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Abstract 

Buried pipelines are an essential component of the urban infrastructure of modern cities. Traditional buried pipes are 
mainly made of metal materials. With the development of material science and technology in recent years, non-
metallic pipes, such as plastic pipes, ceramic pipes, and concrete pipes, are increasingly taking the place of pipes 
made from metal in various pipeline networks such as water supply, drainage, heat, industry, oil, and gas. The loca-
tion technologies for the location of the buried metal pipeline have become mature, but detection and location 
technologies for the non-metallic pipelines are still developing. In this paper, current trends and future perspectives 
of detection and location of buried non-metallic pipelines are summarized. Initially, this paper reviews and analyzes 
electromagnetic induction technologies, electromagnetic wave technologies, and other physics-based technologies. 
It then focuses on acoustic detection and location technologies, and finally introduces emerging technologies. Then 
the technical characteristics of each detection and location method have been compared, with their strengths and 
weaknesses identified. The current trends and future perspectives of each buried non-metallic pipeline detection and 
location technology have also been defined. Finally, some suggestions for the future development of buried non-
metallic pipeline detection and location technologies are provided.
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1  Introduction
Buried pipelines are important parts of urban infra-
structure and are essential to the survival and devel-
opment of the cities [1, 2]. With the development of 
materials science and technology, the materials of 
urban buried pipelines are also changing [3]. In the 
past, a large number of metal pipes were used [4]. Cur-
rently, non-metallic pipes, such as plastic (polyethylene 
(PE) pipe, polyvinyl chloride (PVC) pipe, polypropylene 
(PP), etc.) pipes [5], ceramic pipes, concrete pipes, are 
becoming increasingly popular. Instead of metal pipes 

in various pipe networks, such as water supply, drain-
age, heating, and oil and gas industry, non-metallic 
pipes have advantages of strong anti-pollution abil-
ity, lightweight, low cost, unsusceptibility to corro-
sion, easy construction and maintenance, etc. With 
the progress of society and the improvement of urban 
modernization, the construction technology of the 
buried pipeline is gradually becoming practical, eco-
nomical, environmentally friendly, and secure. Trench-
less technology has greatly promoted the construction 
and development of urban pipelines all over the world 
[6]. As for the detection and location technologies of 
the buried metal pipelines, non-destructive methods, 
such as electromagnetic detection, magnetic gradi-
ent method, artificial seismic method, and geological 
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radar method, are frequently used. Vanaei [7], Karami 
[8], Hu [9], Feng [10], et al. carried out a specific analy-
sis on the detection and location of the buried metallic 
pipelines. According to the analysis, the detection and 
location technologies of the buried metallic pipelines 
have become mature [11, 12]. However, the detection 
and location of non-metallic pipelines still have many 
technical problems at present, because they are basi-
cally insulated and neither conductive nor magnetic 
[13]. Commonly used metal pipeline detectors cannot 
be used to detect and locate non-metallic pipelines 
[14]. The detection and location of non-metallic pipe-
lines quickly, accurately, and conveniently is an urgent 
problem.

As illustrated in Figure  1, there are many potential 
detection and location methods for buried non-metallic 
pipelines. According to the technical characteristics and 
maturity, these methods can be divided into the following 
categories: electromagnetic induction technologies [15], 
electromagnetic wave technologies [16], acoustic tech-
nologies [17], other physics-based technologies [18], and 
emerging technologies [19].

The electromagnetic induction methods include the 
electromagnetic tracer line where the stimulation is 
placed on a metallic tracer line on the surface of the non-
metallic pipeline in order to produce the induction mag-
netic field. There is also, the tracer probe method which 

locates the position of the non-metallic pipe by the elec-
tromagnetic signal intensity generated by a probe placed 
in the pipe.

Electromagnetic wave technologies include ground-
penetrating radar (GPR) using high frequency electro-
magnetic wave reflection imaging, and radio frequency 
identification (RFID) using electromagnetic wave 
communication.

Acoustic technologies include the pipe excitation 
method, elastic wave method, and point vibration meas-
urement. The pipe excitation method applies sound 
at a specific frequency directly to the pipe, the receiver 
detects and locates the non-metallic pipeline based on 
the acoustic wave intensity received. The elastic wave 
method uses ground vibration exciters to generate elastic 
waves, and locate buried non-metallic pipelines accord-
ing to the characteristics of the acoustic echo. Point 
vibration measurement is to apply vertical harmonic 
excitation at several points along the ground and locate 
buried non-metallic pipelines according to different 
resonances.

Other physics-based technologies based on changes in 
physical properties include infrared thermography, high-
density resistivity method (HDRM), inertial gyroscopes, 
electrical capacitance tomography (ECT), etc. Infrared 
thermography exhibits different fluid and ambient tem-
peratures in non-metallic pipes. HDRM has different 

Figure 1  Classification diagram of detection and location methods for buried non-metallic pipelines
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apparent earth resistivity. Inertial gyroscopes use angular 
momentum conservation to locate non-metallic pipes. 
ECT is a technique that uses a planar capacitance array 
to scan underground fault cavities, which can be used to 
detect and locate underground non-metallic pipelines.

Some emerging technologies based on new princi-
ples are attracting researcher’s attention as well, such as 
geographic information system (GIS) and in-pipe robot-
based inspection.

The objective of this paper is to provide state-of-the-
art of detection and location methods of non-metallic 
pipelines in various scenarios. The technical characteris-
tics of the methods are compared so that the advantages 
and limitations of each technology are highlighted. The 
research trends and perspectives for new detection and 
location technologies of buried non-metallic pipelines 
are also discussed.

2 � Electromagnetic Induction Technologies
The discovery of Faraday’s law of electromagnetic induc-
tion lays a foundation for the use of electromagnetic 
induction technology to detect and locate pipelines [15]. 
Electromagnetic induction technology was first used to 
detect buried pipelines in 1910 [20]. In recent years, the 
detection and location of buried pipelines based on these 
technologies have been developed from metal pipelines 
to non-metallic pipelines [21].

2.1 � Electromagnetic Tracer Line Method
The electromagnetic tracer line method follows the elec-
tromagnetic induction principle. During the detection, a 
metal wire with an obvious exposed point is laid on the 
surface of the non-metallic pipe as a tracer line. In this 
manner, a certain current can be conducted through the 
external transmitter [22]. The electromagnetic signal 
generated by the metal wire can be detected by the sur-
face detectors and the location, buried depth, and direc-
tion of the non-metallic pipeline are determined as well.

According to the different principles of magnetic field 
generation in metal wires, the electromagnetic tracer 
line method can be divided into the direct connection 
method and induction method, as shown in Figures 2 and 
3.

2.1.1 � Direct Connection Method
Direct connection method [23, 24] uses the transmitter 
to apply a certain intensity of current to the tracer line 
and the position and depth of the non-metallic pipeline 
are determined by the magnetic field signal received by 
the ground detector.

The direct connection method [25] can adjust the emis-
sion current intensity at the transmitter end, which has a 
strong anti-interference ability. This method requires that 

the tracer line must have an exposed point and have good 
grounding ability. It is mainly used in the location of a 
buried non-metallic pipeline with a complete tracer line. 
The detector should avoid the crossing of underground 
pipelines during the detection, so as to avoid other pipe-
lines affecting the detection results.

2.1.2 � Induction Method
The induction method [26, 27] uses the transmitter to 
emit an electromagnetic field, which makes the tracer 
line laid on the non-metallic pipeline generate a second-
ary electromagnetic field. Then, the position, depth, and 
direction of the buried non-metallic pipeline are deter-
mined by receivers according to the intensity of the elec-
tromagnetic field. The electromagnetic field generated 
by the transmitter must be a harmonic electromagnetic 
field. An example of the conductivity distribution at dif-
ferent frequencies is shown in Figure 4 [23].

According to whether the two ends of the transmit-
ter need to be grounded or not, the induction method 
can be divided into electric dipole induction and mag-
netic dipole induction. The electric dipole induction is 
limited by the site conditions and the characteristics of 
the method itself. Therefore, it is rarely used in prac-
tice. The most commonly used method is the magnetic 
dipole induction method. It detects the buried non-
metallic pipeline by the generation of the secondary 

Figure 2  Principle of direct connection method

Figure 3  Principle of induction method
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electromagnetic field and receiving the electromagnetic 
abnormal signal of the pipeline [28].

Induction method is mainly used in the location of 
buried non-metallic pipelines with intact tracer lines. At 
present, the RD4000TL product [29] delivers accurate 
location of telecommunications infrastructure with the 
best performance, even in complex and electrically noisy 
environments [22].

