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In the process of the continuous construction of underground pipelines, underground pipe network systems have become
increasingly complex, which puts forward higher requirements for normal operation and maintenance. To address diﬀerent
kinds of complex conditions, this experiment in the present paper takes ground penetrating radar as the research basis and
uses a self-correction and screening algorithm to innovatively detect underground pipelines. The results show that urban
underground pipeline detection technology based on ground penetrating radar (GPR) can obtain a highly reliable number of
pipelines and track predeﬁned pipelines when detecting diﬀerent numbers of veriﬁcation pipelines. When detecting
underground pipelines in diﬀerent sections, the vertical and horizontal errors are no more than 0.199 m and 0.248 m,
respectively, which means that the detection technology of urban underground pipelines based on GPR has high detection
accuracy and can be performed on high-level detection tasks under various complex conditions. This research applies bottom
detection radar to urban underground pipeline detection technology under complex conditions for the ﬁrst time, innovatively
uses the action mechanism of bottom detection radar, integrates its high precision and high eﬃciency into underground
pipeline detection technology, and ensures the eﬀectiveness of the detection work.

1. Introduction
The urban underground pipe network system is expanding
and becoming increasingly complex, including underground
pipelines in many ﬁelds, such as telecommunications, electric power, heat, water supply, and drainage. Because diﬀerent units manage underground pipelines in diﬀerent ﬁelds,
the current information management system of urban
underground pipelines is relatively disordered, exposing
many problems, such as a lack of corresponding map information and incomplete line coordinate information [1]. In
this case, it is urgent to reposition the urban underground

pipeline and redraw the map, so optimizing the urban
underground pipeline detection technology is the ﬁrst priority. At present, the more common detection technologies are
microgravity detection, tracing methods, electromagnetic
induction methods, mechanical detection, etc. However,
China has wide land coverage and high geological and geomorphic complexity [2–6], and such detection technologies
have certain disadvantages, such as inaccurate positioning,
low eﬃciency, and high cost, which make it diﬃcult to successfully complete various detection tasks under complex
conditions [7, 8]. The commonly used urban underground
pipeline detection technology does not reasonably apply
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ground penetrating radar. When performing the detection
task under complex terrain conditions, it cannot accurately
detect the obstacles aﬀecting the construction operation,
such as buried lines, which makes it diﬃcult to control the
construction time and project quality.
As an eﬀective detection technology, ground penetrating
radar is widely used in various ﬁelds with its intelligent and
eﬃcient electromagnetic pulse reﬂection technology, which
can provide a large amount of high-resolution data and
high-precision information for research work [9]. Nevertheless, GPR will show diﬀerent detection accuracies in diﬀerent
application positions and states. In view of this, this subject
experiment will deeply analyze urban underground pipeline
detection technology based on GPR to provide strong technical support for the operation and maintenance of urban
underground pipelines.

