
  
Abstract —Ground Penetrating Radar (GPR) offers a relatively 
rapid and non-intrusive method for detecting buried utilities. In 
congested urban environments, where most buried utilities are to 
be found, this translates into significantly reduced disruption to 
highway users and reduced risk for developers and contractors. 
However, GPR performance varies significantly over large 
geographical areas due to variations in soil type and water 
content. Therefore, GPR utility location can be perceived by 
clients as largely hit-and-miss in terms of its planning, as full 
information may not be known in advance for determination of 
expected penetration depths and the most appropriate signal 
frequency ranges. This paper details the current state of 
predictive soil electromagnetic property mapping, from which it 
will be concluded that existing geotechnical databases and 
techniques can provide useful data on which to base such maps. 
In so doing, it also extends knowledge on the efficacy of 
predictive mapping for potential use internationally. 

Index Terms — Soil, electromagnetic properties, signal 
velocity, geophysical mapping, Mapping the Underworld, 
ORFEUS, British Geological Survey. 

I. INTRODUCTION 

The location of utilities using Ground Penetrating Radar 
(GPR) provides the opportunity for relatively rapid and non-
intrusive mapping of buried infrastructure. The speed with 
which a survey can be undertaken, together with the potential 
for future improvements in GPR to negate the need for 
truthing excavations, allows for reduced utility location costs, 
reduced disruption to highway users and less emissions due to 
resulting highway congestion. In essence, when used 
effectively, GPR could be considered to contribute to the three 
main pillars of a sustainable model: environment, society and 
finance. The potential contribution of GPR to mitigate the 
direct and indirect costs associated with street works, which 
have been estimated to be £7 billion per annum in the UK 
alone [1], comprising £1.5 billion in direct construction costs 
and as much as £5.5 billion in social costs. 

However, current technology does not allow for GPR 
systems that can see all features, at all depths, in all soils and, 
according to a recent survey, potentially even to an accuracy 
acceptable to utility-location stakeholders [2]. For instance, 
the signal velocity and penetration depth of GPR are 
determined by the antenna frequency and the electrical 
conductivity of the ground being profiled. At a given 
frequency, the attenuation of electromagnetic energy increases 

with increasing moisture content [3], and the velocity 
decreases. As electrical conductivity is directly related to the 
amount, distribution, chemical composition, and phase (liquid, 
solid, or gas) of the soil water [4], and the clay and soluble 
salt contents, many significant variables conspire against 
effective GPR use in many soils. The importance of water 
content on attenuation is demonstrated in Figure 1 which 
shows GPR tests carried out by the ORFEUS [5] project, 
during measurement above a water pipeline near the city of 
Brno, in the Czech Republic. In this example, addition of 
water can be seen to effectively remove reflections from the 
GPR plots. 

 

 
Figure 1 – Attenuation of GPR signals: 250 MHz (deep), 700 
MHz (shallow), in wet loamy soil (left side) and at the natural 

water content (right side). 
 

Even current projects designed to provide radical 
improvements, such as the ORFEUS GPR system, and the 
surface and in-pipe GPR antenna arrays being developed by 
the Mapping the Underworld (MTU) project [6], while 
pushing the boundaries of technology much further forward, 
will still have difficulties operating in very poor soil 
conditions. Therefore, to achieve the highest standards of GPR 
use, knowledge of GPR soil suitability is a critical factor in the 
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planning and interpretation of utility location surveys. 
In order to achieve the goals of predicting and mapping the 

effects of soils on GPR signals, various initiatives are 
ongoing, including those involving MTU, the British 
Geological Survey (BGS) and ORFEUS. MTU has, since 
2005, been developing and conducting tests to investigate 
links between geotechnical and electromagnetic effects in 
soils. This has led to the formulation of an initial concept for 
inter-prediction of these properties to extend previous research 
described in the literature. The work of the BGS then brings 
with it a significant depth of knowledge on geotechnical and 
geological soil properties in the UK, and geospatial databases 
of such data. The ORFEUS team, for its part, has also been 
considering how geotechnical tests could be used to predict 
GPR performance and, equally importantly, has considerable 
expertise on the effects of soils on high-performance GPR 
systems. These initiatives, when considered together, provide 
the basis for radically improving the quality of soil data 
available to GPR practitioners in any nation where suitable 
geotechnical data are available. 

