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The successful operation of buried infrastructure within urban environments is fundamental to the conservation of modern living
standards. Open-cut methods are predominantly used, in preference to trenchless technology, to effect a repair, replace or install
a new section of the network. This is, in part, due to the inability to determine the position of all utilities below the carriageway,
making open-cut methods desirable in terms of dealing with uncertainty since the buried infrastructure is progressively exposed
during excavation. However, open-cut methods damage the carriageway and disrupt society’s functions. This paper describes the
progress of a research project that aims to develop a multi-sensor geophysical platform that can improve the probability of complete
detection of the infrastructure buried beneath the carriageway. The multi-sensor platform is being developed in conjunction
with a knowledge-based system that aims to provide information on how the properties of the ground might affect the sensing
technologies being deployed. The fusion of data sources (sensor data and utilities record data) is also being researched to maximize
the probability of location. This paper describes the outcome of the initial phase of testing along with the development of the
knowledge-based system and the fusing of data to produce utility maps.

1. Introduction

The preservation of buried infrastructure within the urban
landscape is of fundamental importance if modern living
is to be maintained. Failure to maintain the buried infras-
tructure can rapidly result in breakdown of utility service
provision; yet traditional open-cut methods used to repair
and replace the buried utilities are inherently disruptive
to society’s functions and damaging to the carriageway
(beneath which the utilities are commonly buried), and

potentially the buried infrastructure itself. A recent UK study
estimated that street works cost the UK £7bn in lost revenues
annually; comprising £5.5bn in social costs and £1.5bn in
direct damages [1]. Open-cut practices deployed within the
carriageway constitute a significant proportion of this work,
and hence cost. Trenchless technology could be used in
place of open-cut methods when installing or repairing the
buried infrastructure, although concerns over the risk of
damaging existing adjacent utilities have limited the uptake
of these techniques (particularly those that excavate, displace,



or otherwise disturb the ground). These risks partially stem
from the inability to precisely locate all buried utilities below
the carriageway without some form of proving excavation.
Mapping the Underworld (MTU) is a research initiative that
aims to research and develop the tools necessary to locate
all utilities below the carriageway and record their position,
thereby promoting the use of trenchless technology. One of
the MTU research projects focuses on developing a prototype
multisensor platform that can be used to improve the
probability of complete detection of all buried utilities below
the carriageway.

2. Development of MTU Multisensor Device

The MTU initiative is an umbrella for several EPSRC-funded
projects that collectively aim to research and develop the
tools necessary to locate, position, and electronically record
the buried utilities, in the context of UK practices. Projects
include the development of resonant RFID tags, which can
be affixed to new utilities, or retrofitted to existing utilities
during periods of maintenance and repair, that improve
detection rate of the buried utilities when using Ground
Penetrating Radar (GPR) [2]; the development of surveying
techniques to permit the accurate positioning of utilities
in heavily built up urban environments (so-called “urban
canyons” where traditional GPS can struggle to operate); the
development of a database that integrates existing electronic
and paper records denoting utilities locations across the
utilities industry [3]. The MTU initiative also includes the
research and development of a multisensor device, a platform
that will employ four geophysical location technologies pre-
viously identified in a feasibility study [4] as being potentially
complementary and which, when intelligently combined,
should improve the probability of utility detection. The
four sensing technologies comprise GPR, vibro-acoustics,
low-frequency electromagnetic fields (LFEM), and passive
magnetic fields (PMF).

The creation of the MTU multisensor device is a novel
undertaking [4]: the authors are not aware of a platform
previously created using these four sensing technologies,
and indeed a number of the sensing technologies are being
developed from first principles for this project. However,
the construction of the multisensor device in itself does not
represent the sea change that the MTU initiative aims to
achieve; prototype multisensor devices have been created
in the past and utility location companies may also deploy
multiple geophysical detection technologies sequentially on
a site when the situation demands it. Empirical experiences
from the utility location industry would suggest the deploy-
ment of a geophysical device, or a suite of devices, without
prior knowledge of the site in question makes detection of all
utilities difficult in all but the simplest of ground conditions
and utility layouts. The ground-breaking aspect of this MTU
project arises from how the device is to be deployed and how
the data are analysed (Figure 1). The project considers two
additional streams of information that could potentially be
used to enhance the data acquired by the multisensor device:
the ground conditions encountered on site and the existing
electronic utility location records. This information will be
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incorporated into the surveying protocols developed for the
prototype device to optimise deployment and to increase the
probability that all buried utilities are located.

It is well understood that the ground conditions can have
a significant effect upon the performance of the geophysical
location technologies employed to find the buried utili-
ties, therefore in conjunction with the multisensor device,
research is being undertaken into both the relationship
between the geotechnical properties and corresponding
geophysical properties of various soils, and changes in
geophysical properties for various soils with the seasons
(or more precisely recent weather conditions) to provide
the foundations for the development of a soil evaluation
knowledge-based system. This will be used to inform the
surveyor of potential problems for one or more of the sensing
technologies on the site and facilitate the optimisation of
the deployment of the device on the site. In addition to the
focus on ground conditions, research is being undertaken to
incorporate existing utility position records into the process.
Records tend to exist for utilities buried on a given site
(presuming that the utilities present do not predate the
keeping of modern records), and whilst these records are
neither always accurate in the locations they report nor
complete, they do provide an indication of what should be
encountered when surveying the site. Research undertaken
in the VISTA project [3] has led to the development of a
common database for the utility sector and new research is
underway to use data held on the VISTA database to improve
surveying practices. Not only could the information held on
the database act as a primer, giving an indication of what
to expect when surveying the site, during the desk study,
but it could also be used as a first approximation of layout
and fused with the data emanating from the multisensor
device to produce a probability map for the layout of the
utilities. Such an approach should increase the likelihood
of detection. Furthermore, fusing the data together could
also highlight discrepancies within the electronic record,
thereby facilitating the updating of the records to improve
the electronic resource for future use.

