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ABSTRACT

Laboratory experiments were used to investigate the potential of using ground penetrating
radar (GPR) to detect water leaks in the underground distribution system. Leaks not only waste
precious natural resources, they create substantial damage to the transportation system and
structure within urban and suburban environments. Surface geophysical methods are non-
invasive, trenchless tools used to characterize the physical properties of the subsurface material.
This characterization is then used to interpret the geologic and hydrogeologic conditions of the
subsurface. Many geophysical techniques have been suggested as candidates for detecting
water leakage, including GPR, acoustic devices, gas sampling devices and pressure wave
detectors. GPR is a reflection technique which uses high frequency electromagnetic waves to
acquire subsurface information. GPR responds to changes in electrical properties, which are a
function of soil and rock material and moisture content. A series of laboratory experiments were
conducted to determine the validity and effectiveness of GPR technology in detecting water
leakage in metal and plastic PVC pipes. Initially, a prototype laboratory model was designed to
simulate a pipe leak. Holes were drilled in the middle of the pipe to allow the water leak into a
simulated soil (sand). The metal and PVC pipes were tested separately by burying them in sand
to a depth of 18 and 20 cm, respectively. Water was then injected into the pipe from the surface
through a plastic hose. A 1.5 GHz antenna was used to collect GPR data. Although the
experiment was very well controlled, results obtained so far indicate that GPR is effective in
detecting water leaks. An outdoor test bed is currently under construction in collaboration with
Central Arkansas Water (CAW) to simulate and detect water leaks in underground water systems
using the GPR technique. Pipes that are commonly used for water distribution in the city of Little
Rock, AR, will be used for the test. The test bed will be constructed using soil material that is
representative of the region. Advanced digital signal processing will be implemented to enhance
the anomalies. Also model simulations will be used to select an appropriate equipment
configuration (frequency band, type of antenna and real-time imaging software) prior to data
acquisition.

INTRODUCTION

Leaks waste both a precious natural resource and money. A large percentage of water usually
is lost from the distribution systems in transit from the treatment plant to the consumer. According
to an inquiry made in 1991 by the International Water Supply Association (IWSA), the amount of
lost or unaccounted for water is typically 20 to 30 percent of total water production. Some
distribution systems, mostly older ones, may lose as much as 50 percent. The primary economic
loss comes from the cost of raw water, its treatment, and transportation. Leakage inevitably also
results in secondary economic loss in the form of damage to the distribution network itself (e.qg.
erosion of pipe bedding and major pipe breaks) and to the foundations of roads and other
manmade structures. Leaky pipes also create a public health risk, as every leak is a potential
entry point for contaminants if pressure should drop in the system. Economic cost and scarcity of
public water sources mandate that a systemic leakage control program be developed. In such a
program, there are two components: water audits and leak detection surveys. Water audits
measure water flow into and out of the distribution system, or parts of it, and to help identify those
parts of the distribution system that have excessive leakage. However, water audits do not



identify the specific location of a leak. To find the specific location needing repair, a leak detection
survey must be performed (Hunaidi et al., 2000).

Detection of fluid loss due to leakage from underground distribution pipes represents a major
challenge to scientists and engineers. The key to the solution is threefold: selection of the right
combination of sensing equipment, proper adaptation of procedure for each field operation, and
data analysis. Since each problem is unique considering soil conditions, type of distribution
system, groundwater conditions, and intensity of the leak, it is essential that a pre-tested
combination be used to effectively devise the appropriate corrective measures in the shortest
possible time. Testing and guessing in the field might rush a wrong decision.

Bose and Olson (1993), Carlson (1993), and Turner (1991) classified the leak detection
methods in three groups which may be applied to monitor the integrity of a pipeline (Zhang,
1996). These are:

Biological Methods: Experienced personnel or trained dogs may detect and locate leaks by visual
inspection, odor or sound.

Hardware-Based Methods: Different hardware devices are used to assist in the detection and
location of leaks. Typical devices used include acoustic sensors, gas detectors, negative
pressure detectors and infrared thermography.

