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Abstract: Ground-penetrating radar (GPR) can detect urban underground pipelines and image their spatial distribution.
However, due to the interference of direct wave and ground reflected wave in radar profile, the detection accuracy of
underground pipeline depth is low. In order to improve the reliability and accuracy of the interpretation of ground penetrating
radar data, it is necessary to suppress the noise, and then to detect underground pipelines. Firstly, on the basis of data collection,
a background matrix subtraction (BMS) method is proposed to suppress noise signals, and the Noise reduction effect is compared
and analyzed by two groups of simulation data and two groups of measured data examples with the method of reducing average
channel and singular decomposition. Then, a three-dimensional velocity spectrum (3DVS) method is proposed to estimate the
buried depth of underground pipeline in radar profile, and the propagation velocity of electromagnetic wave in underground
media is calculated by automatically scanning the hyperbolic reflection signal. The estimated velocity is used to carry out
back-propagation migration (BPM) processing on the ground penetrating radar profile, and the underground pipeline is
accurately detected. Finally, the underground pipeline detection method based on BMS and 3DVS is applied to a residential area
in Nanjing, Jiangsu, China. The detection results show that the effect of BMS is obviously better than that of mean-reducing
method and singular decomposition method, which can suppress the noise well on the basis of ensuring that the effective signal is
not lost. It is helpful to identify the characteristics of target signal in ground penetrating radar profile, and improve the accuracy
and reliability of data interpretation. The error between the velocity value estimated by the 3DVS method and the real value is
less than 3.8%, and the buried depth error of pipeline target in the obtained data is 1.4%, which indicates that the algorithm has
practical application value and can realize the accurate positioning of underground pipelines.
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pipelines [3]. Ground-penetrating radar (GPR) is widely used
in urban underground pipelines due to its high resolution, high
efficiency and non-destructive penetrating [4]. GPR is based
on high frequency broadband electromagnetic wave to probe
underground targets or objects [5, 6]. Compared with other
geophysical exploration methods, ground penetrating radar
has the advantages of simple operation, high resolution,
real-time imaging and strong adaptability [7, 8].

Before detecting underground pipelines, non-target
components in radar data need to be removed by suppressing
noise signals, so as to enhance target signals and provide basis

1. Introduction

With the rapid development of cities, the distribution of
urban underground pipelines is becoming more and more
complicated [1]. At present, due to the age of many old
pipelines, lack of management and maintenance and other
reasons, detailed information such as pipeline location and
burial depth has been missing, which brings hidden dangers to
urban construction and construction [2]. Therefore, it is very
important for urban construction and development to
accurately determine the location and depth of underground
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for subsequent pipeline detection [9, 10]. At present, radar
data Noise reduction methods can be divided into two
categories: noise model based and signal statistics based
[11-13]. Among them, the method of reducing the average
channel based on noise model is more commonly used, but
because of the simple calculation method, the Noise reduction
effect is not ideal [14-16]. The maximum likelihood
estimation method [17-19], Kalman filter method [20, 21],
statistical polarization method [22], independent feature
analysis [23] and other algorithms based on signal statistics
[24] only have a good effect on suppressing the noise
generated when the surface is not smooth, and these
algorithms are not stable and sensitive to the parameters used.

Then the pipeline detection is carried out on the radar image
after denoising, Scholars at home and abroad have carried out
a lot of relevant research [25]. Wang et al. proposed the
hyperbolic time-history equation and calculated the wave
velocity, cylinder radius and burial depth by using the least
square method [26]. Cui et al. reconstructed the drainage pipe
target in the GPR image through migration reconstruction and
sparse reconstruction methods [27]. Yan et al. locate the
reflector hyperbola by determining the vertices [28]. Although
there have been studies that can use the results of ground
penetrating radar to detect underground pipelines, these
methods have problems such as high calculation cost,
insufficient calculation accuracy and insufficient robustness,
and have not been popularized in practical engineering
applications [29-31].

In this study, background matrix subtraction (BMS) is
proposed to suppress noise signals and accurately detect
underground pipelines by three-dimensional velocity
spectrum (3DVS) method. is chosen as the study area in
Nanjing, Jiangsu, China. This helps to enhance the accuracy
and efficiency of pipeline detection. Later, the BMS is
compared with the reduction of the average channel method
and the singular decomposition method. At the same time, the
above three methods are used respectively to detect the
reinforced concrete structure and underground pipeline
detection of two cases of simulation data and a group of
measured data Noise reduction processing, and the results are
compared and analyzed.