The electromagnetic tracer line method is a proven 
method, which is easy for workers to operate. However, 
this method requires the installation of a tracer line, 
which needs to maintain good electrical connectivity and 
conductivity. When the tracer line breaks, this method 
will fail to work. In particular, the tracer line is easy to be 
destroyed while laying the pipeline or when the geologi-
cal condition changes. The anti-interference ability of the 
location system is poor, and the magnetic field strength 
that can be detected for the deeply buried tracer line is 
weak [18]. To solve the above problems, the following 
aspects have been mainly studied and improved.

(1)	 The reliability of the tracer line has been improved. 
Many studies have addressed improvement in 
the tracer line, and the latest research proposed a 
copper-clad steel tracer line [30, 31]. In these stud-
ies the tracer line is composed of three layers. The 
outermost layer is polyethylene (PE) plastic, which 
has the characteristics of protective insulation, 
anti-corrosion, and waterproof. The middle layer 
is copper, which can enhance the conductivity and 
enhance the strength of electric signal. The inner-
most layer is steel, which can enhance the strength 

of the line body and avoid the tracer line from being 
damaged during construction. The copper-clad 
steel tracer line solves the problems of insufficient 
tensile strength, poor aging resistance, waterproof 
joint, and external damage.

(2)	 The standard tracer line using the electromagnetic 
tracer line location method has been laid. The main 
influence factor of the signal current intensity in the 
tracer line is the loop resistance formed between 
the tracer line and the earth. The greater the loop 
resistance, the weaker the signal is, and vice versa. 
The loop resistance is closely related to the con-
struction method of the tracer line, which directly 
affects the effectiveness and accuracy of the loca-
tion. In view of the non-standard construction of 
the tracer line, many kinds of research have been 
carried out to formulate specifications. It put for-
ward requirements for the laying position and bur-
ied conditions of the tracer line [32].

(3)	 The electromagnetic tracer line location technolo-
gies that are suitable for small signal-to-noise ratio 
(SNR) situations have been developed. This can be 
achieved by improving the transmission power and 
the tracer line material [30].

2.2 � Tracer Probe Method
In the tracer probe method, a small transmitter is placed 
in a non-metallic pipeline [32], which is essentially equiv-
alent to a magnetic dipole. The position and depth of 
the non-metallic pipeline can be detected by constantly 
changing the position of the transmitter in the pipeline, 
and the receiver is used on the surface to track the elec-
tromagnetic signal emitted by the transmitter. As shown 
in Figure 5, along the pipeline direction, the signal fluctu-
ates several times before and after the pipeline probe. The 
receiving antenna on the surface with the same direction 
as the pipeline probe transmitting antenna will obtain the 
signal peak value above the pipeline probe. According to 
the different buried depths of the pipeline, a valley value 
will be obtained at a certain distance before and after the 
peak position. If the tracker detector is far away, the sig-
nal will rebound to a certain extent, reaching a relatively 
high value. The small peak value can be used to deter-
mine the location of buried non-metallic pipelines.

The tracer probe method emits an electromagnetic 
signal. By calculating the intensity of the electromag-
netic signal and radio frequency of the signal detected 
and located, the location of the non-metallic pipeline 
can be determined. There are some mature products of 
the tracer probes, such as vLoc3-Cam Camera & Sonde 
Locator [33] and Ritchie SR-20/8K/RD8000/remote 
Tracer Probe. In 2014, Chen [34] successfully used the 

Figure 4  Image of conductivity distribution at different frequencies 
(ms/m) [23]
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tracer probe method to locate the non-metallic pipeline 
in the complex areas where the pipes are densely laid, and 
the mutual interference is significant. The tracer probe 
method is relatively simple whereas the size of the probe, 
the robustness of the signal wire, and steering ability all 
have impacts on the location and detection of the non-
metallic pipeline [35]. Therefore, the improvements have 
been performed relating to the following aspects:

(1)	 The probe electromagnetic signal emission has 
been enhanced. The miniaturized power amplifier 
designed by Roshani et  al. [36] has enhanced the 
emitting signals of the tracer probe without exces-
sively increasing the probe size.

(2)	 The robustness of the wire and mobility of the 
probe has been enhanced. Miura et al. [37] designed 
a hollow conductive filament that can improve the 
toughness of the wire to detect and locate the far-
ther pipeline path. Kim et  al. [38] developed the 
magnetic flux leakage (MFL) system structure to 
reduce the friction on the pipeline wall. Stray et al. 
[39] designed the robotic carrier probe to move 
inside the pipeline and emit the electromagnetic 
signal.

Table  1 summarizes the advantages and disadvan-
tages of electromagnetic induction detection and loca-
tion technologies. The magnetic induction technologies 
detect and locate the buried non-metallic pipelines 
through the electromagnetic signal strength received 
by the surface receiver. Direct connection directly loads 

current to the tracer line, causing little interference to 
strong electromagnetic signals. The induction is easily 
disturbed by the magnetic field formed by the stray cur-
rent from the nearby surface, and this reduces accuracy. 
The tracer probe method detects the electromagnetic 
signal emitted by the probe, and the receiver tracks the 
probe moving in the pipeline in real time, achieving high 
location accuracy.

3 � Electromagnetic Wave Technologies
3.1 � Ground Penetrating Radar
Ground Penetrating Radar (GPR) [16, 40] is a non-
destructive geophysical location method that uses a 
high-frequency electromagnetic wave to detect the dis-
tribution of buried medium. Its working principle is to 
transmit the electromagnetic wave signal into the surface 
by using the transmitting antenna. When the electromag-
netic wave [41] propagates into the surface and encoun-
ters targets with an electrical difference (such as holes, 
cracks), the electromagnetic wave will be reflected and 
received by the receiving antenna. The reflected wave can 
be analyzed to determine the position of the non-metallic 
pipe [3].

The working principle of GPR is shown in Figure 6. Fig-
ure 7 shows an actual GPR system. The propagation time 
(Δt) from the transmitter to the receiver is given in Eq. 
(1):

where Z is the distance from the pipeline to the ground 
surface; X is the distance between the transmitter and the 

(1)�t =
√

4Z2 + X2/V ,

Figure 5  Configuration of tracer probe method
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receiver, V is the velocity of the electromagnetic wave in 
the soil.

The propagation speed of the electromagnetic wave is 
shown in Eq. (2):

where εr is the relative permittivity of the medium, 
c = 3× 108m/s is the velocity in freespace. When X is 
assumed to be 0, the depth Z of the target can be calcu-
lated by:

The reflection coefficient of the electromagnetic wave 
signal encountering different media is shown in the 
following:

(2)V = c/
√
εr ,

(3)Z = V ·�t/2.

(4)R =
(√

εr1 −
√
εr2

)

/
(√

εr1 +
√
εr2

)

,

where R is the reflection coefficient between the two 
media with the permittivities εr1 and εr2 . It can be seen 
from Eq. (4) that the reflection coefficient of the electro-
magnetic wave mainly depends on the relative permittivi-
ties of the media on both sides of the reflection interface. 
When the contrast of the media increases, the reflection 
coefficient R will also increase. Hence, the energy of the 
reflected wave will be enhanced. At the same time, the 
reflection coefficient is also related to the water content 
in the medium [43].

At present, the mature products of GPR on the market 
include RD1100 from Reddy, PulseEKKO PRO [41] from 
SSI, Detector DUO from IDS, SIR systems from GSSI, 
etc.

GPR method was initially used to detect underground 
cavities in highways to detect road quality [44]. Zeng 
et al. used the strong analytical power of high-frequency 
electromagnetic waves to detect buried metal pipelines 
[45]. Shaari et al. detected buried non-metallic pipelines 
[46], and Yigit et al. improved the GPR algorithm [47] for 
enhancing image resolution.

GPR has the advantages of high precision, high effi-
ciency, and strong anti-interference ability. However, in 
the process of using GPR, it is necessary to calculate the 
existence, depth, and direction of buried pipelines based 
on parameters such as radar waveform, electromagnetic 
field strength, amplitude, and round-trip time. This has a 
high dependency on processors and algorithms. In addi-
tion, there are limitations when considering the detection 
and location of the buried pipelines with small diameters 
or located in saline-alkali soils and shale formations [48]. 
Moreover, the interpretations of B-scan images usu-
ally require professional experience and knowledge. In 
response to these problems, the following improvements 
and researches have been carried out.

(1)	 The data processing algorithm and the quality of the 
collected data have been improved. In the process 
of using the GPR, it has the disadvantages of image 
multiplicity and detection location limits in a com-
plex environment. The Marching-Cross-Section 
(MCS) algorithm proposed by Dou et  al. [49] can 
automatically and accurately locate the non-metal-
lic pipeline under the investigated area with high 
recall and accuracy. Srinivas et al. [50] developed an 
algorithm to improve the image recognition of bur-
ied pipelines. Harkat et  al. [51] designed a binary 
classifier with radial basis function (RBF) structure 
using high order statistic cumulant features (HOS), 
which improves the detection performance.