Software—Based Methods: Various computer software packages are used to detect leaks in a
pipeline. The complexity and reliability of these packages vary significantly. Examples of these
methods are flow/pressure change detection, mass/volume balance, the dynamic model-based
system, and pressure point analysis.

Acoustic equipment (a Hardware-Based method) is the most used among the leak detection
methods. In general, it has a fair percentage of success in metal pipes, however, the
effectiveness of this traditional method for plastic pipes is limited. The equipment was developed
primarily for metal pipes, however the acoustical characteristics of leak signals in plastic pipes are
not as pronounced as in metal pipes. This has prompted an extensive investigation of the
effectiveness of acoustic methods and the potential of alternative non-acoustic methods for leak
detection in plastic pipes (Hunaidi and Giamou, 1998). This, if combined with the large increase
of using plastic pipes in the water distribution system, makes the problem more acute and
significantly more challenging. This leads to the increased need for development of noninvasive
techniques to explore and retrieve information about the subsurface, either to obtain the soil
conditions or to locate specific targets. To this end, the trend is toward development of more and
more sophisticated systems like the ground penetrating radar (GPR) technique, which is safe for
use in urban environments, as well as protecting the geological, environmental and
archaeological integrity of subsurface settings (Gamba and Lossani, 2000).

The GPR geophysical method is a rapid, high-resolution tool for non-invasive subsurface
investigation. GPR produces electromagnetic radiation that propagates through the ground then
returns to the surface. The radar waves travel at velocities that are dependent upon the dielectric
constant of the subsurface. Reflections are produced by changes in the dielectric constant due to
changes in the subsurface material and/or conditions. The travel time of the electromagnetic
waves as they leave the transmitting antenna into media and reflect back to the receiving antenna
at the surface is a function of the depth of the reflection point and the electric properties of the
media. Thus, interpretation of this reflected energy may yield information on subsurface structural
variation and condition of the media. As in seismic geophysical techniques, there is a trade-off
between frequency and structural resolution. The high-frequency waves produce higher
resolution models at shallow depth only, whereas low frequency waves produce lower resolution
models that may be located at greater depth. The choice of appropriate antenna is a target
dependent on the projects goal. Data are most often collected along a profile, so that plots of the
recorded signals with respect to survey position and travel-time can be associated with images of



the subsurface structure. GPR signals can be collected fairly rapidly and initial interpretations can
be made with minimal data processing, thereby making the use of ground penetrating radar for
shallow geophysical investigation cost-effective with the least technical support (Cardimona et al.,
2000).

GPR could, in principle, identify leaks in buried water pipes either by detecting underground
voids created by the leaking water as it erodes the material around the pipe, or by detecting
anomalous change in the properties of the material around pipes due to water saturation. Unlike
acoustic methods, application of ground penetrating radar for leak detection is independent of the
pipe type (e.g., metal or plastic). Therefore, GPR could have a higher potential of avoiding
difficulties encountered with commonly used acoustic leak detection methods as it applies to
plastic pipes (Hunaidi and Giamou, 1998). GPR could also be used as a supplement to these
methods to increase accuracy in high risk areas such as high traffic streets and large structures.

THEORETICAL BACKGROUND

The speed of an electromagnetic wave in any medium is dependent upon the speed of light in
free space (¢ = 0.3 m/ns), the relative dielectric constant (g;), and the relative magnetic
permeability (u, = 1 for non-magnetic materials). The speed of electromagnetic wave (V,,) in a
material is given by:
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The depth of penetration (D) can be determined by, first, calculating the velocity of the medium,
Vm, Using Equation (1) and (2). Second, the two way travel time (T) can be determined from the
graphic representation of the GPR signals. This will allow the use of the following equation:
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The success of the ground penetrating radar method relies on the ability of the various
materials to allow or prevent the transmission of radar waves. Some materials, such as polar ice,
are virtually transparent to these waves. Other materials, such as water-saturated clay and
seawater, either absorb or reflect the waves to such an extent that they are virtually opaque in
GPR results. The contrast in the relative dielectric constants between adjacent layers is a function
of electromagnetic radiation. The greater the contrast, the greater the amount of energy reflected.
The proportion of energy reflected, given by the reflection coefficient (R), is determined by the
contrast in velocities, and more fundamentally, by the contrast in the relative dielectric constants
of adjacent media.



