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Abstract—Ground Penetrating Radar (GPR) offers a relatively
rapid and non-intrusive method for detecting buried utilities. In

congested urban environments, where most buried uiiies are to
be found, this translates into significantly reducd disruption to

highway users and reduced risk for developers andootractors.

However, GPR performance varies significantly overlarge
geographical areas due to variations in soil type ral water
content. Therefore, GPR utility location can be pereived by
clients as largely hit-and-miss in terms of its planing, as full
information may not be known in advance for determnation of
expected penetration depths and the most appropriat signal
frequency ranges. This paper details the current sta of
predictive soil electromagnetic property mapping, fom which it

will be concluded that existing geotechnical datatses and
techniques can provide useful data on which to basgich maps.
In so doing, it also extends knowledge on the efficy of
predictive mapping for potential use internationally.

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

The location of utilities using Ground PenetratiRgdar
(GPR) provides the opportunity for relatively ragdd non-
intrusive mapping of buried infrastructure. The egpenith
which a survey can be undertaken, together withptitential
for future improvements in GPR to negate the need
truthing excavations, allows for reduced utilit&ion costs,
reduced disruption to highway users and less eomissiue to
resulting highway congestion.
effectively, GPR could be considered to contriliotéhe three
main pillars of a sustainable model: environmeatiety and
finance. The potential contribution of GPR to matig the
direct and indirect costs associated with streatksyowhich
have been estimated to be £7 billion per annumhén WK
alone [1], comprising £1.5 billion in direct consgttion costs
and as much as £5.5 billion in social costs.

However, current technology does not allow for GP
systems that can see all features, at all deptted] soils and,
according to a recent survey, potentially evenrtaecuracy
acceptable to utility-location stakeholders [2].r Hostance,
the signal velocity and penetration depth of GPR
determined by the antenna frequency and the daattri
conductivity of the ground being profiled. At a giv
frequency, the attenuation of electromagnetic gnergyeases
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with increasing moisture content [3], and the vijoc
decreases. As electrical conductivity is directated to the
amount, distribution, chemical composition, andgghéiquid,
solid, or gas) of the soil water [4], and the chyd soluble
salt contents, many significant variables conspgainst
effective GPR use in many soils. The importancewvafer
content on attenuation is demonstrated in Figurevhich
shows GPR tests carried out by the ORFEUS [5] ptpje
during measurement above a water pipeline neacitjieof
Brno, in the Czech Republic. In this example, additof
water can be seen to effectively remove reflectifsom the
GPR plots.
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R Even current projects designed to provide radical
improvements, such as the ORFEUS GPR system, and th
surface and in-pipe GPR antenna arrays being deselby

the Mapping the Underworld (MTU) project [6], while
Pushing the boundaries of technology much furtleewérd,

will still have difficulties operating in very poosoll
conditions. Therefore, to achieve the highest stedglof GPR

use, knowledge of GPR soil suitability is a crititactor in the



planning and interpretation of utility location gays.

In order to achieve the goals of predicting and pivagp the
effects of soils on GPR signals, various initiatsivare
ongoing, including those involving MTU,

the British

contents. While these limits represent gravimetwater
contents, they can be related to volumetric valiesugh
knowledge of the dry densities of soils.

Geological Survey (BGS) and ORFEUS. MTU has, since

2005, been developing and conducting tests to figats

links between geotechnical and electromagneticctsffen

soils. This has led to the formulation of an ilitancept for
inter-prediction of these properties to extend fines research
described in the literature. The work of the BG8ntlorings
with it a significant depth of knowledge on geoteichal and

geological soil properties in the UK, and geospat&abases
of such data. The ORFEUS team, for its part, has been
considering how geotechnical tests could be useprédict

GPR performance and, equally importantly, has camable
expertise on the effects of soils on high-perforeeailGPR
systems. These initiatives, when considered togetiievide

the basis for radically improving the quality ofilsdata

available to GPR practitioners in any nation whsuéable

geotechnical data are available.
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Figure 2 - Variations in signal velocity, for a Ldon Clay,

This paper will start by discussing current researdue to signal frequency and volumetric water conbertween

focussing on the prediction of electromagnetic aign

velocities in fine-grained soils. Therefore, thetgmdial for
using geotechnical and geological databases fopimgphese
soil properties is illustrated using those mairgdirby the
BGS. The paper will then conclude that geotechrdesh, and
related geospatial databases, provide a new oppiyrtto
intelligently incorporate data on prevailing saintditions into
the planning and interpretation of GPR utility l6oa
surveys.