The MTU multisensor device project is a four-year
research programme funded by the UK’s Engineering and
Physical Sciences Research Council (EPSRC) and com-
menced in January 2009. The sensing technologies for
the project are all being developed specifically for the
project, either from first principles (LFEM and PMF) or as
fundamental enhancements of the existing state of the art. By
the end of 2010 the majority of the sensing technologies had
been developed to a point where testing in field conditions
could be undertaken and the results from the initial tests are
described herein with the aim of drawing the first raft of
important conclusions for those working in this topic area.

2.1. The Sensing Technologies

2.1.1. Ground Penetrating Radar. GPR, reckoned by many to
be the mainstay of the shallow geophysical techniques used to
detect buried utilities, is being developed for two applications
in the MTU project. The first application is a traditional
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FiGure 1: Flow diagram illustrating the principles behind the MTU multisensor device.

surface-mounted GPR sensor, that is, it is configured in
“look-down” mode, while the second is an in-pipe GRP
sensor that can be equipped with transmitter (Tx) and
receiver (Rx) antennas to either “look-out” (by combining
the Tx and Rx in the in-pipe device) or “look-through”
with the Tx in pipe and the Rx mounted on the surface
(Figure 2), or indeed vice versa. The GPR being developed
for the project is configured to permit Orthogonal Frequency
Division Multiplexing (OFDM; see Figure 3), as results of
theoretical modelling suggest that swept frequency GPR
(such as OFDM) could improve detection rates [6]. Unlike
the other sensing technologies developed for the project,
which are predominantly assembled in-house or from com-
ponents purchased off the shelf, the bespoke components
of the GPR have been outsourced for manufacture and its
manufacture is only now being finalised. Initial proof testing
has therefore been restricted to a commercially available dual
frequency pulse-system GPR (250 MHz and 700 MHz) with
the aim of determining whether conflicts between the sensing
technologies arise when used in conjunction.

2.1.2. Vibro-Acoustics. The outcomes from a prior feasibility
study [8] identified that a vibro-acoustic detection system
would offer the opportunity to locate buried infrastructure,

in particular plastic pipes. Two basic deployment strategies
were identified: direct excitation of the utility (via an access
point, such as a man hole) and excitation of the ground. A
modified system would also have significant potential for use
in pipe, although this is not being researched at this stage.
Detection via pipe excitation arose from previous work
on leak noise propagation and detection [9-11], indicating
that when a leak is present, a significant amount of energy
can propagate from the pipe to the surrounding medium at
low frequencies. This energy then propagates to the ground
surface. Whilst most leaks will not generate enough energy
to significantly excite the necessary ground-borne waves,
if the fluid in the pipe is excited intentionally, the energy
propagation away from the pipe could be exploited to locate
underground pipes. The technique is depicted in simplified
form in Figure 4, with excitation of either the fluid directly
or of the pipe structure. However, it is envisaged that it
might be possible to locate buried pipe work by exciting
the ground surface in the vicinity of the pipe and detecting
the presence of waves scattered from it. When the ground
is mechanically excited, waves will propagate away from
the excitation point. Depending on the form of excitation,
different wave types will be excited in the ground and these
waves can be detected, depending of course on the frequency,
at ranges of tens of metres. However they will be scattered
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FiGuRre 2: Two GPR applications: (a) traditional look-down mode and (b) look-out or look-through mode (where Tx is the transmitter and
Rx the receiver antenna) (images previously published in Royal et al. [5]).
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FIGURE 4: Illustration of pipe detection with vibro-acoustic sensing
technology via excitation of water filled pipe (first published in [7]).

by objects, such as pipes, whose mechanical properties are
different from the soil, even if the pipes are buried several
metres deep. Detection and analysis of the scattered waves
would, in principle, allow the pipes to be accurately located.
Two possible basic configurations for this technique are
shown in Figures 5(a) and 5(b), respectively.

Previous measurements on a dedicated experimental
pipe rig [8] demonstrated that the pipe excitation method
could be successful in locating the run of a pipe when the
pipe was excited vertically at the surface with an inertial

shaker. Frequency response measurements relating vibra-
tional velocity on the ground to the input excitation
were acquired. Contour plots of spatially unwrapped phase
revealed the location of the pipe to within 0.1 m-0.2 m. Mag-
nitude contour plots revealed the excitation point and also
the location of the pipe end. By examining the unwrapped
phase gradients along a line above the pipe, it was possible
to identify the wave type within the pipe responsible for
the ground surface vibration. Furthermore, changes in the
ground surface phase speed computed using this method
enabled the location of the end of the pipe to be confirmed.

For the ground excitation, as for the pipe-excitation
method, time-extended signals are used to generate an
illuminating wave. A stacking method is then employed,
which involves the measurement of velocities on the surface
of the ground. Cross-correlation functions between the
measured ground velocities and the excitation signal are then
calculated and summed to generate a cross-sectional image
of the ground. The wide cross-correlation peaks caused
by high-ground attenuation are partially compensated for
by using a generalised cross-correlation function called the
smoothed coherence transform [12].

2.1.3. Low-Frequency Electromagnetic Fields. The LFEM sen-
sor, implemented using frequency domain processing, has
been developed from first principles for the project. It has
been included within the multisensor device since it has
the potential to complement GPR by locating utilities that
GPR would have difficulty in detecting. Examples include
small diameter plastic pipes and fibre optic cables, pipes
that lie in the blind zone of GPR, and large deep buried
infrastructure, such as deep sewers, that lie beyond the
range of traditional methods. The LFEM sensor works by
inducing a small current through the ground using capacitive
coupling, in response to which a quasistatic electric field is
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Figure 5: Illustration of pipe detection with vibro-acoustic sensing technology via ground excitation (a) offset from the utility and (b)
directly above the utility. Note that the excitation can be normal or parallel to the ground surface, or a combination of both (first published

in [7]).
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FIGURE 6: Finite element simulation of the near-surface electric field without pipes (a) and with pipe (b) (images previously published in

Royal et al. [5]).

generated. Any materials that present a contrast in electrical
properties to the soil will disturb the induced current flow
[13-18]. By using precisely controlled digital-to-analogue
signal converter generating voltages at two transmitting
capacitive plates, anomalies in the electric field near the
surface resulting from the disturbance of current density in
the ground can be detected (Figure 6) by using an ultrahigh
impedance amplifier connected to receiving capacitive plates.
The synchronisation of the anomalies detected during the
survey with the positional data for the multisensor device
during the survey allows for the prediction of the position of
the buried utilities. The depth can then be evaluated using
inversion methods analogous to techniques in resistivity
imaging [14].