This paper will start by discussing current research 
focussing on the prediction of electromagnetic signal 
velocities in fine-grained soils. Therefore, the potential for 
using geotechnical and geological databases for mapping these 
soil properties is illustrated using those maintained by the 
BGS. The paper will then conclude that geotechnical data, and 
related geospatial databases, provide a new opportunity to 
intelligently incorporate data on prevailing soil conditions into 
the planning and interpretation of GPR utility location 
surveys. 

II.  PREDICTING SOIL ELECTROMAGNETIC PROPERTIES 

Utilities are usually installed at shallow depths in soils 
which may, for instance, be represented by Quaternary or 
Tertiary sediments as gravels sands, loams, loesses or clays. 
Currently, development of the soil mapping initiative is 
concentrating on the signal velocity variations that occur in 
predominantly silty and clayey soils, as these are generally 
considered the most difficult to penetrate using GPR, at 
varying water contents. Such variations in a heavy London 
Clay are illustrated in Figure 2 [7] for common GPR 
frequencies, and it can be seen that, even for a single soil, 
there is a significant amount of variation in signal velocity. 
However, it should be noted that the large variations in signal 
velocities covered by Figure 2 are not necessarily of 
significant relevance to field geophysics. Dry clay soils are not 
generally found in the field within the burial depths of most 
utilities, and from a geotechnical perspective they would 
commonly be expected to have a water content between the 
plastic and liquid limits [8]. These limits represent the two 
extremes of a soil that is dry, and non-plastic, enough to start 
to break up when rolled into thin sections (the plastic limit) 
and wet enough to start to act as a viscous liquid (the liquid 
limit). They are respectively marked WP and WL on Figure 2. 
When the signal velocity between these limits is considered, it 
can be seen that there is a much smaller potential for variation 
in signal velocity within the potential range of field water 

contents. While these limits represent gravimetric water 
contents, they can be related to volumetric values through 
knowledge of the dry densities of soils. 

 

 

Figure 2 - Variations in signal velocity, for a London Clay, 
due to signal frequency and volumetric water content between 

100MHz and 1.5GHz [7]. 
 
Understanding these limits (known as Atterberg Limits) 

allows for comparison of the effects of a variety of clay soils 
on signal velocities. This is illustrated in Figure 3, which 
shows velocities in eleven soils at their liquid limits measured 
using Quarter-Wavelength Analysis (QWA) [9]. Of particular 
note is that these soils show a relationship, between water 
content and velocity, close to linear at high frequencies, lower 
frequencies showing variations also with frequency known as 
electromagnetic dispersion. It is important to note that the 
variations in signal velocity due to water content are, in 
general, of greater significance than those due to dispersion, at 
least at the liquid limit. Also, as can be seen from Figure 3, it 
is important to remember that clays can remain in a plastic 
state at very high water contents: potentially to more than 90% 
by volume, as the figure illustrates. 

 

 
 

Figure 3 - Signal velocities in eleven soils (1 to 11) at the 
liquid limit (100MHz to 1.5GHz): the soil shown in Figure 1 

is No. 7 [7]. 
 
Although dispersion may not be as important a factor in 



signal velocity determination as water content, its effects in 
attenuating GPR signals requires that it be considered in detail 
[10]. It is widely understood that heavy clay soils have the 
greatest impact on GPR signals, causing significant 
attenuation that may limit signal penetration to just a few tens 
of centimetres. It is also known that these effects are 
significantly greater where the soil has a large proportion of 
very small grains (e.g. clays and silts) compared to larger soil 
grains (e.g. sand) [11]. 