[I. PREDICTING SOIL ELECTROMAGNETIC PROPERTIES

Utilities are usually installed at shallow depths soils
which may, for instance, be represented by Quatgroa
Tertiary sediments as gravels sands, loams, loassekRys.
Currently, development of the soil mapping initiati is
concentrating on the signal velocity variationsttbacur in
predominantly silty and clayey soils, as these ganerally
considered the most difficult to penetrate usingRGRt
varying water contents. Such variations in a hebwgdon

Clay are illustrated in Figure 2 [7] for common GPR

frequencies, and it can be seen that, even fonglesisall,
there is a significant amount of variation in sigmalocity.

However, it should be noted that the large vanetiom signal
velocities covered by Figure 2 are not necessaafy
significant relevance to field geophysics. Dry ctajis are not
generally found in the field within the burial dbptof most
utilities, and from a geotechnical perspective theguld

commonly be expected to have a water content betwes
plastic and liquid limits [8]. These limits represehe two
extremes of a soil that is dry, and non-plastiQueh to start
to break up when rolled into thin sections (thespialimit)

and wet enough to start to act as a viscous lithid liquid

limit). They are respectively markedVeind W on Figure 2.
When the signal velocity between these limits issidered, it
can be seen that there is a much smaller potdatighariation
in signal velocity within the potential range otlfi water

100MHz and 1.5GHz [7].

Understanding these limits (known as Atterberg Ldini
allows for comparison of the effects of a variefyclay soils
on signal velocities. This is illustrated in FiguBe which
shows velocities in eleven soils at their liquithits measured
using Quarter-Wavelength Analysis (QWA) [9]. Of feular
note is that these soils show a relationship, betweater
content and velocity, close to linear at high freogies, lower
frequencies showing variations also with frequekisgwn as
electromagnetic dispersion. It is important to ndtat the
variations in signal velocity due to water contexre, in
general, of greater significance than those dukggersion, at
least at the liquid limit. Also, as can be seemfiBigure 3, it
is important to remember that clays can remain iplastic
state at very high water contents: potentially tirerthan 90%
by volume, as the figure illustrates.
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Figure 3 - Signal velocities in eleven soils (11 at the
liquid limit (L00MHz to 1.5GHz): the soil shownhigure 1
is No. 7[7].

Although dispersion may not be as important a faato



signal velocity determination as water content,eitfects in properties of pore water may be constant at highuencies,
attenuating GPR signals requires that it be consitian detail regardless of changes in water content signifigatitanging
[10]. It is widely understood that heavy clay sdilave the the amount of soil particles per unit of volume. [Therefore,

greatest impact on GPR signals,
attenuation that may limit signal penetration tstja few tens
of centimetres. It is also known that these effeate
significantly greater where the soil has a largepprtion of
very small grains (e.g. clays and silts) compacethtger soil
grains (e.g. sand) [11].

When considered in detail, clays are complex sirest
comprising microscopic sheets of minerals which, y@t of
surface area, have very similar surface chargds H®vever,
in very simple terms, clays can be split into thedere the
sheets form a larger particle with many sheets tadace, and
those where the sheets exist more individually, firener
giving rise to water both between the sheets andrat the
particle, the latter predominantly being associatéti water
around sheets. This simplistic model can, of cquise
influenced by sedimentary and consolidation proegss

Soils with large amounts of inter-sheet water, saglhose
containing significant amounts of smectite claysjll w
generally exhibit significant shrinking and swejireffects
with variations in water content. The distributiof water
molecules, and how they interact within the clayrirahas a
significant effect on its properties [13] and maywbetween
inter-sheet and inter-particle locations. It migihterefore, be
expected to give rise to variations in electromdigne
properties. The potential for this can be seen igure 4,

causing significaibis possible that the two types of water desatibbove may

be a significant aspect of the ‘bound’ and ‘freeiter often
used to describe variations in soil electromagngtaperties
with changes in water content. Further researctursently
being carried out more fully to explore the dynasnaf the
pore water properties, together with their potérgensitivity
to variations in temperature. Also, it should beedothat
significant soil magnetic properties will influentiee quality
of prediction [14] and so work has also been ongdio
characterise their potential effects [15].