The frequency selection strategy for this sensing technol-
ogy is based upon avoiding strong ambient EM fields (e.g.,
50 Hz and its harmonics) as well as interfering components
from other sensors. This can be accomplished by first meas-
uring the ambient field without active transmission across

the valid frequency range of 1Hz to 25000 Hz and adap-
tively selecting the frequency component with the least
energies. The transmission frequency must also be above
the constraint imposed by the cut-off frequency associated
with the physical dimension of the transmission plates. The
transmission frequency was 1.735 kHz in this trial.

2.1.4. Passive Magnetic Fields. The flow of current within
a buried AC power cable creates an associated oscillating
magnetic field, which the PMF sensor can detect. Current
flow within the power cable can also induce currents
within neighbouring utility pipelines or ducts made from
conducting materials, such as cast iron, and the PMF has
the potential to detect these utilities also. Programs are being
developed to use the detected signals to locate and identify
various types of buried power cable or other conducting
services. The PMF sensor comprises an array of passive
search coils arranged in a 3D configuration to detect the
magnetic field.
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FiGure 7: Illustration of the concept underpinning the detection of operational power cables using multiple passive search coils. The arrows
show the flux density distribution due to three different current distributions in the power cable. The field plots shown are for a hypothetical
untwisted cable, as the field of a more realistic twisted multi-core cable is difficult to represent in 2D.

Initially seven, though shortly to be increased to 27,
passive search coils mean that the magnetic field can be
measured at many positions simultaneously. Using simulta-
neous measurements of the flux in the various coils of the
PMF sensor allows for the estimation of the cable position
(Figure 7) by comparing the magnetic field recorded to
theoretical responses for various types and configurations of
power cables (three phase cables, single phase cables, cables
with balanced or unbalanced loads, straight or twisted cables,
etc.).

3. Outcomes from Preliminary Testing

To meet the aim of this MTU project, that is, to demonstrate
the ability to detect all utilities buried below the carriageway,
a comprehensive programme of proving trials is planned
to assess the capability of the prototype device. However,
as the sensing technologies and their deployment strategies
are being developed it is important that initial phases of
testing on sites containing simple utility layouts, with known
positions, are carried out. The first phase of testing occurred
at a site located near Blithfield reservoir in Staffordshire
(Figure 8). The test site was specifically created to permit
the investigation of leakage detection in water distribution
pipes using acoustic technologies, and as such comprises
a buried water pipe (over 100 m long) with several access
points spaced along the pipe allowing for the simulation of
leaks via a shaker or standpipe. The site also contains a buried
electricity cable, thus allowing for the testing of all sensor
types being developed for the project.

Initial site testing took place on three occasions in
July, August, and November 2010: the PMF, dual-frequency
pulsed GPR, and LFEM were deployed independently during
the first visit; the GPR and LFEM were combined on the sec-
ond occasion and the vibro-acoustics surveyed on the final
occasion. Initially the section of the site selected for testing
was surveyed with the commercial GPR using a coarse 1 m
grid, and both utilities were readily detected. Having located
the utilities” plan location and estimated the depths with the
GPR, the prototype sensing technologies were deployed. The
LFEM and vibro-acoustic sensing technologies were used to
locate the water pipe and the PMF sensor the cable. The
vibro-acoustic testing involved both pipe and ground excita-
tion methods (Figure 9), with measurements of vibrational
velocity on the ground (in three orthogonal directions, using

3-axis geophones). The geophones were deployed using a
both a grid pattern (for the pipe excitation method) and
single lines traversing the pipe (for the ground excitation
method). The grid used was 16 m long and extended 1.5m
on each side of the pipe, taking measurements every 0.5m
and using the centreline of the pipe as the baseline for the
survey; the single lines each employed 7 geophones spaced
at 1.0 m intervals. The LFEM survey was undertaken using
GPS to provided positional information instead of following
a grid pattern within the area of interest, taking the fence line
as the baseline for the survey. The PMF sensor took readings
at 16 points along a 4.5 m survey line that crosses the cable,
again taking the fence line as the baseline for the survey.

3.1. Vibro-Acoustics. Two pipe excitation methods were used
at the test site: an inertial shaker was attached at an access
point (as used in previous work by the vibro-acoustics team),
and “leak” noise was generated by opening a standpipe con-
nected at the same access point (Figure 9). It was anticipated
that, using either method, the wave predominantly excited
in the pipe would be the axisymmetric, fluid-dominated
wave [19], this being the preferred wave type. For both pipe
excitation cases, frequency response measurements relating
the vibrational velocity on the ground to the input excitation
were acquired. In the case of the shaker excitation (a 2-
minute swept sine input from 10 Hz to 400 Hz) the voltage
input to the shaker was used as a reference, while for the
“leak” noise excitation an accelerometer was located adjacent
to the standpipe (visible in Figure 9(a)), the measured
acceleration being used as the reference. It was found that the
simulated leak excited the preferred wave in the pipe more
effectively than the inertial shaker, with the straight-line
frequency-unwrapped phase behaviour evident at frequen-
cies between 30 Hz and 200 Hz at all grid locations in this
case. For the shaker excitation, the upper cut-off for some
grid locations was 100 Hz with the lower bound increasing
in some cases to around 50 Hz. Data from both excitation
types were found to be useful in inferring the pipe location,
with the data from the “leak” excitation being superior.
Contour plots of the spatially unwrapped phase for both
the vertical velocity and horizontal (aligned parallel with the
pipe) velocity measurements in the frequency range 40 Hz—
80 Hz revealed the location of the pipe for this excitation
type. Two sample frequencies (42 Hz and 72 Hz) are shown
in Figure 10. At 42 Hz, the vertical geophone measurements
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Ficure 10: Contour plots of spatially unwrapped phase for simulated leak noise in each plot, the x- and y-axes correspond to the axes
shown in Figure 8 rotated by 90 degrees; the unwrapped phase is shown in radians; the pipe runs up the centre line in each plot (a) vertical
measurements: 42 Hz; (b) horizontal measurements: 42 Hz; (c) vertical measurements: 72 Hz; (d) horizontal measurements: 72 Hz.