The amplitude reflection coefficient is given by:
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where V; and V, are the velocities in layers 1 and 2, respectively, and V;<V,. The amplitude
reflection coefficient may also be determined by:
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where g; and g, are the respective relative dielectric constants (g,) of layers 1 and 2, respectively.
Typically, & increases with depth. In all cases the magnitude of R lies in the range of + 1. The
proportion of energy transmitted is equal to 1-R. The equation given in (3) applies to normal
incidence on a planar surface, assuming no other signal losses. The power reflection coefficient
is equal to R? (Reynolds, 1997).
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EXPERIMENTAL DEVELOPMENT

The main objective of this investigation was to identify and to evaluate the effectiveness of GPR
as a tool for detecting water leaks. To accomplish this goal, a prototype laboratory model was
carefully designed and constructed. This model simply consisted of a wooden box filled with
sand, in which a plastic PVC pipe and later a metal pipe were placed in separate experiments to
simulate leaks. The wooden box was constructed using a minimum amount of metals (nails,
screws, etc.) to prevent metal interference with radar signal. The box dimensions were 134.6 cm
long, 58.4 cm high, and 50 cm wide. Two experiments were conducted to simulate leaks in the
plastic PVC pipe and metal pipe, which were buried in the sand. One end of each pipe (3/4 in)
was connected to a plastic hose to be used for water injection. Two small holes were then drilled
in the middle of each pipe and the open ends were sealed. The pipe and hose combinations used
in the experiment are shown in Figure 1. In separate experiments, the metal and PVC pipe were
each buried in the sand at a depth of 18 and 20 cm, respectively. Photographs of the box and
metal pipe before and after burial are shown in Figure 2. The data for these experiments were
collected using a Geophysical Survey System Inc. (GSSI) SIR 10B, with 1.5 GHz central
frequency monostatic antenna. Each 8 ns scan was sampled at discrete 16 bits per sample, 512
samples per scan. Data were bandpass filtered using high-pass and low-pass filters of 600 MHz
and 3000 MHz, respectively.

FIG 1. A photograph of the pipes and the hose that were used in the laboratory experiments to
simulate water leaks.



FIG. 2.Photograph of the prototype laboratory experiment to simulate water leak. The photograph to the left shows the
metal pipe laid horizontaly in the sand box. Also visible is the plastic hose connected to one end of the pipe. The
photograph to the right shows the sand box in which the metal pipe was buried to a depth of 20 cm. The box was placed
on a wooden platform at 20 cm above the ground to prevent signal contamination from the reinforced concrete floor.

Four different types of antenna configurations were examined during each experiment to
observe the effect of the survey direction in relation to the antenna radiation pattern. The
simplified antenna’s radiation pattern for the different survey directions are seen in Figure 3, The
same figure shows the four types of antenna-survey configurations that were used in the
experiments. In Figure 3 (a) and (b) profiles were produced by the 90° radiation patterns. Profiles
(c) and (d) produced by the 60° radiation pattern with a reversed direction survey. The four
combinations of radiation pattern and survey direction produced slightly different results. The
combination in (d) seems to produce the highest resolution of anomalies in the profile. This was
true for almost all experiments. For that, it was selected for further analysis.

Long axis of the antenna is parallel to the pipe Long axis of the antenna is
perpendicular to the pipe
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FIG. 3. Antenna radiation pattern for different survey directions. The schematic diagram of the two radiation patterns are
shown at the top of the figure. The diagram to the left represents a 90° cone pattern and the one to the right represents a
60° cone pattern. The lower half of the figure shows the survey directions and the raw GPR profiles. Profiles (a) and (b)
were collected from the 90° cone radiation pattern position, whereas (c) and (d) were collected from the 60° cone radiation
pattern position.



