zhuang Tai Bridge across the Daliao River on
U.S. Route 305 [3]. The investigation shows that the lack of
compactness of grouting causes the collapse. To solve this
problem, the commonly used methods of grouting com-
pactness detection such as rebound method, ultrasonic
method, ground penetrating radar (GPR), acoustic scat-
tering tracking method, endoscopy method, thermal in-
frared imaging method, and impact-echo (IE) method are
used [4-7].

The IE method is a standard nondestructive testing
method for detecting the surface and subsurface defects in
concrete structures. The technique is widely used in practical
engineering because of its convenient and straightforward
testing process. It is also known as the most promising
inspection method. The impact-echo method was first
proposed by Cornell University in the 1980s and used the
method to detect defects in prestressed pipes [8].

Hill et al. carried out an experimental study on the quality
of prestressed pipe grouting using the impact-echo method of
detection. They found that the technique could effectively
identify signals of grout defects in square beam pipes [9]. Liu
et al. [10] and Kang et al. [11] found that defects in reinforced
concrete structures could be accurately detected using the
shock-echo method through an indoor experimental study.
Jiang et al. [12] used the IE method to detect the concrete
emptying problem, and the results showed that the technique
was feasible. The impact-echo method analyzes IE data and
requires user expertise to define the analysis parameters,
hindering comprehensive field implementation.


mailto:yyx@chd.edu.cn
https://orcid.org/0000-0002-6539-9521
https://orcid.org/0000-0001-5793-9009
https://orcid.org/0000-0001-6135-9867
https://orcid.org/0000-0002-8322-1655
https://orcid.org/0000-0002-1456-3694
https://orcid.org/0000-0001-7995-1789
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/8141015

The feasibility of using deep learning models (DLMs) to
detect concrete structural defects has been recently inves-
tigated [13]. In this paper, based on this research, the factors
affecting the detection results of the impact-echo method are
numerically simulated using ABAQUS and validated by
indoor tests.

2. Principle of IE Method

The impact-echo method is a method to detect defects using
low-frequency stress waves generated by transient shock. In
practical engineering, a small steel ball is usually used to tap
the surface of the concrete. At this time, a stress wave will be
generated on the surface of the concrete. The stress wave
(mainly P wave) propagates to the structure, and the re-
flection phenomenon will occur at different media inter-
faces. The back-and-forth reflection between other interfaces
produces transient resonance. The stress wave formed by
transient resonance changes the surface displacement of the
concrete structure. Then, the displacement signal is received
by the sensor placed near the impact point. The displacement
signal received by the sensor is transformed into a frequency
domain signal after fast Fourier transform (FFT). Finally, the
time-domain signal is transformed into a frequency-domain
signal according to the received signal. Frequency-domain
signals are used to determine the size and density of defects
in the structure. The schematic diagram of the detection
principle is shown in Figure 1.

According to the principle of the impact-echo method
[14-17], the equations for calculating thickness and fre-
quency are different for different impedance materials when
analyzing frequency signals. For compact flawless concrete
slabs, the thickness frequency (Fr) can be determined by
equation (1), and for reinforced concrete, the reflection
frequency (F,) can be determined by equation (2) as follows:

Fr = a2t (1)
T (xszT

\%4
F = tx54—;, (2)

where «a, represents the shape coeflicient of the slab; for
concrete slab, it is generally 0.96; V,, represents the wave
velocity of stress wave in concrete when propagating; T
represents the thickness of the slab; d represents the depth of
the channel.

Based on equation (2), the impact-echo signals collected
from the nonprestressing pipe section, grouting channel,
and nongrouting channel specimens in the concrete slab will
show different characteristics when the grouting compact-
ness of the channel is tested (Figure 2).

3. Finite Element Simulation

3.1. Introduction to Simulation. The impact response under
different working conditions is simulated and analyzed by
using the finite element software, ABAQUS display solver.
The impact-echo method studied the specific influence of
various typical factors on the accurate positioning and
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FIGURE 1: Schematic diagram of the shock-echo method.

quantitative detection of grouting defects in prestressed
concrete structures. In the study, the impact load generated
by steel ball impact is simplified to a semiperiodic simple
harmonic force directly. It is inspected at a distance of 5 cm
near the impact point. Acceleration/displacement of the
measured surface is used to obtain the response signal of the
stress wave propagating in concrete. Finally, the received
time-domain signal is transformed into a frequency-domain
signal through fast Fourier transform (FTT), and the
spectrum chart is drawn.

