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Abstract—The ground penetrating radar was applied to the detection of underground pipeline. The
signal of ground penetrating radar was analyzed to simulate the different sizes of pipelines and oil.
The data were processed by GRED HD software. Radar profiles and single-channel waveforms of
underground pipelines and oil were obtained. The nonstationary signals of geological radars were
processed and analyzed by the finite-difference time-domain method. The different radar charac-
teristic signals of underground pipelines and radar signal variations of pipeline oil were discussed. It
can improve the accuracy of interpretation of underground pipelines and oil.
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1. INTRODUCTION

In recent years, the economic construction has achieved remarkable development in China. With the
rapid urbanization, the distribution of underground pipeline as urban lifeline becomes more and more
complicated. Most cities have not yet established a complete underground pipeline network management
system. The engineering accidents caused by construction or underground pipelines excavation frequently
occur in the construction process, the underground pipelines are often aging or even broken. The problem
of soil pollution caused by oil from pipeline is particularly prominent, which affects the progress of con-
struction seriously [1]. It is important to find an effective method to detect underground pipelines and oil
from pipeline, it will provide a basis for pipeline detection. At present, the common methods are based on
feedback information to trace the governance, the condition of inspection pipeline are randomly and even
require the excavation of ground. The operation is cumbersome, it is difficult to find pipeline hazards due to
the limited testing range. The ground penetrating radar (GPR) is a new type of underground target finding
method. It has outstanding features such as high precision, good continuity and small disturbance [2, 3]. It
can meet the requirement of finding underground pipelines and leakage oil well [4, 5]. The GPR transmits
high-frequency electromagnetic waves through the transmitting antenna, it infers the spatial position and
shape distribution of different media through information such as the waveform, amplitude and phase of
reflected electromagnetic waves received by the receiving antenna. The detectors mainly rely on the anal-
ysis of strong reflection in-phase axis of the geological radar profile to infer the underground pipeline and
the leakage oil. The complex detection results are very dependent on the experience of detector, which can
easily lead to misjudgment and oil from underground pipelines. Tst Amran et al. conducted a series of lab-
oratory experiments using 800-MHz antenna, the GPR performance on detecting underground pipeline
and locating water leakage were investigated and validated [6]. Varughese A. et al. applied the GPR for
solution, when other conventional investigations cannot work in hydroelectric projects and in the detec-
tion of utilities well [7]. Ó. PueyoAnchuela et al. used GPR to evaluate the seepage endangers of dam integ-
rity with different antennas, and the data were integrated with infrared thermo graphic images [8]. Chen Jun
and other experts initially applied geological radar to urban underground pipeline detection [9, 10]. At pres-
ent, GPR has been widely used and studied in the engineering field, but the researches mainly focus on tun-
nel advance prediction [11], lining defect detection [12], bridge and road quality disease detection [13, 14],
there are few studies about the application of geological radars in the inversion of underground pipelines,
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Fig. 1. Schematic diagram of Yee cell [15].
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especially the systematic research on the in-depth analysis of the location, size, and filling characteristics
of underground pipelines and geological radar image signals.

In this paper, a physical simulation model is established for different scenarios such as a single pipeline,
different size pipelines and pipeline filled oil. Two-dimensional geological radar detection and forward
modeling are carried out on different models of underground pipelines through GPRMax program and
MATLAB software programming. According to the special conditions of different pipe diameters and oil,
the underground pipelines and features were quantitatively identified by spectrum analysis, the basic prin-
ciples of geological radar detection signals analysis of different characteristics of underground pipelines
were summarized.

2. GPR FORWARD MODELING METHOD

2.1. Principle of Time Domain Finite Difference Method Forward

The high-frequency electromagnetic waves of geological radar are directed into the ground through the
transmitting antenna, they are returned to the ground after being reflected by the underground formation
or cavity with electrical differences and then received by the receiving antenna. When the high frequency
electromagnetic waves propagate in the medium, the propagation path, electromagnetic field strength,
waveform variation with the electrical characteristics and geometry of the medium are tested. The spatial
location and structure of the subsurface interface or geological body can be determined by collecting time
domain waveforms, processing and analysis.