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

lll.  AVAILABLE GEOTECHNICAL DATA FOR MAPPING

In 1992 the Association of Geotechnical and
Geoenvironmental Specialists (AGS) established mneon

which shows the relationship between the geoteahnigyata Interchange Format (DIF) for the storage aadsfer of

parameter of percentage linear shrinkage and tigmitnde of
the dispersion (the difference in apparent pemtijtbetween
values at 100MHz and 1GHz) for nine of the soilevet in
Figure 3. Linear shrinkage essentially measuregdtaction
in length of a soil specimen as it dries from tig@itd limit to

electronic data from UK site investigation repor&lectronic
databases were modified to this format and a keangh
included litho-stratigraphic information being asisded with
depth intervals down a borehole. When associatetth wi
harmonised litho-stratigraphic descriptions, thisage format

a zero water content, and higher values are géyerglas opened up the possibility for the attributioi litho-

considered to relate to soils with significant irsaeet water. giratigraphy, and thus related geotechnical datsimaD geo-
From the simple linear fit of Figure 4, it is appar that there spatial models of the sub-surface. This approadbwal
is some relationship between the magnitude of digpe and formation studies, for example of fine soils anddstones

the shrink-swell behaviour of fine-grained soils.
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Figure 4 — Linear shrinkage in nine soils (1 tor®dall) at
their liquid limit in relation to the magnitude tfe dispersion
between 100MHz and 1GHz.

There is also evidence that the average electrostiagn

with an extensive UK distribution,
significance to engineers and planners.

The UK’s National Geotechnical Properties Database
(NGPD) is managed by the BGS and contains infoonain
many relevant UK soil and rock formations [17]. operty
attribution of 3D geo-spatial models allows growehaviour
assessments in UK geographic zones of strategiortamrce.
Current research includes the use of plasticityesistored in
the NGPD in a study of the shrink-swell behavio@irUx
clays and mudrocks which, as previously describeda
significant factor in GPR soil suitability. Dispés-related
differences in signal velocities may be of sigrfice to future
improved wide-band GPR systems able to penetratgs ¢b
significant depths. Such shrink-swell informationnda
databases can also be applied to infer shrink-srisHdl at
locations where high velocity-dispersion is enceued.

Currently, BGS has three projects relating to #age and
swelling of clay soils. One of these, the Groundiritage
Hazards project, has three main aims that havectdire

and thus of key



relevance to GPR soil suitability prediction andopiag: BGS data, and indicates that the proportion of dimehgrains
« To define and describe the distribution, propertgsl is very variable. However, as indicated by the liidest fit,
behaviour of shrink-swell susceptible clays anfine grained particles often dominate the UK sdiisy are

mudrocks; found in, especially in high liquid limit soils thenay have the
+ To model their behaviour across the UK and theltasu greatest influence on GPR, ensuring that correctedn
risk to properties and infrastructure; predictions for the presence of coarser grains beéllbased
« To develop new technologies and to improve updenerally on the minority soil fraction. For sucbrrections,
accepted shrink-swell testing methodologies. the BGS datasets also contain details of the ptimmsr of

The Ground Shrinkage Hazards project also providdese larger soil grains.
valuable additional inputs to the NGPD, and uses dhta
within it to create 3-D models of the volume chapgeential
of soils. Formation based studies have includedselt clay,
Mercia Mudstone, Lambeth Group (Reading clays)s [Géay,
London Clay and Weald Clay, ensuring good UK da
coverage.

The geographic extent of such studies depends tip®n
distribution of available data. For example, Figbta) shows
the geographical extent of plasticity data heldhe NGPD,
which relates to the Atterberg Limits, and it cam deen that
this covers the major population centres where mutbties
will be located. Considering the full database iguFe 5(b), it
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can be seen that even more data are available hér ot . . 10495 samples
geotechnical parameters, including shrinkage piatienare 0 Lt . : :

taken advantage of. However, further data wouldmsglable 0 S0 L 1QO PN 150 200

to supplement the NGPD if land developers could L. Liquid le-lt.(/o).

encouraged to provide any relevant site invesbgatiata in F19ure 6 - The percentage of soil fines in the siesip/ersus
future. their liquid limits.

A further aspect of BGS data that must be consitlése
whether the depths they represent are adequafaddicting
soil effects on GPR. If limited to very shallow dlep, such as
samples at surface level, it would not be fullyressgntative of
soils likely to be present around the utility, atod great a
depth would make the data less representative pérBaial
surface deposits. This has been investigated awnslio
Figure 7, which considers the depth to the midpoieach
soil sequence that has liquid limit data associaiial it.
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Figure 5. UK coverage of the NGPD - (a) Distributiof _8-
plasticity data and (b) Complete data coverage [7]. = -4r 1
24990 samples
In considering the use of the NGPD, and other BC 5 o . ‘
databases, it is important to consider whether dagta 0 50 100 150 200
available are adequate for use in GPR soil suitabil Liquid Limit (%)
assessment. One criticism that could be made i$ thaigure 7 - The depth range covered by the samplrsus
geotechnical properties, such as Atterberg Limitsge their liquid limit.

