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Abstract: For detecting water pipeline leakage signals, in the past people preferred to use sensors
to obtain the leakage signal and then use various means and methods to remove noise to increase
the positioning accuracy. However, as the leakage signal is generated, it spreads along the pipeline
wrapped in soil. In this process, the signal will change significantly, eventually becoming very
different from the original signal. As such, the detection accuracy will decline, as the detection
distance becomes longer. Despite this, few researchers have considered the distortion caused by
signal propagation in the whole process and instead use the distorted signal characteristics for
positioning. This direction needs to be further studied. In this paper, the acceleration signal of leakage
vibration is taken as the research object using a combination of tests and numerical simulation.
The acceleration signals from the leakage source are collected and simulated at different distances.
The reliability of the numerical simulation model is verified by using the inversion theory, and the
influence of soil with different elastic modulus on the acceleration signal is expanded. Research
findings: (a) For the attenuation of the acceleration signal of pipeline leakage vibration along the
pipeline, the elastic modulus of soil around the pipeline in the numerical simulation model is about
3.3 times its compression modulus, which is closer to the actual situation. (b) The attenuation of
the acceleration signal amplitude of pipeline leakage vibration conforms to the characteristics of
an exponential function. The higher the elastic modulus of soil, the stronger the signal attenuation.
(c) The soil with different elastic modulus has different absorption capacities to signal components,
and the high-frequency part of the acceleration signal attenuates faster. (d) The group velocity of the
leakage vibration signal is 929 m/s, and the different elastic modulus of soil will affect the group
velocity of the leakage vibration signal.

Keywords: leak detection; signal attenuation law; elastic modulus of soil mass; group velocity

1. Introduction

According to the World Population Prospects 2022 Summary of Results [1] report by the
United Nations in July 2022, the global population could grow to around 8.5 billion in 2030,
9.7 billion in 2050, and 10.4 billion in 2100. With the growth of the world population, human
demand for drinking water is increasing. However, the leakage rate of urban water supply
pipelines remains high due to aging pipelines, limited investment in technical means,
a backward regulatory system, and many other reasons [2]. However, the developing
countries, which contributed significantly to the growth of the world population, have far
higher leakage rates of urban water supply pipelines than the world average [3] because
of their relatively backward economic and technological means. The leakage of water
supply pipelines will not only cause the waste of water resources [4] and pollution [5],
but also lead to accidents [6–8] such as road collapse and building collapse, resulting in a
large number of casualties and property losses. Reducing the leakage rate has become an
essential issue in the study of water supply pipelines. The first problem in reducing the
leakage rate is locating the leakage. At present, the primary methods for this problem are
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artificial auditory recognition [9], ground penetrating radar [10], pipe robot [11], negative
pressure wave [12], distributed optical fiber sensor detection [13,14], and other methods.
The auditory recognition method relies too much on the experience of workers; however,
the training of skilled workers requires high costs and the detection efficiency is low. The
cost of the ground penetrating radar method is high, and it is exposed to misinformation
about the buried metal body [15]. The robot method stops water detection, which quickly
affects residents’ daily lives. Since the water supply pipeline needs to open and close the
water valve for water supply regulation from time to time, the negative pressure wave will
often cause a false alarm.

The leak detection method of correlation analysis [16] has the characteristics of high
detection efficiency, low detection cost, and does not stop water from affecting the lives of
residents. It is a leak detection method that is used worldwide and can accurately locate
the leak. The energy released by the pipe from elastic waves when it leaks is called acoustic
emission [17]. The technique of leak detection by correlation analysis is to first place sensors
on the pipe walls at both ends of the leak point. Then, respectively collect the vibration
signals propagating along the pipe to both ends, and calculate the final position of the leak
point using the time difference between the signals collected by the two sensors. Correlation
analysis judges whether there is leakage by comparing the similarity of the signals received
by two sensors. Nevertheless, the leakage port cannot always be located between two
sensors. When the distance difference between the two sensors and the leakage port is
large, the leakage signal may be distorted due to attenuation, frequency dispersion, and
other reasons during the propagation process [18]. The signals received by the two sensors
are so different that they cannot be accurately located. Therefore, it is of great practical
and theoretical significance to study the propagation characteristics and mechanism of
the leakage signal along the pipeline. In the past, many researchers have made many
contributions in this direction. Hunaidi and Chu [19] conducted a systematic study on the
acoustic signal and attenuation characteristics of water supply pipeline leakage as early as
1999 and made specific achievements. However, due to the environment and technology at
that time, the research object was plastic pipes rather than the ductile iron ones used more
commonly nowadays. The study’s signal research scope was only within 200 Hz. Even the
frequency domain of the transfer function is only 5–40 Hz. Updating the data with today’s
new technologies and equipment is urgent due to the current situation. R. Long et al. [20]
further explained the relationship between the soil around the pipe and the acoustic signal
propagation characteristics in 2002 based on the test. However, this study assumed that the
leakage noise propagated in a non-dispersive manner, which is different from the actual
situation and may lead to positioning errors. With further development of the relevant
research, the research contents of various scholars are gradually deepened and more
detailed. Yang et al. [21] put forward a new leak location method in 2008. This research
uses a blind system identification strategy to estimate the transmission performance of two
acoustic channels. It is not necessary to accurately obtain the pipeline length between two
sensors during leak detection, which is helpful for the relevant research. Y. Gao et al. [22]
focused on how wave reflection affects the cross-correlation function of two leakage noise
signals used to detect and locate the leakage of buried water pipes. The reflection was
introduced into the cross-correlation model to increase the positioning accuracy. However,
the above two studies focus more on solving the algorithm problem of cross-correlation
technology and rarely involve the more critical signal propagation rules and mechanisms.
Su et al. [23] used acoustic transmitters and hydrophones to receive signals and constructed
a method based on the propagation analysis of acoustic signals in tubes, achieving some
results. However, in practical application, this method must stop water and place sensors,
which fails to give full play to the advantages of cross-correlation technology. Jing et al. [24]
simultaneously considered the characteristics of certainty and randomness and compared
an inflatable acrylic pipe with a water-filled steel pipe. Furthermore, they proposed a
modal-based analysis model to predict the propagation of sound waves in rigid and elastic
pipes, which indicated that the water-filled steel pipe could be regarded as an elastic pipe.
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However, this study only considered the pipe water coupling and did not consider the
pipe soil coupling when the actual signal propagated. Abdullahi and Oyadiji [25] used
finite element analysis to simulate the leakage of acoustic waves in liquid-filled pipes and
used experimental means to verify it. However, the signal used in the finite element study
is only a simple analog signal, not the vibration signal actually sampled, which cannot
fully demonstrate the propagation of true signals. Yan et al. [26] measured the frequency
spectrum characteristics of the leakage noise in a cast iron pipe and the nearby soil, using
a triaxial seismic detector. However, in this test, the pipeline was not entirely buried in
the soil, and so it could not fully reflect the influence of the soil on the leakage signal.
Li et al. [27] deduced the three-dimensional transient leakage acoustic wave propagation
equation by combining the fluid mechanics principles and Lighthill’s acoustic analogy
theory. Moreover, the propagation of leakage noise in the water supply pipeline was
modeled theoretically. However, the model mainly described the propagation of the sound
inside the pipe and did not involve the actual, more common external detection. Wu
et al. [28] used the numerical analysis method to add a transmitter into the middle of the
pipeline to simulate the leakage event and used the XGBoost algorithm to identify the
leakage area and predict the leakage location. However, this study was only a numerical
analysis, not an experimental verification, and its reliability needs further confirmation.