The finite difference time domain (FDTD) method is a numerical solution of Maxwell’s equations
proposed by Kane Yee in 1966. It can calculate electromagnetic wave values and simulate the propagation
of electromagnetic waves in underground media during geological radar detection. It takes the Yee cell as
a discrete unit and divides the entire simulation space into a grid composed of Yee cells. Each cell has its
own electromagnetic field component, as shown in Fig. 1.

In two-dimensional space, the rotation of the cell in the x-axis direction is:
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∂∂∂ − = −μ ∂ ∂ ∂
∂∂∂ − = ε + σ
∂ ∂ ∂ 

.

yzx

yzx
y

HEE
z x t

EHH E
z x t
RUSSIAN JOURNAL OF NONDESTRUCTIVE TESTING  Vol. 56  No. 11  2020



938 LEI GAO et al.
Record the observation node Ex(x, y, z) coordinates are (i + 1/2, j, k), Remember the moment t =
(n + 1/2)Δt. When calculating the electromagnetic field variables in the Yee cell, it is often discrete at
equal intervals, i.e.:

(2)

The FDTD time update equation [16] for electric and magnetic fields in space can be simplified as:

(3)

In the formula, CA(m) = , CB(m) = , m, the values are in order (i, j + 1/2, k + 1/2).

(4)

In the formula, CP(m) = CQ(m) = , m, the values are in order (i, j + 1/2, k + 1/2).

The above Eqs. (3) and (4) describe the propagation process of a similar longitudinal wave from the
coordinate axis x direction, and the formulas are the same in both the y and z directions. The amount of
cellular electromagnetic field depends on adjacent cellular transmission. The component value on the grid
point inside the cell depends on the magnitude of point in the previous time step and the value of other
point in the adjacent point half the time step. According to Eqs. (3) and (4), the electromagnetic field can
be alternately calculated on the analog region cells one by one, the numerical simulation results can be
obtained after all the preset time steps are performed. The FDTD method can be quickly iteratively cal-
culated by computer, it has good stability and convergence. It has become the main method for numerical
calculation of electromagnetic fields.

The finite-difference time-domain method is an approximate calculation of the Maxwell’s curl equa-
tion, when the computer performs numerical simulation, the nondispersive medium is discretely pro-
cessed, resulting in dispersion. In order to satisfy the dispersion condition, the wavelength needs to be
greater than or equal to 12 or more calculation grids. At the same time, it should ensure the stability of
Maxwell’s equations, the time step and space grid step size must satisfy the following relationship [17]:

(5)

2.2. Gprmax Forward Modeling Method

The GPRMax program used in the numerical simulation is a geological radar forward modeling pro-
gram developed on the basis of the finite-difference time-domain method. It was first designed by Antonis
Giannopoulos in 1996. It uses the Yee grid algorithm to solve the Maxwellian group, mainly used in the
field of geological radar, it can be simulated in other electromagnetic wave propagation.

GPRMax is a geological radar forward modeling program based on the finite difference time domain
method. The stratum structure layer is constructed in an input file with a suffix of .in, and the code is input
to set physical parameters, electromagnetic parameters and simulation parameters of each structural layer.
After computer simulation, the model output file with the suffix.out and the waveform data output file
with the suffix.geo are obtained. Then the program is written in MATLAB software to read the output file
and process the data to obtain the geological radar forward simulation image.
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Fig. 2. Photo of pipeline site detection.
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3. FORWARD MODELING OF UNDERGROUND PIPELINE
3.1. Stratum Model Establishment and Parameter Setting

From the project in the Hexi area of Nanjing city, China, it was found that there was a pipeline buried
in the ground. In order to detect the distribution of pipelines and prevent engineering accidents, the geo-
logical radar detection was carried out. In the construction site, 10 lines are arranged parallel, the Italian
IDS RIS type geological radar was used together with the 400 MHz and 1600 MHz radar antenna. The
photo is shown in Fig. 2.

According to the actual soil structure of the project, a 1 m (y-axis depth) × 2 m (x-axis antenna scan-
ning distance) formation model is established, which is divided into three layers. The first layer is a 0.1 m
thick plain concrete layer, the second layer is a 0.4 m thick miscellaneous fill soil layer, the third layer is a
0.5 m thick clay base layer, and the PVC line is located in the miscellaneous soil layer. The relative dielec-
tric constant and conductivity of the medium were obtained by relevant data [18]. The summary of for-
ward modeling parameters is shown in Table 1.