2. Methodology and Materials
2.1. Noise Reduction Based on BMS

BMS processes radar data as a matrix, and the number of
rows and columns of the matrix correspond to the number of
sampling points and tracks of radar data respectively. By
calculating the background matrix composed only of noise,
which is the same size as the radar data matrix, and then
subtracting it from the original radar signal matrix, the noise
signal is suppressed. The implementation process of BMS
includes the following steps:

Arrange Horizontal Windows at each sampling point of the
GPR profile data matrix;

Calculate the average value of radar data in the window;

1
A, = : 1
T ON-2L i=LZ+lal .
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Where, N is the width of the one-dimensional horizontal
window, ¢ is the clipping coefficient, L is the number of data
points to be excluded, and ¢; is the value of the radar signal
corresponding to the data point i.

Keep the radar signal value a; with the same polarity of
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Where, s is weight coefficient, x; is the degree of data
proximity.
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Calculate the background noise 4 of one-dimensional
window data points;
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Slide the window along the horizontal and vertical
directions and assign the element values to the corresponding
positions to create a background matrix with the same
dimension as the radar data matrix.

2.2. Underground Pipeline Detection Based on Three
Dimensional Velocity Spectrum Method

The principle of velocity spectrum analysis method is to
assume a series of possible test velocities, calculate the
coherence of signals at different offsets or different channels
by the hyperbola determined by these test velocities, and then
plot the superimposed coherence in the velocity and vertical
travel time graph, namely, get the velocity spectrum. When the
test velocity is close to the true velocity, the superposition
energy peaks in the velocity spectrum, from which the
velocity of hyperbolic reflection and the bidirectional vertical
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propagation time can be extracted.
Signal coherence is calculated by stacking amplitude;

—Zf(fi,j,ksxj) (®)
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Where, f is the common offset data in the t-x domain, Ni is
the size of the horizontal calculation area selected for the i
time, nt, nx and nv are respectively the number of sampling
points and tracks of each recording track and the speed
number used in the iterative calculation, x ; is the horizontal

distance between the point j and the extreme point of the
hyperbola, and ¢ ; , is the bidirectional time of the point j of

the hyperbola.
; ; x can be obtained by the following formula;

(10)

Where, ti is the double travel time of the hyperbola vertex,
and vk is the speed used in calculation.

In order to solve the problem of incomplete shape of target
hyperbola, the superposition amplitude is normalized C, ; ; ;
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Where, L is the width of the reflection hyperbola in the
direction of time, and Ni is different Windows in the
longitudinal direction.

In order to suppress interference, soft threshold function

C is introduced;
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Find the position of the hyperbola vertex along the
maximum value of the distance axis, and extract the velocity
slice of this position from the 3DVS. The velocity coordinate
of the most energetic point in the velocity slice is the
propagation velocity of electromagnetic wave in the
underground medium.

2.3. Back-Propagation Migration (BPM) Algorithm

In order to locate the subsurface reflection in radar profile to
its real position, the BPM algorithm is introduced. The
principle of this algorithm is to classify the reflected wave and
diffraction wave according to the superposition of the in-phase
amplitudes of each recording channel. Figure 1(a) is a

schematic diagram of data collected by GPR along the
direction of the survey line. Due to the different propagation
time of electromagnetic wave scattered by underground
targets at different locations, the electromagnetic wave signal
received by the receiving antenna is shown as a hyperbola in
the radar profile, as shown in Figure 1 (b).

Tx Rx

Line direction/m

v (b)
Depth/m @

Figure 1. (a) Ground penetrating radar underground detection principle, (b)
Hyperbolic morphology of scattered targets in radar profile data.

When backpropagation migration is performed on GPR
data, the range of the imaging region and the number of pixels
are first determined. For each pixel in the imaging space, it is
regarded as a scatterer target, and the scattering field
corresponding to the pixel is calculated. The calculation steps
of the BPM algorithm are as follows:

In uniform underground media, electromagnetic waves
transmitted by the transmitting antenna will be reflected when
they meet the scatterer target, and will eventually be received
by the receiving antenna. The propagation distance R of the
whole process is

R=\/(Tx —x)? + i +\/(Rx—x)2+h2 (13)
Where, Tx and Rx are the positions of transmitting antenna
and receiving antenna respectively, h is the underground depth
of the target, and x is the distance of the scanning direction of
the antenna.
Calculate the propagation time ¢ of electromagnetic wave;

(T ) h (R, ) R

=

(14)
v

Where v is the propagation speed of electromagnetic wave
in the medium.