To sum up, the research mentioned above can provide significant help for the cross-
correlation analysis method to identify the leakage location of a water supply pipeline.
However, in general, there are still the following problems: (1) Most research only studies
the pipeline leakage signal transmission through tests, but the test itself cannot exhaust
various working conditions, so the laws cannot be better summarized. However, numerical
simulation can fully simulate many working conditions with less cost, so the combination
of tests and numerical research should be the focus of future research. (2) In some studies,
the leakage signal of the numerical analysis part does not use the actual leakage signal, but
only the analog signal. The analog signal cannot cover all the actual signal’s characteristics,
and its method’s effectiveness for replacing the pipeline leakage signal must be further
considered. (3) In the above research, more consideration is given either to the influence
of the pipeline itself or the coupling between the pipeline and the water body on signal
transmission. However, the actual pipeline is buried in the soil, so the influence of the soil
should not be ignored. The soil around the buried pipeline is generally directly taken from
the site, both in actual production and life. There are many differences in soil characteristics
in different regions, which cannot be generalized. Therefore, studying the influence of
different soils on leakage signal transmission is of great significance.

Therefore, in this paper, the actual sampled leakage signal is used as the vibration
source of numerical simulation through a joint test and numerical simulation, and the
propagation model of the acceleration signal of the pipeline leakage vibration is constructed.
The attenuation law of the leakage signal propagation along the pipeline is studied. The
value of the elastic modulus of the numerical simulation for this problem is discussed
using the inversion theory, which further broadens the application field for the numerical
simulation in this problem. Furthermore, using this model, the attenuation law of leakage
signal with the change of the soil’s elastic modulus is studied. This study can provide a
basis for the remote detection of leakage signals, provide a reference for the numerical
simulation of leakage signal propagation, improve the accuracy of cross-correlation analysis
for leakage detection, and enrich the research content of leakage signals.

2. Test Methods

As ductile iron pipes are widely used in water supply networks, they bear the brunt
of usage, and as a result the number of leakage incidents of ductile iron pipes is higher
than pipes of other materials. It is necessary to further explore the propagation law and
mechanism of the leakage acceleration signal of the ductile iron pipeline. Therefore, DN200
buried ductile iron pipeline is used as the test pipeline in this paper, and the pipeline loop,
as shown in Figure 1, is composed of other pipelines. The yellow line is the test pipeline,
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with a depth of 1.2 m; the blue pipe is the other pipeline, with a buried depth of 0 m; the
purple box is the road surface; and the red box is the test area. In this test, the water tank is
used as the water source, and the variable frequency pump is used as the test pumping
and stabilizing equipment. The galvanized steel pipe and PPR pipe form a pipeline loop
to drive the water of the pipeline system to return to the water tank, to ensure the stable
internal pressure and flow rate in the test pipe section.
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For the test pipe section, make a leak with a diameter of 2.5 mm, and set an internal
pressure of 0.6 MPa. The acceleration sensor on the pipe shell is used to simultaneously
collect the leakage vibration signals at 0.1 m, 1.0 m, 3.0 m, 6.0 m, and 10.0 m away from
the leakage port, and the acquisition frequency is 50,000 Hz to study the propagation
characteristics of the leakage vibration acceleration signal along the pipeline. Among them,
the sensor with model 1A113E at 0.1 m is named sensor 1, and the sensors with model
1A116E at 1.0 m, 3.0 m, 6.0 m, and 10.0 m are named sensors 2–5, respectively. The sensor
parameters are shown in Table 1. As the No. 1 and No. 2 sensors are close to the leak,
aluminum foil and plastic film are used to wrap them to avoid signal interference to the
sensor when waterdrops fall.

