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Metal detectors have commonly been used for landmine detection, and ground-penetrating radar (GPR) is
about to be deployed for this purpose. These devices are in"uenced by the magnetic and electric properties of
soil, since both employ electromagnetic techniques. Various soil properties and their spatial distributions
were measured and determined with geophysical methods in four soil types where a test of metal detectors
and GPR systems took place. By analysing the soil properties, these four soils were classi!ed based on the
expected in"uence of each detection technique and predicted soil dif!culty. This classi!cation was compared
to the detection performance of the detectors and a clear correlation between the predicted soil dif!culty and
performance was observed. The detection performance of the metal detector and target identi!cation
performance of the GPR systems degraded in soils that were expected to be problematic. Therefore, this study
demonstrated that the metal detector and GPR performance for landmine detection can be assessed
qualitatively by geophysical analyses.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

There are still more than 70 countries worldwide affected by
landmines and unexploded ordnance (UXO). The International
Campaign to Ban Landmines (ICBL) identi!ed at least 73,576
casualties in these countries during the past 10 years (ICBL, 2009).
Although the dissemination of landmines is considerably reduced
today, a large number buried during past con"icts still threaten the
population of affected countries.

The most common tool for detecting buried landmines is themetal
detector, which has been used for more than 50 years because of the
simple operation, relatively low costs, and high reliability of this
technique. Metal detectors operate via the principle of electromag-
netic induction (EMI) in the frequency range from 100 Hz to 100 kHz.
Commercial demining detectors typically produce an audible beep
when an object containing metal is present in a sensitive area,
although the object may not be a landmine. Consequently, an
extremely large number of false alarms may occur during clearance
operations. The sources of these false alarms include screws, nails, and
shrapnel from former bomb explosions. In addition, soil with
considerable magnetic properties can create false alarms, especially
if the frequency dependence of magnetic susceptibility is high (Das,
2006). Clearance operations are hindered tremendously because all

metal detector alarm sources must be investigated in most human-
itarian demining operations. For example, approximately 200 million
items were excavated during the clearance operation in Cambodia
between 1992 and 1998, and only approximately 500,000 items (i.e.,
less than 0.3%) were landmines or other explosive devices. With such
a slow clearance speed, an estimated 450–500 years are required to
clear all mines in theworld, which assumes that no newmines are laid
(MacDonald et al., 2003). This estimate indicates the necessity of
accelerating clearance operations.

One proposed method for this acceleration is the use of subsurface
sensing techniques in non-destructive manner that enables the
identi!cation of false alarm sources. For example, this identi!cation
allows for application of a rapid excavation process for non-explosive
devices as tested in Bushoff and Cresci (2008) which is expected to
speed up the total clearance operation. A signi!cant number of studies
have been performed on the discrimination of targets. One approach
is to analyse metal detector responses (e.g., Pasion et al., 2007;
Shubitidze et al., 2007; Throckmorton et al., 2007). Another approach
is to exploit other subsurface sensing techniques in addition to ametal
detector or as a standalone detector. Such techniques include nuclear
quadrupole resonance (NQR) (e.g., Garroway et al., 2001; Jakobsson
et al., 2005; Somasundaram et al., 2007), chemical vapour analysis/
spectrometry (e.g., Cumming et al., 2001), seismic (e.g., Sabatier and
Xiang, 2001; Scott et al., 2001; Zeng and Liu, 2001), and infrared
detection (e.g., Khanafer et al., 2003; Muscio and Corticelli, 2004).
None of the above listed technologies has been available for
humanitarian demining until now because of the complexity, high
costs, and large size of these systems.
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Ground-penetrating radar (GPR) has been considered the most
promising subsurface sensing technique for demining in combination
with a metal detector. GPR will be deployed relatively soon due to the
ability of this method to detect both metallic and non-metallic
landmines, imaging capability, simplicity, and relatively low produc-
tion cost (e.g., Bruschini et al., 1998; Brunzell, 1999; Chen et al., 2001;
Lopera and Milisavljevic, 2007). Furthermore, the capability for
imaging and post-processing data enables the identi!cation of
detected objects (e.g., Savelyev et al., 2007; Ho et al., 2008; Takahashi
and Sato, 2008). A system combining GPR and a metal detector is
commonly called a dual sensor. In the operation of such a system, the
metal detector is used as the primary sensor for detection and
localisation of metal-containing object, and the system then switches
to GPR as the secondary sensor for target identi!cation. Basically, both
sensors transmit electromagnetic !elds into the ground and measure
the returned !elds, which contain information on the target buried in
the soil. The returned !eld is disturbed if the soil has distinct magnetic
and/or dielectric properties (Das, 2006; CEN, 2008; Cross, 2008; Igel,
2008), and information on the target is not retrievable in worst cases,
whichmay result in missed landmine detections. Therefore, studies of
soil in"uence on both metal detector and GPR are very important for
assessing the productivity and safety of clearance operations.