When considered in detail, clays are complex structures 
comprising microscopic sheets of minerals which, per unit of 
surface area, have very similar surface charges [12]. However, 
in very simple terms, clays can be split into those where the 
sheets form a larger particle with many sheets face to face, and 
those where the sheets exist more individually, the former 
giving rise to water both between the sheets and around the 
particle, the latter predominantly being associated with water 
around sheets. This simplistic model can, of course, be 
influenced by sedimentary and consolidation processes. 

Soils with large amounts of inter-sheet water, such as those 
containing significant amounts of smectite clays, will 
generally exhibit significant shrinking and swelling effects 
with variations in water content. The distribution of water 
molecules, and how they interact within the clay matrix, has a 
significant effect on its properties [13] and may vary between 
inter-sheet and inter-particle locations. It might, therefore, be 
expected to give rise to variations in electromagnetic 
properties. The potential for this can be seen in Figure 4, 
which shows the relationship between the geotechnical 
parameter of percentage linear shrinkage and the magnitude of 
the dispersion (the difference in apparent permittivity between 
values at 100MHz and 1GHz) for nine of the soils shown in 
Figure 3. Linear shrinkage essentially measures the reduction 
in length of a soil specimen as it dries from the liquid limit to 
a zero water content, and higher values are generally 
considered to relate to soils with significant inter-sheet water. 
From the simple linear fit of Figure 4, it is apparent that there 
is some relationship between the magnitude of dispersion and 
the shrink-swell behaviour of fine-grained soils. 

 
 

Figure 4 – Linear shrinkage in nine soils (1 to 8 and 11) at 
their liquid limit in relation to the magnitude of the dispersion 

between 100MHz and 1GHz. 
 
There is also evidence that the average electromagnetic 

properties of pore water may be constant at high frequencies, 
regardless of changes in water content significantly changing 
the amount of soil particles per unit of volume [7]. Therefore, 
it is possible that the two types of water described above may 
be a significant aspect of the ‘bound’ and ‘free’ water often 
used to describe variations in soil electromagnetic properties 
with changes in water content. Further research is currently 
being carried out more fully to explore the dynamics of the 
pore water properties, together with their potential sensitivity 
to variations in temperature. Also, it should be noted that 
significant soil magnetic properties will influence the quality 
of prediction [14] and so work has also been ongoing to 
characterise their potential effects [15]. 

The above consideration of the effects of soils on GPR 
signals can be seen to provide a broad-brush method of 
predicting those effects where suitable geotechnical data are 
available. As will be seen in the next section, such data are 
available in database form, at least for much of the UK and 
potentially for urbanised areas of many developed and 
developing nations. However, where it is not available, it must 
be noted that other methods exist for GPR soil suitability 
prediction and mapping [16] that can take advantage of 
geotechnical and geological data, and which can be used in 
parallel with the methods illustrated in this paper.  

III.  AVAILABLE GEOTECHNICAL DATA FOR MAPPING 

In 1992 the Association of Geotechnical and 
Geoenvironmental Specialists (AGS) established a common 
Data Interchange Format (DIF) for the storage and transfer of 
electronic data from UK site investigation reports.  Electronic 
databases were modified to this format and a key change 
included litho-stratigraphic information being associated with 
depth intervals down a borehole. When associated with 
harmonised litho-stratigraphic descriptions, this storage format 
has opened up the possibility for the attribution of litho-
stratigraphy, and thus related geotechnical data within 3D geo-
spatial models of the sub-surface. This approach allows 
formation studies, for example of fine soils and mudstones 
with an extensive UK distribution, and thus of key 
significance to engineers and planners. 