Table 1. Parameters of IEPE piezoelectric acceleration sensor.

Dynamic Indicator 1A113E 1A116E Physical Parameters 1A113E 1A116E

Sensitivity 50 mV/(m·s−2) 10 mV/(m·s−2) Sensor Ceramics Ceramics
Amp. Range ±10 g ±50 g Structural style Shear Shear

Linearity <1% <1% Weight 29 g 5.5 g
Lateral Sensitivity <5% <5% Shell material Stainless steel Titanium alloy TC4

Resonant Freq >20 kHz >35 kHz Output mode Side output Top Output
Resolution 0.00004 g 0.0005 g Overall dimension Φ15.5 × 22.5 mm Φ10 × 22 mm

Axis Uni-Axial Uni-Axial Installation mode Adhesive Adhesive

Figure 2 shows the layout of the field test, Figure 3 shows the layout of each sensor,
and Figure 4 shows the size of the leak and the leak jet picture during the test.
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3. Numerical Simulation Method
3.1. Setting of Geometric and Material Models

This article selects COMSOL Multiphysics® 5.6 as a numerical simulation tool. COM-
SOL uses the finite element method to solve this problem. The physical field of solid
mechanics (Formula (1) [29]) is selected. As J.M. Muggleton and M.J. Brennan mentioned
in the literature [30] that the energy of a leakage vibration signal will not radiate into
water, this paper does not consider the influence of water bodies and establishes a pipe soil
coupling model. Since the model is symmetrical, a quarter of it is selected for modeling to
save calculation costs. According to the test results, the data collected by the No. 1 sensor
(0.1 m away from the leak) is selected as the vibration source of the numerical simulation
model. At the left side of the numerical simulation pipe, a 4.5 mm radius leak is selected
as the carrier of the vibration source. The finite element model is shown in Figure 5. See
Table 2 for the numerical simulation parameters.
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The research has a small deformation problem, and the deformation of the soil and
pipe is minimal. Therefore, the linear elastic material model (Formula (2) [29]) is adopted
for the pipeline and soil material model, which can ensure accuracy and also save on the
calculation cost. The linear elastic material model assumes that the material is homoge-
neous, continuous, isotropic, perfectly elastic, and has a small deformation. Since the test
site is located near Haihang East Road, the physical parameters of the soil are selected from
the geotechnical engineering investigation report in Haihang East Road.

Table 2. Table of numerical simulation parameters.

Pipe length 12 m Inside radius of pipe 0.1 m Outside radius of pipe 0.109 m
Elastic modulus of pipe 173 GPa Poisson’s ratio of the pipe 0.3 Pipe density 7300 kg/m3

Soil length 12 m Soil width 1.2 m Soil depth 1.2 m
Modulus of compressibility of soil 7.5 MPa Poisson’s ratio of soil 0.3 Soil density 19.8 kg/m3

In practical engineering problems, soil in different regions affects leakage signal
transmission differently. For the elastic model, three physical quantities are generally used
to characterize the model: density, Poisson’s ratio, and elastic modulus. Generally speaking,
the density and Poisson’s ratio values for different soils have little difference, while the
elastic modulus has an enormous difference. Therefore, this paper uses the elastic modulus
to characterize different soils, such as silt and clay, to study the impact of different soil
masses on the transmission of leakage signals along the pipeline.
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Because the soil is three-phase loose material, when using the elastic model to solve
problems about soil, its elastic modulus generally takes different values in small and large
deformation problems. Furthermore, the elastic modulus differs from that obtained through
a test, generally determined by inversion of the numerical simulation.

For the relationship between the compression modulus and elastic modulus of soil [31],
see Formula (3). Generally, the elastic modulus of soil mass is taken as several times the
compression modulus. In this paper, the elastic modulus is taken as 1–7 times the compres-
sion modulus, respectively, to study the appropriate value of the soil elastic modulus of the
numerical simulation model when the leakage signal propagates along the buried pipeline.

This study only considers the transmission of leakage signals in the buried pipeline,
so gravity is not considered, and no lateral load is added.

ρ
∂2u
∂t2 = ∇ · S + FV (1)

S = Sad + C : εel, εel = ε− εinel, εinel = ε0 + εext + εth + εhs + εpl + εcr + εvp

Sad = S0 + Sext + Sq, ε = 1
2

[
(∇u)> +∇u

]
, C = C(E, v)

(2)

E = αES (3)

In the above formulas: ρ is density, kg/m3; u is vector displacement, m; t is time, s; S is
stress, Sad is additional stress, S0 is initial stress, Sext is external stress, and Sq is viscoelastic
stress; where FV is body force per unit deformed volume; ∇ is Hamilton operator; C is the
elasticity tensor, “:” stands for the double-dot tensor product; where εel is elastic strain,
ε is total strain, εinel are all inelastic strains, ε0 is initial strain, εext is external strain, εth
is thermal strain, εhs is hygroscopic strain, εpl is plastic strain, εcr is creep strain, and
εvp is viscoplastic strain, 1; where E is Young’s modulus, Pa, v is Poisson’s ratio, ES is
compression modulus, Pa, α is constant.

