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Abstract—The underground pipelines have frequent ruptures and leakage problems in the urban area,
the distribution of contaminated soil is difficult to monitor and evaluate. It is important that the effec-
tive identification and assessment of underground pipelines and contaminated soil. The ground pen-
etrating radar was applied to the detection of underground pipelines and contaminated soil using the
electromagnetic wave propagation. The detection tests were carried out on pipes and leaking oil with
different sizes, materials and buried depths in a transparent model tank developed by ourselves. The
radar signal is processed by using GRED HD software, the single-channel waveform of underground
pipelines and contaminated soil are obtained. The time-domain finite difference method is used to
analyze the non-stationary signals of ground penetrating radar. The radar signals of underground pipe-
lines with different characteristics and the variation of leakage oil are discussed. The radar interpreta-
tion accuracy of underground pipelines and contaminated soil is improved. It will provide the refer-
ence for related studies in future.
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1. INTRODUCTION

The distribution of underground pipelines as urban lifelines is becoming more and more complex in
the rapid urbanization [1—5]. Most cities have not yet established a complete underground pipeline net-
work and management system[6—12]. With the incomplete or missing relevant data, the engineering acci-
dents caused by excavation of underground pipelines have occurred in many areas of all over world, the
problems of pipeline leakage are particularly acute [13—15]. The usual detection method is to excavate the
pipelines randomly and the operation is cumbersome. It is difficult to find the hidden diseases of pipeline
[16—19]. The ground penetrating radar technology has the characteristics of high efficiency, non-destruc-
tiveness, high precision, good detection effect on underground buried objects [20—23]. It can well meet
the detection requirements of underground pipelines and contaminated soil [24—27]. However, the typi-
cal ground penetrating radar image of underground pipelines and their spectral characteristics are lacking.
It cannot judge the underground pipelines without providing accurate information on the location, the
material of the pipeline and the contaminated soil generated by the pipeline leakage oil. There is also a
lack of relevant research on the variation of migration distribution. This paper attempts to carry out the
study on the underground pipeline and leaking oil using ground penetrating radar technology, the data are
analyzed, the signal characteristics of underground pipeline and contaminated soil are obtained.
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(a) Radar host (b) 1600 MHz antenna  (c¢) 400 MHz antenna  (d) 100 MHz antenna

Fig. 1. Host and antenna of ground penetrating radar.

‘ L

Fig. 2. Model tank.

2. TEST OF OIL LEAKAGE AND UNDERGROUND PIPELINES
2.1. Test Equipment and Devices

This test equipment uses Italian RIS series high-frequency ground penetrating radar IDS (shown in
Fig. 1). It is portable with high transmission rate, fast scanning speed, good antenna shielding, frequency
bandwidth, strong signal stability, high resolution, high sensitivity, waterproof, dustproof, etc. The fre-
quency of complete antenna is from 25 to 2500 MHz including ground-coupled antenna, air-coupled
antenna, and various antenna arrays. It can meet most extensive detection needs.

In order to facilitate the material placement and observation during the model test, the economic
factors are considered, the model tank with transparent fiber reinforced plastic material is made to
contain the soil (see Fig. 2). The internal dimensions of the model tank are 80 cm X 40 cm X 50 cm
(Iength X width % high). After several pre-detection tests, it is confirmed that the model tank has little
influence on the ground penetrating radar detection.

The test selected the air drying sand with uniform soil (as shown in Fig. 3) as the backfill to minimize
the influence of soil layer on the detection results. The air drying sand has a particle size of 0.25—0.5 mm
and the filling density is 1900 kg/m?>. The filling height is 0.4 m and the distance is 10 cm away, which is
convenient for the radar detection. The separate pipes of different materials are prepared. It can be seen
in Table 1 for details.

The lubricating oil is used as the pipeline filling medium during the test. In order to simulate the pro-
cess of oil leakage in the pipeline, the oil is injected into the pipeline through the water pipe connected to
the pipeline.

Table 1. Parameters of pipelines

Material Diameter Length, cm
Polyvinylchloride pipe (PVC) 70
Polyethylene pipe (PE) DNG63 (63 mm) 70
Cast iron pipe 70
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Fig. 3. Air drying sand.
(a) Longitudinal line (b) Lateral line

Antenna Antenna
IO cm IO cm

50 cm 50 cm

Fig. 4. Different line directions.

2.2. Direction of Antenna

In the test, the direction of pipe is parallel to the long axis of the model tank. The line arrangement is
selected to arrange in three directions parallel to the pipe (longitudinal line) and perpendicular to the pipe
(lateral line). The antenna is used to swipe the surface of sand to detect the pipe. The specific operation is
shown in Fig. 4.

2.3. Test Procedures

The procedure is divided into four working conditions, which are the difference of radar characteristic
signals of pipelines with different pitches, different depths, different materials, and the variation of oil pol-
lution leaks from pipelines. The diagram of test procedure is shown in Fig. 5.

(1) The sand is filled with the height of 20 cm in the model tank, three PVC pipes in parallel at intervals
of 5 cm are placed, then the sand is filled with the height of 40 cm. The ground penetrating radar is used
to detect and collect information according to the predetermined line. The above procedure was repeated,
the interval between the three pipes was setto 6, 7, 8,9, and 10 cm respectively. The total of 5 parallel tests
was performed.