clearly show the run of the pipe; at 72 Hz, the horizontal
measurements show this more convincingly.

The ground excitation method employed at the test site
was similar to that used by [20, 21], using a configuration
similar to that shown in Figure 5(b); the pipe was thought
to be buried too deeply for the point measurement method
(Figure 5(a)) to be employed successfully. The ground was
excited horizontally in order to preferentially excite hori-
zontally polarized shear waves (these have been found to
give more reliable results than using compressional waves).
Directionality (a desirable feature) was achieved via extended
contact with the ground, using a rake attached to the inertial
shaker. Again a 2-minute swept sine input from 10Hz to
400 Hz was employed. The surface vibration velocity was
measured using a line of 7 geophones perpendicular to the
run of the pipe, with a spacing of 1 m. The rake was placed
in the ground so that the motion of the shaker was parallel
with the pipe, thus producing shear waves travelling across
it (the arrangement is shown in Figure 9(c)). The shaker
and rake assembly was positioned at each geophone location
in turn, thus enabling the stacking to be performed over
49 (7 x 7) source-receiver position combinations. Stacking
requires that the shear wave velocity through the ground
is known. This is calculated from the time delay associated
with peaks in the correlation function at different source-
receiver positions. Different pairs of positions will give
slightly different results so there is always some uncertainty

in the final estimated wave speed (which, of course, may vary
slightly from location to location). With this in mind, a range
of speeds was used in performing the stacking and obtaining
the final cross-sectional image. In this case, wave speeds
of 65m/s, 70m/s, 75m/s, 80 m/s, 85 m/s, and 90 m/s were
used. Figure 11 shows the cross-sectional images obtained
along with the geophone positions on the surface and
the estimated location of the pipe (black circle—obtained
from burial records). A dark red area can be seen in all
the plots in the vicinity of the black circle (Figure 11),
indicating the presence of a target. Examining the figures as
a whole it can be seen that the perceived depth of the target
increases with increases in the estimated wave speed, varying
from approximately 0.8 m at 65m/s to 1.7m at 90 m/s.
Laterally, the perceived position varies by around 0.3 m,
slightly to the right of the expected location. The precise pipe
burial location relative to the geophone positions was not
confirmed by other means at the time of testing.

The results of the testing using vibro-acoustics cor-
roborated the previous evidence of the ability to detect a
buried utility using pipe excitation and the results from the
initial ground excitation experimentation were encouraging.
The vibration results from the ground excitation contain
uncertainties and more work is needed to refine wave speed
estimation, and so forth, as well as developing possible
refinements to how the data are captured (e.g., geophone
spacing) and processed. Excitation of the ground removes the
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FiGure 11: Cross-sectional stacking images using 6 different estimated wave speeds.

requirement for access to the utility, thereby greatly improv-
ing the potential flexibility of vibro-acoustics to detect
utilities. Combining data from the different technologies
could resolve the uncertainty attributed to this approach.

3.2. Passive Magnetic Fields. A seven-search-coil assembly
was used on the test site (Figure 12). It was connected to
an eight-channel data acquisition system and was manually
moved along the heading chosen such that it crossed the
power cable. The frame was aligned to the local coordinate
system selected for the survey (the fence line in this case),
and the new position measured and entered into the data
acquisition program. These coordinates were added to the
relative positions of the coils on the frame, which are loaded
from a file. In the final prototype multisensor deice it is
envisaged that the positional information required to analyse
the PMF data will be provided by common positional sensing

technologies (which will measure changes in inclination and
azimuth with time) mounted on the platform.

Figure 13 illustrates the outcomes of the data analysis
for a section of the survey undertaken with the PMF
sensor. The image represents an error contour map, with
the contours representing the proportion of the field that
could not be explained by the magnetic field generated by
any straight cable at the plotted position. This minimum
error is generated for a cable position of y = 3.5m, an
apparent depth of 0.37 m, a heading of —12.4°, a twist rate
of —4.65rad/m; the returned error at this location is 3%.
This positional information contradicts the utility records,
which suggest that the cable position at this location is given
by y = 2.5m, with a depth between 0.4m and 0.6 m and a
heading of —13° (Figure 13). Based on the estimated currents
for the best-fit parameter values, a 3-phase factor has been
calculated. The value of this parameter can vary from zero
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FIGURe 13: Error contour map generated from the recorded
magnetic field, with the cable location most likely to occur where
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for a 2-core single-phase cable to 100% for a 3-core 3-
phase cable with a balanced load. The calculated value of
62.1% could indicate a 3-phase cable with a very unbalanced
load, a single-phase cable with substantial neutral-earth loop
current, or a single phase cable that is not straight and has
a net current. With reference to the transformer, it is visibly
evident that there is only a single-phase supply, and hence
it must be a single-phase cable. To distinguish between the
two remaining interpretations would require measurements
to be taken over a wider range of headings that cross the cable
position, whereas all the measurements used to produce
these results were taken with the support frame centred along
one heading.
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F1GURE 14: Prototype sensor platform deployed at the Blithfield test
site (illustrating the LFEM sensor).