(2)	 The development of automatic adjustment of 
antenna transmission frequency to adapt to the 
depth of buried non-metallic pipelines has been 

Figure 6  Principle of GPR

Figure 7  SIR-20 GPR system and radar antennae used for testing [42]
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made. The higher the center frequency of the sur-
face penetrating radar, the higher vertical reso-
lution, but the lower the accuracy of detection 
and positioning depth. Taking the vertical resolu-
tion and the detection and positioning depth into 
account, Kavi et al. [42] found that with the increas-
ing depth of the research target, the image at 200 
MHz is clearer than 400 MHz. The team is work-
ing on a surface-penetrating radar that changes 
the antenna transmission frequency in real time 
according to the depth of the buried pipeline.

3.2 � Radio Frequency Identification
Thanks to the Unique Identification (UID) technol-
ogy [52], the radio frequency identification (RFID) used 
for identification and tracking has developed rapidly. A 
complete RFID system [53] is composed of three parts: 
reader, electronic tag, and application software system. 
Its working principle is that the reader emits a radio wave 
signal at a specific frequency, and the tag is located near 
the buried non-metallic pipeline to receive the signal sent 
by the reader. After the energy is obtained by the induced 
current, the electromagnetic backscatter coupling, 
namely the principle of radar, sends the location and 
depth information stored in the tag chip (passive tag). 
Otherwise, the tag (active tag) actively sends a signal of 
a specified frequency. The reader reads and decodes this 
information, and then sends it to the central information 

system for relevant data processing and positioning of 
non-metallic pipes [54]. According to whether the tags 
need a power supply, RFID tags are divided into three 
categories: passive, semi-passive, and active [55, 56].

RFID mainly uses a tag to return information, but the 
tag is easy to be damaged and the signal return distance 
is significantly short. The deepest detection and location 
depth of the product on the market is 2 m. Companies 
from China, such as Dahua, Yuanwang Gu and Chaowei, 
have mature products based on RFID. A diagram of the 
RFID monitoring system for structural health monitoring 
(SHM) is shown in Figure 8.

At present, RFID is mainly used for near-field commu-
nication of the Internet of things technology [57]. RFID 
chip-free sensor designed by Zarifi et al. [58] is used for 
real-time monitoring of pipeline integrity. Yclin et al. [59] 
used two-dimensional barcode and RFID technology to 
realize the location of objects and buried them beside a 
metallic pipeline to locate the pipeline.

RFID has the advantages of convenient early layout and 
easy operation. However, the tag is easily corroded over 
time, and the pipeline location depth is not deep [60, 61]. 
Currently, the main improvements and researches focus 
on the following aspects:

(1)	 The environmental adaptability of the beacon 
detector has been improved. Due to the fixed bea-
con is easy to be corroded and damaged, an anti-
corrosion shell material was developed. Zhang et al. 

Figure 8  Passive RFID sensor networks for structural health monitoring (SHM) [53]
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[53] discussed emerging technologies that are used 
to implement passive antenna sensors and systems 
to make them more adaptable and reliable. They 
also conduct in-depth research in the UK to make 
RFID more capable of communication and location 
of deeper pipelines.

(2)	 The beacon location algorithm has been improved. 
For the problem of fixed beacon location distance, 
the anti-interference ability of the SEQ system 
designed by Vyas et  al. [55] can be enhanced; the 
RSS algorithm proposed by Wu et al. [56] is based 
on the angle of linear regression and the advantages 
of differentially receiving a signal.

Table 2 summarizes the strengths and weaknesses of 
electromagnetic wave technologies for the detection 
and location of buried non-metallic pipelines. Electro-
magnetic wave technologies are used to transmit infor-
mation. GPR analyzes the reflected high-frequency 
electromagnetic waves and locates buried pipelines 
with high accuracy and less susceptibility to interfer-
ence. RFID uses the information transmitted by the 
electronic tag near the buried non-metallic pipeline to 
locate the buried pipeline with high accuracy and easy 
operation.

4 � Acoustic Technologies
4.1 � Pipe Excitation Method
The schematic diagram of the pipe excitation method 
approach is shown in Figure 9. This method is applicable 
to the case that the buried non-metallic pipeline can be 
touched from the surface (such as the surge tank) [17]. 
The basic principle of the pipe excitation method [62, 63] 
is to transmit acoustic signals into a buried non-metal-
lic pipeline and then locate the pipeline by detecting the 
acoustic signal radiated from the pipeline to the surface 
through the detector on the surface [64, 65]. The specific 
process of these technologies is as follows: Firstly, the 
recognizable acoustic signal is introduced into the bur-
ied pipeline. When the signal propagates forward along 
the pipeline, it will be transmitted to the surface through 
the soil. Then, the acoustic signal reaching the surface is 
detected by the detector on the surface. Finally, the posi-
tion information of the pipeline is obtained by a certain 
calculation method. The outdoor experiment is shown in 
Figure 10.

To accurately locate the buried non-metallic pipeline 
by using the signal radiated from the pipeline, the ampli-
tude, and phase information of the signal should be con-
sidered for processing. The approximate buried range 
of the non-metallic pipeline is preliminarily determined 
through the location area with the largest amplitude of 
the acoustic signal on the surface. Then the line is con-
nected through the points with the same phase of the 

Table 2  Summary of electromagnetic wave detection and location technologies

Methods Detection and location conditions Accuracy Interference Strengths Weaknesses

GPR[16] Big difference of electrical characteristic High Small High efficiency, anti-interference, 
easy to operation

Limitations by low diameter 
and complex environment

RFID[53] Buried tag near the buried pipeline High Small Accurate location, easy to operation Short life of the electronic tag

Figure 9  Principle of pipe excitation method
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acoustic signal through which the pipeline direction can 
be further determined. The excitation signal frequency 
ranges from 10 Hz to 100 Hz. In this range, the attenu-
ation of the acoustic wave in the soil is the minimum. 
There are three ways to transmit sound waves into bur-
ied pipes, including active sound waves, passive sound 
waves, and resonant sound waves [66].

Active acoustic methods involve the introduction of 
sound waves on or in a pipe. It can be realized by con-
necting the sound source to an exposed point, such as 
a fire hydrant, or by inserting the noise source into the 
pipe. The resonance acoustic wave method is useful when 
the pipeline medium is non-compressed fluid (water in 
most cases), which can generate the detected sound wave 
in the pipeline by contacting the fluid surface and gen-
erating pressure waves. The research shows that the tra-
ditional sound transmission method can be used for the 
location of buried facilities. It can be regarded as an effec-
tive supplement to the existing technologies for locating 
metal and non-metal buried facilities as well [67].

At present, the products based on this principle 
include GPPL products of Guanchang Technologies 
Company, Gas Tracker jointly developed by MADE 

Company and GDF French Gas Company, NPL-100 
produced by Fuji in Japan, and System Combiphon pro-
duced by German Sewerin, etc.

The pipeline excitation method originated from water 
leakage detection [68, 69]. The leakage noise propa-
gates along the pipeline and spreads to the ground 
through the soil. On the ground, it can be absorbed by 
the auditory rod [70], and then the leakage point can 
be determined. Katz et al. [71] designed and assembled 
a prototype pipe excitation measurement device. In the 
early stage, the acoustic positioning system only pro-
cesses the amplitude information of the collected signal 
to interpret the detection results, and its performance 
is poor. In order to overcome this defect, Muggleton 
et  al. [72] proposed to use the phase of ground vibra-
tion data to improve the detection accuracy.

This method needs to inject sound waves into the 
buried pipeline from the pressure regulating box. The 
propagation speed of the sound wave in non-metallic 
materials is slow, while the attenuation of the sound 
wave is high. So it is easy to be interfered by the envi-
ronment [17, 62, 68, 69]. In response to these problems, 
the following improvements and researches have been 
made:

Figure 10  Experimental set-up of pipe excitation method: a pipe rig layout, b shaker mounted on plastic end-late, c grid of measurement points 
[67]
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(1)	 The optimal excitation waveform of acoustic waves 
can be determined. According to the natural fre-
quency characteristics of PE pipe with different 
pipe diameters, the complex waveform was modu-
lated to the region near the natural frequency. The 
composite signal from the transmitter consumes 
less energy when passing through each section 
of the pipeline. In this case, the signal transmis-
sion distance could be longer. Muggleton et al. [73] 
from the United Kingdom determined the optimal 
waveform of acoustic excitation through project 
research.