The transceiver antenna is located on a horizontal line 2.5 mm above the air-soil interface. The struc-
tural excitation source is set to the Ricker wave closest to the electromagnetic wave of the geological radar
transmitting antenna, and the model boundary is set to the PML boundary condition.

3.2. Forward Modeling of Different Sizes of Pipelines
According to the stratigraphic model constructed in the previous section, a separate circular pipeline

is placed in the soil base. The soil layer structure model is unchanged. The surface depths of different sizes
pipes are the same with 0.29 m and circular. The diameters are 0.08, 0.12, and 0.16 m respectively. Other
simulation parameters are consistent with the previous one, and the model structure is shown in Fig. 3.
RUSSIAN JOURNAL OF NONDESTRUCTIVE TESTING  Vol. 56  No. 11  2020

Table 1. Forward modeling parameters

Parameter Type Numerical value Parameter type
Relative 

permittivity εr

Conductivity 
σ, S/m

Type of incentive source Ricker wave Air 1 0
Excitation source frequency, MHz 1600 PVC pipeline 3 10−3

Space grid step size, m 0.002 × 0.002 Oil stain 75 10−2

Antenna step size, m 0.02 Sand 6 10−5

Electromagnetic wave velocity, cm ns–1 5 Miscellaneous fill 8 10−3

Time window, ns 20 Clay 12 10−1
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Fig. 3. Different size pipeline models.
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Fig. 4. Forward simulations of different size pipes.

Direct wave Direct wave Direct wave
Interface

Interface

Interface

Interface

Interface

Interface
Pipe signal

Pipe signal Pipe signal

0

5

10

15

20
0.5 1.0 1.5 2.0

Distance, m

(a)

00 0.5 1.0 1.5 2.0 2.0
Distance, m

0 0.5 1.0 1.5
Distance, m

T
im

e,
 n

s

0

5

10

15

20

0

5

10

15

20

Distance 0.08 m
(b)

Distance 0.12 m

(c)

Distance 0.16 m
The forward simulation results are shown in Fig. 4. The interface signal is consistent with the previous
simulation results. From Figs. 4a to 4c, it can be found that the signal on the radar image is clearer when the
radius of circular pipe is larger. In addition, the radius of the hyperbola curvature is larger, the hyperbola
extends to the longer both ends, the top of hyperbolic curve is larger. The difference between the x-axis coor-
dinate values at both ends of the pipe signal hyperbola does not match the actual diameter of the pipe, and
the diameter of the pipe area cannot be directly obtained.

Table 2 shows that the pipeline size and depth can be quantitatively identified within certain accuracy.

3.3. Forward Modeling of Single Pipeline Positioning

The distance between the center of the pipeline area and road surface is 0.35 m. Considering the mate-
rial of the site, the material of pipe is set to PVC and the dielectric constant is set to 8. The center coordi-
nates of the pipe area are (1.0, 0.35) and the pipe diameter is 0.12 m. In the y-axis direction of 0.6 ns is the
direct wave formed by the electromagnetic wave propagating in the air. At 4.2 ns, the boundary signal
RUSSIAN JOURNAL OF NONDESTRUCTIVE TESTING  Vol. 56  No. 11  2020



FORWARD SIMULATION SIGNAL OF UNDERGROUND PIPELINE 941

Fig. 5. Single channel wave waveform of a single pipe.
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between the plain concrete surface layer and the miscellaneous filling layer is at 8 ns, the interface signal
between the mixed filling layer and the clay base layer is 8 ns. In the clay base layer, the circular under-
ground pipeline exhibits a hyperbolic characteristic signal with the curved opening facing down when time
is between 4.2 and 8 ns. The ratio of the y-axis coordinate value to the y-axis coordinate difference of the
two interface signals is 0.46. In the model, the difference between the upper surface of the pipeline area
and the clay base layer is 0.43, the ratio between the two is relatively close. The horizontal center position
and the upper surface depth of pipeline can be calculated from the vertex coordinate values of the hyper-
bola on the radar image, the depth of lower surface for the pipeline is difficult to calculate directly. The
single-channel waveform of pipeline is extracted, which can be shown in Fig. 5.

