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Ground penetrating radar (GPR) is an e�ective method that can be applied in pipeline leakage detection. However, when the
distribution of the underground medium is complex, it becomes di�cult to accurately identify the abnormal leakage area directly
from the GPR data pro�le. In this paper, based on the characteristics of high water content in the abnormal leakage area and
according to the relationship between the re�ected wave coe�cient and the dielectric constant, the electric �eld component
imaging technology of GPR data is proposed. Next, the electromagnetic wave responses of geological models with di�erent
dielectric parameters are simulated by �nite di�erence time domain (FDTD). It can be seen from the forwardmodeling results that
the greater the di�erence is in the dielectric constants of the media on both sides of the interface, the stronger the re�ected wave
energy will be. Finally, the electric �eld component imaging technology of GPR data is applied to pipeline leakage detection in an
industrial area. �e test results show that the abnormal area of pipeline leakage appears as a high-amplitude area in the electric
�eld component map.

1. Introduction

Leakage detection of underground pipelines is an important
task of municipal engineering. Ground penetrating radar
(GPR) is a geophysical method that applies the propagation
characteristics of high-frequency electromagnetic waves
(such as re�ected, transmitted, and refracted waves) to detect
underground media. �e detection results have high reso-
lution and strong intuition and are widely applied in shallow
surface detection projects [1, 2].

In recent years, GPR has achieved promising results in
underground pipeline detection [3–5]. However, there re-
main some di�culties in pipeline leakage detection due to
the fact that the complex underground structure of the
pipeline leakage area makes it di�cult to identify abnormal
GPR data. �e anomaly identi�cation of GPR data is the key
to the interpretation process [6], while reasonable imaging
technology is the basis of anomaly identi�cation. In leakage
detection engineering, GPR processing software is typically

used to edit, correct, gain, and �lter the original data, after
which the abnormal leakage area can be determined
according to the energy intensity of the GPR pro�les.
�roughout the entire GPR data processing �ow, the value
of the electric �eld component signal is unknown, and
sometimes, false strong signals are introduced in the data
processing process.�ese disturbances may lead to incorrect
GPR interpretation results. For example, when the GPR data
quality is not ideal or the leakage area is small, then hori-
zontal noise signals introduced by gain and �ltering can
interfere with anomaly identi�cation. �e water content in
the leakage area of the pipeline is high, and there is a large
di�erence in the relative permittivity between the seepage
water and the surrounding soil. Considering these points,
and based on the theoretical basis that the re�ected wave
energy of electromagnetic waves is related to the di�erence
in the relative permittivity of the medium, this paper pro-
poses the electric �eld component imaging technique for
GPR data. �e electric �eld component imaging technology
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extracts the electric field intensity value of the radar data.
After simple data processing, the abnormal reflection area
can be visually identified according to the size of the de-
tection value. ,erefore, the electric field component im-
aging technology maintains the authenticity of the data and
improves the accuracy of data interpretation.

In this paper, the relationship between electromagnetic
wave reflection coefficient and relative permittivity is de-
duced, and the correctness of the theoretical basis is verified
by means of finite difference time domain (FDTD). Finally,
taking the pipeline leakage detection project in an industrial
area as an example, the measured GPR data are analyzed by
using the electric field component imaging technology and
the abnormal area is delineated. ,e results are satisfactory,
which verifies the effectiveness of the method.

2. Methodology

In GPR detection, the transmitting antenna radiates the
electromagnetic field outward, the receiving antenna re-
ceives the scattered electromagnetic waves in the detection
area and converts them into electrical signals, and finally, the
computer completes the data storage, processing, and dis-
play. In pipeline leakage detection, the effective data of GPR
are the reflected electromagnetic wave of the underground
medium and the difference of dielectric constant will cause
the change in the reflected wave energy. In this paper, the
relationship between electromagnetic wave reflection coef-
ficient and relative permittivity is deduced. ,is in turn
provides a theoretical basis for the application of electric
field component imaging technology to pipeline leakage
detection.