LABORATORY RESEARCH

In order to facilitate the detailed analysis of the GPR results, the dielectric constant of the sand
must be precisely determined. A highly controlled experiment was used to determine this value.
In this experiment a 25 cm iron rebar was buried horizontally in the sand box at a depth of 30 cm.
The direction of the iron rebar was normal to the long axis of the box. The same antenna (1.5
GHz) was used for this experiment. Using the measured two-way travel time from the GPR profile
and equations 2 and 3, the dielectric constant of the sand was calculated (¢ = 2.8). The view of
the GPR results and the schematic diagram of the experiments to determine this value are shown
in Figure 4.
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FIG. 4. The top panel represents the GPR profile and the lower panel shows a schematic diagram
of the model used to calculate the dielectric constant of sand. Calculation parameters and results
are shown at the bottom of the figure.

More than 210 GPR profiles were collected for different combinations of survey direction,
radiation pattern, pipe types, and amount of injected water. For this paper, only two
representative examples, one from the PVC pipe and the other from the metal pipe experiments
will be presented. In each example, we will present five GPR profiles that were collected before
water injection, during water injection, and at three other intervals after water injection. The GPR
profiles for the PVC and metal pipes for the dry model (no water injected) are shown in Figure 5.
These profiles indicate no lateral changes in the material property of the model (notice the yellow



in the upper GPR profile indicates the effect of the PVC pipe; the effect of the metal pipe is
indicated by blue/purple in the middle of the GPR profile).
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FIG. 5. GPR profile of the dry model (no water injected). Upper and middle panels indicate GPR
data collected for PVC and metal pipe, respectively. The vertical axes units of these profiles are
the two-way travel time in nanoseconds. Lower panel shows schematic diagram of the dry
experiment model. On averages each profile consists of 600 scans. Each scan consists of 512
points.



For the second set of GPR profiles, data were collected immediately after one liter of fresh
water was injected through the hose open end. The schematic diagram and the GPR results for
both PVC and metal pipes are shown in Figure 6. Sharp anomalous changes have taken place in
both profiles as compared to the ones in Figure 5. These changes occurred close to the middle of
the profile and exactly coincide with the location of the simulated water leaks. As expected, the
water, although fresh, has substantially changed the dielectric properties of the sand in the
volume that is saturating. This experiment indicates that GPR has the capability of detecting this

type of change.
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FIG. 6. GPR profiles for wet model (immediately after injecting one liter of fresh water). Profiles
and schematic diagram arrangement are similar to Figure 5.



The third set of GPR profiles were collected after injection of a second liter of fresh water. The
second injection took place four minutes after the first. Results of this test are shown in Figure 7.
The same anomalous changes that were visible in the profiles of Figure 6 are now more
pronounced in the profiles of Figure 7. It appears also that the anomalous pattern has expanded
downward and outward following the water flow. This experiment is strong proof to the
effectiveness of the GPR technology in detecting water leaks from both metal and PVC pipes.
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FIG. 7. GPR profiles for wet model collected after injecting the second liter of water (4 minutes
after injecting the first liter). Profiles and schematic diagram arrangement are similar to Figure 5.



The fourth set of the GPR profiles were collected eighteen minutes after the second injection of
water. Results of this experiment are shown in Figure 8. In this figure, the anomalous features
caused by the water leak in both profiles have clearly lost their sharpness and become less
pronounced when compared with the profiles in Figure 7. Because of the high permeability sand
that was used in the experiments, water rapidly migrated downward to the bottom of the box
leaving only partially saturated sand close to the pipes. The reduction in the water saturation at
the middle of the box reduced the sharpness of the anomaly.
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FIG. 8. GPR profiles for wet model collected 18 minutes after the second water injection (22
minutes after injecting of the first liter). Profiles and schematic diagram arrangement are similar
to Figure 5.