The UK’s National Geotechnical Properties Database 
(NGPD) is managed by the BGS and contains information on 
many relevant UK soil and rock formations [17].  Property 
attribution of 3D geo-spatial models allows ground behaviour 
assessments in UK geographic zones of strategic importance. 
Current research includes the use of plasticity values stored in 
the NGPD in a study of the shrink-swell behaviour of UK 
clays and mudrocks which, as previously described, is a 
significant factor in GPR soil suitability. Dispersion-related 
differences in signal velocities may be of significance to future 
improved wide-band GPR systems able to penetrate clays to 
significant depths. Such shrink-swell information and 
databases can also be applied to infer shrink-swell risk at 
locations where high velocity-dispersion is encountered. 

Currently, BGS has three projects relating to shrinkage and 
swelling of clay soils. One of these, the Ground Shrinkage 
Hazards project, has three main aims that have direct 



relevance to GPR soil suitability prediction and mapping: 
• To define and describe the distribution, properties and 

behaviour of shrink-swell susceptible clays and 
mudrocks; 

• To model their behaviour across the UK and the resultant 
risk to properties and infrastructure; 

• To develop new technologies and to improve upon 
accepted shrink-swell testing methodologies. 

The Ground Shrinkage Hazards project also provides 
valuable additional inputs to the NGPD, and uses the data 
within it to create 3-D models of the volume change potential 
of soils. Formation based studies have included the Gault clay, 
Mercia Mudstone, Lambeth Group (Reading clays), Lias Clay, 
London Clay and Weald Clay, ensuring good UK data 
coverage. 

The geographic extent of such studies depends upon the 
distribution of available data. For example, Figure 5(a) shows 
the geographical extent of plasticity data held in the NGPD, 
which relates to the Atterberg Limits, and it can be seen that 
this covers the major population centres where most utilities 
will be located. Considering the full database in Figure 5(b), it 
can be seen that even more data are available if other 
geotechnical parameters, including shrinkage potential, are 
taken advantage of. However, further data would be available 
to supplement the NGPD if land developers could be 
encouraged to provide any relevant site investigation data in 
future. 

 

 

 
Figure 5. UK coverage of the NGPD - (a) Distribution of 

plasticity data and (b) Complete data coverage [7]. 
 
In considering the use of the NGPD, and other BGS 

databases, it is important to consider whether the data 
available are adequate for use in GPR soil suitability 
assessment. One criticism that could be made is that 
geotechnical properties, such as Atterberg Limits, are 
generally measured on samples containing only the fraction of 
soil less than, or equal to, 425µm in size, but soils may often 
be much coarser. This is investigated in Figure 6, based on 

BGS data, and indicates that the proportion of such fine grains 
is very variable. However, as indicated by the line of best fit, 
fine grained particles often dominate the UK soils they are 
found in, especially in high liquid limit soils that may have the 
greatest influence on GPR, ensuring that correction of 
predictions for the presence of coarser grains will be based 
generally on the minority soil fraction. For such corrections, 
the BGS datasets also contain details of the proportions of 
these larger soil grains. 

 

 
Figure 6 - The percentage of soil fines in the samples, versus 

their liquid limits. 
 
A further aspect of BGS data that must be considered is 

whether the depths they represent are adequate for predicting 
soil effects on GPR. If limited to very shallow depths, such as 
samples at surface level, it would not be fully representative of 
soils likely to be present around the utility, and too great a 
depth would make the data less representative of superficial 
surface deposits. This has been investigated as shown in 
Figure 7, which considers the depth to the midpoint of each 
soil sequence that has liquid limit data associated with it. 

 

 
Figure 7 - The depth range covered by the samples, versus 

their liquid limit. 
 
The figure shows that most liquid limit data relate to the 

first half metre of soil, but with considerable data also relating 



to the first metre of depth. As most utilities are buried within 
the first metre below ground level, and GPR will have 
difficulty seeing anything deeper than this in heavy clays, it is 
apparent that the depth ranges covered by the BGS databases 
are appropriate for most GPR utility location scenarios. 