(2)	 The propagation characteristics of sound waves in 
the pipeline have been studied. Sound wave attenu-
ates slowly in a liquid-filled pipeline. Xu et al. [74] 
established a three-dimensional model of a buried 
liquid filled pipeline to study the location technolo-
gies of buried pipeline based on acoustic propaga-
tion characteristics; Muggleton et  al. [75] studied 
axisymmetric wave in a plastic pipe filled with liq-
uid and used it to detect the location of the buried 
non-metallic pipeline.

(3)	 The acoustic location theory has been studied. Gao 
et al. [76–79] performed detection and location at a 
single point and analyzed the phase of the obtained 
signal in the frequency domain. A sudden change 
of the signal phase was found. To solve this prob-
lem, the axisymmetric wave propagation model was 
established. The earth’s surface displacement caused 
by the radiation wave of the pipeline filled with 
fluids is studied, which lays the foundation for the 
acoustic location technology of the buried pipeline.

(4)	 The SNR and location range are improved. Through 
the encoding and decoding of the complex wave, 
the interference of external signal and the same fre-
quency disturbance have been effectively avoided. 
So the measurement results will not be affected by 
external environmental factors. The signal-to-noise 
ratio and location distance are improved. Raha-
man et al. [80] used AlN and D33 as piezoelectric 
sensors, which have the characteristics of high sig-
nal-to-noise ratio, high sensitivity, low noise, and 
linearity; Arumbu et al. [81] established the second-
order quadratic model of acoustic Doppler veloci-
meter to measure the acoustic signal, which repre-
sents the continuous model of signal-to-noise ratio 
and determines the optimal acoustic receiving area.

(5)	 The non-contact pipe excitation approach to radiate 
the sound wave into the pipeline has been studied. 
Muggleton et al. [82, 83] studied the location of the 
root of a tree by using ground vibration measure-
ment. The results show that the direction of the 
plastic pipe adjacent to the tree root can be seen 

in the contour map of the two-dimensional signal 
under low frequency. Therefore, the acoustic wave 
can be radiated into the pipeline by applying excita-
tion to the tree or ground near the pipeline with-
out directly contacting the pipeline. In addition, the 
research on the relationship between the surface 
vibration characteristics and the buried depth of the 
pipeline shows that the pipe excitation method can 
provide the buried depth information of the pipe-
line [76].

4.2 � Elastic Wave Method
The elastic wave method [84] is also known as the seismic 
wave method, including the compression wave method, 
shear wave method, and surface wave method. Compres-
sion waves and shear waves in the elastic medium are col-
lectively called body waves. When the depth of the buried 
object is more than several meters, the compression wave 
method or shear wave method can better locate the tar-
get. When the buried object is buried within tens of cen-
timeters, the surface wave method can better locate the 
target. In principle, the compressed wave method and the 
shear wave method are similar in locating buried objects. 
According to the different excitation signals and signal 
processing, the compression wave method (shear wave 
method) can be divided into the time-domain superpo-
sition method and frequency domain cross-correlation 
method. The former uses the short-time pulse signal as 
the excitation signal of the vibration source, while the 
latter uses the linear frequency modulation signal as the 
excitation signal of the vibration source [85]. The only 
difference between the compression wave method and 
the shear wave method is that in the elastic medium, the 
wave velocity of the compression wave is greater than 
that of the shear wave. Therefore, when the excitation fre-
quency of both signals is set to be equal, the wavelength 
of the shear wave is smaller than that of the compression 
wave. So, the location or location resolution of the shear 
wave method is better than that of the compression wave 
method [86]. The surface wave method was first used to 
detect shallow buried mines. In recent years, some schol-
ars used it to locate buried obstacles [87, 88], intervals 
[89], and cavities under sidewalks [90, 91].

When the time-domain superposition method is used 
to locate the buried non-metallic pipeline, a short-time 
compression wave (shear wave) pulse is first transmitted 
to the surface through the transmitter. Any discontinuity 
or interface with mismatched acoustic impedance during 
the buried propagation of the compression wave (shear 
wave) will be emitted [92, 93]. The reflection coefficient 
of the smooth inner surface of the pipeline and the con-
tact surface of the gas is 100%. The reflection coefficient 
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of the contact surface between soil/rock and the exter-
nal surface of the pipeline is small. Then, some receivers 
arranged on the ground surface are used to receive the 
reflected waves and convert them into electrical signals 
for output. The processed data is stored in the register. 
Finally, the position information of pipelines is obtained 
by the time-domain superposition algorithm in the upper 
computer. When the frequency-domain cross-correlation 
function method is used to locate the buried non-metal-
lic pipeline, the excitation signal is changed to the linear 
frequency modulation signal and the location algorithm 
in the upper computer. Besides, the propagation and 
acquisition process of the elastic wave reflection signal 

is the same as that of the time-domain superposition 
method.

Figure 11 is the schematic diagram of the principle of 
locating buried non-metallic pipelines by using the com-
pression wave method or shear wave method. The ampli-
tude and phase of elastic wave vibration signal reflected 
towards the surface are related to the reflection coeffi-
cient of the medium interface and the attenuation value 
of the elastic wave in the propagation medium. By ana-
lyzing the amplitude and phase of the output signal of the 
sensor, the impedance discontinuity in the soil below the 
location area, if there is, can be obtained. The reflected 
wave comes from the upper surface of the buried non-
metallic pipeline. So the location information of the bur-
ied pipeline is obtained [94, 95]. The compression wave 
experiment platform is shown in Figure 12.

When the general direction of the buried pipeline is 
known, several measuring lines perpendicular to the 
pipeline direction will be arranged on the surface, as 
shown in Figure  13. For an individual measuring line, 
firstly, several geophones are arranged along the measur-
ing line, usually a velocity sensor or vibration sensor and 
a vibration source. Then, the excitation signal (short-time 
pulse signal or linear frequency modulation signal) is 
applied to make the vibration source radiate elastic wave. 
When the elastic wave propagates through the soil to the 
pipeline, it will be reflected by the surface of the pipeline, 
and finally, reach the ground surface. It is received by the 
geophone and converted to electrical signal output [96]. 
Finally, the position information of the pipeline on the 
measuring line is obtained by the delay information of the 
output signal of each detector. The same operation for the 
rest of the survey lines can then be done. Finally one can 
connect the pipeline mark points of each measured pipe-
line, and the line segment can be regarded as the actual Figure 11  Principle of elastic wave method

Figure 12  a Experimental set-up for compressional wave method, b specially designed platform used to couple the shaker to surface [86]
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direction of the pipeline. The difficulty of this method lies 
in how to obtain the wave velocity. It is relatively easier 
to figure out the surface wave (elastic wave propagating 
along the earth’s surface) and harder to obtain that of the 
volume wave velocity emitted into the soil.

Therefore, the in-situ measurement of the surface wave 
velocity is carried out at first. Then the volume wave 
velocity can be obtained according to the relationship 
between the velocities of the surface wave and volume 
wave.

The propagation distance of the compression wave 
(shear wave) from the source (shaker) xs to the number i 
geophone xsi  is shown in Eq. (5):

The propagation time of the compression wave (shear 
wave) from the source to the number i geophone is 
shown in Eq. (6):

where cr denotes the wave velocity. The distance between 
the compression wave (shear wave) propagating from the 
source to the pipeline and reflecting through the surface 
of the pipeline to the number i geophone is shown in Eq. 
(7):

(5)dsi = |xs − xsi|.

(6)τsi =
dsi

cr
,

where xp , yp represents the abscissa and ordinate of the 
endpoint of the pipe respectively. The propagation time 
of the compression wave (shear wave) propagating from 
the source to the pipeline and reflecting from the surface 
of the pipeline to reach the number i geophone is shown 
in Eq. (8):

where cr is the velocity of the compression wave (shear 
wave), v is Poisson’s ratio of soil. It can be seen from Eqs. 
(5‒8) that the time domain superposition method uses 
the time information of elastic wave signal reflected 
towards the surface to locate the pipeline.

The key equation of frequency domain cross-correlation 
function in Eq. (9):

where X ∗ (f ) is the frequency domain complex con-
jugate signal of the excitation signal x(t) , Y (f ) is the 
frequency domain signal corresponding to the detec-
tor output signal y(t) , Sxy(f ) which is the cross-spectral 
density function of X ∗ (f ) and Y (f ) . From Eq. (10), the 

(7)dspi =
√

(

xs − xp
)2 + y2p +

√

(

xp − xi
)2 + y2p,

(8)τspi_s =
dspi

cr
1+v

0.87+1.12v

,

(9)Sxy
(

f
)

= X ∗
(

f
)

Y
(

f
)

,

Figure 13  Sensor arrangement of elastic wave method
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cross-correlation function Rxy(τ ) of x(t) and y(t) can be 
obtained in Eq. (10):

where the cross-correlation function Rxy(τ ) of x(t) and 
y(t) is the Fourier transform of its corresponding cross-
spectral density function. When the maximum value 
is taken, the corresponding independent variable is the 
time delay between x(t) and y(t) . Therefore, the fre-
quency domain cross-correlation function method can 
obtain the time delay information of the geophone out-
put signal through the cross-correlation function.