generally measured on samples containing onlyrtién of

soil less than, or equal to, 42% in size, but soils may often The figure shows that most liquid limit data relatethe
be much coarser. This is investigated in Figurdased on first half metre of soil, but with considerable aaiso relating



to the first metre of depth. As most utilities dngried within

data held by the BGS, that could be used to proadttitional

the first metre below ground level, and GPR willvéa data for prediction of soil data for GPR. Howenieis hoped

difficulty seeing anything deeper than this in healays, it is
apparent that the depth ranges covered by the BiEhases
are appropriate for most GPR utility location sc@®m

Another important consideration is the ground
elevation range within which data are availablenkiFigure
8, based on BGS data, it is apparent that the iajdtliquid
limit data relate to ground levels below 150m et@ra Given
the large range of elevations that prevail withia UK, this
may appear a limitation, but it must be remembéhed the
majority of population centres are located on lgimg ground
closer to sea level, largely for historical reasdiawever, full
analysis of the BGS databases has yet to be ukdartbiom
which more precise details of data limitations, amehce
future research needs, can be derived. Also, ittnmes
remembered that the BGS data relate to UK soilstiver
nations high liquid limit clays may exist at mucligher
elevations than are shown in Figure 8.
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Figure 8 - The ground level at which the samplesewaken,

versus their liquid limit.

It is also interesting to note that relationships expected
between plastic and liquid limit data for individsmils. This
fact is of particular use where plasticity data s mplete,
or where only the commonly used plasticity indequid
minus plastic limit) is available. An important gechnical
relationship is based on the ‘A-Line’ which relateg liquid
limit and plasticity index. As Figure 9 shows, B@Rsticity
data exhibit a trend almost indistinguishable friba A-Line,
which is a good indication of data quality in thdatabases.
However, the A-Line is a general representatiomnl sm does
not discriminate between soils lying close to itdathose
showing significant departures. For this reasoiis #@pparent
from Figure 9 that further work is required, prawigl
relationships for a number of soil taxonomies, riédgictions
are to be more accurate than simple use of then&:LThis
would also involve further signal velocity testirigr each
identified taxonomy, as all of the soils in Figi&dall close to
A-Line values.

There are obviously many more relationships inherethe
BGS datasets, and other databases, such as gagblsysivey

that the above discussion provides some insigbttime wide
geospatial and soil property distributions avaiatpbm which
to develop GPR suitability mapping. At first, at$t in the

levélK, this will focus on major population centres, this is

where BGS soil data are largely focussed. Howereyture,
further data could be utilised, potentially by cassing for
more data donations by developers and even frorarted
GPR data.
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Figure 9 - Comparison of the samples to the A-Line.

Furthermore, other work is also being undertakeat th
provides invaluable information on the electromdigne
properties of soils, their impact on GPR signald, dherefore,
their significance to GPR soil mapping. Dedicated
measurements and numerical analyses, undertaketheby
ORFEUS project, have shown a strong and reliabiestzdion
between the early-time recorded amplitude behavajuthe
GPR signal and the ground surface impedance (aepsop
related to permittivity and magnetic permeabilithatt
determines the amplitude of reflected GPR sign@spo, the
ORFEUS soils measurement programme has produced
detailed information about changes in the eledtpecaperties
of soils in sity, in the first metre below the surface, when
changing from a cool and wet season to a warm agd d
season. For a commercially available GPR, velocihd
attenuation profiles have been delivered and werapared
with information taken from measurements on saihgias of
100m length, each from the surface to 1m depthva#t found
that the electrical properties change by more #@0%6 within
the first metre below surface, leading to strongtival
velocity gradients, and even in a relatively dryipe grass
roots can keep the near surface conditions wettirgun a
strong impedance contrast at the ground surface.

ORFEUS has also tested the ability of current GyResns
to detect the presence of buried pipes in threferdifit test
sites, one on a grass-covered anthropogenic samdy The
tests were done in two seasons, and concernecttéetion of
metallic and plastic pipes of two different diamstburied at
different depths between 1.00m and 0.25 metre belmv
surface. The second set of tests was perform#ieiGaz de



France Suez test site (in Paris) on pre-instalipdsy and the  The work of the ORFEUS project highlights the intpace
last tests were done under real-world conditionsereral of further research to quantify the effects of swddbris-
locations near the city of Brno, in the Czech Rdpulfhese affected soils on GPR signals, in comparison to e
data will soon serve as a benchmark for improvesmerdde natural local soils in which the debris is fountdmay also,
with the newly developed ORFEUS project surface GR#tentially, provide an initial data source to difgnthe
system. degree of geospatial variation in anthropogenit lgaly to
ORFEUS has also assessed soil quality, and thebilt§f be encountered in European cities.