Another important consideration is the ground level 
elevation range within which data are available. From Figure 
8, based on BGS data, it is apparent that the majority of liquid 
limit data relate to ground levels below 150m elevation. Given 
the large range of elevations that prevail within the UK, this 
may appear a limitation, but it must be remembered that the 
majority of population centres are located on low-lying ground 
closer to sea level, largely for historical reasons. However, full 
analysis of the BGS databases has yet to be undertaken, from 
which more precise details of data limitations, and hence 
future research needs, can be derived. Also, it must be 
remembered that the BGS data relate to UK soils: in other 
nations high liquid limit clays may exist at much higher 
elevations than are shown in Figure 8. 

 

 
Figure 8 - The ground level at which the samples were taken, 

versus their liquid limit. 
 
It is also interesting to note that relationships are expected 

between plastic and liquid limit data for individual soils. This 
fact is of particular use where plasticity data are incomplete, 
or where only the commonly used plasticity index (liquid 
minus plastic limit) is available. An important geotechnical 
relationship is based on the ‘A-Line’ which relates the liquid 
limit and plasticity index. As Figure 9 shows, BGS plasticity 
data exhibit a trend almost indistinguishable from the A-Line, 
which is a good indication of data quality in their databases. 
However, the A-Line is a general representation, and so does 
not discriminate between soils lying close to it and those 
showing significant departures. For this reason, it is apparent 
from Figure 9 that further work is required, providing 
relationships for a number of soil taxonomies, if predictions 
are to be more accurate than simple use of the A-Line. This 
would also involve further signal velocity testing for each 
identified taxonomy, as all of the soils in Figure 3 fall close to 
A-Line values. 

There are obviously many more relationships inherent in the 
BGS datasets, and other databases, such as geophysical survey 

data held by the BGS, that could be used to provide additional 
data for prediction of soil data for GPR. However, it is hoped 
that the above discussion provides some insight into the wide 
geospatial and soil property distributions available from which 
to develop GPR suitability mapping. At first, at least in the 
UK, this will focus on major population centres, as this is 
where BGS soil data are largely focussed. However, in future, 
further data could be utilised, potentially by canvassing for 
more data donations by developers and even from inverted 
GPR data. 

 

 
Figure 9 - Comparison of the samples to the A-Line. 

 
Furthermore, other work is also being undertaken that 

provides invaluable information on the electromagnetic 
properties of soils, their impact on GPR signals and, therefore, 
their significance to GPR soil mapping. Dedicated 
measurements and numerical analyses, undertaken by the 
ORFEUS project, have shown a strong and reliable correlation 
between the early-time recorded amplitude behaviour of the 
GPR signal and the ground surface impedance (a property 
related to permittivity and magnetic permeability that 
determines the amplitude of reflected GPR signals). Also, the 
ORFEUS soils measurement programme has produced 
detailed information about changes in the electrical properties 
of soils in situ, in the first metre below the surface, when 
changing from a cool and wet season to a warm and dry 
season. For a commercially available GPR, velocity and 
attenuation profiles have been delivered and were compared 
with information taken from measurements on soil samples of 
100m length, each from the surface to 1m depth.  It was found 
that the electrical properties change by more than 100% within 
the first metre below surface, leading to strong vertical 
velocity gradients, and even in a relatively dry period grass 
roots can keep the near surface conditions wet resulting in a 
strong impedance contrast at the ground surface.  

ORFEUS has also tested the ability of current GPR systems 
to detect the presence of buried pipes in three different test 
sites, one on a grass-covered anthropogenic sandy lane. The 
tests were done in two seasons, and concerned the detection of 
metallic and plastic pipes of two different diameters buried at 
different depths between 1.00m and 0.25 metre below the 
surface.  The second set of tests was performed in the Gaz de 



France Suez test site (in Paris) on pre-installed pipes, and the 
last tests were done under real-world conditions in several 
locations near the city of Brno, in the Czech Republic. These 
data will soon serve as a benchmark for improvements made 
with the newly developed ORFEUS project surface GPR 
system. 