When the short-time pulse compression wave (shear 
wave) is used to locate the buried non-metallic pipeline, 
the test signals of the six geophones on the surface are 
shown in Figure  14. Among them, a‒f is the test signal 
from detector 1 to detector 6 in turn (all signals are trans-
lated in the Y direction). According to the above six sig-
nals, the imaging results of the location area are shown in 
Figure 15, in which the black circle represents the actual 
position of the pipeline.

Using the elastic wave method to locate buried non-
metallic pipelines can not only detect the general range 
of the pipeline but also study the influence of various 
parameters such as soil type and buried depth on the 
location accuracy.

The elastic wave method has been widely used in 
underground oil and gas exploration [97]. Since crude oil 
is stored in hundreds or even thousands of meters deep 
underground, the common depth point (CPD) stacking 
technology [98] is not suitable for detecting buried shal-
low objects. Therefore, experts and scholars from home 
and abroad have improved the elastic wave method to 
detect shallow non-metallic pipelines [99].

The surface receiving device receives the reflected 
sound wave from the pipeline to detect the position of 

(10)Rxy(τ ) = F
{

Sxy
(

f
)}

=
∫ ∞

−∞
Sxy

(

f
)

e−j2π f τdτ ,

the pipeline. The location result is easily affected by the 
buried cavity and other factors [90, 100]. In order to solve 
the accuracy problem of the elastic wave method, the fol-
lowing aspects have been mainly improved and studied:

(1)	 The imaging algorithm has been studied. Sugi-
moto et  al. [95] studied the algorithm for imaging 
the location area based on the elastic wave signal 
reflected from the buried. Papandreou et  al. [85] 
proposed an imaging algorithm to calculate the 
time delay according to the cross-correlation func-
tion between the elastic wave signal and the exci-
tation signal reflected by the buried pipeline. Then 
according to the time delay between the signals, the 
image of the shallow buried target detection can be 
seen clearly.

(2)	 The theory of elastic wave propagation has been 
studied. The method developed by Van Pamel et al. 
[93] was used to study the basic behavior of elastic 
wave scattering in terms of attenuation and disper-
sion. The finite element formula was established 
to solve the three-dimensional elastic dynamic 
scattering problem. Alber and Lo et  al. [101, 102] 
studied the dispersion and attenuation character-
istics of elastic waves in several typical porous soil 
media, such as clay, silt, sand, established the dis-
persion equation of elastic waves in the porous soil 
medium, and carried out numerical calculation and 
analysis.

(3)	 Array of multiple sensors has been made. The 
dual-probe multi-beam system designed by Xiong 
et al. [92] increases the reflected signal density and 
improves location accuracy.

(4)	 The excitation device of the elastic wave has been 
optimized. Papandreou et  al. [84, 85] studied and 
designed a coupled vibration table. When the vibra-
tor works, it is fixed on the vibration table, which Figure 14  Test signals of geophone 1 to geophone 6

Figure 15  Two-dimensional image of the location area
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can maximize the vibration energy concentration in 
the shear wave and improve the location accuracy.

4.3 � Point Vibration Measurement
The point vibration measurement can be used to locate the 
shallow buried non-metallic pipelines. For this method, 
vertical harmonic excitation is applied at several points 
along the surface, and vibration (vibration/force) is meas-
ured at each point. When the excitation frequency is low, 
the surface behaves as a simple (mass-spring) system of a 
single degree of freedom [103] with a certain resonance 
frequency that depends on the density and elastic proper-
ties of the local soil.

The properties of the buried objects are different from 
those of the surrounding soil. The resonance frequency of 
the single degree of freedom system is related to the elastic 
properties of the buried objects. It will be changed com-
pared to that without shallow buried objects. The establish-
ment of the model is shown in Figure 16.

The ground surface can be regarded as a homogeneous 
elastic half-space, and its local static stiffness is k. When a 
vertical harmonic force is applied on a circular area with 
radius a, the local static stiffness K can be expressed in Eq. 
(11):

where E is the elastic modulus of the foundation, v is the 
Poisson ratio of the foundation, and x is the displacement.

The model in Figure 16 is simplified to a classical single 
degree of freedom system composed of mass, stiffness, and 
damping, as shown in Figure 17. The point vibration meas-
urement device and measurement are shown in Figure 18. 
The motion equation of the system is given in Eq. (12):

where f is the applied force, m is the mass, k is the elas-
tic stiffness, and c is the damping, ẍ is the second-order 

(11)k =
f

x
=

2Ea

1− v2
,

(12)mẍ + cẋ + kx = f ,

derivative of displacement to time, ẍ is the first-order 
derivative of displacement versus time.

From Eq. (13) and Eq. (14), the point vibration (vibra-
tion/force) can be deduced, as shown in Eq. (15):

where m is the mass, k is the spring stiffness, and c is the 
damping, ω is the angular frequency.

Therefore, when there are shallow buried objects in the 
location area (about less than or equal to 30 cm) [104, 
105]. The buried object will affect the measurement stiff-
ness of the ground surface, thus affecting the measured 

(13)f = Fejωt ,

(14)x = Xejωt .

(15)
Ẍ

F
=

1

m− k
ω2 − i c

ω

,

Figure 16  Ground surface as a flexible half-space

Figure 17  Ground surface equates to a single degree of freedom 
system

Figure 18  Point vibration measurements: a pipe rig before burial, b 
the acoustic source (shaker), c measurement lines (the cross are for 
illustrative purposes only) [103]
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resonance frequency. According to whether the reso-
nance frequency of the measurement point changes, the 
presence of shallow buried objects below the point can 
be determined, and the location of non-metallic pipelines 
can be obtained. For the location of a simple buried non-
metallic pipeline, the point vibration method combined 
with the penetration judgment method can be used to 
preliminarily confirm the existence of the buried non-
metallic pipeline. The main advantage of point vibration 
measurement is that it can be carried out directly with-
out the use of a sensor array, making it easy to use in the 
complex location area. In addition, the measurement 
results are easy to explain, and the location depth can be 
changed by increasing the excitation contact radius.

The point vibration measurement can detect the tar-
get by measuring the different resonance frequencies of a 
single degree of freedom system. This method is relatively 
fast in measurement and analysis but is not mature and 
the location depth is shallow [104, 105]. In order to solve 
the problem of the shallow depth in the location process 
of point vibration measurement, the following aspects 
have mainly been improved and studied at present:

(1)	 The friction stress at the pipe soil interface has been 
considered. Gao et  al. [79] found that under the 
influence of soil load, the wave velocity across the 
tube soil interface will decrease.

(2)	 The contact with the surface has been increased to 
achieve a greater depth of location. Muggleton et al. 
[103] found that the location depth depends on the 
excitation contact radius. A greater location depth 
can be achieved by increasing the contact with the 
surface.

(3)	 Intelligent decisions have been made. Muggleton 
et  al. [86] found that the development of multi-
sensor and intelligent combinations can reduce the 
recognition of wrong targets and improve the loca-
tion accuracy.

Table  3 summarizes the strengths and weaknesses of 
acoustic technologies of detection and location of bur-
ied non-metallic pipelines. The pipe excitation method 
is currently a commonly used method for acoustic detec-
tion and location of non-metallic pipelines. It directly 
generates sound waves by applying force on the pipeline 
to be detected. It has the advantages of high accuracy, low 
interference, and easiness to distinguish cross pipelines. 
The elastic wave method mainly uses the shear wave to 
excite the surface for generating sound waves. According 
to the intensity of the received reflected wave, the buried 
non-metallic pipeline is located. Point vibration measure-
ment locates buried pipelines by measuring ground reso-
nance, with shallow detection depth and low accuracy.

5 � Other Physics‑Based Technologies
5.1 � Infrared Thermography
Objects with a temperature above absolute zero degrees 
will radiate infrared rays due to their molecular motion 
[18, 106]. The Infrared thermography method converts 
the power signal radiated by the object into an electri-
cal signal through the infrared detector. By obtaining the 
thermal image corresponding to the heat distribution on 
the surface of the object, the location of the buried non-
metallic pipeline can be determined [107, 108].

The Infrared thermography method is mainly used for 
the location of buried heating non-metallic pipelines, 
such as oil, heating, etc. It can detect pipeline damage at 
the same time when detecting the pipeline position. The 
FLIR professional infrared thermal imager of the PUD 
Company has been widely used for research and engi-
neering. An example of the Infrared thermal imaging is 
shown in Figure 19.