The outcomes of the PMF testing are encouraging and
demonstrate the ability of the system to locate a power
cable in an uncluttered environment. Further development
is required for this detection technique to be effective in
more cluttered urban environments. Ultimately, it should be
possible to locate and identify different types of buried power
cables and to locate other metal utilities that carry earth
currents or currents induced by the magnetic field generated
by operating power cables.

3.3. Ground Penetrating Radar and Low-Frequency Electro-
magnetic Fields. GPR and LFEM surveys were undertaken
sequentially during the first visit to the site and were later
followed by a combined GPR-LFEM survey with the sensing
technologies mounted on a prototype platform (Figure 14).
In each of these tests the sensing technologies were deployed
using a dynamic test protocol, in which the GPR and the
LFEM sensors are pushed across the site. The GPR was
successful in detecting the two utilities of interest on the
site during the first site visit in July, when the weather had
been hot and dry for a reasonable period of time. As a result
of the ground being relatively dry, the hyperbolae visible
on the real-time display were very distinct (Figure 15(a)).
Expressing the GPR as a plan view allows for the location
of the pipe within the surveyed area to be determined
(Figure 15(b)). Plotting the GPR data in such a format
also allows for the comparison in performance of the
LFEM sensor (Figure 15(c)). The LFEM sensor has identified
anomalies within the site, as expected, and encouragement
is taken from the accumulation of anomalies detected along
the length of the pipe (highlighted by a red dotted ellipse on
Figures 15(b) and 15(c)). The anomalies detected near the
known location of the pipe (Figure 15(c)) exhibit variation
in position when plotted in a plan view. This is partly due to
the speed of survey (>0.5m/s) which limited the signal-to-
noise ratio of the collected data. This can be addressed with
increased transmission voltage in order to maximise current
flow in the ground. It also transpires that these variations can
be attributed, in part, to the positioning system employed
during the test. Two GPS systems were used with the LFEM
sensing technology: a kinematic GPS for positioning and a
secondary conventional GPS system for time synchronisation
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FIGURE 15: GPR results (250 MHz) from initial survey: (a) hyperbola returned when directly over the pipe, (b) plan view of the GPR survey
(averaged at depth slices where the hyperbolae are prominent), and (c) the LFEM survey (overlaid onto the GPS positions within the
predefined area), where a brighter region represents higher anomalous measurement.

(which was not suitable for precise positioning). Subsequent
data analysis illustrated that the data from the kinematic GPS
was corrupt, resulting in reliance on the conventional GPS
system for positioning. Significant positional errors (of the
order of one to two metres) were suspected as the brighter
pixels indicating anomalies do not align linearly in the region
where the target pipe is known to be buried. The outcome
of this test thus highlighted the need to capture kinematic
GPS data with short epochs to identify the position of the
platform when on site. This amendment notwithstanding,
the initial trial results were considered to be promising.

3.4. Potential Conflicts When Combining the Sensing Tech-
nologies. The four sensing technologies have not yet been
mounted on a single platform, although the commercial GPR
and prototype LFEM sensing technologies were successfully
combined. However, the research team has identified a
number of potential conflicts that are being addressed as the
design of the prototype multisensor platform is advanced.
The combination of the GPR and LFEM sensors created
no apparent conflicts when analysing the results. This was
attributed to a difference in survey speeds, with GPR requir-
ing milliseconds and the LFEM being developed to operate,
at least initially, in the decisecond range. This has led to the
proposal for a sequential protocol for sensor deployment,
with the GPR sensor acquiring and storing data whilst the

other sensing technologies are “passive”; analysis of the GPR
data can then take place whilst the other sensing technologies
are triggered (Figure 16). The difference between the rates
at which GPR and the other sensing technologies acquire
data makes this a feasible strategy and in large part addresses
the concerns arising from co-location of the GPR sensor.
However, the survey speeds of the LFEM, PMF, and vibro-
acoustic sensing technologies are such that it is believed
that these surveys must be undertaken concurrently to
ensure the advance rate of the multisensor platform is not
compromised.

Potential conflicts between the LFEM and PMF sensing
technologies have been identified:

(i) the magnetic fields associated with the current injec-
tion of the LFEM could be detected by the PMEF,

(ii) currents could be injected into the search coils via
stray capacitance,

(iii) the plates used in the LFEM could distort the mag-
netic field associated with the buried cables.

In order to minimise these potential conflicts, the
frequency used by the LFEM has been raised to 16.67 kHz,
thus minimising interference with the multiples of 50 Hz
that are produced by AC power transmission. Moreover,
the current injected by the LFEM technology is to be low
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FIGURE 16: Schematic representation of data acquisition, storage, and processing.

(in the milliamp range), and the capacitance plates used in
the LFEM are shielded with an aluminium cover. However,
these precautions are not without limitations: whilst the
shielding will greatly reduce the cross-coupling, it increases
the distortion of the magnetic field caused by power-
frequency eddy currents in the LFEM sensors, thereby
reducing the benefit of using more coils. The current injected
by the LFEM system will still induce voltages within the
search coils, but the high frequency of the injected current
makes it relatively easy to filter away the unwanted signal.
For the chosen frequency and amplitude of the injected
current, a minimum separation of 200 mm between the
LFEM current leads and the PMF coils should ensure that
these voltages are not significantly larger than those that the
search coils are looking for; filtering can then be used to
give adequate signal-to-noise ratios. Distortion of the field
by the presence of the LFEM sensors is a bigger problem, as
neither filtering nor time sharing will help. Simple modelling
suggests that if the PMF coils are maintained at least 640 mm
away from the LFEM plates, the distortion will be limited
to about 1%. Until these conflicts can be quantified, the
sensing technologies mounted on the multisensor platform
are to be separated to minimise the potential effects of these
conflicts. It is appreciated that a spacing of 640 mm between
LFEM and PMF sensing technologies will make the platform
relatively large, which would be undesirable for a commercial
platform. However, as the platform is being developed as
a prototype “proof of concept” device, its size is relatively
unimportant at this stage. If, when the conflicts have been
quantified, the required separation is considered too large,

alternative measures would have to be used to overcome the
problem. Potential conflicts between the vibro-acoustics and
other sensing technologies are currently being considered.