In this paper, only the elastic strain is considered, but inelastic strains are not consid-
ered. In other words, εinel = 0.

3.2. Constraint Setting

Since this model only takes a part of the whole pipe network and soil, it adopts a
quarter symmetric model. The surface soil is exposed to air. According to the coordinate
system shown in Figure 5 and the right-hand rule, the constraint conditions of each interface
are as follows.

The symmetry planes allowing normal free displacement (Formula (4) [29]) include:
(a) at X = 0, a negative X plane of soil and pipe; (b) at Y = 0, the negative Y plane of the soil;
(c) at Z = 0, the negative Z plane of soil and pipe.

An asymmetrical plane with a normal displacement of 0 (Formula (5) [29]) is: at Y = 0,
the negative Y plane of the pipe.

As the actual pipeline is in infinite soil, the leaked elastic wave is finally absorbed by
the surrounding soil. Nevertheless, the finite element model only selects part of the soil
and pipeline for simulation, and there will be reflected wave interference at the interface.
Therefore, the low reflection interface (Formula (6) [29]) is set to absorb elastic waves as
much as possible and avoid the impact of reflected waves on numerical accuracy, which
include: (a) at Y = 1.2 m, the positive Y plane of the soil; (b) at X = 12 m, the positive X
plane of soil and pipe.

The actual soil and air interface can be considered unrestrained, so the positive Z plane
is the free interface at Z = 1.2 m.

u · n− un = 0 (4)

u · n = 0 (5)

σ · n = −dim
∂u
∂t

dim = dim
(
ρ, cs, cp

) (6)
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where n is a normal vector, un is normal displacement, σ is stress, Pa; u is vector displace-
ment, m; dim is mechanical impedance; cp and cs are the speeds of the pressure; and shear
waves in the material, m/s.

3.3. Probe, Mesh, and Solver Settings

The probe is set to detect the change of the vibration acceleration at various places on
the pipe.

The structured mesh is mapped and constructed, and the mesh size changes are con-
structed through a geometric series so that the mesh near the pipeline is dense and the
mesh far from the pipeline is sparse to achieve higher computing efficiency. Finally, the free
tetrahedron mesh is adopted around the pipe for densification. In order to accurately ana-
lyze the elastic wave when the vibration signal propagates on the pipeline, 6–8 mesh cells
should be guaranteed for each wavelength [32]. Assuming that the minimum wavelength
of the elastic wave is λmin, there is:

λmin = c0/ fmax. (7)

However, the frequency of the test acquisition signal is 50,000 Hz. According to the
Nyquist frequency, fmax is 25,000 Hz, and the pressure wave velocity c0 of the ductile iron
pipe is 5648 m/s, so the mesh size should not be more than λmin/8 = 28 mm. Therefore,
the maximum unit size of the pipe selected in this study is 25 mm. Each mesh size is less
than 25 mm, which meets the requirements. Experiments verify that the high-frequency
signal attenuates rapidly and the low-frequency signal continues to propagate. Therefore,
mesh of this size has fully met the requirements of signal propagation for low-frequency
signals. The model mesh distribution is shown in Figure 6.
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The calculation time is set to [0,0.00002,0.11]s to ensure that the time step is consistent
with the step of the signal collected by test sensor No. 1. The start time is 0 s, time step is
0.00002 s, and end time is 0.11 s. The calculation method is the fully coupled generalized
α method, and the fixed step size is adopted for the calculation. The calculated degree of
freedom is 527,338.

4. Analysis of Test Data
4.1. Time Domain Analysis of Leakage Signal

As shown in Figure 7, the acceleration signals are collected at 0.1 m, 1 m, 3 m, 6 m,
and 10 m away from the leakage point in the test. The data of each sensor is counted, and
the data interval and amplitude mean value collected by each sensor is obtained in Table 3.
Each signal vibrates to-and-fro. With the distance from the leakage source increasing, the
vibration energy is gradually dissipated into the surrounding space, and the vibration
acceleration amplitude is gradually reduced.
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Table 3. Data interval and mean value of test acquired signal.

Distance (m) 0.1 1 3 6 10
Acceleration interval (m/s2) [−3.447, 4.321] [−1.539, 1.476] [−0.503, 0.477] [−0.131, 0.091] [−0.076, 0.063]
Average amplitude (m/s2) 0.47394 0.28177 0.10346 0.03105 0.01566

The variation of amplitude with distance is shown in Figure 8. The fitting curve is an
exponential function: y = A1e−x/t1 + y0, where A1, t1, and y0 are parameters, R2 = 0.99954.
In terms of transmission distance, the leakage signal attenuates faster in the early stage
and slows down in the late stage. The amplitude at the leakage source is expressed by
y-intercept y(0) = A1 + y0 (A1 and y0 are parameters). The magnitude of the vibration
amplitude at the vibration source is mainly determined by the pipe material, internal
pressure, leakage size and shape, and the environment around the pipe. That is, two
parameters can be used as the comprehensive digital expression of the above factors to a
certain extent. The attenuation rate of the vibration signal along the pipeline is the function’s
derivative, represented by A1 and t1. This parameter characterizes the influencing factors,
such as pipeline materials and soil around the pipeline, as the attenuation rate. The pipe
material has been determined for the specific pipe and will not be discussed here. However,
the influence of different soils on the signal attenuation law and its mechanism is still
unclear and needs further study.
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4.2. Frequency Domain Analysis of Leakage Signal

The 25,000 Hz is divided into three parts: the first frequency band 1–8333 Hz, the
second frequency band 8334–16,666 Hz, and the third frequency band 16,667–25,000 Hz.