Twenty-four hours after the second water injection, the fifth set of GPR profiles were collected
to examine the effects of water dissipation in the sand. Results of this experiment are shown in
Figure 9. GPR profiles of this figure indicate no visible anomaly that may be identified in a fashion
similar to the anomalous pattern in the profiles of Figures 6,7 and 8. The profile images of Figure
9 seem to resemble the profiles obtained for the dry model. This indicates that most of the
saturation water has dissipated downward to the bottom of the box.
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FIG. 9. GPR profiles for wet model collected 24 hours after the water injection. Profiles and
schematic diagram arrangement are similar to Figure 5.



DEPTH DETERMINATION

The experimental data that we acquired from the prototype laboratory model were used to
verify the capability of the GPR to determine the depth of the anomaly source. Data from both the
PVC and metal pipes were used to verify the capability. Results of depth determination are seen
in Figures 10 and 11. Figure 10 shows results from the five experiments (before, during, and after
water injection) for the PVC, while Figure 11 shows results of similar experiments for the metal
pipe. Each of the five panels in these two figures shows the GPR profile (to the left), a single scan
through the middle of the anomaly (in the middle) and the depth calculation (to the right). The
depth calculation was accomplished by using the previously determined dielectric constant in
equations 2 and 3. Although depth determinations were completed by using well controlled
experiments, still the precision was so high it highlights the potential practical application of GPR
for water leak detection and location. The two-way travel time (t in ns) was determined for each
experiment by locating the maximum of the hyperbola in the GPR profiles. The average depth to
the anomaly for the metal pipe was found to be 18.36 cm using the GPR profile, while the actual
depth was 18.00 cm. The average depth to the anomaly for the PVC pipe was found to be 19.84
cm usmg the GPR proflle while the actual depth is 20. 00 cmin the expenment

i Profile 1 Profile 2
t=2.26 ns t=2.27ns
d=20.34cm d=20.43cm
Profile 3 Profile 4
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FIG. 10. Depth calculation of water leaks in PVC pipe using GPR. Each of the five panels
represents the data for one of the five experiments conducted in the previous section. The left
part of each panel represents the GPR profile, the middle part shows a single scan taken from the
middle of the profile (the center of the anomaly), and the right part shows the depth calculation
results.
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FIG. 11. Depth calculation of water leaks in metal pipe using GPR. Each of the five panels
represents the data for one of the five experiments conducted in the previous section. The left
part of each panel represents the GPR profile, the middle part shows a single scan taken from the
middle of the profile (the center of the anomaly), and the right part shows the depth calculation
results.

DIGITAL SIGNAL PROCESSING

It is important to define the specific objective for each data processing technique and select the
appropriate method to accomplish that objective. Raw data collected for this study were migrated
first by utilizing a standard migration process similar to the procedure for processing seismic data.
The Hilbert Transformation Processing method was applied to the migrated data in order to
emphasize the anomaly of interest. Below is a brief description of the migration and Hilbert
Transformation techniques used for processing the GPR data.

Migration (Removing Diffractions and Correcting the Effect of Dipping Layers): The radar antenna
transmit energy with a wide beamwidth pattern such that objects several feet away may be
detected. As a consequence of this, objects of finite dimensions may appear as hyperbolic
reflectors on the radar profiles as the antenna detects the object from a distance and is moved




over and past it. Deeper objects may be obscured by numerous shallower objects which appear
as constructively interfering hyperbolic reflectors. Steeply dipping surfaces may also cause
diffracted reflections of radar energy. This diffracted energy can mask other reflections of interest
and cause misinterpretation of the size and geometry of subsurface objects. The apparent
geometry of steeply dipping layers is an illusion and needs to be corrected in many cases.
Migration is a technique that moves dipping reflectors to their true subsurface positions and
collapses hyperbolic diffractions (GSSI, 2000).