4. Intelligent Tuning of Sensing Technologies
to the Ground

The MTU philosophy contends that in order to optimise the
efficiency of the multisensor platform, the ground conditions
in which the survey is to be undertaken should be known, as
far as possible, and the implications of the ground conditions
on the performance of the sensing technologies understood,
prior to the deployment of the device on site. Such
knowledge and understanding would allow the surveyor to
identify the conditions where certain sensing technologies
will perform significantly better or worse than the others,
and thus potentially increase the probability for detection of
the utilities on the site. For example, electrically conductive
ground conditions cause significant attenuation losses of
electromagnetic signals, resulting in shallow penetration
depths for GPR. Knowing that such ground conditions
are likely to be met on site might encourage a change in
deployment of GPR from the traditional surface mounted
“look-down” surveying to the adoption of the “look-out”
or “look-through” modes of surveying with the use of the
in-pipe GPR (Figure 2). Conversely, an alternative sensing
technology, such as vibro-acoustics, might be selected as
the primary sensor, with GPR being chosen to act as a
back-up device in locations where it is deemed appropriate.
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Therefore, one of the aims of the project is to develop a
system that can be used to predict how the ground conditions
will impact on the performance of the sensing technologies
before deployment occurs.

The basis of the predictive tool being researched thus
relies upon information on the ground conditions at any
specific location, which in itself is not straightforward
due to the type of information commonly available. The
geotechnical properties of shallow ground conditions can be
relatively well characterised within the UK. Databases such
as the National Geotechnical Properties Database (NGPD
maintained by the British Geological Survey, BGS [22] and
the soil properties map (maintained by the National Soil
Resources Institute and geared towards agriculture science),
along with data published in the literature, comprise a large
collection of soil properties nationwide. However, whilst
geographical variation in soil properties within the databases
is apparent, there is little readily available information on
the seasonal variation in soil moisture content, a factor
that directly affects soil electromagnetic properties [23].
In addition, the geophysical properties of soil are often
poorly characterised, with limited information within the
public domain. The geotechnical (and limited geophysical)
property data available within databases and the litera-
ture are predominately based upon drilling records and/or
site/laboratory investigations. Whilst the information will
act as an informative guide for the nature of the likely
soil formation(s) to be encountered, the data only strictly
relate to the specific site originally investigated. Moreover,
the heterogeneous nature of soil, the natural variations
in properties with depth, and the many anthropogenic
alterations to the ground in urban areas suggest considerable
potential variation and thus the information is indicative
only.

While a simple prediction model for soil behaviour on a
site would be desirable, it is believed that such an approach
alone would struggle to predict the impact of the ground
conditions on the performance of the sensing technologies.
Instead it is proposed that a system with the ability to
interpret a wide range of available information be adopted,
drawing on a wide knowledge base that utilises any available
input parameters in order to predict the electromagnetic
properties of the ground. In turn, these need to be robustly
related to the performance of the sensing technologies. This
is the key motivation for implementing a knowledge-based
system (KBS) approach for this work. The design of the
KBS is illustrated in (Figure 17). The main output from the
KBS is the prediction of the geophysical properties associated
with individual sensing technologies. This data can be used
to guide the survey by providing prior estimates of the
suitability of individual sensing technologies to a survey
site. The fine-tuning of the sensing technologies can then
be carried out locally using estimates of ground properties
obtained from the KBS together with those inferred from
individual sensing technologies and (where possible) the
results of in situ tests that directly measure geophysical
ground properties.

There are three key inputs to the KBS to be used alongside
expert, a priori knowledge: the link between available
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geotechnical properties of the soil and its electromagnetic
properties, the seasonal variation of the soil moisture
content with depth, and the opportunistic approximation of
soil properties based upon individual sensing technologies
and in-situ tests. As stated previously, the availability of
geophysical properties of a soil are typically limited, therefore
additional research is being undertaken to develop test
apparatus to readily measure the geophysical properties of
various soils and further the understanding of the correlation
between geotechnical and geophysical properties of soil
technologies [24-28]. Research is also being undertaken to
broaden the understanding of the relationships between
changing seasons and recent weather, variations in soil
water content profiles with depth [23], and the resulting
geophysical properties for various soil types.

4.1. Linking Soil Geotechnical Properties to Its Electromagnetic
Properties. The literature on soil electromagnetic properties
presents a number of modelling and prediction methodolo-
gies. A review of these can be found in [29]. In the KBS, the
model being adopted is the semiempirical mixing model that
relies upon soil composition and moisture content, based
upon the work of Peplinski et al. [30], Mironov et al. [31],
and Dobson et al. [32]. The choice of this model is desirable
given the availability of soil composition data from the
NGPD, while soil classification tests are routinely performed
on soil samples extracted in association with construction
work being carried out in urban areas. The KBS should,
and can, allow for the incorporation of additional modelling
methodologies as well as the refinement of integrated
models. Therefore, the choice of this semiempirical model
presents a starting point for the implementation of the KBS
and does not define its limitation.

Testing was undertaken at the Blithfield site using time
domain reflectometry (TDR) and a coaxial sensor (devel-
oped for the project), in conjunction with the semiempirical
model. A soil composition of 30% sand, 65% silt, and 5%
clay was used in the model, based upon the particle size
grading as specified in ISO 14688 for the identification and
classification of soil. The bulk density was estimated to be
1.2 Mg/m?, while a volumetric water content of 8.2% was
calculated by applying the model by Topp et al. [33] to the
in-situ measurement carried out with the TDR. The complex
permittivity predicted is shown in Figure 18, with the result
demonstrating good agreement with the values obtained
from the direct measurement of soil electromagnetic prop-
erties using coaxial probes, as described below.