Figure 9 shows the frequency domain image of the acceleration signal acquired in
the test. At 0.1 m, the vibration signal fills the whole frequency domain. The signal is
composed of multiple peaks, which are more distributed in high-frequency, especially in
the third frequency band. At 1 m, the signal is lost in the whole frequency band. Among
them, third band has the most signal loss, and the decline of magnitude is the most obvious.
The basic rule is that the higher the frequency, the greater the signal loss. That is to say, in
the process of the vibration signal propagating along the pipeline, the higher the frequency
of the signal, the more times of vibration per unit time, and then the greater the heat loss.
More energy is converted into heat energy, and the faster the signal loss of this frequency
is. At 3 m, as the distance further increases, the vibration signal energy is increasingly
more converted into the heat energy of the pipeline and the surrounding soil, and each
frequency has a large loss. At 6 m, the signal is further lost. Except for individual peaks, the
characteristics of many peaks have gradually disappeared, and the frequency distribution
is gentler than before. The magnitude of peak frequency and the surrounding frequency are
gradually approaching, with no peaks protruding, and some peaks have disappeared. At
10 m, except for the first frequency band, the peaks of other frequencies tend to disappear
and cannot be distinguished on the spectrogram. That is to say, the high-frequency signal
greater than 8333 Hz has lost the significance of obtaining effective information in remote
detection and only brings noise signals.

Calculate each frequency band’s energy and total energy using Formula (8) and draw
the curve of the energy proportion of each frequency band changing with the leakage
distance, as shown in Figure 10.

Pf = 2
(

1
Ts

∑ X f

Fs

)2

(8)

where Pf is the total energy of the signal in the frequency domain; TS is the sampling time,
and 1 s is taken for the test data; FS is the sampling frequency, and 50,000 Hz is taken for
the test data; X f is the Fourier transform magnitude of frequency f .
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Figure 9. The frequency spectrum of vibration signals collected by each sensor in the test.
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Figure 10. The change of energy proportion curve of each frequency band with leakage distance.

At 0.1 m, the energy ratio of the first, second, and third frequency bands is 21%, 23%,
and 56%, respectively. The energy proportion of the third frequency band has obvious
advantages, and the signal is mainly a high-frequency signal. At the stage of 0.1 m–1 m,
the proportion of energy in the third frequency band rapidly drops to 21%, indicating
that the energy in the high-frequency part of the signal decayed rapidly within a short
distance from the leakage point. In the 0.1 m–6 m stage, the proportion of energy in each
frequency band tends to be consistent, which indicates that the distribution of signals in
the whole frequency band is gradually averaged, and the peak characteristics of signals
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gradually disappear. At 6–10 m, the proportion of energy in the first frequency band
rapidly rises to 73%. The proportion of the other two frequency bands drops below 15%,
indicating that the high-frequency signal has been attenuated. Only the low-frequency
signal continues to propagate.

In general, when the vibration signal propagates along the pipeline, it is shown
that with the increase of distance, the signal strength of each frequency weakens on the
whole, the high-frequency signal attenuates faster than the low-frequency, and its peak
characteristic disappears earlier. When detecting the leakage signal from a distance, the
signal greater than 8333 Hz has been mixed with the noise, so effective information cannot
be obtained. Using sensors with smaller frequency responses but higher sensitivity to
detect leakage signals at a longer distance is more reasonable and accurate.

4.3. Group Velocity Analysis

When the correlation analysis method detects the pipeline leakage, the time difference
between the two sensors to obtain the signal is used to infer the leakage location. Therefore,
once the propagation speed of the leakage signal cannot be accurately obtained, the detection
accuracy will not be discussed. Thus, the acquisition of the propagation speed of the leakage
signal is very important. The essence of signal propagation is the propagation of energy,
and in elastic media, energy velocity and group velocity are equivalents [33]. Therefore, it is
significant to obtain the group velocity. In this study, the vibration signal generated by an
instantaneous jet is used as a reference to calculate the group velocity of the test.

Figure 11 shows the signals collected by sensors 1 and 5 for this jet phenomenon. The
calculation of group velocity rules are as follows: in the 0–0.02 s time interval, which can
reflect the amplitude of the “noise“ signal, 10 times the average amplitude in this interval
is used as the standard. To remove certain randomness, the speed at which the signal
amplitude reaches no less than the amplitude standard for the second time is taken as
the group velocity. After calculation, select T1 = 0.0375 s for sensor 1, T2 = 0.04816 s for
sensor 5, and take the distance between two sensors S = 9.9 m, then the group velocity
vq = S/(T2 − T1) = 929 m/s.
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The physical parameters of the pipeline in Table 2 can be obtained and can be calculated
by Formula (9) [29]:

cp =

√
E(1−ν)

ρ(1+ν)(1−2ν)

cs =
√

E
2ρ(1+ν)

. (9)

The pressure-wave speed cp= 5648 m/s, and the shear-wave speed cs= 3019 m/s, differ
from the group velocity calculated in this study. It shows that the existence of surrounding
soil does significantly affect the transmission group velocity of the pipeline vibration signal
and plays a role in reducing it. Therefore, studying the influence of different soils on the
group velocity of pipeline leakage signals is of great value.