The receiving amplitudes at each recording time are
superposition to obtain the back propagation deviation
s(x,h).

sCuh) = £ (i)

i=1

(15)

Where f is the receiving amplitude.

2.4. Numerical Simulation Test

Noise Reduction Simulation
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Firstly, the numerical simulation test of reinforcement
detection in concrete and underground pipeline detection is
carried out, and the simulation data is processed. The
simulation model (Figure 2a) is established for the detection
of reinforcement in reinforced concrete structures by ground
penetrating radar. The model size is 3mx 0.5m, the relative
dielectric constant of concrete is 6, and the buried depth of
reinforcement is Scm. The number of discrete grids is
1500%250, and the mesh size is 0.002m. The excitation source
uses Riker wavelet with center frequency of 2GHz and
sampling time window of 8ns. The finite-difference
time-domain method was used for simulation, and 575 signals
were obtained with the antenna sending and receiving spacing
of 0.05m and the channel spacing of 0.005m. The simulated
profile of ground penetrating radar is shown in Figure 2b,
from which strong direct wave signal, surface reflection and
hyperbolic reflection generated by reinforcement can be seen.
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Figure 2. (a) Reinforced concrete simulation model, (b) reinforced reflection
radar profile.

In order to analyze the Noise reduction effect of BMS, the
reduced mean channel method and singular decomposition
method are introduced for comparative analysis. The data
processing results are shown in Figure 3.
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Figure 3. (a-c) Rebar reflection radar profiles after Noise reduction of three
methods.

BMS is the best method to remove direct wave, and almost
no false reflection is generated in the processed image. For the
method of reducing the average channel (RAC) and singular
decomposition method (SDM), due to the defects of the
algorithm, there is a deviation in the calculation of noise signal,
which leads to the false signal at the position of the steel bar.
Select the position of red dotted line in Figure 3 to draw
single-channel signal, as shown in Figure 4.
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Figure 4. Single channel reflection signal of reinforcement after Noise
reduction.

After reading the amplitude of the target, the difference
between the amplitude calculated by the reduced mean
channel method, singular decomposition method and BMS
and the original data is -7.2%, -9.2% and 8.2%, respectively. It
can be seen that among the three methods, the target signal
fidelity after BMS is better, while the other two algorithms
will cause attenuation to the target signal.

Figure 5a shows the numerical model of hollow plastic
pipeline with layered structure. The GPR profile obtained by
simulation is shown in Figure 5b, from which strong direct
wave signals, ground reflection, hyperbolic reflection of
pipeline and reflection at the layered layer of underground
media can be seen. Due to the strong direct wave signal, the
reflected signal of the underground pipeline in the radar
profile is weak, which is not conducive to our analysis of the
characteristics of the underground target, so the data need to
be de-noiseed signal processing. In order to compare the Noise
reduction effect, the data in Figure 5b are processed by three
algorithms, namely, mean-reducing method, singular value
decomposition method and BMS, and the results after
processing are shown in Figure 6.

Figure 6 shows that different methods can remove direct
waves well, but the singular decomposition method and the
average channel reduction method have deviation in the
calculation of the noise value at the maximum amplitude, and
excessive signal removal during Noise reduction results in
false signals in the radar profile. However, BMS has the best
effect, showing that its suppression results are cleaner and the
energy of false signals is lower, especially for false signals
around 6ns. In order to further compare the Noise reduction
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effect of different methods, the target reflection amplitude is
extracted from Figure 5, and the pros and cons of different
algorithms are evaluated by calculating the percentage of
amplitude change before and after processing. Select the
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single channel signal reflected by the target at the position of
the red dotted line in Figure 5 to draw the comparison diagram
of the reflected signal, as shown in Figure 7.
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Figure 5. (a) Pipeline simulation model, (b) reflection Radar Profile.
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Figure 6. Radar profile of pipeline reflection after Noise reduction.
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Figure 7. Single channel reflection signal after Noise reduction.

After reading the target reflection amplitude from Figure 7,
it is found that the target signal is disturbed after processing by
the three algorithms. However, the attenuation rate of the
target signal amplitude after BMS is 0.5%, which is much
lower than that of the other two algorithms, which is 5.4%.