The seasonal variation of soil moisture content can also
be modelled and predicted. The work by Saxton et al. [34]
and Saxton and Rawls [35] is being used as the basis for
empirical modelling of soil water characteristics based upon
soil composition. Assuming a noncovered surface, this model
enables the prediction of water infiltration rate with respect
to depth, and subsequently the variation of soil moisture
content caused by weather events. A total of four long-term
monitoring stations that measure the apparent permittivity
and conductivity of the soil are being installed on sites with
different soil composition [23]. Data collected from these
monitoring stations are expected to provide experimental
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FiGure 18: KBS modelled complex permittivity of the soil at the
Blithfield test site at depth of 280 mm.

comparisons and validation of the model applied herein.
This model was not necessary for the Blithfield test site as
the moisture content was measured in-situ with a TDR. A
simple test site has also been constructed at the University
of Birmingham using TDR probes to measure changes with
water content in a soil with depth and season.

While analytical models are useful in providing an esti-
mation of soil conditions, they remain a generalised solution
for a very wide set of unique input parameters. Therefore,
as part of the KBS strategy (Figure 17), opportunistic
approximation and input based upon expert knowledge and
experience should be taken into account. As the LFEM sensor
produces a measure of apparent resistivity, it may be possible
to derive an estimate of electrical conductivity of the soil
while a survey is being carried out, or very soon after. A

sensing technologies’ performance, not only to provide an
experimental means to validate and quantify the predictions
of the KBS, but also to contribute to the body of knowledge
that underpins the direct study of soil electromagnetic
properties. This involves the design of sensing devices and
techniques specifically for the direct measurement of soil
electromagnetic properties in situ.

The dependence of utility location technologies such as
GPR on the electromagnetic properties of the soil can be
explained by (1) [36], where L represents the attenuation
losses due to the soil, R is the distance from the GPR antennas
to the target, f the frequency in Hz, ¢ the speed of light in
a vacuum, tan§ the loss tangent of material, ¢, the relative
permittivity of material, & the absolute permittivity of free
space (8.854 x 107'?farad/m), u, the relative permeability
of material (for the underground applications considered
herein the permeability is usually 1), and yo the absolute
permeability of free space (47 x 10”7 Henry/m). The research
undertaken in this area for the project has concentrated on
obtaining the relative permittivity ¢, of various soils. Several
semiempirical models based on soil composition have been
developed to predict the permittivity of soils [29, 30, 36]. Due
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FIGURE 19: The measured permittivity at 280 mm depth at the
Blithfield test site, using the open-ended coaxial probe (July 2010).

to the nature of the semiempirical approach, the accuracy
of the models is highly dependent upon and restricted by
the soil types used to develop the models, which means
other soils with different compositions are predicted with less
accuracy

L= 2010g10<2 X R x #\/%(\/1 T tan?d — 1))
(1)

The TDR technique [37] is well developed and widely used in
measuring the apparent permittivity of soils. It is noted that
this approach gives a single permittivity value over a range
of frequencies, which means the dispersive characteristics
of lossy soils along the frequencies cannot be explained.
More recent frequency domain techniques such as resonant
cells and open-ended coaxial probes can measure this over
a defined frequency range [38]. In particular, the resonant
cell was used to measure the properties of fine-grained soils
[26], while coaxial probes are used to carry out localized
soil measurements. A large open-ended coaxial probe was
built to measure various types of soils, including Leighton
Buzzard sand, Oxford clay, and soil samples from the trial
site. The analytical approach is used to calibrate the probe,
and the results show good agreement between the coaxial
probe and TDR, while the dispersive characteristics of soils
are explained by the coaxial probe. As one example, the
complex permittivity of soils at a depth of 280 mm at the
Blithfield test site is shown in Figure 19. The TDR measured
apparent permittivity was 4.74 at the same depth. The coaxial
probe was also tested at another field site on the campus
at University of Birmingham in July 2010 with similarly
encouraging results, the comparison between the coaxial
probe and TDR being shown in Table 1.

The design of flangeless open-ended coaxial probes with
curved surfaces is also being investigated. The degree of the
curvature (concave and convex) of the surface is selected to
be about 16°, in which case the probes with these curved
surfaces can still be modelled using the quasistatic approach
that has been widely used for the probes with flat surfaces.
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TaBLe 1: Comparison between the measured real part of the
permittivity and apparent permittivity by the coaxial probe and
TDR at a test site at the University of Birmingham.

Coaxial probe TDR
At 10 cm depth 2-3 1.8
At 110 cm depth 5-8 6.8

The probes with curved surfaces are of potential value in
applications where such probes must be assembled onto
drilling devices widely used in fieldwork.

5. Fusion of Sensor Data with
Buried Asset Records

5.1. Buried Utility Pipeline Mapping Based on Street Surveying
and GPR. Utility maps are often produced from a combina-
tion of street surveys and geophysical scans. The surveyors
will routinely investigate the on-site street furniture, such as
manholes, as this is useful information regarding the utilities
on site. Identification of street furniture positions provide
information that can fit the utilities to a known surface
location (assuming that the manholes are still in use and are
connected to services) and provides information on the pos-
sible direction of these pipes as a starting point for a survey.
However, this information is insufficient when producing
utility pipeline maps as the underground environment is
typically crowded and utilities do not necessarily transit
directly between access points; bends, changes in direction,
changes in depth, and tee-junctions could all conceivably
occur between the known locations (assuming that the utility
in question indeed runs between the these access points).
Thus GPR and other geophysical surveying techniques will
be usually employed to verify these hypotheses.