A partial enlarged view is shown in Fig. 6. Electromagnetic waves are ref lected at the interface of the
medium, the vibrations are generated on the single-channel waveform. The amplitude of the direct wave
is large, and the amplitude is greatly attenuated after entering the underground. Compared with the radar
image, the electromagnetic wave in the single-channel waveform has a waveform vibration when it passes
through the lower surface of the pipe region. The vertical depth of the pipe can be obtained according to
the time and wave velocity of the electromagnetic wave propagating in the pipe region. The horizontal sig-
nals of upper and lower surfaces for electromagnetic wave passing through the pipeline area are 5.4 and
6.6 ns, respectively. The one-way travel time is half of the differences coordinate values, and the domain
wave velocity is 21.2 cm/ns. The vertical depth of the pipe is 12.72 cm, which is close to the actual vertical
depth of 12 cm for model. The results show that this quantitative analysis is feasible and accurate.

3.4. Forward Modeling of Different Filling Pipeline

In order to analyze the influence of different fillers on the pipeline, two scenarios are set. Two different
sizes of pipelines are set in each scenario, the electromagnetic wave reflection characteristics of the pipe-
line filled with different fillers are highlighted by comparing the results of two pipeline simulations. The
RUSSIAN JOURNAL OF NONDESTRUCTIVE TESTING  Vol. 56  No. 11  2020

Table 2. Comparison of setting conditions and simulation result data

Number
Actual pipe characteristics Pipe feature read by simulation results Average relative 

error of pipe 
diameter  = 8%pipe diameter, cm pipe depth, cm pipe diameter, cm pipe depth, cm

1 8 25 9 26

Pipeline depth 
average relative 
error  = 6%

2 8 25 7 24
3 12 25 13 27
4 12 25 11 28
5 16 25 17 25
6 16 25 16 25

δ1

δ2
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Fig. 6. Partial enlarged view of the single channel waveform of a single pipe.
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pipeline filling media in the two scenarios are: scenario (1) assumes that the filling in the pipeline is air, and
scenario (2) assumes that the filler in pipeline is oil. The specific media parameters are shown in Table 3.
Through the comparison of the simulation data of the front and back groups, it is used to explain the influ-
ence of the different fillers inside the pipeline on the electromagnetic wave propagation.

The size of the soil layer is expanded to 4 m in length and 1 m in depth. The pipeline is still set in the
miscellaneous soil layer. The distance between the centers of two pipelines is 0.35 m from the road surface.
The material of pipe is set to PVC and the dielectric constant is set to 8. The coordinates of the center of
pipelines are (0.5, 0.35) and (1.5, 0.35). Other simulation parameters are same, and the model structure
is shown in Fig. 7.

The simulation is performed by using GPRMax2d, the radar profile in the simulation scenario (1) is
shown in Fig. 8. The relative dielectric constant of the pipeline is set small, mainly for the simulation study
of the pipeline when it is free of oil. Due to the small extent of pipeline, the pipeline 1 only shows a hyper-
bolic reflection signal with a small curvature on the radar profile, the excitation wave is more excited, the
hyperbolic boundary propagates farther on the radar profile. It shows that when the pipeline is gradually
reduced to a certain extent, the geological radar loses its ability to judge the scope of the pipeline. For the
two pipes, the pipe signal shows an asymmetrical feature in the profile. This is mainly the result of the dif-
ference between the medium in the pipeline and the surrounding medium. There is a certain degree of
electromagnetic wave loss in the process of electromagnetic signal propagating from the top to the bottom.

Two single-channel waves are extracted as shown in Fig. 9.
For both pipelines, there are obvious ref lection anomalies in the radar single-channel wave diagram.