5. Numerical Simulation Data Analysis

The part with Z > 0 is mirrored, and the propagation of the numerical simulation
acceleration signal in the soil and pipeline is shown in Figure 12. It should be noted that to
see the image of the propagation and distribution of the acceleration signal more clearly,
this figure limits the display range of the legend. During the influence of its own and
soil damping, the acceleration signal attenuated rapidly in the propagation process in the
pipeline’s length direction. One part of the acceleration signal was dissipated in space,
and the other continued to propagate along the pipeline. Moreover, the amplitude of
acceleration near the pipeline is always the largest in the cross-section direction in this
figure. As shown above, signal radiation is characterized by the superposition of cylindrical
and spherical waves.
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5.1. Determination of Elastic Modulus in Numerical Simulation

For numerical simulation, the elastic modulus is 1–7 times the compression modulus,
as shown in Table 4, to study the value of the soil elastic modulus of the numerical
simulation model when the leakage signal propagates along the buried pipeline.

Table 4. Working conditions of numerical simulation.

Working conditions 1 2 3 4 5 6 7 8
E (MPa) 7.5 15 22.5 25 30 37.5 45 52.5

Since the No. 1 sensor is very close to the leakage point, the sensor’s signal is used as
the source of the leakage signal of the numerical simulation model. However, the sensor



Sustainability 2022, 14, 16071 14 of 23

is a certain distance from the leak. The vibration signal attenuates violently at the initial
stage, so the signal cannot fully replace the leak source signal in amplitude. Therefore, the
signal is processed as follows to fully replace the vibration signal of the leakage source at
X = 0 m. Based on the vibration amplitude at 0.1 m during the test, all the data collected
by the numerical simulation probe are multiplied by the amplification factor β to make it
equal to the amplitude of the signal collected by the No. 1 sensor at X = 0.1 m, as shown in
Formula (10):

β = 0.47394/ap,x=0.1, a = βap, (10)

a is the acceleration signal used in actual data processing; ap is the acceleration signal
collected by the probe during numerical simulation; and β is the amplification factor.

As the attenuation law of each working condition is relatively consistent, only three
groups of data are taken for analysis to facilitate observation. As shown in Figure 13, the
E = 25 MPa curve is the closest to the test curve. However, in the test, the first 1 m of the
pipe is semi-exposed to the air, as shown in Figure 14. Therefore, it does not conform to
the condition that the pipe is completely buried in the soil 1.2 m deep during simulation.
Therefore, for the numerical simulation model, under the condition of E = 25 MPa, remove
the soil of the first 1 m to obtain a modified pipe model that is completely exposed in the
first 1 m. The comparison between the data of the two models and the test data is shown in
Figure 15.
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Figure 13. Comparison of acceleration amplitude attenuation curves with different elastic moduli
and test curves.

The original model has soil absorbing vibration energy at 0–1 m, so the amplitude
decreases faster. Since the first 1 m of the modified model is completely exposed, the atten-
uation speed is relatively small. The test situation is that the first 1 m pipe is half exposed
to air and half buried in the soil. Therefore, in terms of data, the amplitude change curve of
the test is perfectly between the curves of the two models. Furthermore, the three curves
intersect at a point of about 2.2 m. This data fully and effectively proves the correctness
and reliability of the numerical simulation model. It also shows that it is appropriate that
the elastic modulus of the soil around the pipe, from the numerical simulation model, is
3.3 times its compressive modulus in detecting the vibration acceleration signal of water
pipeline leakage.

In fact, the pipeline is generally buried in the soil during testing, so the data of the
original model are used for subsequent analysis.
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5.2. Variation Rule of Four Parameters of Propagation Rule

Since the fitting function of the signal amplitude attenuation curve of the test data
is y = A1e−x/t1 + y0, the four parameters and R2 obtained by fitting the function to each
working condition of the numerical simulation are shown in Table 5.
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Table 5. Values of fitting function parameters under various working conditions of numerical
simulation.

E (MPa) 7.5 15 22.5 30 37.5 45 52.5

y0 0.09383 0.05271 0.0355 0.01891 0.01368 0.0142 0.01315
A1 0.39056 0.43681 0.45781 0.47862 0.4918 0.49965 0.50712
t1 2.25321 1.90027 1.64796 1.50967 1.3874 1.14533 1.01866

y0 + A1 0.48439 0.48952 0.49331 0.49753 0.50548 0.51385 0.52027
R2 0.99608 0.9956 0.99321 0.99319 0.99877 0.99873 0.99917

Draw Table 5 as shown in Figure 16.
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y0 and t1 decrease as the elastic modulus increases, while A1 increases. y0 + A1
represents the intercept of y, which increases with the increase of the elastic modulus. At
0.1 m, because the above data have been adjusted by Formula (10), the values at 0.1 m are
equal. The larger the y-intercept is, the greater the signal attenuation is in the 0–0.1 m range.
The greater the elastic modulus, the greater the attenuation speed of the vibration signal in
the range of 0–0.1 m. The change of attenuation velocity of the vibration signal with the
elastic modulus in this interval is linear. The parameters of the fitting curve of A1, t1, y0,
and y0 + A1 with the change of the elastic modulus are shown in Table 6.

Table 6. Fitting curve parameters of each parameter value changing with elastic modulus.