By combining the street survey and GPR data a utility
map can be generated, employing techniques akin to those
used in robotics [39]; in robotics new sensor measurements
are associated with existing map landmarks before fusing
data into the map. The problem can be viewed as a search
problem in the space of observation-feature correspondences
[40]. When mapping utilities, the data association is the
connection of the observed manhole and GPR detection, that
is, determining the pipes among the observed information
from manholes and GPR data analysis. The map connecting
problem is critical as a single incorrect association can
induce divergence into the map estimate, often causing
catastrophic failure of the algorithm. When developing the
utility mapping algorithm for the project, two approaches
were employed: Nearest Neighbour standard filter and Joint
Compatibility Branch and Bound (JCBB) methods.

The Nearest Neighbour standard filter simply takes the
nearest validated measurement to connect the map. The pipe
will be regressed from the starting point to the possible
ending point. The uncertainty of the starting point will
be regressed to the ending point area. The two points are
connected only when the Mahalanobis distance [42] (the
distance measured based on correlations between variables
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Figure 20: Utility maps for water utilities, (top) drawings from site survey, and (bottom) projections from modelling (created using JCBB)

(images previously published in Chen and Cohn [41]).

by which different patterns can be identified and analysed)
of two survey points (either manhole or GPR with pipe
direction) is smaller than a threshold, that is, the validation
gate. The validation gate is obtained from the inverse
cumulative distribution at a significance level (typical values
are 0.95 or 0.99; for this research 0.99 has been adopted
as the significance level). The Nearest Neighbour algorithm
uses individually compatible pairings to connect the maps,
yet individually compatible pairings are not guaranteed
to be jointly compatible to form a consistent hypothesis.
Even if street observations and GPR analysis results are
independent, correlations in the uncertainty of manhole
locations might be present. The JCBB method addresses
this issue by measuring the joint compatibility of a set of
pairings and rejects spurious matching, thus is considered
more robust in complex environments [43]. When dealing
with the first manhole (where the GPR data and manhole
location data are correlated), JCBB is preferable to Nearest

Neighbour because the utilities entering the manhole often
follow roughly similar directions and thus the uncertainties
of these estimations are not independent. However, although
JCBB is considered to be more accurate than the Nearest
Neighbour method, it is more time consuming as it under-
takes a relatively “global” search of the joint compatibility,
controlled by the “branch and bound” method.

An experimental study was undertaken to assess the per-
formance of the Nearest Neighbour and JCBB methods using
site-based data, comprising a street survey and GPR survey
for two sites (Figure 20). In each case the GPR is moved
forward 3m (d = 3m) for each scan and the uncertainty
was selected as 0.2m for manhole location and 0.4 m for
GPR point scans. In terms of uncertainty for pipe directions,
8° and 15° were selected for manhole observation and GPR
scans, respectively (providing that the pipe direction could
be identified using the approach outlined above), although
if the GPR scans prove that the uncertainty selected was
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inconsistent for part of the model then this uncertainty can
be increased. JCBB and Nearest Neighbour were used to
create the utility maps for both sites (Figure 20) and it is
apparent that JCBB made three errors on the first site and
none on the second, compared to eight errors and two errors
for the two sites, respectively, using Nearest Neighbour. JCBB
required 4.3 s and 2.1 s to produce the model for site one and
two, respectively, compared to 0.06s and 0.05s for Nearest
Neighbour for the same sites.

The data fusion algorithm proposed herein aims to
fuse data from several different sensors and to generate
a consistent and complete map. The proposed algorithm
contributes to an important practical application by largely
automating the process of generating utility maps from
surveys by combining sensor data and street observations.
Given the extent of invasive street works in most countries,
this has considerable potential for application.

Future work will initially focus on further trials with
real data and using actual utility records. Research will also
be undertaken on the incorporation of data from other
sensors such as vibro-acoustic and LFEM. Finally, although
at present the system operates off line as a research prototype,
the eventual goal is on-board operation, giving real-time
mapping, and also the possibility of directing the operator
to take further readings in the area of most uncertainty.

6. Conclusions

The MTU multisensor device project focuses not only on the
development of the multisensor platform, but also intelligent
combination of the sensors’ outputs with information on
the properties of the ground, via the development of a
KBS, as well as utility companies’ record data. It is widely
reported that the deployment of a single geophysical sensing
technology, or a sequential use of sensor technologies, is
unlikely to locate all utilities in all but the simplest of utilities
layouts and/or most favourable ground conditions. By fusing
the datasets from the various sensors; by incorporating
information on ground conditions to be encountered into
the deployment strategy and assessing the ground conditions
during the survey (thus understanding how the ground will
influence the various sensing technologies); and by fusing the
resultant data with existing utility records, the probability
of being able to detect all utilities on a site will markedly
increase.

The development of the sensing technologies has reached
the stage where initial testing was undertaken and the
findings provide important leads for those seeking to opti-
mise individual sensor technologies or seeking to combine
sensors to improve detection rates. The results from the three
prototype sensing technologies proved very encouraging.
Excitation of the water-filled pipe resulted in the detection
and accurate plan location of the pipe using the prototype
vibro-acoustic sensing technology, and significant potential
was shown when the ground away from the pipe was
excited. The prototype LFEM sensing technology detected
anomalies that appear to correlate with those detected by
the commercially available GPR, while the prototype PMF
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sensing technology located the position of the power cable
crossing the site, that is, in the plane of cross-section, with a
high degree of accuracy and confidence.

The KBS is under development, with research currently
focused on developing correlations between geotechnical and
geophysical properties of various soils and the changes in
geophysical properties with the seasons and recent weather.
The coaxial probe, developed to provide a means of direct
measurement of the geophysical properties of the soil on site
and thus inform the KBS of conditions on site, performed
well and achieved values for the measured parameters that
were close to the more traditional TDR approach. Research
investigating the fusion of street survey and utility record
data with GPR data to produce utility maps is producing
encouraging results.
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