2. Detection Technology and Algorithm Design
Based on GPR
2.1. Technical Principle of GPR. GPR is an electromagnetic
pulse reﬂection method similar to reﬂection seismology. It
can be used to realize eﬀective detection of underground
material distribution [10]. In the simple time-domain form
of GPR, an electromagnetic pulse will be transmitted to the
ground, and part of the energy will be reﬂected. Generally,
the magnetic permeability is approximately 4π ∗10-7 V·s/
(A·m), and the dielectric constant and conductivity
together determine the reﬂectivity of the rock boundary
[11, 12]. In addition, in the GPR detection process, the
antenna is usually placed ﬂatly on the ground to meet
the optimal grounding coupling state. Compared with
setting the antenna in air, this method can signiﬁcantly
improve the characteristics of the antenna, and a high
pulse rate can push the antenna forward to obtain a robust
continuous detection eﬀect. The principle of GPR is shown
in Figure 1.
From Figure 1, it is shown that the detection technology
based on GPR has strong noninvasive characteristics, which
can provide the system with high-resolution data information and is able to summarize and analyze the above data.
Finally, the radar image results with integrity and real time
are displayed on the plotter. The maximum value of the wide
pulse spectrum is often determined by the size of the target
to be detected, and the dielectric coeﬃcient is expressed as
ε, usually with a value of approximately 9. The conductivity
is expressed as σ [13].
Regarding the GPR image as a two-dimensional matrix
containing multiple pixels, the clustering algorithm is
needed to ﬁnd the possible hyperbolic submatrix. First, the
GPR image is preprocessed by clustering, and the transformation from the original image to the binary image is realized by inputting the adaptive threshold of the image [14,
15]. To identify hyperbolic features from the clustering algorithm, the related attributes representing hyperbolic features
need to be extracted. In the GPR image, the detected hyperbolic branch must be displayed as a downward opening, and
its general program is shown as follows:
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In Equation (1), ðx0 , y0 Þ is the center of the hyperbola, a
is the length of the semimajor axis, b is the length of the
semiminor axis, x is the distance along the measuring direction, and y is positively correlated with the travel time of the
wave. The ﬁrst derivative form of the function shown in
Equation (1) can be seen as follows:
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The second derivative can be expressed as follows:
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According to Equations (2) and (3), the shape of the
curve derivative can be drawn and compared with the predeﬁned hyperbola so that the predeﬁned hyperbola is
expressed as y2 /25 − x2 /16 = 1, and the similarity of the two
curves in the normalized cross-correlation value can be
obtained [16, 17].
2.2. Layout of GPR. In the detection process, the GPR device
usually has to move along a scanning line that intersects with
the underground pipeline. When it detects the intersection
of the underground pipeline and the scanning line, the
detection signal will change [18]. The scanning lines of
GPR need to be reasonably arranged to ensure the detection
eﬃciency and data quality to obtain a better detection eﬀect
of underground pipeline [19]. Figure 2 shows two common
layouts in practice, i.e., the parallel line and zigzag.
The angle between any underground pipeline and scanning line in Figure 2 is θbs . Only when θbs > 60° will the
intersection be valid, and the signal there will change significantly. According to Figure 2, each pair of parallel dotted
lines is spreading or parallel or Z-shaped scanning lines,
and the cross column long strip is the underground pipeline.
Compared with the two layout methods, although the
number of valid intersections of the parallel line layout is
greater in the ﬁrst layout, the eﬀective range angle θr of the
Z-shaped layout is larger in the second layout; thus, the
second layout is more applicable. To further compare the
advantages and disadvantages of the two layouts, quantitative analysis can be conducted. First, the same number of
valid intersections is given with the lower limit of k. Then,
the B values of the two layouts are set to 1. In the ﬁrst parallel layout, Equation (4).
π
B
= tan
:
kA
6

ð4Þ
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Figure 1: Conﬁguration diagram of the ground-penetrating radar antenna.
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Figure 2: Layout comparison of parallel lines and zigzags.

According to the above equation, Equation (5) can
be deduced:
π
,
6
4 ≤ k ≤ 6 ⟹ 2:3 ≤ D ≤ 3:5:
D = k tan

ð5Þ

In the second Z-shaped layout, if the angle between
the underground pipeline and the long-distance scanning
line is θ, then Equation (6) can be obtained.
B
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When k is not less than 6, then Equation (8) needs
to be satisﬁed, resulting in a shorter path using the
parallel line layout. However, then

ð6Þ

Combining the above contents with Equations (4) to
(6) leads to the following:
pﬃﬃﬃ 2
pﬃﬃﬃ pﬃﬃﬃ
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pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k + k2 + 6k − 3
⟹D =
,
pﬃﬃﬃ
3

When the density is determined, the path cost of the
unit forward direction can be calculated. If the path of
the parallel line layout needs to be the shortest, then

RðnÞ
:
θr

ð9Þ

In Equation (9), pf represents the scanning path cost
of any unit angle underground pipeline in the process of
detection, RðnÞ represents the path length of any scanning cycle when the density D reaches the minimum
value, and k ≤ n [20]. The curves of the two layouts
under diﬀerent k values can be obtained by combining
the former formulas.
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According to Figure 3, it can be seen that when the
number of valid intersections and the B value of the two
layouts is consistent, the scanning path of the Z-shaped
layout is longer than that of the parallel layout.

DV = <x, y, z, r, dx, dy, dz > :

ð10Þ

0.045
0.040
0.035
0.030
pf

2.3. Self-Correction and Screening Algorithm for Drawing
Underground Pipelines. According to the above investigation, there is a certain intersection between the scanning line
and the underground pipeline between two parallel lines. To
locate this intersection, diﬀerent indication alarms are
needed. One case has a correct alarm; that is, the alarm is
located at the intersection. The second case has a false alarm;
that is, the location of the alarm is not at the intersection.
The third case is without the alarm; that is, there is no alarm
at the intersection [21, 22]. Any alarm point can be represented by a detection vector, as shown as follows:
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Figure 3: The pf curve of two layout modes under diﬀerent k
values.