According to the research results of Wu et al. [7], on the
interface of the medium, the reflection coefficients of the
transverse electric field component (TE wave) and the
transverse magnetic field component (TM wave) of the
electromagnetic wave can be, respectively, expressed as
formulas as follows:

RTE �
Z2/ cos θ2( 􏼁 − Z1/ cos θ1( 􏼁

Z2/ cos θ2( 􏼁 + Z1/ cos θ1( 􏼁
, (1)

RTM �
Z2 cos θ2 − Z1 cos θ1
Z2 cos θ2 + Z1 cos θ1

, (2)

where RTE and RTM are the reflective coefficients of TE and
TM waves, respectively, and Z1 and Z2 are the wave im-
pedances of Medium 1 and Medium 2, which should satisfy
the following formula:

Z1 �

����μ1
ε1ε0

,

􏽲

Z2 �

����μ2
ε2ε0

􏽲

.

(3)

,e underground medium can generally be considered
to be nonmagnetic. ,erefore, the magnetic permeability of
the medium is equal to the magnetic permeability in vac-
uum, i.e., μ1 � μ2 � μ0 �1.25×106H/m, where ε1 and ε2 are

the relative permittivities of Medium 1 and Medium 2,
respectively.

In most cases, the transmit-receive distance of GPR
antenna can be considered to be very small relative to the
depth of the reflection interface; thus, it is practical to study
the normal incidence of electromagnetic waves. When the
electromagnetic wave transmits vertically into the interface,
then the reflection coefficients of the TE wave and the TM
wave are the same. ,en, formulas (1) and (2) can be
simplified as follows:

R �
Z2 − Z1

Z2 + Z1
. (4)

Substituting formula (3) into (4), we obtain the
following:

R �
1 −

����
ε2/ε1

􏽰

1 +
����
ε2/ε1

􏽰 . (5)

Defining k as the coefficient of difference in permittivity
of two media, i.e., k �

����
ε2/ε1

􏽰
, we obtain the following:

R �
1 − k

1 + k
. (6)

If the direction of the reflection coefficient is not con-
sidered and only its magnitude is considered, then we obtain
the following:

|R| �

1 − k

1 + k
, 0< k≤ 1,

k − 1
1 + k

, k> 1.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(7)

From formula (7), we determine the following:

(1) When 0< k< 1, i.e., ε2 < ε1, then |R| is a decreasing
function, and the smaller ε2/ε1 is, the larger |R|will be

(2) When k> 1, i.e., ε2 > ε1, then |R| is an increasing
function, and the larger the ε2/ε1 is, the larger |R| will
be

In summary, the greater the difference between the
relative permittivities ε1 and ε2 of the medium is, the greater
the value of the reflection coefficient will be. In addition, the
greater the difference in the relative permittivity is, the
greater the reflected wave energy will be, namely, the greater
the value of the electric field component will be.

In pipeline leakage detection, the leakage area has the
characteristics of high water content. It can be seen from
Table 1 that the dielectric constant of water is much higher
than that of the medium in the other nonleakage areas (i.e.,
the difference in dielectric constant in the seepage area is
large) and the reflected wave energy in the seepage area is
stronger than that in other areas. Based on the above the-
oretical basis, the leakage area can be determined according
to the magnitude of the electric field component of the
reflected wave of the GPR data.

,e essence of the electric field component is the electric
field strength extracted from the electrical signal of the GPR
data. Since the leakage water and the surrounding dielectric
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constant di�er signi�cantly, the electric �eld component of
the re�ected wave in the abnormal leakage area will also be
much higher than those in other areas. Before extracting the
electric �eld component, the authenticity of the data must be
ensured and no gain or 2D �ltering may be performed on it.
In addition, the electric �eld component of the GPR data
must be normalized to highlight high- and low-amplitude
regions in the spectrum.