(2) The PVC pipe is put into the model tank when it is filled with the height of 10 cm, then then the
sand is filled with the height of 40 cm. The ground penetrating radar is used to detect and collect infor-
mation according to the predetermined line. The above procedure was repeated, the PVC pipe is put into
the model tank when it is filled with the height of 20, 30 cm. The total of 3 parallel tests was performed.

(3) The PVC pipe is put into the model tank when it is filled with the height of 20 cm, then the sand is
filled with the height of 40 cm. The ground penetrating radar is used to detect and collect information
according to the predetermined line. The above procedure was repeated, the PE and cast iron pipe are put
into the model tank separately when it is filled with the height of 20 cm. The total of 3 parallel tests was
performed.

(4) The sand is filled with the height of 20 cm in the model tank, the PVC pipe is drilled a hole in the
center. The plastic hoses are connected at both ends of the PVC pipe and the pipe is put into the model
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(a) Cutting pipeline (b) Buried pipelines

(d) Swing the antenna and detect pipeline

Fig. 5. Diagram of test procedure.

tank. Then the sand is filled with the height of 40 cm, the hose are connected outside the tank, the lubri-
cating oil is injected into the PVC pipe from the plastic hose to simulate the oil leakage process. The
ground penetrating radar is used to detect and collect information according to the predetermined line.
The above procedure was repeated to investigate the variation of radar signals for oil around the pipeline.

(5) After the information is obtained, the original image is processed and analyzed using the signal pro-
cessing software GRED HD.

All of the pipe axes are parallel to the long side of model tank, and the pipe axis is always horizontally
located in the center of the wide side of the model tank. The process of the model test is shown in Fig. 6.

3. RESULTS
3.1. Test Phenomenon

Taking the second horizontal line data of PVC pipe with a depth of 10 cm in working condition 2 as
an example, the operation flow and processing effect of ground penetrating radar signal preprocessing
using GRED HD are shown. This test uses the ground penetrating radar with an antenna frequency of
1600 MHz, a sampling window of 12 ns, and a sampling point of 512. The original radar image is shown
in Fig. 7.

There is a strong direct wave around 1.2 ns. The direct wave is a strong reflection signal caused by the
electromagnetic wave propagating in the air. It consists of two parts: the electromagnetic wave directly
transmits by the transmitting antenna to the receiving antenna and the electromagnetic wave reflects by
the surface of medium. The waveform data below the direct wave is poorly defined. When the time is
3.0 ns, there is almost no waveform data visible, and the medium interface between the soil and pipeline
cannot be distinguished. Therefore, it is necessary to process the data of radar signal, including direct wave
removal, background removal, band pass filtering, signal gain and the like, it can perform deeper interpre-
tation of the radar image to identify and evaluate the underground pipeline.
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(a) Pipe test at different pitches (b) Pipe test at different depths (c) Pipe test of different materials
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Fig. 6. Process of the model test.
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Fig. 7. Ground penetrating radar original image at line 5.
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(a) Pipeline signal with spacing of 5cm (b) Pipeline signal with spacing of 8 cm
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Fig. 8. Radar signal image of different spacing pipelines.
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Fig. 9. Radar signal image of different spacing of pipelines.

3.2. Signal Analysis of Pipeline with Different Distance

The radar signal profile of different pitch pipes is shown in Fig. 8. The hyperbolic characteristics of
pipeline are basically not distinguished in Fig. 8a. Because the pipe spacing is too small, the reflected elec-
trical waves interfere with each other seriously, resulting in failure to properly image and the signal is more
turbulent. The typical hyperbolic in-phase axis signal of the underground pipeline can be seen in Fig. 8b
with a distance of 7 cm. According to the corresponding distance of the three hyperbolic inflection points
on the radar profile, the pipeline spacing can be roughly inferred almost about 8 cm, the three pipelines
can be clearly distinguished.

The test shows that the ground penetrating radar can detect small-caliber pipes. The horizontal reso-
lution of pipeline for the 1600 MHz antenna detection should be about 8 cm.

3.3. Signal Analysis of Pipeline with Different Depth

A cross-sectional view of the radar signal for different depth pipes is shown in Fig. 9. The electromag-
netic waves are reflected at the interface of medium, and the vibrations are generated on the single-chan-
nel waveform. The amplitude of direct wave is large, and the amplitude is greatly attenuated after entering
the underground. The time coordinate value at the interface is consistent with the radar image. In the
cross-sectional view, the electromagnetic waves will vibrate when they pass through the upper surface of
pipe area. Therefore, the vertical depth of pipe can be obtained according to the time and wave velocity of
electromagnetic wave propagation in the pipe area.
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(a) PVC pipe (b) Cast iron pipe (c) PE pipe
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Fig. 10. Radar signal image of different material pipelines.