Shen et al. [109] detected the defects of the high-tem-
perature pressure pipeline with infrared thermography. 
Bach et al [110] used infrared thermography to detect the 
water supply pipeline leakages. This technology has so far 
been used to locate and detect the heating pipe.

Table 3  Summary of acoustic detection and location technologies

Methods Location conditions Accuracy Interference Strengths Weaknesses

Pipe excitation method [63] Non-metallic pipes have a dew point High Small Easy to distinguish 
the situation of 
multiple pipelines 
parallel

The dew point is 
needed, and the 
gas needs to be 
stopped

Elastic wave method [85] Any ground surface High Small Any ground surface, 
the result is intuitive 
and clear

The operation is 
complex and the 
location efficiency 
is low

Point vibration measurement [104] Buried shallow enough non-metallic 
pipeline

Low Large Easy operation Shallow depth
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The target position can be obtained by analyzing the 
thermal image of the infrared radiometer whereas it 
is easy to be disturbed by nearby heat sources [106]. 
At present, the main improvement and conducted 
researches are as follows:

(1)	 A more advanced infrared thermal radiation algo-
rithm to enhance the accuracy of the location has 
been developed. The improved method proposed 
by Shao et  al. [18] can be applied to better distin-
guish the target pipeline and complex back surface.

(2)	 Combined with unmanned aerial vehicles (UAV) 
and other low altitude equipment, the location has 
been more convenient and faster. L Wang et  al. 
[107] combined infrared location with UAV to 
carry out macroscopic location, saving time for the 
second stage detailed location.

5.2 � High Density Resistivity Method
The high density resistivity method (HDRM) is a kind 
of direct current (DC) electrical prospecting method 
[111, 112]. It is a geophysical method based on the 
electrical difference between the buried target and sur-
rounding media [113], which is also known as Electri-
cal resistivity tomography (ERT) [114–116]. In this 
method, the potential difference and power supply 
current are measured by different electrode arrange-
ments, to obtain the apparent resistivity of the buried 
target and surrounding media. Due to the difference in 
electrode distance, the apparent resistivity of different 
depths can be obtained. According to the distribution 
law of apparent resistivity, the buried electrical prop-
erty changes can be understood, and the measure-
ment of the buried non-metallic pipe position is finally 
achieved. The principle and the device diagram of the 
resistivity method are shown in Figure 20.

Figure 19  Segmentation images of three methods [18]
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In Figure  20a, ρ0 is the apparent resistivity between 
electrodes A and B; Figure  20b illustrates the diagram 
of HDRM. The two-dimensional section is shown in 
Figure 21.

Zhang et  al. [117] used the high-density resistivity 
method to detect and locate the buried water supply net-
work in 2009. Shi et al. [118] explored the pipeline under 
the earth dam in 2019 to prevent major damage by dam 
failure.

The high-density resistivity method is mainly used in 
the case that the buried soil is uniform without any impu-
rity. According to the difference of resistivity, the location 
of the non-metallic pipeline can be obtained. At present, 
there are mature products such as DUK-2 and HX-GMD-
01A. DUK-2 is essentially a DC resistivity method, but its 
device is a combined profile device. HX-GMD-01A inte-
grates acquisition host, multi-channel electrode changeo-
ver switch, and high voltage conversion power supply to 
form a small light and portable system.

HDRM benefits from the advantages of the electrode 
layout to obtain large amounts of observation informa-
tion efficiently. Through reasonable inversion analysis 
and interpretation algorithms, in areas difficult to explore 
by the conventional DC method. HDRM is usually appli-
cable. However, when the buried depth of the pipeline 
is too large or the diameter of the pipeline is too small, 
the location accuracy will decrease. Moreover, the elec-
trode layout in the early stage of this method is very 

Figure 20  Working principle and diagram of HDRM: a Principle of 
HDRM, b Device diagram of HDRM

Figure 21  Schematic diagram of a multi-electrode system, and a possible sequence of measurements to create a 2-D pseudosection [111]
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complicated. In the process of detecting buried non-
metallic pipelines, it is necessary to select appropriate 
electrode arrangement devices (Wenner, dipole, differ-
ential, Schlumberger device) according to different site 
characteristics to achieve the best location accuracy [111, 
112]. Concerning the above problems, the research on 
the high-density resistivity method mainly includes the 
following two aspects:

(1)	 The ability of anti-jamming has been enhanced. 
The resolution and precision of location space have 
been improved. Although the high-density electri-
cal method has higher resolution and higher effi-
ciency than the conventional DC method, its loca-
tion theoretical basis has not changed, and it is 
still a volume location method. To obtain a better 
location effect, it is necessary to select appropriate 
electrode spacing and array length. In modern cit-
ies, using the HDRM to detect buried non-metallic 
pipelines will inevitably encounter the influence of 
buried stray current [113], poor surfacing condi-
tions, and sudden change of polarization potential 
difference. It is very important to remove interfer-
ence and improve location accuracy.

(2)	 Related inversion analysis and interpretation algo-
rithms have been researched. Wu et al. [119] found 
that when there is no water in the space, it is in a 
high resistance state. Otherwise, it is in a low resist-
ance state. Phengnaone et  al. [120] found that the 
increment of porosity and water saturation reduces 
the resistivity.

5.3 � Inertial Gyroscope
The inertial gyroscope can accurately measure the 
three-dimensional coordinates of the pipeline [121, 122] 
depending on the movement of the heading and attitude 
sensors in the pipeline, as shown in Figure  22. When 
using the gyroscope, the measurement data will be trans-
mitted to the whole location system after ensuring the 
direction of the rotation axis. Typical gyroscopes include 
Optical Gyroscope, Micro-Electromechanical System 
(MEMS) Gyroscope, Hemispherical Resonance Gyro-
scope (HRG), and Atomic Gyroscope, etc. [123, 124].

The inertial gyroscope is mainly used for the location 
of buried trenchless non-metallic pipelines with two ends 
open. It can record 3D information of pipelines perma-
nently and accurately. At present, there are large-scale 
inertial navigation instruments with high tactical accu-
racy and small-size (less than 8-inch diameter) MEMS 
inertial measurement unit based on the Kalman filter 
[123]. The experimental test is shown in Figure 23.

The inertial intelligent Pipeline Inspection Gauge (PIG) 
[125] surveying technology was originally developed by 
Hanna [126] in the 1990s. During that period, the tacti-
cal-grade Fiber Optic Gyroscope (FOG) comprised of a 

Figure 22  Layout of an Inertial gyroscope

Figure 23  Used pipe in the experimental work [125]
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Strapdown Inertial Navigation System (SINS) is the best 
choice for the location of the PIG [127, 128]. However, 
these gyroscopes do not have high accuracy and fail to 
measure the pipeline with a small diameter. With the 
development of MEMS sensors these days, MEMS IMU 
can be used for the measurement of non-metallic pipe-
lines with a small diameter [129–133].

The inertial gyroscope uses gyroscope location, inertial 
navigation, and computer three-dimensional simulation 
technologies. It can display the depth and direction of 
the buried pipeline on the computer in real-time, which 
is very intuitive and convenient. However, when using 
this method, the preparatory work is complex. It needs to 
stop the internal medium such as water and gas to open 
the two ends of the pipeline. To improve the measure-
ment accuracy and reduce the complexity of implemen-
tation of the inertial gyroscope [121, 134], the following 
aspects of improvement and research are underway.

(1)	 Pipes with smaller diameters have been measured 
with an integrated inertial gyroscope measurement 
unit. The precision and real-time performance of 
MEMS inertial devices designed by Chen et  al. 
[122] have reached the accuracy requirements of 
engineering.

(2)	 The algorithm of inertial gyroscope location meas-
urement has been improved to enhance measure-
ment accuracy. Shen et al. [121] proposed to use a 
linear trend modified by a self-organizing algorithm 
as a predictive model to improve the efficiency of 
the correction algorithm. The Riss algorithm pro-
posed by AlMasri et  al. [134] has better accuracy 
and smoother trajectory estimation than the full 
inertial navigation algorithm. A lower-order model 
and lower computational complexity are used in the 
reduced inertial sensor system (RISS) algorithm.

5.4 � Electrical Capacitance Tomography
Electrical capacitance tomography (ECT) [135] is based 
on the different permittivity of each phase of the meas-
ured substances. When the distribution of the compo-
nents of each phase changes, it will cause the equivalent 
dielectric constant to change, so that the capacitance 
value between the measuring electrode pairs will 
change. The corresponding image reconstruction algo-
rithm [136] reconstructs the dielectric distribution map 
of the measured object field. ECT is divided into two 
types: circular [137] and planar. ECT image reconstruc-
tion involves two important calculation processes: the 
forward problem and the inverse problem. The loca-
tion problem uses the known dielectric constant to 
solve the capacitance value between the electrode pairs. 