3. Forward Modeling Example

Forward modeling is an e�ective way to understand the
theoretical derivation. In order to verify the relationship
between the re�ection coe�cient and the relative permit-
tivity di�erence, the FDTD method is used to simulate the
energy characteristics of the GPR re�ected waves corre-
sponding to the models with di�erent relative permittivities,
thereby providing theoretical support for the electric �eld
component imaging technology of GPR data. �e FDTD
algorithm is a commonly used GPR forward modeling
method. �is method is based on the Maxwell equation,
replaces the di�erential equation containing the electric �eld
component E and the magnetic �eld component H with a
discrete di�erence equation, and obtains the electromagnetic
�eld by means of alternate sampling [8–11].

As shown in Figure 1, in the forward modeling model,
the dimensions of the model are 5× 3m and the background
relative permittivity is set to 5. Anomaly body 1 has di-
mensions of 2× 0.2m, and its relative permittivity is 50,
while Anomaly body 2 has dimensions of 2× 0.2m, and its
relative permittivity is 20. �e conductivity of the entire
model is set to 0.001 S/m. Detecting parameters: the center
frequency of the transmitting antenna is 400MHz; the
transmitting and receiving distance of the antenna is 0.2m;
the o�set distance of the surveying point is 0.2m; the
horizontal distance of the surveying line is 0.1–4.5m; and
there are a total of 23 surveying points.

�e forward modeling pro�le of the Ez component is
shown in Figure 2, in which the electric �eld component
value is a normalized value. �e direct wave has been re-
moved, so as to highlight the energy of the re�ected wave.
�e following can be seen from Figure 2: (1) �e re�ected
waves on the upper interface of Anomaly body 1 and
Anomaly body 2 both occur at 20 ns, and the re�ected wave
energy E1 of Anomaly body 1 is clearly stronger than that of
Anomaly body 2. (2) �e re�ected wave from the lower
interface of Abnormal body 1 occurs at 35 ns, and the lower
interface of Abnormal body 2 occurs at 30 ns. E1 is slightly

stronger than E2, and the wave speed v1 is lower than v2. (3)
�e multiple re�ective wave of Abnormal body 1 occurs at
50 ns, the multiple transmitting wave of Abnormal body 2
occurs at 40 ns, and E1 is signi�cantly stronger than E2.

In summary, the forward modeling result proves that the
greater the di�erence in dielectric constant is, the greater the
re�ection coe�cient value will be and the greater the electric
�eld component will be.

4. Experimental Study

�ere is abnormal pipeline leakage in an industrial area,
which is selected to be the study area. MALA ground
penetrating radar with a 250MHz antenna is used to detect
pipeline leakage in this area, and the continuous acquisition
mode of a ranging wheel is used to collect data. One sur-
veying line and one complementary line are arranged, and
the complementary line is located 1m to the left of the
surveying line. �e surveying line is 18m in length and the
complementary line is 5m in length. Both lines are arranged
perpendicular to the pipeline direction (Figure 3).

Table 1: Dielectric constants of common media.

Type of medium Dielectric constant
Air 1
Pure water 81
Asphalt (dry) 2–4
Asphalt (wet) 10–20
Plastic 3
Concrete 4–20
Soil 2–25
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Figure 1: Diagram of the forward simulation model. �e elec-
tromagnetic wave transmits vertically into the interface, and the
transmitting and receiving antennas are in the same place at each
surveying point.
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Figure 2: Forward simulation results of the electric �eld com-
ponent (after removing direct waves), where (E) refers to “electric
�eld component.”
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Figure 3: Data acquisition for pipeline leakage survey: (a) experimental setup for synthetic data; (b) schematic diagram for the detecting
lines.