ORFEUS has also assessed soil quality, and the variability 
thereof, at the surface and in shallow depths in urban areas of 
Europe. Firstly, the natural variability was assessed of mostly 
Quaternary sediments forming the surface beds. Secondly, 
long time development of many European cities has resulted 
in the formation of very thick beds of heterogeneous 
anthropogenic layers, as illustrated in Figure 10. These are 
mostly composed of mixed materials of natural soil and 
debris, including crushed former construction material, as 
shown in Figure 11. These anthropogenic materials have 
different properties, and show different behaviour, compared 
to natural soils in response to electromagnetic and mechanical 
disturbances. 

 

Figure 10 - Historic downtown of Brno, with blue marked 
areas of anthropogenic layers (courtesy of Geotest, a.s.). 

 

 
Figure 11 - An example of anthropogenic layers formed of 
gravels, sands and loams at Oslavany Square near Brno, 

Czech Republic, where a water pipeline is laid (Photo 
courtesy of L. Svoboda). 

The work of the ORFEUS project highlights the importance 
of further research to quantify the effects of such debris-
affected soils on GPR signals, in comparison to the more 
natural local soils in which the debris is found. It may also, 
potentially, provide an initial data source to quantify the 
degree of geospatial variation in anthropogenic soil likely to 
be encountered in European cities. 

From the above discussions it can be seen that the 
prediction and mapping of soil geophysical properties would 
involve a great deal of complex data requiring geospatial 
interpretation. In this regard, the work of BGS in visualising 
data three-dimensionally should also be noted, as the BGS has 
undertaken extensive investigation into the use of specialist 
software (GSI3D [18] - see http://en.wikipedia.org/wiki/ 
GSI3D and Figure 12) together with BGS’s in-house data 
visualisation suite. At present, this software is being 
developed for the visualisation of geological data, which in 
terms of surface geological deposits is highly relevant to GPR 
soil mapping as it allows greater understanding of the soil 
types and sequences prevalent at a survey site. Also, by 
viewing data within  the GSI3D virtual reality window, it 
becomes a simple task remotely to assess morphological 
profiles that may impact on survey work and may give rise to 
local variations in soil water content (e.g. surface 
depressions). 

 

 
Figure 12 – An example of GSI3D use, illustrating 

simultaneous visualisation of plan, cross-sectional and 3D 
views of geological/geophysical data. 

 
A further significant feature of this software, which may be 

utilised on less powerful computers than those used by BGS, 
is the ability to visualise simultaneously geophysical data, 
such as GPR plots, and geological data, all in a fully three-
dimensional view. This is illustrated in Figure 13, in which 
GPR plots have been superimposed on geological data; it can 
be seen that the task of interpreting the GPR data, in terms of 
soil-soil and soil-rock horizons, is much simplified. While in 
itself this significantly aids GPR survey interpretation, the 
proposed work of MTU to incorporate utility location records 
into virtual reality interfaces will allow 3D visualisation to 
become an increasingly useful tool for GPR practitioners. 



Figures 12 and 13 are the result of contributions to the BGS 
3D Soils Project at Shelford, Nottinghamshire [19], in which 
integrated geophysical and geotechnical investigations were 
carried out in order to create 3D models of the shallow sub-
surface [20]. 

 

 
Figure 13 – Combined 3D visualisation of geological and 

GPR data in GSI3D. 
 

IV.  DISCUSSION AND CONCLUSIONS 

Currently, GPR utility location operatives and organisations 
can often rely on having few, or no, data on the effects of 
prevailing soils on their surveys. Often, this means they will 
have to plan their work, and interpret their data, without a full 
understanding of potential signal velocities and levels of 
attenuation: hence they may have no data on the depth within 
which usable reflections will be received. To make matters 
worse, mapping GPR soil suitability using direct 
measurements would be prohibitively expensive and would be 
impracticable due to the need for large-scale intrusive 
excavations through hardened surfaces. 

However, it is possible to estimate potential soil effects on 
GPR, as has been demonstrated in the United States [16]. 
Also, as has been discussed in this paper, it is possible to 
extend such methods, where data exist, to provide more 
detailed information, particularly for problematic soils such as 
heavy clays. By using existing geospatially indexed databases, 
such as those of BGS in the UK, it is already possible to begin 
formulating a prototype mapping system. 