In Equation (10), r represents the radius length of the
underground pipeline, ðx, y, zÞ represents the threedimensional coordinates of the alarm point, and ðdx, dy,
dzÞ represents the direction of the underground pipeline.
The structure of the underground pipeline can be
!

20

(x,y,z)

(dx,dy,dz)

!

expressed as <len, po s, d i r, r, DVList, DN, MVP, MDA > ,
!
where len is the length of the underground pipeline, po s is
!

the center point of the underground pipeline, d i r is the estimated direction of the underground pipeline, and DN is the
number of detection vectors [23]. MVP and MDA represent
the mean value of the position change from the detection
vector to the ﬁtting line and the mean value of its angle deviation, respectively, as shown in Figure 4.
In Figure 4, the long arrow of the solid line represents
the scan line for detection, the two short dark gray ﬁlled bars
represent detection vector DV, the long light gray ﬁlled bar
represents the underground pipeline obtained by ﬁtting,
and the two dots represent the alarm points obtained during
the detection. As shown in Figure 4, the detection vector is
usually in unit length, so only the direction of the vector
needs to be obtained. The length of the underground pipeline changes with the operation of the self-correction and
screening underground pipeline drawing algorithm. Let
any DVList include the n-term DV from DV1 to DVn , and
!

!

(len,pos,dir)

Figure 4: Data structure of the detection vector and underground
pipeline.

There is a speciﬁc screening condition in Equation (11),
that is, the boundary, which can be expressed as a combination of operations, as shown as follows [24]:
score =

DN
P0
A0
×
,
×
N0
MVP MDA

ð12Þ

boundary = ðscore > thresholdÞ?true : false:
In addition, the boundary can also be expressed as a
logical combination, as shown as follows:

!

let jd i rj = 1, d vi = ðDVi :dx, DVi :dy, DVi :dzÞ, v i = ðDVi :x,
DVi :y, DVi :zÞ; then, Equation (11) can be obtained.
DN = n,

 h!
 !i !
1
!
!
!
MVP = 〠 v i − p o s − v i − po s · d i r · d i r ,
n i=1
2
0 !
1
!
d i r · dvi
1 n
B
C:
MDA = 〠 arccos@ !
A
!
n i=1
d i r · dvi
n

ð11Þ

boundary = DN > N 0 ∧MVP ≤ P0 ∧MDA ≤ A0 :

ð13Þ

A visual description of the self-correcting and ﬁltering algorithm for underground pipeline drawing is
shown in Figure 5.
Figure 5(a) shows the three situations in which alarm
points are obtained in the detection process. They are an error
DV, a correct DV, and a missing intersection. As shown in
Figure 5(b), the underground pipeline drawing algorithm
based on self-correction and screening is an iterative function.
Whenever a scan line starts to be detected, the algorithm generates an update iteration. The binary relationship in the
underground pipeline can be deﬁned as follows:
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Figure 5: Visual schematic diagram of detection.

pipel conflict pipe2 ≡
∃DV0 : DV0 ∈ pipe1:DVListUDV0̂Ipipe2:DVList

:

ð14Þ

The drawing algorithm for the underground pipeline
based on self-correction and ﬁltering is mainly divided into
three steps: modifying operation, creating pipeline, and
upgrading the new pipeline [25]. The main purpose of the
modiﬁcation operation is to serve the existing highly trusted
pipelines, provide some new space points, and then realize
the eﬀective optimization of these pipeline attribute estimations. The created pipelines are used to form low-trust pipelines with loose boundaries in batches. Because space points
can create new pipelines under their own actions or can be
combined with existing low-trust pipelines, there are often
many conﬂicts in low-trust pipelines. Upgrading new pipelines is mainly aimed at creating low-trust pipelines. First, it
is evaluated under diﬀerent conditions, and then, it is
upgraded, namely, a new high-trust pipeline is generated.

3. Application of GPR in Urban Underground
Pipeline Detection
3.1. Detection Results with Diﬀerent Numbers of Pipelines. To
explore the application eﬀect of GPR in urban underground
pipeline detection, it is necessary to preset the scanning
density of the zig-shaped layout and the length of its scanning line. Regarding the environmental and operational
parameters, it is necessary to set the location, number of
underground pipelines, and boundary of credibility. For
example, the detection result with only one tested pipeline
is shown in Figure 6.
The strip connection in Figure 6 refers to the predeﬁned
tested pipeline, the dotted line represents the scanning line
in detection, and the thicker line segment is the detected
alarm point. Figures 6(a)–6(h) show the results of eight
detection points. These results are obtained using the following methods: when a section of the scan line is added, the
self-modiﬁed and ﬁltered drawing algorithm of the underground pipeline goes through a run, and an updated 3D
image is generated. The results of the detection experiment
are arranged according to the increase in λ, and the number
of alarm points continues to increase. When λ is set as 0, 0.1,
0.2, and 0.3, the underground pipelines whose errors are
accepted are 0, 0, 2, and 5, respectively. When reaches 0.3,
the self-correcting and ﬁltering algorithm can still search