It depends on the size of the pipe, the reflection shows a different performance. There is a diffraction phe-
nomenon of electromagnetic waves at the boundary of the pipeline. This is a concrete manifestation of the
electrical difference between the pipeline and surrounding medium. The approximate area of pipeline can
be judged by the position of boundary diffraction. The electromagnetic wave signal and diffraction signal
of boundary are superimposed at the bottom to form a type hyperbolic intersection, the bottom of pipe
can be judged by the position of intersection. The single-wave can distinguish the first arrival wave at the
top of pipeline. The medium in the pipeline is a high-resistance medium relative to the surrounding
medium, the first arrival reflected wave is in the same direction as the incident wave. Theoretically, the
phase of the reflected wave signal at the bottom of pipe should be opposite to the incident wave. Due to
RUSSIAN JOURNAL OF NONDESTRUCTIVE TESTING  Vol. 56  No. 11  2020

Table 3. Pipe and filling media parameters

Case Diameter, cm Relative permittivity Conductivity, S m–1

Pipe one 12 8 0.1
Pipe two 20 8 0.1
Air – 1 0
Oil – 70 0.01
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Fig. 8. Pipeline filled air numerical simulation radar profile.
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Fig. 9. Pipeline filled air numerical simulation radar single channel diagram.

–100 000

0

–50 000

50 000
(а) Pipe 1

205 10 150
Time, ns

(b) Pipe 2

Time, ns

A
m

pl
itu

de
, v

ol
m

A
m

pl
itu

de
, v

ol
m

–100 000

0

–50 000

50 000

205 10 150

Fig. 7. Different filler models in the pipe.

Plain concrete

Unfilled pipe Filling oil

Miscellaneous fill Miscellaneous fill

Clay Clay

Plain concrete

0.25

0.50

0.75

1.00
0 0.5 1.0 1.5 2.0

Distance, m

(a)

0 0.5 1.0 1.5 2.0
Distance, m

D
ep

th
, m

0.25

0.50

0.75

1.00

Scenario (1) filling the air
(b)

Scenario (2) filling oil



944 LEI GAO et al.

Fig. 10. Pipeline fill oil numerical simulation radar profile.
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the superposition of the reflected wave delay at the top of pipe and the initial wave at the bottom, there is
no obvious phase inflection point signal at the initial wave position of the pipe. In addition, the absorption
of the electromagnetic wave amplitude is more obvious when the pipe diameter is larger.

The radar profile in the simulation scenario (2) is shown in Fig. 10 (Here, the actual time window of
the model is 19.9 ns instead of 20 ns to eliminate the interference signal of the bottom part.). The relative
dielectric constant of the air is set to 81, the electromagnetic wave characteristic of the simulated pipeline
filled with oil can be seen. The two pipeline areas have strong reflection, but the reflection area is small,
the absorption of electromagnetic waves is strong without unnecessary diffraction. The difference between
the pipe and surrounding medium is large, the body shape is small, there are multiple wave reflections
under it. The second range of the pipeline is large, the electromagnetic wave propagates for a certain dis-
tance. The rain-like high-resistance medium is equivalent to a high-frequency filter. The lower part is a
low-frequency signal with a large wavelength, the effective signal is less. The greater difference between
the electrical parameters of filling medium in the pipeline and surrounding medium are shown, the stron-
ger signal reflection are the more obvious characteristics.

For a single channel signal, as shown in Fig. 11, the material filled in the pipe can be judged by the
phase change. For the case of oil, the single pass wave in Fig. 11 exhibits a phase reversal characteristic at
the reflection of the pipe. In Fig. 9, the single-channel wave exhibits a feature in which the amplitude in
the same direction becomes large. In contrast to scenario (1) and scenario (2) in the oil-filled state, the
electromagnetic wave propagation velocity becomes slower, the single-channel wavelength becomes sig-
nificantly larger, the amplitude absorption effect is more obvious. In the air-filled state, there are more
high-frequency signals. The electrical difference between the filling medium in the pipe and surrounding
medium is larger, the reflection is more obvious and strong. In the single-channel waveform diagram,
since the pipeline with oil is a high-resistance medium, the first-coming emission wave at the top of the
pipeline is opposite to the phase of the incident wave. The bottom first arrival reflected wave and the top
reflected wave show interference stacking, the inflection point is submerged in the signal.

The size of the oil-filled area is difficult to judge from the range of reflected wave at the pipe position,
but the size of the lower-direction off-axis is proportional to the pipe size. The single-wave can distinguish
the first arrival wave at the top of pipeline. The medium in the pipeline is a low-resistance medium with
respect to the surrounding medium, the first arrival reflected wave is in the same direction as the incident
wave. The phase of reflected wave signal at the bottom of contaminated soil should be opposite to the inci-
dent wave. Due to the superposition of the top reflected wave delay of the oil area and the initial reflection
of the bottom, there is no obvious phase inflection point signal at the beginning of the pipeline. In addi-
tion, the absorption of the electromagnetic wave amplitude is relatively large.