105

Ro
un

d-
tr

ip
 tr

av
el

 ti
m

e (
ns

)

70

35

0

140

Distance (m)
0 3 6 9 12 15 18

Figure 4: GPR pro�le of the surveying line.
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Figure 5: Detection results of the surveying line: (a) schematic diagram of electric �eld component interpretation, where (E) refers to
“electric �eld component”; (b) schematic diagram of the comparison of electric �eld component for a single track; (c) photo of the leakage
area at the surveying line.
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�e GPR pro�le of the surveying line is shown in Fig-
ure 4. It can be seen that a hyperbolic strong re�ection area
appears at the distance of 2.5–3.5m and during the time
period of 10–15 ns, which is inferred as a pipeline. In ad-
dition, there is a suspicious horizontal strong re�ected wave
below the pipeline, but this is a�ected by the horizontal
signal at the time period of 40–60 ns. Meanwhile, at the
distance of 9–18m, the signal is relatively cluttered begin-
ning from the time point of 40 ns, which leads to di�culties
in the data interpretation.

�e GPR data of the surveying line are interpreted using
electric �eld component imaging, as shown in Figure 4.

�e following can be seen from Figure 4: (1) A hyperbolic
abnormal area appears at the upper left at the distance of
2.5–3.5m and during the time period of 10–15 ns. In ad-
dition, the electric �eld component has a large amplitude,
which is inferred to be an underground pipeline. (2)�ere is
a horizontal high-amplitude area under the abovementioned
hyperbolic anomaly, and the anomaly is likely caused by the
water in the pipeline. (3) �e event axis of the re�ected wave
at the distance of 1–3m and during the time period of
25–70 ns is disordered (shown as the red box in Figure 5(a)).
Furthermore, the amplitude of the electric �eld component
is high and there is still an oscillating signal below the
abnormal area. Considering that the place is located next to
the pipeline, it is inferred that the abnormal area is the
leakage area and the strong re�ected wave is caused by
underground water leakage. (4)�ere is a strong energy area
within the distance of 14–18m (shown as the blue box in
Figure 6(a)), but the event axis of the re�ected wave is
continuous and regular. �erefore, it is inferred to be the
subgrade structure.

�e comparison diagram of the single-track electric �eld
component curves of the 100-th track (distance of 2.5m) and
the 150-th track (distance of 3.75m) is shown in Figure 6(b).
It can be observed that the trends of the two electric �eld
component curves are fundamentally similar, but the phase
of the 100-th track is slightly delayed, and it is inferred that
the water content at a distance of 2.5m is higher.

For the veri�cation of the abnormal area in Figure 5, a
complementary line is arranged in parallel at the position
1m on the left of the surveying line. Its electric �eld

component diagram of GPR data is shown in Figure 6. From
Figure 6, it can be clearly identi�ed that the pipes are located
within a distance of 2–3m. In addition, there is an abnormal
area where the re�ected wave has disordered events and
strong energy at the distance of 1–3m and at the time of
20–60 ns (shown as the red box in Figure 6(a)), which is
inferred to be the leakage area. It can be seen that the de-
tection results in Figure 6 are basically consistent with those
in Figure 5.

5. Conclusion

�rough theoretical analysis and experimental data veri�-
cation, the following conclusions are drawn:

(1) �e relationship between the electric �eld compo-
nent and the relative permittivity is derived in this
paper. In addition, the forward simulation results of
GPR are used to prove the theoretical basis that the
greater the di�erence in permittivity is, the stronger
the re�ected wave energy will be.

(2) According to the characteristics of high water con-
tent in the abnormal leakage area, electric �eld
component imaging technology is used to analyze
and explain the leakage detection of pipelines in an
industrial area and the abnormal leakage area within
the range of 1–3m horizontal distance is delineated.

(3) �e electric �eld component imaging technology can
clearly and accurately identify the abnormal leakage
area, which exhibits the feasibility of this technology
in leakage detection. However, the electric �eld
component imaging technology is limited due the
premise that there is a large dielectric di�erence
between the target and the background medium.
�erefore, the electric �eld component imaging
technology can be used as an auxiliary means for
conventional radar pro�le imaging.

Data Availability

�e data that support the �ndings of this study are available
from the corresponding author upon reasonable request.
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Figure 6: Detection results of the complementary line: (a) schematic diagram of electric �eld component interpretation, where (E) refers to
“electric �eld component”; (b) photo of the leakage area at the complementary line.
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