out a highly trusted pipeline to track the predeﬁned pipeline
and show good tracking ability. On this basis, the detection
results of the predeﬁned pipeline are shown in Figure 7.
Each line segment in Figure 7 is consistent with that in
Figure 6. Figure 7 shows that when λ is 0, 0.1, 0.2, and 0.3,
the number of underground pipelines with accepted errors
is 0, 1, 3, and 3, respectively. Comparing the two detection
results with diﬀerent numbers of pipelines, it can be seen
that under the premise that the accuracy of the underground
pipeline selected by the algorithm in this paper is higher, if
the value of boundary condition N 0 is larger and the other
conditions are consistent. In general, if the position error
of the real space point satisﬁes Nð0, σÞ, then the range of
boundary condition P0 is ½2σ, 3σ, and the value of σ is negatively related to the upper limit of the detection algorithm.
Since the strengthening constraint applied after MVP is
MDA, for A0 , its value is much less than P0 .
3.2. Detection Results of Underground Pipeline Position in
Diﬀerent Highway Sections. To explore the accuracy of urban
underground pipeline detection based on GPR, a series of
experiments were carried out in three diﬀerent highway sections, i.e., sections α, β, and γ. In section α, four survey lines
were set as α-1, α-2, α-3, and α-4 to detect with GPR, and the
relevant geometric dimension information of underground
pipelines in this section after oﬀset processing was obtained,
as shown in Table 1.
According to Table 1, the top of the underground pipeline in the GPR image of line α-1 is located at 0.796 m depth
of the horizontal position of the line, and the position of the
underground pipeline is within the range of 0.419 m to
0.842 m of the horizontal position of the line. The burial
depth and width of the underground pipeline are 1.379 m
and 0.842 m, respectively. The relevant data of survey lines
α-1, α-2, α-3, and α-4 are listed in Table 1. By comparing
them with the actual positions of underground pipelines, it
can be seen that the detection result error based on the electric sounding radar in the vertical direction is very small,
within the range of 0.019 m to 0.199 m. In addition, the
detection result error in the horizontal direction is even less
than the former, with the detection error from 0.013 m to
0.139 m. This shows that the detection technology based
on the electric sounding radar can show superior performance when detecting the α-section and meet accuracy
and resolution requirements. The detection results of section
β are shown in Table 2.
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Figure 6: Detection results with only one tested pipeline.
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Figure 7: Detection results with two tested pipelines.

Table 1: Location of underground pipelines in section α.
Line number
The top of underground pipeline is at the horizontal
position of the survey line (m)
The underground pipeline is located at the horizontal
position of the survey line (m)
Buried depth of underground pipeline from ground (m)
Width of underground pipeline (m)

α-1

α-2

α-3

α-4

0.796

4.473

2.577

0.945

0.419 to 0.842

4.019 to 4.968

2.037 to 3.135

4.165 to 5.519

1.379
0.842

1.069
0.949

1.387
1.098

1.037
0.968
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Table 2: Location of underground pipelines in section β.
β-1

β-2

β-3

β-4

3.554

1.796

3.493

0.963

2.732 to 3.930

1.472 to 2.446

3.022 to 3.895

0.569 to 1.450

0.909
1.199

1.204
1.075

1.258
0.874

1.646
0.882

Line number

Length (m)

The top of the underground pipeline is at the horizontal
position of the survey line (m)
The underground pipeline is located at the horizontal
position of the survey line (m)
Buried depth of underground pipeline from ground (m)
Underground pipeline width (m)

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0

3.224
2.654

3.225
2.665
1.615

1.107
0.443

The top of the
underground
pipeline is located
on the line
Horizontal position

1.114
0.437

Underground
pipelines
On the right side
of the line
Horizontal
position

γ–1
γ–2

1.737
1.894
1.317
0.840

Buried depth of
underground
pipeline from
ground

0.901
0.818

0.939

Width of
underground
pipeline

γ–3
γ–4

Figure 8: Location of underground pipelines in section γ.