The inverse problem uses the known capacitance data 
to estimate the dielectric constant distribution of the 
measured area. Locating buried non-metallic pipelines 
uses planar and inverse problem image reconstruction 
techniques. ECT is very sensitive to plastic and ceramic 
pipe materials. The film characteristics of the sensor 
make it suitable for many applications. Moreover, ECT 
provides greater penetration depth at a lower cost com-
pared to GPR. A planar 16-electrode array to locate 
buried non-metallic pipes developed by BJ Huber et al. 
[138] is shown in Figure 24.

During the mid-1990s, Gas Technology Institute 
(GTI) has successfully located buried non-metallic 
pipelines by using an experimental capacitance scan-
ning unit. Huber et  al. [138] researched detecting 
and locating buried non-metallic pipes using electri-
cal capacitance tomography (ECT) technology. Eight 
experimental technical documents were published on 
the information website [139]. Later scholars mainly 
studied image reconstruction algorithms, improving 
signal-to-noise ratio and optimizing sensors [140–142].

Currently, ECT is mainly used for non-destructive 
testing (NDT) [116] and pipeline location, etc. It has 
the advantages of low equipment cost, simple structure, 
and non-invasiveness.

However, there are still problems such as [143, 144]:

•	 The speed and accuracy of the image reconstruction 
algorithm cannot be improved in real-time.

•	 The dynamic range of the small capacitance meas-
urement is large.

•	 The stray capacitance has influences on the capaci-
tance measurement value.

•	 The ECT sensor design has an impact on the imaging 
effect.

Figure 24  ECT sensor array plastic pipe in back surface exiting soil 
[139]
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To this end, researchers have conducted the following 
studies:

(1)	 The speed of image algorithm reconstruction has 
been improved. The L1 regularization-based sec-
ond-order total variation (LSTV) algorithm pro-
posed by G Guo et  al. [140] ensures the sparsity 
of the reconstructed object, reduces the staircase 
effect brought by the first order total variation 
(FTV) regularization, and improves the estima-
tion reliability. Cao et al. [145] proposed Calderon’s 
method combined with a closed-loop control strat-
egy for reconstructed images from noise-free data. 
This algorithm greatly improves the quality of 
reconstructed images.

(2)	 The signal-to-noise ratio (SNR) has been improved. 
Kryszyn et  al. [142] found that using a switch-
able feedback capacitor in the integrator (first stage 
amplifier) increases the capacitor voltage gain. The 
signal-to-noise ratio and gain adjustment can be 
improved, and the measurement uncertainty will be 
improved in such a way that a single shot high volt-
age (SSHV) measurement value allows the recon-
struction of high-quality images.

(3)	 The sensor design has been optimized to improve 
sensitivity. Tholin-Chittenden et al. [142] found that 
the symmetrical shape sensor has a better image 
reconstruction ability, and the study found that the 
measurement effect of the combined sensor is far 
better than that of the next best sensor.

Table  4 summarizes the strengths and weaknesses of 
other physics-based technologies of non-metallic pipe-
line detection and location. Infrared heat uses tempera-
ture differences to locate the pipeline, so this method 
can only be used to detect non-metallic pipelines such 
as heating, which has large limitations and low accuracy. 

The electrode layout of the high-density resistivity 
method is complicated, cumbersome, and low in accu-
racy. Before the inertial gyroscope is used, it is neces-
sary to stop the gas and excavate the buried non-metallic 
pipeline and place the measurement host in the pipeline 
with high accuracy. ECT uses planar array sensors to 
detect and locate buried non-metallic pipelines. It is suit-
able for any surface, but is easily affected by the magnetic 
field emitted by stray currents and has low accuracy.

Challenges for non-destructive evaluation (NDE) of 
buried pipelines include detection sensitivity of defects 
including compound defects, location and sizing of 
defects, efficiency of detection and location. Acoustic 
methods in locating underground pipelines have proven 
to be a potential supplement to the existing techniques 
for locating both metallic and plastic pipes. More and 
more multi-physical integrative NDT&E including wide 
spectrum of electromagnetic methods are expected in 
the future to address the challenges.

6 � Emerging Relevant Technologies 
of Physics‑Based Detection and Location

6.1 � Geographic Information System
Geographic Information System (GIS) [19, 146] is a 
data information system that describes, collects, stores, 
manages and analyzes the earth’s surface, spatial, and 
geographical distribution. It is based on a geospatial 
database in the computer to combine with a variety of 
buried non-metallic pipeline detection and location 
technologies. To collect, manage, operate, analyze, sim-
ulate, and display spatially related data, it also uses the 
geographic model analysis method to provide a variety 
of spatial and dynamic geographic information in real-
time for all kinds of research, comprehensive evalua-
tion, management, and evaluation. A class of computer 
application systems are established by quantitative 
analysis and decision service [147]. GIS is a computer 

Table 4  Summary of other physics-based detection and location technologies

Methods Detection and Location 
conditions

Accuracy Interference Strengths Weaknesses

Infrared thermography [18] Pipeline with high tempera-
ture

Low Large Easy to be operated Easily influenced by nearby 
thermal sources

HDRM [111] Big resistivity difference Low Large The electrode arrangement 
can be completed at one 
time with high efficiency

It is easy to be interfered 
with by the outside; the data 
processing and interpretation 
are complex

Inertial gyroscope [121] Open-ended non-metallic 
pipeline

High Small Plot and display the pipeline 
depth and path real-timely

The equipment is complex and 
expensive, and the diameter 
is limited by the size of the 
gyroscope.

ECT [135] Any ground surface Low Large Low equipment cost, simple 
structure

Vulnerable to stray current



Page 22 of 29Ge et al. Chin. J. Mech. Eng.           (2021) 34:97 

system composed of software, hardware, and data 
describing geographic information and related ancillary 
information. The main difference between GIS and the 
map is that GIS can not only display a street but also 
show additional information, such as the name of the 
street, the time of pipe laying [148]. An example of the 
oil pipeline routes optimized by GIS model is shown in 
Figure 25.

The computer-based GIS began to develop in the late 
1960s [148]. In the early stage of its development, it 
was difficult to detect and locate buried non-metallic 
pipelines without excavation [149]. With the develop-
ment of GIS technology, the buried route, detection, 
and positioning, excavation, and maintenance of urban 
buried non-metallic pipelines [150, 151] have been 
improved.

GIS is mainly applied to the digitalization and intel-
lectualization of pipelines in newly-built cities [152, 
153], which is convenient and intuitive to display the 
trend and depth of buried non-metallic pipelines. For 
existing buried pipelines, this technology relies on sev-
eral other buried pipeline location technologies and 
has been applied in Sanya city of Hainan Province and 
Transportadora de Gas del Peru (TGP).

GIS can be used to timely and conveniently search, 
and manage buried pipeline network data. So the dam-
aged or aging pipes can be repaired or replaced in time. 
It secures water and gas uses. However, the data in time 
is necessitated in this method and it relies heavily on 
the algorithm [19, 146].

At present, mainly through the improvement of the 
pipe network management algorithm, the efficiency 
of pipe network management can be enhanced. The 
Computer Vision (CV) version of outdoor Augmented 
Reality GIS (ArGis) designed by Zhang et al. [147] has 
a good effect on virtual reality integration and interac-
tive experience. A sewage pipeline risk ranking method 
based on the combination of spatial GIS and Analytic 
Hierarchy Process (AHP)—Data Envelopment Analysis 

(DEA) proposed by Ghavami et  al. [153] can well sort 
the repair of sewage pipe network and ensure the safety 
of pipe network operation.

6.2 � In‑Pipe Robot
As shown in Figure  26, the in-pipe robot [126, 154] 
applies small robots to pipelines with larger diameters 
and entrances and exits [155, 156]. The in-pipe robot 
comes with its own power supply, camera, controller and 
GPS, and other positioning devices. The robot can walk 
and turn freely in the non-metallic pipeline through the 
controller and send the internal video signal and position 
information of the pipeline to the external host computer 
through the cable or wireless module.

In-pipe robots are used for internal pipeline dam-
age detection and pipeline location. At present, In-pipe 
robots have mature products such as TV-150 wheeled 
robots developed by China information technology and 
German TV-150 wheeled robots.

In urban public utilities, pipeline robots play an 
extremely important role in the detection and position-
ing of buried non-metallic pipelines [157]. A pipeline 
robot is used in horizontal directional drilling (HDD) 
projects to detect and locate pipelines [158, 159]. The 
friction between the robot and the pipeline is enhanced 
by increasing the wheel [160]. However, the degree of 
freedom and the complexity of the control strategy also 
increases. Therefore, the magnetic wheel pipeline robot 
appears, but it is only applicable to metal pipelines [161, 
162]. With the development of pipeline robots, the detec-
tion and positioning of buried non-metallic pipelines are 
more accurate [163].