3.2. Simulation Parameters. For the ABAQUS simulation,
the material parameters are selected, as shown in Table 1.
In the experimental study, C40 concrete is selected; the
meshing accuracy is 10 mm; the impact steel ball with a
diameter of 6 mm is used; the impact load is regarded as a
half-period sinusoidal load, in which the maximum con-
centrated force is 30 N, and the impact duration is 30us. The
concrete relationship is shown in the following equation:

. [t

F=F .sin| — ). (3)
tC

In the above equation, F is the action force of t at a

specific time, Fy,, is the maximum load of 30N, ¢ is the

action time range of 1-30 us, and t, is the impact duration.

3.3. Simulated Working Conditions. To study the typical
influence factors of pipeline material, defect size, defect
critical plane position, and prestressing steel bundle, the
following working conditions were set up as follows: (1)
different grouting degrees was arranged to simulate different
defect sizes; the hollow four working conditions such as
compactness, 1/3 grouting, 1/2 grouting, and 2/3 grouting
were set (see model 1-4 in Table 2), and the other conditions
were the same. (2) Parallel and vertical working conditions
of critical defect surface and test surface were arranged (see
model 5-6 in Table 2), (3) To study the influence of the
position of prestressing tendons and tendons on test results,
two working conditions of prestressing tendons are set up at
the top of the pipeline and the bottom of the pipeline, re-
spectively (see model 7-10 in Table 2).
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FIGURE 2: Response spectrum analysis diagram of different channels.
TABLE 1: Material parameters.
Material Density (Kg/m3) Elastic modulus (Pa) Poisson’s ratio
Steel 7.8x10° 2.1x10" 0.3
Concrete 2.4x10° 3.25x10" 0.2
Mortar 1.74x10° 8.71 x 10° 0.2
PVC 11x10° 4x10° 0.2

Note. PVC, polyvinyl chloride.

TaBLE 2: Summary of working condition model parameters.

Model Corrugated pipe Grouting Position of the critical surface of the defect (and Prestressed tendons and their
number material compactness the test surface) position

1 Metal/PVC Not grouted Parallel None

2 Metal/PVC 1/3Grouting Parallel None

3 Metal/PVC 2/3Grouting Parallel None

4 Metal/PVC Compact Parallel None

5 Metal 1/3Grouting Vertical None

6 Metal 2/3Grouting Vertical None

7 Metal Compact Parallel Exist (pipe top)

8 Metal Compact Parallel Exist (pipe bottom)
9 Metal 1/2Grouting Parallel Exist (pipe top)
10 Metal 1/2Grouting Parallel Exist (pipe bottom)

Note. In Table 2, the location of the defective critical surface is parallel to the test surface that is “top and bottom plate conditions” and vertical that is “web

condition.”

Figure 3 is a partial model diagram. The finite element
model is 1.6 m in length, 0.4 m in width, and 0.3 m in height.
The pipes are arranged in the central position. The diameter
of the pipes is 80 mm, the thickness of the metal wave tube
wall is 2 mm, the thickness of the PVC pipe wall is 3 mm, and
the diameter of the prestressed steel bar bundle is ap-
proximately simulated with a 4 cm steel bar. The working
conditions are summarized in Table 2.

3.4. Simulation Results. The set working conditions are
simulated numerically. The time-domain signal data of test
points are collected. The time-domain signal data are con-
verted into frequency-domain signals by fast Fourier
transform with MATLAB data processing software.

The spectrum of each working condition is obtained.
Some of the spectrum results are shown in Figure 4. The peak
values in the spectrum of all operating conditions are
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FIGURE 3: Schematic diagram of the finite element model.
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FIGURE 4: Parts of the spectrogram. (a) 3-spectrogram of metal bellows; (b) 4-spectrogram of metal bellows; (c) 7-spectrogram of metal

bellows; (d) 9-spectrogram of metal bellows.

counted, and the corresponding thickness frequency values,
defect thickness frequency values, and drift rates ( A fand A
F) are calculated according to equation (1) or equation. (2).
The peak frequency results are shown in Table 3.