After a series of operations, such as signal gain, ﬁltering,
and migration processing, the detection results of four diﬀerent lines in section β can be obtained.

is between 0.569 m and 1.450 m. Moreover, the
buried depth and width of the underground pipeline
are 1.646 m and 0.882 m, respectively

(1) The detection results of line β-1 show that the top of
the underground pipeline is 3.554 m in the horizontal position, and its position is within the range of
2.732 m to 3.930 m from the horizontal position of
the line. Moreover, the burial depth and width of
the underground pipeline are 0.909 m and 1.199 m,
respectively

Then, by comparing and analyzing the actual data and
the above detection results in section β, it is found that the
horizontal error between the two values ranges from
0.043 m to 0.201 m, while the vertical error is slightly less
than the former, with a range of 0.020 m to 0.154 m. Such
small errors show the high accuracy of urban underground
pipeline detection based on GPR. The detection results of
section γ are shown in Figure 8.
As shown in Figure 8, after oﬀset processing, the detection result of line γ-1 shows that the top of the underground
pipeline is 1.107 m away from the horizontal position of the
line. The underground pipeline is located at 1.114 m of the
horizontal position of line γ-1, and its buried depth and
width are 1.615 m and 0.840 m, respectively. The detection
results of line γ-2 show that the top of the underground
pipeline is 0.443 m away from the horizontal position of
the line, and the underground pipeline itself is 0.437 m away
from the horizontal position of the line, with a buried depth
of 1.737 m and width of 0.818 m. The detection results of line
γ-3 show that the top of the underground pipeline is 2.654 m
away from the horizontal position of the line. The underground pipeline itself is located at a depth of 2.665 m from
the horizontal position of the line. The burial depth and
width are 1.317 m and 0.901 m, respectively. The detection
results of line γ-4 show that the top of the underground
pipeline is 3.224 m away from the horizontal position of

(2) According to line β-2, the top of the underground
pipeline is located at 1.796 m of the horizontal position of the line, and its position is located between
1.472 m and 2.446 m. Moreover, its buried depth
and width are 1.204 m and 1.075 m, respectively
(3) Measurement of line β-3 indicates that the top of the
underground pipeline is far from the horizontal
position of its own line, reaching a depth of
3.493 m. The distance of the underground pipeline
from the horizontal position of the line is between
3.022 m and 3.895 m. Moreover, its buried depth
and width are 1.258 m and 0.874 m, respectively
(4) According to survey line β-4, the top of the underground pipeline is the closest to the horizontal position of the line, which is only 0.963 m. The distance
between the underground pipeline and the horizontal position of the survey line is the shortest, which
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the line. The burial depth and width of the underground
pipeline are 1.894 m and 0.939 m, respectively, which are
3.225 m away from the horizontal position of the γ-4 survey
line. Comparing the detection results with the actual data of
the γ sections, it is found that the horizontal and vertical
error ranges of the two are 0.014 m and 0.248 m and
0.095 m and 0.163 m, respectively. These minor errors
conﬁrm that the detection technology based on GPR has
high detection accuracy and resolution.

4. Conclusions
With the continuous acceleration of China’s urban modernization, earth shaking changes have taken place in the city.
The normal operation of the city is closely related to the
smoothness of underground pipelines. Urban underground
pipelines cover many ﬁelds and contribute an important
force to urban power operation, water supply, and drainage.
To prevent the urban underground pipeline from aging,
blocking, and other faults so that the urban underground
pipeline can maintain its normal working state, regular
maintenance is very important.
This subject experiment takes GPR as the research core
and thoroughly analyzes the technical principle and layout
design of GPR, as well as the underground pipeline drawing
algorithm of self-correction and screening, and ﬁnally applies
it to the detection technology of urban underground pipeline
to compare and explore the detection eﬀects under diﬀerent
conditions. The results show that under diﬀerent numbers
of veriﬁcation pipelines, the Z-shaped layout can have a wider
detection range and lower detection path cost. The detection
results of underground pipeline positions in diﬀerent sections
also verify the detection performance of the detection technology α, Road section β, and Road section γ. In the three
sections, the distance between the top of the underground
pipeline and the horizontal position of the ﬁrst survey line
and the buried depth and width of the underground pipeline
have small horizontal error and vertical error.
The previous underground pipeline detection technology
can only perform the detection task in an environment with
simple detection conditions and few obstacles, and the
detection accuracy is low. It cannot ensure the eﬀectiveness
of the detection on the basis of expanding the detection
range. Urban underground pipeline detection technology
based on GPR can be well applied in diﬀerent complex
conditions and can show extremely superior detection
performance, including high detection accuracy and high
detection resolution.
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