The preliminary processing step was to apply Kirchhoff Migration, with the relative velocity set
automatically in the processing software, prior to applying the Hilbert Transformation Process.
This step effectively muted the objectionable surface pulse and reflection, smoothed the traces,
and created a more cohesive image of the anomaly (Patterson and Cook, 2002). Figure 12 shows
results of the migration process. In the figure, the panel to the right represents the GPR profile
collected for the metal piece for determining the dielectric constant of sand. The panel to the right
represents the migrated profile. Notice the change in the hyperbolic appearance of the anomaly
that was the result of the metal piece. Notice also that the location of the anomaly becomes much
more confined to a smaller area. Most of the data collected for this research were migrated
before further processing at interpretation.
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FIG.12. GPR profiles for metal piece before and after migration.

Hilbert Transformation Processing: Reflected amplitudes and geometry are the primary
information used in GPR data to reach interpretations. The time domain radar data is defined as
time and amplitude of the reflected pulses. Another way of defining the data is to transform the
time domain signals to frequency and phase information. The phase information is sometimes
more sensitive to subsurface (dielectric) changes than the amplitude or geometric setting. Hilbert
Transformation will decompose radar signals represented as a time series into its magnitude (via
envelope detection), instantaneous phase, or instantaneous frequency components (the
derivative of phase). Hilbert Transformation expresses the relationship between the magnitude
and phase of a signal or, in other words, differentiates between its real and imaginary parts. It
allows the phase of a signal to be reconstructed from its amplitude (GSSI, 2000). There are three
different applications in the Hilbert Transformation process. Each concentrate on different signal
information (phase, magnitude and frequency). Magnitude Hilbert Transformation is applied to
improve the definition of the image of anomaly. Phase Hilbert Transformation is used to demark
the location of the start of each anomaly by identifying the sharp and discrete changes in phase.
Frequency Hilbert Transformation is applied to provide new information with respect to distinct
changes in frequency (Patterson and Cook, 2002). All three Hilbert Transformation techniques
were used for the experimental data collected for this research. For the analysis of this research,
it became clearer that the frequency Hilbert Transformation provided the most detailed
information for target (water leak) identification. Therefore, only frequency Hilbert Transformation




results are presented here. The results for both the PVC and metal pipes are shown in Figure 13.
The top two panels represent the frequency Hilbert Transformation calculated from the profiles of
the dry model. The second two panels represent the frequency Hilbert Transformation for the first
wet model. As seen in the profiles, the location of the leaks is easily identified and the downward
curved extension of the leak anomalies represents the flow direction of water. The effect of a
water leak on the GPR signals is even more pronounced in Profile 3. In Profile 4, the downward
flow of water has vanished and the water at the bottom is clearly visible.
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FIG. 13. Results of frequency Hilbert Transformation process for PVC and metal pipe (see text for
detail).
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FIG. 13. (continue)
CONCLUSION AND RECOMMENDATION

The effectiveness of GPR as a tool for detecting water leaks and location of pipes is examined
in this experiment. Prototype laboratory models were built for two different types of pipes and
GPR profiles were collected at five different times during the experiments (before, during and
after injection of the water). We are confident in saying that the main conclusion of this research
is that GPR may easily be adapted to detect fresh water leaks in distribution systems such as
metal and PVC pipes. Although advancing digital signal processing may help refine and improve
the accuracy of results, it seems that in many cases raw data collected in the field is sufficient to
complete the test. This coupled with the real-time imaging capabilities, makes this technology
much more attractive. Added to this are the speed, simplicity of use, and the low level technical
support that is required to collect and analyze the data in the field.

An outdoor test bed is currently under construction in collaboration with Central Arkansas Water
to simulate and detect water leaks using the GPR technique. Pipes that are commonly used for
water distribution in the city of Little Rock, AR will be used for testing. The test bed will be
constructed using soil material that is representative of the region. Advanced digital signal
processing will be implemented to enhance the anomalies. We planned the new phase of
experimentation to move the research closer to the real world to further substantiate the capability
of GPR.
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