In Fig. 9a, the horizontal signals of the upper and lower surfaces for the electromagnetic wave passing
through the pipeline are 0.5 and 2.1 ns respectively. The one-way travel time is half of the difference of
coordinate values of 1.3 ns. The regional wave velocity is 7.48 cm/ns. The vertical depth of the pipe center
i$9.72 cm, which is close to the actual vertical depth with 10 cm of the model. Similarly, the vertical depth
of the pipe center is 15.71 cm in Fig. 9b, and the vertical depth of the pipe center is 24.68 cm in Fig. 9c.

According to the image, the vertical spacing of the pipelines with three depths on the radar profile is
about 7.5 cm, which is the same as the actual separation distance. The detection results are relatively accu-
rate at the relative spacing, but the absolute depth is different from the actual situation. The vertical reso-
Iution of the radar is not high enough, the original image has slightly changed the detection signal in the
process of pre-processing such as direct-wave processing. Therefore, it should test more times to obtain
the accurate depth in actual engineering.

3.4. Signal Analysis of Pipeline with Different Materials

The radar signal profile of different material pipes is shown in Fig. 10.

Comparing Figs. 10a, 10b and 10c, it can be found that the cast iron pipe has a more obvious hyperbolic
in-phase axis than the PVC and PE pipes in the same diameter, the signal amplitude is large, the multiple
waves are obvious, the image characteristics of PVC and PE pipes are more regular. The experimental
results show that the radar image signal strength has little relationship with the dielectric constant value
difference between the target detector and the medium. The dielectric constant is smaller, the signal
amplitude is larger, and the signal characteristics are more obvious.

3.5. Analysis of Pipeline and Oil Pollution Radar Signal

The radar signal of sand (Fig. 11a) and the radar signal after the oil injection is injected for 20 min
(Fig. 11b) are extracted separately. The oil leaks into the sand and spreads in the downward and outward
diffusion. The dielectric properties of the sand in the model tank are changed, the dense diffraction sig-
nal can be generated in the radar signal profile. According to the data, it is known that the oil-like liquid
medium has a relatively large relative dielectric constant, it is equivalent to a high-frequency filter in the
electromagnetic wave transmission process, it is a low-frequency signal with a large wavelength in the
lower part, it has fewer effective signals. The results show that ground penetrating radar can detect the
change in the leakage of liquid media such as oil around the pipeline.

As shown in Figs. 11c—1le, after the oil is leaked, the radar profile shows the signal is changed in the
oil diffusion direction and perpendicular to the oil diffusion direction on the longitudinal line, the top
reflection wave is delayed, the bottom reflection is at the bottom of the oil contamination area. The wave
has a superposition phenomenon, there is no obvious phase inflection point signal at the initial wave posi-
tion of the oil bottom, it cannot determine the specific diffusion area of the oil according to the image.
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Fig. 11. Pipeline and leakage oil radar signal image. (a) Lateral signal when oil is injected; (b) lateral signal after 20 min
of injection; (c) longitudinal signal when oil is injected; (d) longitudinal signal after 20 min of injection; (e) Partial
enlargement of leakage oil (longitudinal).

4. CONCLUSIONS

There are few applications for the oil leakage detection in underground pipelines, based on the princi-
ple of ground penetrating radar detection technology, the indoor model test of underground pipelines and
oil pipe leakage pipe-contaminated soil is carried out, the radar signals are qualitatively analyzed. The fol-
lowing conclusions are drawn:

(1) The band pass filtering, de-directing wave, background removal, etc. in the pre-processing step can
effectively eliminate the interference signal and reduce the original image noise. The signal gain can sig-
nificantly amplify the characteristic signal of detection target, which facilitates the identification of under-
ground target. It also enhances the invalid signal to a certain extent, which is not conducive to the quan-
titative analysis of the detection target.

(2) The different sizes of the electromagnetic waves cause signal differences. The diameter of the pipe
is larger, the radius of curvature of the hyperbola on the image is larger. The extension length at both ends
id larger, the signal is clearer. At the same time, it is verified that the pipe diameter and vertical depth are
proportional to the horizontal length and vertical length of strong reflection signal on the outer surface of
signal region respectively.

(3) The RIS ground penetrating radar with 1600 MHz antenna for vertical depth resolution of under-
ground pipeline is up to 5 cm, the quantitative detection error rate for pipeline buried depth is about 25%,
the horizontal direction when pipeline spacing is greater than 8 cm can effectively display pipeline fea-
tures, the horizontal direction resolution is not less than 8 cm.

(4) When the pipe is filled with oil, the liquid medium has the high dielectric constant, the hyperbolic
interface of pipe is no longer obvious. The strong signal is accompanying the oil area, it shows a hyperbolic
profile and no longer shows a clear in-phase axis. The characteristic signal of pipeline filled oil is the cres-
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cent-shaped signal with the opening facing downward, the reflective area of pipeline is reduced, the
absorption of electromagnetic waves is strong.

(5) The leakage oil changes the dielectric properties of sand in the model tank during the diffusion pro-
cess to the soil layer, it can generate dense diffraction signals in the radar signal profile, which will filter
the effective signal to some extent. As a result of the barrier, the process of migration and diffusion of oil
can be successfully detected on the radar profile, but the existing results shows that it is difficult to quan-
titatively identify the oil area.
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