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Exploiting cylinder focalisation of GPR signal for the detection of buried pipes and water leakages

Nowadays, the precise pipe localisation and water leakage detection have important societal impact such as avoiding explosions due to gas pipe degradation or large volume of water lost along its transportation. Ground-Penetrating Radar (GPR) is a common tool used for utility detection. A unique form of signal enhancement appears in GPR profiles recorded over spheres, ovoids and cylinders when presenting some specific dielectric contrasts with the surrounding medium. We study the potential applications of this peculiar phenomenon to detect buried pipes and water leakages. First we show field and laboratory measurements illustrating the signal enhancement effect. Then, numerical experiments explore the range of dielectric contrasts, depth and size of cylinders for which the effect appears, i) in homogeneous surrounding media, ii) for a cylinder embedded in a trench, iii) for a cylinder surrounded by a water infiltration bulb. In the homogeneous case, we show that the amplitude of the wave going around and through the cylinder can be 4.6 times higher that the one reflected on the top boundary of the cylinder. We investigate the interest of this effect to detect an anomalous water leakage along the pipe.

Introduction

Anomalous radar signal enhancement appears in groundpenetrating radar profiles recorded over electrically resistive ground. Examples include reflections from localized water infiltration bulbs in sands [START_REF] Saintenoy | Evaluating Ground Penetrating Radar use for water infiltration monitoring[END_REF][START_REF] Léger | Hydrodynamic parameters of a sandy soil determined by Ground-Penetrating Radar monitoring of Porchet infiltrations[END_REF] and sedimentary studies [START_REF] Arcone | Sedimentary architecture beneath lakes subjected to storms: Control by turbidity current bypass and turbidite armouring, interpreted from ground-penetrating radar images[END_REF]. Airborne radar reflected events from parts of the Greenland ice sheet resemble those of Jupiters icy Galilean satellites [START_REF] Rignot | Unusual radar echoes from the Greenland ice sheet[END_REF], both being intense with anomalous circular and linear polarization ratios. These phenomena have been attributed to refraction within bodies containing concentric incremental increases in optical index, although [START_REF] Hagfors | Refraction scattering as origin of the anomalous radar returns of Jupiter's satellites[END_REF][START_REF] Hagfors | Refraction scattering in the anomalous reflections from icy surfaces[END_REF] explain that there is usually an abrupt transition between solid ice and compacted snow that contradicts the existence of gradual transition. Another study from Legall et al. (2010) explains radar-bright channels on Titan as riverbeds with rounded pebbles acting as efficient natural retro-reflectors. In all cases the likely anomaly is cylindrical or spherical, such as a conduit, boulder or saturation bulb. In such cases, refractive focusing within the anomaly may be the cause, whereby surface waves along the curved surface continually refract along short cuts through the anomaly, which results in enhanced backscatter that emanates from near the anomaly base [START_REF] Rheinstein | Backscatter from spheres: A short pulse view, Antennas and Propagation[END_REF]. Although the propagation dynamics of this phenomenon is well understood in terms of Mie scattering and optical ray paths, the associated backscatter attributes of amplitude, dispersion and phase are not conceptually obvious from the mathematics. Here we aim to provide some understanding of these backscatter attributes with laboratory experiments and finite difference time domain modeling. Our laboratory experiment comprised GPR reflection profiles of a sphere with relatively high permittivity buried in a sand matrix of relative low permittivity, and with diameter comparable to the dominant wavelength of the broadband GPR pulse. Our numerical model simulates different experiments.

Laboratory experiments

Figure 1 : a) B-scan profile acquired across the 12-cm diameter glass-sphere with 2.6 GHz GSSI antennas. b) The A-scan acquired at a 2-m distance, above the sphere.

The experiment took place in a sandbox, 4 m long and 1.2 m wide. A metal sheet was placed at the bottom of the sand layer at approximately 1 m depth. A glass sphere of 12 cm diameter was buried 0.3 m deep (relative to the top of the sphere) in dry sand with a known relative dielectric permittivity of εm = 2.6. The glass relative dielectric permittivity value is reported to be εs = 6.9. A profile was acquired on the surface of the sand layer using 2.6 GHz GSSI antennas. The zero time reference was estimated from the start of the direct coupling in the raw data minus 0.13 ns for the 4 cm antenna separation. No range gain was applied. The four perfect hyperbolas indicate nearly-point scatterers. The two linear reflection horizons are from the metal sheet and from the box bottom edges, the latter of which occurs at about the correct time delay of 1.5 ns behind the bottom reflection (which is at 88 cm). Several weak events indicate that the sand is not perfectly homogeneous (also evidenced by the slightly uneven bottom reflection). The hyperbola (a) is assumed to be from the top of the sphere, (b) from its bottom, and (b') and (c) origins will be explained in the rest of this paper. Hyperbola (d) is slightly delayed from the metal sheet reflection and originated from waves that diffracted either around the sphere or went through the sphere. Note that there is almost no discontinuity in the metal sheet horizon especially directly under the sphere. The theoretical delay caused by signals diffracting around the sphere relative to the normal (no-sphere) sheet reflection is only 0.74 ns. Hyperbola (a) was perfectly migrated using ε = 2.6, and the Kirchhoff migration routine with a 127 trace window, which verifies εm = 2.6 for the sand medium. Its half-cycle amplitude polarity sequence is the inverse of the transmitted pulse as expected for a reflection from an interface between an higher permittivity material below (glass) and lower one above (dry porous sand)