thereof, at the surface and in shallow depths lramrareas of From the above discussions it can be seen that the
Europe. Firstly, the natural variability was assésef mostly prediction and mapping of soil geophysical progsrtivould
Quaternary sediments forming the surface beds. r8&co involve a great deal of complex data requiring gedial
long time development of many European cities lessiited interpretation. In this regard, the work of BGSvisualising
in the formation of very thick beds of heterogereoulata three-dimensionally should also be notedh@8GS has
anthropogenic layers, as illustrated in Figure These are undertaken extensive investigation into the usesp#cialist
mostly composed of mixed materials of natural smild software (GSI3D [18] - see http://en.wikipedia.@vil/
debris, including crushed former construction materas GSI3D and Figure 12) together with BGS’s in-housdgad
shown in Figure 11. These anthropogenic materiage h visualisation suite. At present, this software i®ing
different properties, and show different behaviaompared developed for the visualisation of geological datéjch in
to natural soils in response to electromagneticraadhanical terms of surface geological deposits is highlyveafd to GPR
disturbances. soil mapping as it allows greater understandinghef soil

3 = | types and sequences prevalent at a survey sita, Alg
i viewing data within the GSI3D virtual reality wiod, it
becomes a simple task remotely to assess morphkalogi
profiles that may impact on survey work and mayegige to
local variations in soil water content (e.g. suefac
depressions).
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Figure 10 - Historic downtown of Brno, with blue rked Jfﬁ% g
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Figure 12 — An example of GSI3D use, illustrating
simultaneous visualisation of plan, cross-secticrad 3D
views of geological/geophysical data.

A further significant feature of this software, whimay be
utilised on less powerful computers than those use8GS,
is the ability to visualise simultaneously geopbgkidata,
such as GPR plots, and geological data, all inllg fhree-
dimensional view. This is illustrated in Figure 18, which
GPR plots have been superimposed on geologica] itlatan
be seen that the task of interpreting the GPR dlat&rms of
Bl e, S : A L soil-soil and soil-rock horizons, is much simpldiewWhile in

Figure 11 - An examp|e of anthropogemc |ayers feadmof itself this significantly aids GPR survey interm’ﬁaﬂ)n, the

gravels, sands and loams at Oslavany Square neaw,Br  Proposed work of MTU to incorporate utility locatioecords

Czech Republic, where a water pipeline is laid @@ho  into virtual reality interfaces will allow 3D vislisation to
courtesy of L. Svoboda). become an increasingly useful tool for GPR pramigis.



Figures 12 and 13 are the result of contributianthe BGS
3D Soils Project at Shelford, Nottinghamshire [lii]which
integrated geophysical and geotechnical investigatiwere
carried out in order to create 3D models of thdlsWvasub-
surface [20].

Figure 13 — Combined 3D visualistin of geologiaatl
GPR data in GSI3D.

IV. DiscussioN ANDCONCLUSIONS

Currently, GPR utility location operatives and arigations
can often rely on having few, or no, data on thieat$ of
prevailing soils on their surveys. Often, this nedmey will
have to plan their work, and interpret their datdhout a full
understanding of potential signal velocities andele of
attenuation:; hence they may have no data on thin adehin
which usable reflections will be received. To makatters
worse, mapping GPR soil suitability
measurements would be prohibitively expensive aadldvbe
impracticable due to the need for large-scale @nNeu
excavations through hardened surfaces.

However, it is possible to estimate potential sfiécts on
GPR, as has been demonstrated in the United Sthéés
Also, as has been discussed in this paper, it ssiple to

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

The most important conclusion that can be drawmftbe
above discussions, however, is that it is posdibldevelop
methods of predicting, even mapping, the effectsaifs on
GPR signals without extensive, and prohibitivelgtbg direct
electromagnetic measurement over wide geographiczss.
While exact details of the potential accuracy it yeknown,
and must be determined, these data could provglefisant
advances in the planning and interpretation of GRiRy
location surveys.

Finally, there can surely be many objections todffieacy
of predicting and mapping the impact of soils onREgnals.
Perhaps most notable is the impact of disturbedruground
on potential accuracy, although even under thoselitons
such predictions would, at worst, still provide wtcase
predictive data for velocity and attenuation, ewfgoroviding
limited information on potential scattering of GRRnals by
debris. However, it could similarly be argued tthegre is little
efficacy in undertaking GPR utility location surgewith little
or no information on soil effects, when extensivatad
currently exist, in an extendable form, that can thken
advantage of by the GPR community with relativalylel
effort.
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