2.5. Underground Pipeline Detection Simulation

In this paper, finite difference time domain method is used
for numerical simulation of underground pipeline model.
Figure 8 shows the adopted simulation models, all of which
are 2 mx1 m in size. The upper layer of Model 1, Model 2,
Model 3 and model 4 is homogeneous air layer, and the lower
layer is 0.9m thick dry sand, sandy soil, concrete and wet sand
respectively. The relative dielectric constants of dry sand,
sandy soil, concrete and wet sand are 3.0, 4.5, 6.0 and 8.0,
respectively.

A 0.15m diameter metal tube was placed in the center of
each model. The grid size of FDTD is set to Ax = Ay =
0.0025m, and Perfectly Matched Layer (PML) is used for
model boundaries. The excitation source uses Ricker wavelet
with a center frequency of 400 MHz, and the time window is
set to 20ns. The transmitter-receiving antenna spacing is
0.05m, and the antenna step length is 0.02m. The ground
penetrating radar profile obtained by simulation contains 90
channels of data.
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Figure 8. Simulation model.
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Figure 9. Simulated radar profile.

underground targets can be clearly seen. Firstly, the 3D

Figure 9 shows the simulated profile of ground penetrating
velocity spectrum algorithm is applied to process the ground

radar, from which the hyperbolic scattering formed by
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penetrating radar data, and the 3D velocity spectrum as shown
in Figure 10 is obtained.
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Figure 10. 3DVS results corresponding to the sand model (Figure 3(b)).

By finding the position of the hyperbola along the
maximum value of the distance axis, the velocity slice of this
position is extracted from the 3DVS, as shown in Figure 11.

Figure 11 includes the energy block superimposed by
hyperbola of underground target scattering. Note that the
energy block at 11 ns is formed by hyperbola superimposed by

20

multiple reflected waves. A black "cross" marks the
propagation speed of the electromagnetic wave in the medium.
Table 1 shows the comparison between the velocities
calculated by using the 3DVS method and the real values. It
can be seen that the estimated electromagnetic wave velocities
have high accuracy, and the errors compared with the real
velocities are all less than 3.8%. The calculated propagation
velocities were respectively applied to the backward
propagation migration algorithm, and the radar profile as
shown in Figure 12 was obtained.
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Figure 11. 3DVS slices of sand model.

Table 1. The comparison between the velocities calculated by using the 3DVS method and the real values.

Velocity calculated by 3DVS method/(m/ns) Real velocity/(m/ns) Difference value/(m/ns) Relative error/%
0.1357 0.1401 0.0044 3.140613847
0.1612 0.1586 -0.0026 1.639344262
0.1563 0.1521 -0.0042 2.761341223
0.1257 0.1301 0.0044 3.382013836
0.1423 0.1378 -0.0045 3.265602322
0.1663 0.1622 -0.0041 2.527743527
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Figure 12. Simulation data BPM results.
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As can be seen from Figure 12, although the
electromagnetic wave propagates at different speeds in each
model medium, the diffraction energy generated by the metal
tube is well focused. The location of energy focus is the burial
depth of the corresponding pipeline. The buried depth of the
pipeline obtained from Figure 16 is 0.340, 0.330, 0.330 and
0.335, respectively, with an error of 4.6%, 1.5%, 1.5% and
3.1% from the real buried depth. The simulation results show
that the 3DVS algorithm can accurately calculate the wave
velocity of electromagnetic wave in underground media and
realize the accurate location of underground pipeline.

3. Results and Discussion
3.1. Case Study

The study area takes a residential area in Nanjing, Jiangsu,

I Nanjing Y J
Jiangsu Province
0 220 km

China as an example. Residential area No. 200, Hankou West
Road, Nanjing is an old residential area. Due to the long
construction time, there are certain hidden dangers in terms of
safety, and public services cannot be effectively guaranteed.
The transformation of the old district is to meet the increasing
needs of the people, to improve the management of the city, to
improve the people's living environment. The transformation
of the old residential area not only includes the renovation,
reinforcement and beautification of the above-ground part, but
also the systematic detection of underground infrastructure
such as drainage pipes, underground cables, and water
transmission lines, and the corresponding transformation
optimization and filing. The test area is located in the
residential area, No. 200, Hankou West Road, Gulou District,
Nanjing City, Jiangsu Province, as shown in Figure 13.
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Figure 13. Geographical location of the test area.
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Figure 14. (a) High resolution radar 1.0, (b) high resolution radar 2.0.
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The distribution of survey area and survey line in this GPR
detection is shown in Figure 15. The main arterial roads in the
community are divided into 10 areas (area 8 is located outside
the community).