Parametric function A1 t1 y0 y0 + A1

Function Type A1 = A2e−E/t2 + y1 t1 = a1E + b1 y0 = A3e−E/t3 + y2 y0 + A1 = a2E + b2

Ai −0.18671 / 0.16281 /
ti or ai 19.08312 2.3338 11.28785 0.47655
yi or bi 0.51792 −0.02607 0.01015 8.02 × 10−4

R2 0.99741 0.9721 0.99518 0.97995
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Table 6 above can be converted into Formula (11) to obtain the relationship between
the amplitude attenuation law of pipeline leakage vibration signal and distance, and soil
elastic modulus.

y(x, E) = (A2e−E/t2 + y1)e−x/(a1E+b1) + (A3e−E/t3 + y2) (11)

The variation law of the attenuation rate ya of the amplitude attenuation curve is shown
in Formula (12) by using Formula (11). The variation of the attenuation rate with the elastic
modulus and distance is plotted as shown in Figure 17, where E is the parameter variable.

ya = −
dy(x, E)

dx
=

A2e−E/t2 + y1

a1E + b1
e−x/(a1E+b1) (12)
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Figure 17. Isogram of signal attenuation rate versus elastic modulus and distance.

In Figure 17, a large value attenuation rate indicates fast attenuation and steep am-
plitude attenuation curves. A small value means slow attenuation, and the amplitude
curve is relatively gentle. The attenuation rate for soils with any elastic modulus generally
decreases with the distance increase. For different locations, in the range of 0.1–2.7 m, the
attenuation rate increases with the elastic modulus increase. The attenuation rate decreases
at 2.7–10 m with the elastic modulus increase. That is to say, the amplitude of the leakage
signal attenuates rapidly in the near place and slowly in the far place.

Combined with the previous discussion on the 0–0.1 m interval, the following con-
clusions can be drawn: (a) The attenuation curve of the acceleration signal amplitude of
the pipeline leakage vibration is a function of distance and soil elastic modulus. The signal
amplitude generally decreases with the increase of distance. For the same leakage signal,
the amplitude of the vibration signal corresponding to soil with a high elastic modulus
is always smaller at the same location. (b) For the same soil, the attenuation rate of the
signal always decreases with the increase of distance. That is, the attenuation nearby is
faster, and the attenuation far away is slower. (c) At the same location, from 0–2.7 m, the
larger the elastic modulus of soil mass is, the greater the corresponding signal attenuation
rate is. At 2.7–10 m, the smaller the elastic modulus of soil, the greater the corresponding
signal attenuation rate. (d) The increase or decrease of the same value of elastic modulus
of soil with a high elastic modulus has less influence on the signal than the increase or
decrease of the same value of elastic modulus of soil with a low elastic modulus. That
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is, the attenuation of the vibration signal is more insensitive to the change of the elastic
modulus of soil with a high elastic modulus.

5.3. Frequency Domain Analysis of Numerical Simulation Data

Because the sensor is far from the leak during actual detection, this paper selects
the result at 10 m of numerical simulation as the object of frequency domain analysis.
The signal spectrum at 10 m of the pipe under each elastic modulus is plotted as shown
in Figure 18.
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On the whole, with the increase of the elastic modulus, the magnitudes accumulated
at the same time decreased. It shows that the expansion of the elastic modulus increases
signal attenuation. The signal corresponding to each elastic modulus can be divided into
two peaks representing the low-frequency and high-frequency parts. The two peaks for
the image with E = 5 MPa are 1200 Hz and 5035 Hz, respectively. For E = 52.5 MPa, the
two peaks are 1954 Hz and 11,261 Hz, respectively, and the first and second peaks have
both shifted to the right compared with E = 5 MPa. At the same time, with the increase of
the elastic modulus, the relative magnitude of the first peak gradually increases, and the
relative volume of the second peak gradually decreases. This phenomenon reflects that the
soil with different elastic moduli has different energy absorption capacities for different
frequency signals.

In general, the soil with a high elastic modulus absorbs more energy, which reduces
the magnitudes of different frequencies of signals. Still, its absorption capacity for different
frequencies of signals is different. The higher the elastic modulus of the soil, the stronger
the energy absorption capacity of the high-frequency part of the signal, making its low-
frequency component more significant.

5.4. Relationship between Group Velocity and Elastic Modulus of Soil

During numerical simulation, since the pipeline has no vibration in the initial state,
the only vibration source is from X = 0, so the time of the first signal received at 10 m can
be used as the basis for calculating the signal transmission speed. The signal at 10 m under
each working condition is shown in Figure 19.
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Due to the dispersion of leakage signals during transmission [34], signals with different
frequency components arrive at 10 m at different times. That is, the speed of signal
transmission is related to its frequency. The group velocity equals the energy transfer
velocity, so the group velocity should be calculated using the amplitude arrival time.
The calculation rules are as follows: since signals with different frequency components
have reached 10 m in the 0.07–0.11 s time interval, which can reflect the amplitude of the
whole signal, 1/3 of the average amplitude in this interval is used as the standard, and to
remove certain randomness, the speed at which the signal amplitude reaches the amplitude
standard for the second time is taken as the group velocity.