By encouraging greater donation of soil investigation data 
for these databases, particularly for urban developments where 
soil properties may have been significantly influenced by past 
human activity, it would also be possible to improve mapping 
resolution and quality. Potentially it could even be used as a 
template for the creation of suitable databases across Europe, 
or in any country where it is needed. Furthermore, by utilising 
soil electromagnetic testing methods, and geophysical/ 
geotechnical relationships, developed by such projects as 
MTU and ORFEUS, it would be possible to add targeted 

information for areas with poor coverage, or where necessary 
to characterise specific soils. 

The most important conclusion that can be drawn from the 
above discussions, however, is that it is possible to develop 
methods of predicting, even mapping, the effects of soils on 
GPR signals without extensive, and prohibitively costly, direct 
electromagnetic measurement over wide geographical areas. 
While exact details of the potential accuracy is yet unknown, 
and must be determined, these data could provide significant 
advances in the planning and interpretation of GPR utility 
location surveys. 

Finally, there can surely be many objections to the efficacy 
of predicting and mapping the impact of soils on GPR signals. 
Perhaps most notable is the impact of disturbed urban ground 
on potential accuracy, although even under those conditions 
such predictions would, at worst, still provide worst-case 
predictive data for velocity and attenuation, even if providing 
limited information on potential scattering of GPR signals by 
debris. However, it could similarly be argued that there is little 
efficacy in undertaking GPR utility location surveys with little 
or no information on soil effects, when extensive data 
currently exist, in an extendable form, that can be taken 
advantage of by the GPR community with relatively little 
effort. 

V. ACKNOWLEDGEMENTS 

The authors gratefully acknowledge the financial and other 
support provided by the UK’s Engineering and Physical 
Sciences Research Council (EPSRC), UK Water Industry 
Research (UKWIR) and the European Commission under its 
6th Framework Programme for Community Research. This 
paper is published with the permission of the Executive 
Director of the British Geological Survey (NERC). Soil 
electromagnetic testing and geophysical/geotechnical 
relationship data are based upon PhD research associated with 
the Mapping the Underworld (MTU) project at the University 
of Birmingham in the UK. 

REFERENCES 

 

[1]  McMahon W., Burtwell M.H. and Evans M. 2005. 
“Minimising Street Works Disruption: The Real Costs of 
Street Works to the Utility Industry and Society”. UKWIR 
Report 05/WM/12/8.  UK Water Industry Research, London. 

[2] Thomas, A.M., Metje, N., Rogers, C.D.F. and Chapman, 
D.N. 2006. "Underground utility infrastructure: improving 
sustainability through improved detectability - the 
stakeholders' perspective", 24th International No-Dig 2006 
Conference and Exhibition, Brisbane, Australia, 29th October-
2nd November (CDROM). 

[3] Daniels, D.J., 2004. Ground Penetrating Radar, 2nd 
Edition. IEE Radar, Sonar and Navigations series, Vol. 15. 
IEE pub. 

[4] McNeill, J.D. 1980.  Electrical conductivity of soils and 
rock.  Technical Note TN-5.  Geonics Limited, Mississauga, 
Ontario, Canada. 



[5] www.orfeus-project.eu, accessed 14th December 2008. 

[6] Metje, N.,. Atkins, P.R,. Brennan, M.J., Chapman, D.N., 
Lim, H.M.,  Machell, J., Muggleton, J.M., Pennock, S.R., 
Ratcliffe, J., Redfern, M.A., Rogers, C.D.F., Saul, A.J., Shan, 
Q., Swingler, S.G. and Thomas, A.M. 2007. Mapping the 
Underworld – State-of-the-Art Review. Tunnelling and 
Underground Space Technology, Vol. 22, 568-586. 