By comparing the results of 1-1~4-2 in Table 3, it can be
seen that when the pipe grouting is defective, the corre-
sponding plate thickness frequency drifts to the low fre-
quency, and the drift rate increases gradually with the

increase of the defect size; this point can be used as a basis for
judging whether there are defects in the prestressed pipeline.
The drift rate of metal bellows increased from 2.1% to 19.6%;
the drift rate of PVC pipe increased from 2.5% to 24.7%, and
the error of corresponding defect reflection frequency of
metal pipe was smaller than that of PVC pipe, which shows
that the material bellows have an effect on the test results.
Under the same conditions, the obstruction of metal bellows
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TaBLE 3: Peak frequency.
Plate thickness frequency Defect frequency

Number

ftheory fcalculute Af (%) Ftheory Fcalculate AF (%)
1-1 4988.0 19.6 16296.4 16420 3.0
2-1 5072.0 18.3 16296.4 16542 2.3
3-1 5233.0 15.7 16296.4 16485 2.6
4-1 6080.0 2.1 / / /
1-2 4673.0 24.7 16296.4 16180 4.4
2-2 4821.0 22.3 16296.4 16277 4.1
3-2 4904.0 20.9 16296.4 16331 3.5
4-2 6206.3 6053.0 2.5 / / /
5 5581.0 10.1 16477 16025 2.7
6 5883.0 52 16477 15810 4.1
7 6334.0 -2.1 / / /
8 6334.0 =21 / / /
9 5306.0 14.5 13299.2 12768.5 3.8
10 5306.0 14.5 16926.4 16255.0 3.9

Notes. (1) 1-1 in the table is a corrugated metal pipe; 1-2 is the PVC corrugated pipe; the rest are similar. The rest of the number corresponds to the working
conditions in Table 2. (2) “/” in the table indicates that there is no such content, and the above frequency unit is kHz. (3) A f=(f yneory — featcutate)! fineorys A

F= (Fthzory - cal[ulatc)/Ftheary; AF takes absolute value.

is less than that of PVC pipes, and the results are closer to the
theoretical values. Therefore, metal pipes can be used as
grouting channels.

By comparing the results of 1-1 ~ 4-1, 5, and 6 in Table 3,
it can be seen that, under the condition of the web, the
frequency drift rate of plate thickness measured under the
condition of the same defect size as that of the top and the
bottom plates is smaller than that of top and bottom plates.
This is because when the critical surface of the defect is
perpendicular to the test surface (web condition), the
transverse dimension of the fault is much smaller when the
transverse size of the defect is parallel (top and bottom state);
when the frequency drift rate of the thickness of the plate is
more significant, the transverse dimension of the defect (the
depth of the defect at the top of the pipeline) is more
meaningful, and vice versa, and the difficulty of detection is
increased.

Through comparative analysis of the results of 7-10 in
Table 3 and ¢ and d in Figure 4, it can be found that the
frequency of plate thickness shifts. When the prestressed
steel bundle is located on the top of the pipe, the reflection
frequency of the steel bundle can be detected, which are
8781.0 kHz and 8692.0 kHz, respectively, which are close to
the theoretical value 8463.1kHz, and the reflection fre-
quency of the steel bundle cannot be measured when the
upper hole appears. However, the measurement of the depth
frequency of the defect will not be disturbed. In addition, it is
found that when the steel bundle is laid at the bottom of the
pipeline, the reflection frequency of the steel bundle can
easily overlap with the frequency of plate thickness under the
condition of dense grouting, and the peak frequency cannot
be displayed.

4. Field Tests

4.1. Specimen Preparation. In order to validate the findings
of the finite element modeling investigation, three C40
concrete slab specimens were fabricated outdoors. The plate

was 1.6mx1mx0.3m in size(lengthxwidthxheight) (1
piece) and 0.8mx1mx0.3m in size (length x width x
height) (2 pieces). The former was used to validate the effect
of pipe material and defect size on the influence law. The
latter was utilized to validate the influence law between the
position of a trapped critical surface and a prestressing steel
beam. Each specimen has 4 orifices. The pipe diameter is set
to ¢80 mm; the center of the pipe is 110 mm from the surface
of the sample, and in the third plate, another ¢8 standard
reinforcement is arranged with a spacing of 5cm. 3¢l16
standard reinforcement bundles are selected instead of the
prestressing steel bundles, and the dimensional diagram of
specimen 1 is shown in Figure 5(a), and the field specimen is
shown in Figure 5(b). The longitudinal arrangement of
specimens 2 and 3 is the same as that of specimen 1. The
transverse dimensions of the grouting are as described in
Table 2.

4.2. Testing Process. The concrete slab surface corresponding
to the longitudinal axis of each pipeline is selected as the test
line of pipeline grouting with a diameter of 6 mm. The test
spacing is 10cm in the longitudinal direction without
considering the edge point and the midpoint of the speci-
men. There are 14 test points in specimen 1, 7 test points in
specimens 2 and 3, and the distance between the test point
and the impact point should be less than 0.4h (h is the
distance between the top of the bellows and the test surface).
3 cm was selected in this experiment. Firstly, the wave ve-
locity of each specimen is calibrated by SPC-MATS, and
each sample is averaged by selecting several measuring
points.