Numerical experiments with a single cylinder

To better understand the contrast of amplitude of the different events resulting from a spherical anomaly, we carried out several numerical simulations with GprMax [START_REF] Giannopoulos | Modelling Ground Penetrating Radar by gprMax[END_REF]. A point source Ricker wavelet centered on 2.6 GHz, is placed in the same place as the receiver 0.3 m above the top of the cylinder. The cells are millimeter sized. Three 0.80 m by 0.80 m domain were considered. The first one consists of a homogeneous medium with εm = 2.6 in which a cylinder of relative dielectric permittivity εs = 6.9 of radius R = 0.06 m is embedded at the depth h = 0.30 m (Fig. 2). On the obtained trace (Fig. 3), we recognise reflections a and b by their arrival times and clearly the amplification of reflection b compared to reflection a.

Keeping the geometry of Fig. 2, with a relative permittivity value of the surrounding medium constant to εm=9, we run different simulations varying the relative permittivity inside the cylinder from 12 to 78 by step of 3. The traces obtained for each εs value is displayed Fig. 4 and the ratio between amplitudes of reflections Ab /Aa is on Fig. 5. On this figure we see that for εs=33, we obtain the highest amplitude ratio of 4.6. Reflection b, which propagates a longer way than reflection a has an amplitude 4.6 times higher than the one of reflection a. For all considered relative permittivity value the amplification is happening as the ratio Ab /Aa stays above 1. A second analysis consists in keeping geometry of Fig. 2, with relative permittivities εm=9 and εs=33 (highest amplification observed on Fig. 5) and increasing the radius of the cylinder from 0.05 m to 0.29 m by step of 0.02 m.

The resulting radargram is presented on Fig. 6 and the amplitude ratio (Fig. 7) shows that the highest amplitude amplification is obtained for a radius of 0.07 m. 

Pipe in a trench simulation

One of the most used application of GPR is locating underground pipes. Most of these pipes are situated down at the bottom of a trench to set them in. We constructed a theoretical geometry in Fig. 7 where the pipe is a cylinder of radius 0.06 m with a relative permittivity εs=25, embedded at the depth h=0.3 m in a parallelepiped with εt=12, in a surrounding homogeneous medium with a dielectric constant εm=9. The trace obtained with antennas positioned on top middle of the pipe (Fig. 8) show again a reflection b with higher amplitude than reflection a.

Interferences with corners and bottom of the trench is happening but do not prevent the enhancement phenomena.

Figure 8 : Geometry of the second domain: a pipe in a trench. The yellow media is at εt=12, the white media is at εm=9 and the pipe is at εs=25. 

Leaking water pipe simulation

One big challenge is to locate leaks in city's drinking water network. A third conceptual model (Fig. 9) consists of an homogeneous medium with εm=9, an outside cylinder representing a medium with high water content (εl=35, R=0.12 m) and a small cylinder representative of a plastic water pipe (εs=81, R=0.06). In the case of a plastic water pipe, reflection b is higher amplitude than reflection a. If we consider a surrounding zone simulating the medium with higher water content due to some water leak (bottom of Fig. 11), the reflection from the bottom of the pipe and its leak is even higher amplitude that the reflections on top of the infiltration bulb. It looks like the zone with higher water content is amplifying the enhancement effect. This effect should help to recognize water leak along a water pipe.

Conclusion

In this study we showed laboratory experiment exacerbating amplitude enhancement due to the geometry of the buried object. Because of its forms (cylindrical and spherical), the backscattered electromagnetic wave. We showed that we could retrieve the same behavior using numerical simulations, and found relationship between the cylinder radius, the permittivity contrasts, and the amplitude enhancement. In addition, we showed that this phenomena could be a help for detecting water leak along a plastic water pipe. In general, we want to point out the risk of miscalculating the depth of a pipe when enhancement conditions are meet. Indeed, the largest amplitude is usually expected to be related to the top of the pipe, but we show that it is actually related to a reflection coming from the bottom of the pipe.
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 2 Figure 2 : Geometry of the numerical domain: a pipe is surrounded by an homogeneous medium

Figure 4 :

 4 Figure 4 : Traces obtained when varying εs from 12 to 78 using the geometry of Fig. 2 and εm=9.
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 5 Figure 5 : Ratio of the amplitude of reflection b over the amplitude of reflection a when εs varies from 12 to 78 (red: maximum amplitudes, blue: absolute value of minimum amplitudes).
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 6 Figure 6 : Traces obtained with the geometry of Fig. 2 when the cylinder radius varies from 0.05 to 0.29 m.

Figure 7 :

 7 Figure 7 : Ratio of the amplitude of reflection b over the amplitude of reflection a when the radius of the cylinder varies from 0.5 m to 0.29 m (red: maximum amplitudes, blue: absolute value of minimum amplitudes).

Figure 9 :

 9 Figure 9 : Numerical A-scan calculated for the geometry of the Figure 7.
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 10 Figure 10: Geometry of the third domain: leaking water pipe