[7]  Thomas, A.M., Yelf, R., Gunn, D.A., Self, S., Chapman, 
D.N., Rogers, C.D.F. and Metje, N. 2008. “The Role of 
Geotechnical Engineering for Informed GPR Planning and 
Interpretation in Fine-Grained Soils”, 12th International 
Conference on Ground Penetrating Radar, Birmingham, UK, 
June 16-19 (CDROM). 

[8]  Craig, R.F. 1997. “Soil Mechanics - Sixth Edition”, E & 
FN Spon, London. 

[9] Thomas, A.M., Chapman, D.N., Rogers, C.D.F., Metje, 
N., Atkins, P.R. and Lim, H.M. 2008. “Broadband apparent 
permittivity measurement in dispersive soils using quarter-
wavelength analysis”, Soil Science Society of America 
Journal, Vol. 72, No. 5, 1401-1409. 

[10] Thomas A.M., Metje N., Rogers C.D.F. and Chapman 
D.N. 2006. “Ground Penetrating Radar Interpretation as a 
Function of Soil Response Complexity in Utility Mapping”.  
Proc. of 11th International Conference on Ground Penetrating 
Radar, Columbus, Ohio, USA, June 19-22, (CD ROM). 

[11] Arcone, S., Grant, S., Boitnott, G., and Bostick, B. 2008. 
"Complex permittivity and clay mineralogy of grain-size 
fractions in a wet silt soil", Geophysics, Vol. 73, No. 3, J1-
J13. 

[12] Mitchell, J.K. and Soga, K. 2005. ‘Fundamentals of Soil 
Behaviour: Third Edition’, John Wiley and Sons Inc., 
Hoboken, New Jersey. 

[13] Ball, P. 1999. ‘H2O A Biography of Water’, Phoenix, 
London, UK. 

[14] Cassidy, N.J. 2007. "Frequency-Dependent Attenuation 
and Velocity Characteristics of Magnetically Lossy 
Materials", 4th International Workshop on Advanced Ground 
Penetrating Radar, June 27-29, Naples, Italy, 142-146. 

[15] Thomas, A.M., Gunn, D.A., Nelder, L.M., Burrows, 
M.P.N., Metje, N., Rogers, C.D.F. and Chapman, D.N. 2008. 
"Electromagnetic Characterisation of a Victorian Railway 
Embankment Fill Material", 3rd International Conference on 
Site Characterization, Taipee, Taiwan, April 1-4 (CDROM). 

[16] Doolittle, J.A., Minzenmayer, F.E., Waltman, S.W., 
Benham, E.C., Tuttle J.W. and Peaslee, S. 2006. “State 
Ground-Penetrating Radar Soil Suitability Maps”, Proc. of 
11th International Conference on GPR, Ohio State University, 
Columbia, Ohio, USA 19 – 22 June (CD ROM). 

[17] Self, S. and Entwisle, D. 2006. “The structure and 
operation of the BGS National Geotechnical Properties 
Database”, Internal Report IR/06/092, British Geological 
Survey. 

[18] Kessler, H., Mathers, S.J. and Sobisch, H.-G. 2008. “The 
capture and dissemination of integrated 3D geospatial 
knowledge at the British Geological Survey using GSI3D 
software and methodology”, Computers & Geosciences, 
http://dx.doi.org/10.1016/j.cageo.2008.04.005.  

[19] Williams, J. D. O. and Scheib, A. J.,  2008.  Application 
of near-surface geophysical data in GSI3D – case studies from 
Shelford and Talla Linnfoots.  Kuras, O., Raines, M. G. and 
Burke, H. (Eds).  British Geological Survey.  Internal Report 
OR/08/068. 

[20] Tye, A. M., Ambrose, K., Williams, J. D. O, Scheib, A. 
J., Raines, M. G., Kuras, O., Kessler, H.  2009.  “Using near-
surface geophysics to aid mapping and interpretation of 
geology in a Trent landscape within a 3D geological 
framework” (In Preparation). 

 
 
 