The in-pipe robot has a high location accuracy. It can 
detect the damage inside the pipeline and send the loca-
tion signal to be received by the computer. However, this 
method is limited by the size of the robot as well as its 
turning and walking ability in the pipeline [6, 157]. The 
improvements and researches mainly focused on the fol-
lowing aspects:

(1)	 The environmental adaptability of the robot loca-
tor has been improved. The traction experiment of 
the active screw in-pipe robot designed by Tu et al. 
[163] proved that the increase of the adhesion coef-
ficient and the decrease of the driving wheel skid 
will increase the traction force, making the robot 
move faster. Kakogawa et  al. [164] introduced a 
robot with a novel foldable Omni-Crawler module. 
The modules are connected through passive joints 
through links, which makes the overall movement 
possible, which facilitates the alignment of the 
robot in the bending direction.Figure 25  Overlay of all routes derived from fuzzified weights [19]
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(2)	 The robot location algorithm has been improved. 
The algorithm designed by Kennedy et al. [154] pro-
posed a novel single-view representation of infor-
mation from a multi-camera system using simple 
time filtering to achieve a high-precision location. 
Zhao [155] of Waseda University developed visible 
light relay communication to enhance communica-
tion capability.

6.3 � Other Emerging Technologies
With the emergence of new technologies, many other 
emerging technologies have appeared for the detection 
and positioning of buried non-metallic pipelines.

(1)	 The static electromagnetic field method is designed 
for detecting and locating the abnormal changes 
of the earth [165]. It is based on the principle that 
the static electromagnetic field varies according to 
the heterogeneity of the soil. The detecting system 

is composed of a transmitter, grounding electrode, 
signal intensifier, receiving antenna, and other com-
ponents. It can be used to judge the presence, loca-
tion, direction, and diameter of buried non-metallic 
pipelines.

(2)	 The space satellite [166] is used to identify the signs 
(surge tank, identification column, well cover, etc.) 
of obvious buried non-metallic pipelines in streets 
and fields. An intelligent algorithm is proposed to 
infer the path of buried non-metallic pipelines.

(3)	 The ultrasonic guided wave generated by the pulse 
generator [167] moves radially along the two sides 
of the non-metallic pipeline. It can detect the depth 
and direction of the buried non-metallic pipeline at 
the same time. International researchers have spent 
a great number of efforts on developing the detec-
tion and location of buried non-metallic pipelines 
by ultrasonic method.

(4)	 Near-field microwave holographic imaging is aug-
mented with beamspace transformation [168, 169]. 

Figure 26  Coordinated movement of Robot Chain System (RCS) in transparent pipe [155]
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It can be used to create the 3-D image of multiple 
concentric nonmetallic pipes by measuring the 
backscattered fields in the near-field region. In addi-
tion, the use of beamspace transformation allows 
for improving the images of the defects on the inner 
pipes, i.e., pipes are farther away from the measur-
ing antennas.

Table  5 summarizes the strengths and weaknesses of 
the emerging detection and location technologies for 
non-metallic pipelines. GIS is a kind of geospatial infor-
mation management system, which combines buried 
pipeline data from various detection methods and urban 
geographic information systems. It can easily and quickly 
determine the depth and direction of urban buried pipe-
lines on the host computer interface. Only personnel is 
allowed to update the database in real-time with high 
accuracy. The in-pipe robot provides the internal condi-
tions and the positioning information of the pipeline with 
high accuracy. Other emerging technologies are effective 
supplements to the detection and positioning of buried 
non-metallic pipelines with imperfect theory and low 
accuracy.

7 � Guide for Selection of Detection and Location 
Methods of Buried Non‑Metallic Pipelines

As mentioned in previous sections, there are various 
methods and mechanisms for the location and detec-
tion of buried non-metallic pipelines. However, the 
applicability of each method varies greatly according to 
the working conditions of the pipeline, the characteris-
tics of the pipeline, and the medium location methods 
inside and outside the pipelines. For example, the loca-
tion and depth of buried non-metallic pipelines can be 
detected on the surface and in the pipe by using meth-
ods such as the electromagnetic tracer method, Infra-
red thermography method, and Inertial gyroscope. The 
Infrared thermography method can only be applied to 
a buried heating pipeline network location. The elastic 

wave method can be applied to all types of buried non-
metallic pipelines, including oil and natural gas, and 
water. HDRM and ECT are both non-destructive tomog-
raphy systems for visual detection and positioning of 
buried non-metallic pipelines. However, some methods 
can only detect non-metallic hanging pipelines with spe-
cific depth. To provide criteria for selecting methods suit-
able for specific situations, Table 6 lists the main available 
location technologies and selection criteria for buried 
non-metallic pipelines. The location methods should be 
selected according to the actual location conditions.

8 � Conclusions and Future Perspectives
The detection of the directions and positions of the bur-
ied pipelines is especially important. Currently, non-
destructive testing, especially the global physical location 
technology is getting mature. Higher requirements for 
non-metallic pipeline locations have been brought about, 
for example, the requirements for different soils, the dif-
ferent depths, and electromagnetic radiations. Therefore, 
current buried non-metallic pipeline detection and loca-
tion technologies need to be upgraded and transformed 
with new technology and innovation. The research in the 
future is aiming at a new location method of non-metallic 
pipelines and achieving this for a combination of various 
location methods in line with other pipeline inspection 
and monitoring [170]. The research and development 
trends for non-metallic pipeline detection and location 
can be foreseen according to the previous analysis, as 
summarized in the following.

(1)	 Multi-sensor and multi-feature fusion for location 
and leakage detection of a non-metallic pipeline 
should be carried out along with new sensor tech-
nologies. At present, the location detection tech-
nology of non-metallic buried pipelines is based on 
different physical principles has certain advantages 
and disadvantages. Combining these methods, the 
situation of the buried non-metallic pipeline can be 

Table 5  Summary of emerging detection and location technologies

Methods Detection and Location 
conditions

Accuracy Interference Strengths Weaknesses

GIS [19] Streets with GIS High Small Easy operation, high accuracy, 
3D display available

Updating topographical data 
real-time; high expense for 
maintenance

In-pipe robot [164] Open-ended non-metallic 
pipeline

High Small Locate accurately and easily 
access all conditions inside the 
pipeline

Limited by the size of the robot 
and its ability to turn and com-
municate.

Other emerging 
technologies [165-
167]

Various environments and 
surface

Low Large A beneficial supplement to the 
existing non-metallic pipeline 
detection methods

The theory of emerging tech-
nologies is not perfect, and the 
equipment is unstable
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comprehensively analyzed. In addition, the problem 
of pipeline location and tracking under complex 
background can be solved, especially the problem 
of the coexistence of metal and non-metallic pipe-
lines.

(2)	 Emerging technology of data analysis, signal pro-
cessing, and image reconstruction is required. Arti-
ficial intelligence technology and decision-making 
should be combined. At the same time, the numeri-
cal models of time, space, soil, and field require to 
be established. It effectively simulates the buried 
depth and path of the buried non-metallic pipeline, 
in order to realize the multi-dimensional visualiza-
tion of non-metallic pipeline location.

(3)	 Theoretical analysis and numerical simulation com-
bined with new materials, new theories, and the 
new location method of a non-metallic pipeline 
need to be conducted. Combined with geographical 
exploration and drilling technology, the system can 
be formed for real-time detection of the non-metal-
lic pipeline. The accuracy and limitation of the loca-
tion depth will also increase. The non-destructive 
location and evaluation ability are quite necessary 
to identify the damages and health conditions. For 
instance, stress, integrity management, fault early 
warning, and safe operation service require to be 
contained.

(4)	 Establishment and improvement of GIS for buried 
pipeline management is a new trend. Automatic 
measurement, data storage, intuitive results display, 
and interpretation automation technology require 
to be reasonably used. The integrated operation 
mode is used. The achievements of buried pipeline 

location are applied to the urban buried pipe net-
work management GIS. The corresponding terrain 
database, pipeline database, comprehensive data-
base, etc., are well established.

(5)	 The development trends of buried location equip-
ment include low-cost, miniaturization, modulari-
zation, easy operation, low-power consumption, 
multi-functional portable network, embedded 
monitoring, etc. The design of a small structure 
hardware system can enhance the adaptability and 
convenience of the system in a complex environ-
ment. The module function is refined to continu-
ously improve the reliability and maintainability of 
the system. The equipment cost and power con-
sumption are reduced, while the operational perfor-
mance is improved. This makes it conducive to the 
promotion, application, digital intelligent location, 
monitoring, and management of the equipment.
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