Figure 15. Ground penetrating radar survey area division and survey line
layout.
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Then, high resolution radar is used to collect radar data in
the above line area. The collected data contains noise signals.
Before detecting underground pipelines, Noise reduction
processing is needed.

Noise Reduction

The collected GPR profile of the underground pipeline is
shown in Figure 16.

20

Su/QWI [dARI) KM OM ]
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Figure 16. Pipeline reflection radar profile.

The hyperbolic reflection signal of underground pipeline
cannot be presented clearly because of the strong noise
caused by direct wave and uneven background medium. The
three Noise reduction algorithms introduced above are used
to process the measured data respectively, and the results
after processing are shown in Figure 17.

-500
1.5 20

Distance/m

Figure 17. Radar profile of pipeline reflection after Noise reduction.
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Figure 18. Single channel reflected signal of pipeline after Noise reduction.

It can be seen from Figure 17 that the three algorithms

have similar effects on noise processing. The direct wave is
well removed, which makes the hyperbolic reflection
apparent. However, there is false reflection at the vertex
position of the target hyperbola in the results processed by
the reduced average channel method (Figure 17a) and the
singular decomposition method (Figure 17b), which is
similar to the results after Noise reduction of the simulation
data in the previous paper, while there is no false reflection in
the BMS method (Figure 17c). Similarly, the pipeline target
single channel signal processed by different algorithms at the
position of red dotted line in Figure 17 is drawn, as shown in
Figure 18.

After reading the amplitude of the target, it is calculated
that the amplitude percentage of the original data
processed by the three algorithms, namely, reducing the
average channel method, singular decomposition method
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and BMS method, is 120%, 123% and 139% respectively.
The results show that BMS is superior to the other two
methods.

3.2. Underground Pipeline Detection

3DVS algorithm is applied to radar data after noise signal
suppression processing to obtain 3DVS, as shown in Figure 19.
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0.25
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40 0.10
Time/ns 3
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0.2
0

Dlstance m ).1 Speed/(m/ns)

Figure 19. 3DVS of measured data.

The position of the hyperbola is found through the
maximum value along the distance axis, and the velocity
slice of the corresponding position is extracted from the
3DVS, as shown in Figure 20.
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Figure 20. 3DVS velocity slice.
The black "cross" in Figure 20 is the calculated

propagation velocity of electromagnetic wave in the soil
medium above the pipe (v= 0.182m /ns). It should be noted
that the other two energy blocks are composed of creeping
waves and multiple reflected waves. The calculated
electromagnetic wave velocity of the soil medium is used for
BPM processing of the measured radar data. The results are
shown in Figure 21. It can be seen that the scattering formed
by the pipeline can be well focused.

0.5

wy/ypdop [ering

-0.5

Distance/m

Figure 21. BPM imaging results of ground penetrating radar data.

According to Figure 21, it can be clearly positioned that
the buried depth of the pipeline is 1.07m. Compared with the
actual buried depth of 1.05m, the error is only 1.4%. The
actual data results show that the 3D velocity spectrum
method also has high accuracy in practical application and
can realize the precise location of underground pipeline.

4. Summary and Conclusion

This study aims to use GPR to collect data of underground
pipelines in residential areas and to detect them with high
accuracy and efficiency. Based on the pipeline data collected,
BMS is used to suppress the noise signal, and 3DVS method
is used to accurately detect the underground pipeline. By
applying the propagation velocity of electromagnetic wave in
underground media calculated by 3DVS to the BPM
algorithm, the hyperbolic scattering energy of underground
pipeline can be focused and the buried depth of underground
pipeline can be obtained. In this paper, the method is applied
to the detection of underground pipelines in a residential area
in Nanjing, Jiangsu, China. Through the research, the main
conclusions are as follows:

(1) The effect of BMS is obviously better than that of
mean-reducing method and singular decomposition
method, which can suppress the noise well on the basis
of ensuring that the effective signal is not lost.

(2)1t is helpful to identify the characteristics of target
signal in ground penetrating radar profile, and improve
the accuracy and reliability of data interpretation by
using BMS method.

(3) In the numerical simulation model, the error between
the electromagnetic wave propagation velocity and the
actual velocity calculated by using 3DVS algorithm is
less than 3.8%. And in the actual data results, the
buried depth error of pipeline target is 1.4%.

(4) The 3DVS algorithm has practical application value
and can realize the accurate positioning of underground
pipelines.

Data Availability Statement

Some or all data, models, or code that support the findings
of this study are available from the corresponding author upon
reasonable request.
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