4.3. Test Results. The results of wave velocity calibration are as
follows: specimen 1 is 3956.5m/s, specimen 2 is 3988.3 m/s,
and specimen 3 is 4000.2 m/s. The frequency of each measuring
point is measured, and the corresponding thickness frequency
drift rate and defect depth drift rate are calculated. The results
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FIGURE 5: Schematic diagram of specimen 1. (a) Specimen size drawing. (b) On-site test piece diagram.

of points 3, 4, and 9, 10 in the No. 1 board are compared and
analyzed. The results are shown in Figure 6. From Figure 6(a)
and calculation, it can be seen that with the increase of defect
size, the corresponding plate thickness frequency decreases
gradually, and the drift rate increases slowly. In metal pipes, the
drift rate of measuring point 3 is from 4.4% to 20.8%, and the
drift rate of measuring point 4 is from 3.9% to 21.2%; in PVC
pipes, the drift rate of measuring point 9 is from 7.5% to 27.6%,
and the drift rate of measuring point 10 is from 6.5% to 27.3%;
but for the defect degree error, the drift rate of measuring point
3 is calculated. The nominal defect depth is shown in Table 4.
The error rate of metal bellows is between 4% and 5.5%, while
PVC tubes are between 6% and 8.1%. It shows that the test
result of the metal tube is more accurate.

For the metal pipelines under the vertical working
conditions of No. 2 and No. 3 in the No. 2 plate, relevant data
of 3 and 4 measuring points are taken. The results are shown
in Table 4.

It can be seen from Table 4 that under the same defect
size conditions as the top and bottom plates, the measured
frequency drift rate of plate thickness is less than that under
the top and bottom conditions. The error of defect depth is
more significant than that of roof and floor, and there are no
data at some detection points, which shows that under the
same conditions, it is more difficult to detect the defect when
the critical surface of the fault is perpendicular to the test
surface (web condition) than when the transverse dimension
of the defect is parallel (top and bottom conditions).

The plate thickness frequency and defect frequency of
the measured points are counted as shown in Figure 7.

From Figure 7 and calculation, it can be found that the
drift rate of plate thickness frequency is low. The drift rate of
plate thickness in working conditions 7 and 8 is between 4%
and 6.3%, the drift rate of plate thickness in working con-
ditions 9 and 10 is between 15% and 18%, and the frequency
of defect depth can be detected in working conditions 9 and
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TABLE 4: Measurement point results of plate No. 2.

Measuring point Working condition Jrest Stneory A f (%) Freg Fineory AF (%)

3 1/3 5409 15.2 16280 6.5
2/3 5882 7.8 18943 8.8

4 1/3 5304 6381 16.8 15986 17403 8.1
2/3 5943 6.9 15874 8.7

Notes. The above frequency unit is kHz. f;.—the test value of plate thickness frequency. fic,r,—the theoretical value of plate thickness frequency. Fy.—the
test value of defect frequency. Fyor,—the theoretical value of defect frequency.
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10, and most of the errors are between 4.2% and 7.1%. In
addition, the reflection frequency rate of the steel bundle is
concentrated between 8972 kHz and 9372 kHz at condition 7
and detected. The error is between 1.8% and 10.6% com-
pared with the theoretical value of 8814 kHz, which shows
that the steel bundle does not affect the detection of grouting
defects by the impact-echo method.

5. Conclusion

Through the mutual verification of finite element analysis
and field test, the following conclusions can be drawn:

(1) The impact echo method can effectively measure the
location and depth of defects, and the pipeline
material has an impact on the test results. The effects
of metal bellows are smaller than that of PVC pipes,
and the accuracy is higher. In addition, the larger the
frequency drift rate of plate thickness is, the larger
the transverse size of the defect is. Therefore, the
defect depth can be quantitatively judged by com-
bining the frequency drift rate of plate thickness with
the measured defect depth.

(2) The critical surface of the defect and the testing
surface influence the test results. When they are
perpendicular to each other, it is not easy to detect
them. And the detection error of defect depth is
significant.

(3) When the longitudinal reinforcement is small, the
reflection signal of the longitudinal support can
hardly be detected, so it does not influence the de-
tection of the main test signals such as defects and
prestressing tendons. It is difficult for the pre-
stressing steel bar to detect the beam signal when
there is a defect, but it does not affect the defect depth
signal test.
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