Compared with the pipe one, the distance between the parallel multiple ref lections of the pipe two is
larger. It is difficult to judge the bottom of void from the original signal. In addition, there is a multi-wave
reflection signal with large amplitude at the bottom of single-channel signal, there is a certain offset phe-
nomenon between the single-wave tail signal and the center position.
RUSSIAN JOURNAL OF NONDESTRUCTIVE TESTING  Vol. 56  No. 11  2020
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Fig. 11. Pipeline filling oil numerical simulation radar single channel wave.
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Fig. 12. Cross-sectional view of numerical simulation radar for pipeline filling oil and sand.
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Fig. 13. Single-channel wave of numerical simulation radar for pipeline filling oil and sand.
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After pipe 1 and pipe 2 are taken out, the simulation scenario (2) in Figs. 12 and 13 shows similar fea-
tures to the simulation scenario (1). Three parallel isotropic axis misalignment regions and the lower por-
tion are wider than the upper portion. The reason is that there is a boundary diffraction signal. The oil area
is equivalent to a waveform amplifier. The distance between the parallel multiple reflections of the second
pipe is large. The electrical difference between the filling medium in the pipe and surrounding medium is
larger, the reflection is more obvious and strong. In the single-channel waveform diagram, the pipeline
with oil is high-resistance, the first-coming emission wave at the top of the void is opposite to the phase
of the incident wave. The first-time reflected wave at the bottom and the reflected wave at the top interfere
with each other, it makes the inflection point drown in the signal.

The single channel waveform is shown in Fig. 13. The relative dielectric constant of the pipeline is set
small. There are obvious reflection anomalies in the radar profile for both pipes. It depends on the size of
pipe, the reflection shows a different performance. There is a diffraction phenomenon of electromagnetic
waves at the boundary of pipeline one. This is a concrete manifestation of the electrical difference between
the pipeline and surrounding soil. The approximate area of the soil can be judged by the position of
boundary diffraction. The electromagnetic wave signal and the diffraction signal of boundary are super-
imposed at the bottom, the bottom of pipe can be judged by the position of intersection. For the two pipes,
the soil signal shows an asymmetrical feature in the profile. There is a certain degree of electromagnetic
wave loss in the process of electromagnetic signal propagating from the top to the bottom.

Due to the small extent of the pipeline and the increase in depth compared to pipeline two, the pipeline
one only shows a hyperbolic reflection signal with a small curvature on the radar profile, the excitation
wave is more excited, the hyperbolic boundary propagates farther on the radar profile. It shows that when
the pipeline is gradually reduced to a certain extent, the geological radar loses its ability to judge the scope
of the pipeline.

4. CONCLUSIONS
(1) The simulation results show that the layered characteristic signal is a linear signal. The circular

pipeline characteristic signal is a hyperbolic in-phase axis signal with the opening facing down. According
to the coordinates of the hyperbolic inflection point, the horizontal center position and the upper surface
depth of pipeline can be quantitatively estimated, the diameter of pipe and the depth of lower surface are
difficult to be directly calculated from the image data.

(2) The different sizes of pipeline cause the different electromagnetic waves angles signal. The radius
of curvature hyperbola on the image is larger, when the diameter of pipe is larger. The length of the two
ends is larger, the signal is clearer. It is verified that the pipe diameter and vertical depth are proportional
to the horizontal length and vertical length of strong reflection signal on the outer surface of signal region
respectively.

(3) When the pipeline is filled with oil, the liquid medium is with a high dielectric constant and the
hyperbolic interfaces of pipelines are no longer obvious. The strong signal accompanying the oil region
shows a hyperbolic contour, it is not clear in-phase axis. The characteristic signal of oil- filled pipeline on
the sectional view is a crescent-shaped signal with a downward opening. The area of the ref lective area for
pipeline is reduced, the absorption of electromagnetic waves is strong, there is no unnecessary diffraction.
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