As shown in Figure 20, the group velocity of the vibration signal is maintained at about
925 m/s within 7.5–37.5 MPa. This velocity is very close to the group velocity of 929 m/s
calculated in the test, which fully proves the correctness of the numerical simulation model.
Within 37.7–52.5 MPa, the group velocity of the vibration signal decreases greatly, which is
645 m/s at 52.5 MPa.
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The working conditions with the elasticity of 7.5 MPa, 25 MPa, and 52.5 MPa are se-
lected to analyze the amplitude of the vibration signal before 0.006 s. The signal amplitudes
of E = 25 MPa and E = 52.5 MPa have been amplified two and five times, respectively.

As shown in Figure 21, the group velocity of the pipeline leakage vibration signal is
different for soils with a different elastic modulus. The wave packet of the signal reaches
10 m in about 0.01 s–0.015 s. However, many frequency components have arrived as early
as about 0.002 s. That is, the phase velocity of these frequency components is faster than
the group velocity, and this phenomenon exists for soils with a different elastic modulus.
According to Figure 18, this part of the signal is the high-frequency signal because only the
low-frequency signal is left for the pipeline vibration signal corresponding to the soil with a
high elastic modulus, and its group velocity is small. However, currently, the phase velocity
of some frequency signals is relatively large, so the signals in this part are high-frequency
signals. That is, the phase velocity of a high-frequency signal is relatively large, while that
of the low-frequency signal is relatively small.
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In general, the group velocity of the pipeline leakage vibration signal is affected by
the elastic modulus of the surrounding soil. When the elastic modulus of soil is within the
range of 7.5–37.5 MPa, the group velocity is about 925 m/s. When the elastic modulus of
soil is greater than 37.5 MPa, its group velocity will decrease significantly. The reason is
that for soil with a high elastic modulus, its signal absorption capacity for high-frequency
components is stronger, so its signal is mainly composed of low-frequency components.
While the phase speed of the low-frequency part of the leakage signal is slower than the
high-frequency part, the group speed of the leakage signal corresponding to the soil with a
high elastic modulus will be slower.

6. Conclusions

In this paper, the propagation characteristics of the water pipeline leakage signal in
the test are studied by combining the research of the test and numerical simulation. A
solution to the problem of soil physical parameters is proposed in a numerical simulation.
The influence rule and mechanism of the elastic modulus of soil covered with the pipeline
on the propagation characteristics of the acceleration signal of pipeline leakage vibration
are discussed, such as the attenuation rule of time domain signal amplitude, frequency
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distribution rule in the frequency domain, and signal propagation group velocity. Re-
search findings:

• The attenuation curve of the acceleration signal amplitude of pipeline leakage vi-
bration is a function of distance and soil elastic modulus, which conforms to the
y(x, E) = (A2e−E/t2 + y1)e−x/(a1E+b1) + (A3e−E/t3 + y2) relationship. On the whole,
there are the following rules: (a) In general, the signal amplitude decreases with the
increase of distance and, for the same leakage signal at the same location, the vibration
signal amplitude of soil with a high elastic modulus is always smaller; (b) For the same
soil, the attenuation rate of the signal always decreases with the increase of distance.
That is, the attenuation nearby is faster, and the attenuation farther away is slower;
(c) For the same location: at 0 m–2.7 m, the greater the elastic modulus of soil mass,
the greater the corresponding signal attenuation rate; and at 2.7–10 m, the smaller the
elastic modulus of soil mass, the greater the corresponding signal attenuation rate.
(d) The attenuation of the vibration signal is more insensitive to a change of the elastic
modulus of soil with a high elastic modulus than low.

• When the vibration signal propagates along the pipeline, the signal strength of each
frequency component decreases as a whole with the increase of distance. A high-
frequency signal attenuates faster than a low-frequency signal, and its peak value
disappears earlier. When detecting the leakage signal from a distance, the signal
greater than 8333 Hz has been mixed with noise, so effective information cannot be
obtained. However, different soils have different absorption capacities for various
frequency components of leakage signals. The soil with a high elastic modulus can
absorb more energy so that the magnitudes of different frequencies of signals are
reduced. However, the higher the elastic modulus of the soil, the stronger the energy
absorption capacity of the high-frequency part of the signal, which makes the low-
frequency component more significant. Therefore, it is more reasonable and accurate
for general remote detection to use a sensor with a smaller frequency response but
with higher sensitivity to detect the leakage signal.

• The influence of soil with a different elastic modulus on the propagation law of
pipeline leakage signal is distinct. For detecting the vibration acceleration signal of
water pipeline leakage, it is appropriate that the elastic modulus of the soil covering
the pipe of its numerical simulation model is 3.3 times its compressive modulus.

• The pipeline leakage vibration signal has the characteristics of frequency dispersion.
The phase velocity of the high-frequency signal is large, while the phase velocity of
the low-frequency signal is small. The group velocity of the pipeline leakage vibration
signal is affected by the elastic modulus of the surrounding soil. When the elastic
modulus of soil is within the range of 7.5–37.5 MPa, the group velocity is about
925 m/s. When the elastic modulus of soil is so large that it has absorbed all high-
frequency signals and only low-frequency signals are propagating, the group velocity
will decrease significantly.

This study broadens the application of numerical simulation in the transmission
characteristics of pipeline leakage vibration signals, helps to understand further the charac-
teristics and transmission characteristics of pipeline leakage vibration signals, and deepens
the understanding of the influence of the elastic modulus of soil around the pipeline on the
transmission of leakage signals. Furthermore, it provides a basis for the remote detection
of leakage signals, improves the accuracy of acoustic emission technology and cross-
correlation analysis on leakage detection, and provides the theoretical basis for pipeline
leakage detection research.
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