In this paper, the relationships between soil properties and
performance of landmine detection sensors will be discussed. Soil
properties that principally affect the detection techniques and their
in"uence on these methods will be brie"y reviewed in the following
section. These soil properties were measured in the !eld during a test
campaign of metal detectors and dual sensors to observe and
demonstrate the associated correlations. According to these measure-
ments, the comprehensive evaluation of test soils for the detection
performance was accomplished. The estimation was compared to the
performance of detectors from the test campaign, and the in"uence of
soil was clearly observed.

2. In!uence of soil on demining sensors

Antipersonnel (AP) landmines (i.e., blast mines) are usually buried
shallowly or just beneath the ground surface and always surrounded
by soil. Therefore, detection techniques are usually in"uenced by soil.
There are some soil properties that have a relatively large in"uence on
metal detectors and GPR, of which the practical roles are brie"y
reviewed in this section.

2.1. Magnetic susceptibility

The magnetic susceptibility of soils is caused by the presence of
ferrimagnetic minerals, mainly magnetite, titanomagnetite, and
maghemite. Magnetite and titanomagnetite are prevalent in basic
magnetic rocks, and concentrations of these minerals may be higher
in soils than in the associated parent rock material due to residual
enrichment during soil formation processes (Singer and Fine, 1989).
This enrichment occurs because these minerals have a higher
resistance to weathering compared to a variety of other soil minerals
(Friedrich et al., 1992). Maghemite is formed during weathering and
soil genesis and is the product of magnetite oxidation (Schwertmann,
1988) or can be formed as a new mineral by dissolved iron
crystallisation (Mullins, 1977). Magnetite and maghemite can also
be formed as a result of bacterial activity (e.g., Fassbinder et al., 1990),
thermal transformation of Fe-oxides during !res (Kletetschka and
Banerjee, 1995), or may arise from anthropogenic atmospheric inputs
(Dearing et al., 1996).

Magnetic susceptibility ! is considered the most in"uential soil
property on the electromagnetic induction (EMI) technique employed
by metal detectors (Das, 2006). In general, the absolute level affects
the frequency-domain (continuous wave; CW) metal detectors, and
the frequency dependence of susceptibility has more in"uence on

time-domain (pulse induction; PI) detectors (Cross, 2008). The
normalised voltage vsoil induced in the receiving coil with a radius b
due to a non-conductive soil in half-space con!guration can be
written as (Das, 2006):

vsoil = j!0"#ab
$

2 + $

! "
m h! " !1"

where "0, #, and a are the magnetic permeability of the air, angular
frequency, and radius of the transmitting coil, respectively, and
m(h)=!

0

!
J1($a)J1($b)exp("2$h)d$ with J1, h, and $ as the Bessel

function of the !rst kind and order 1, distance to the soil, and an
integration variable, respectively. As the equation exhibits, soil with
a high magnetic susceptibility creates additional responses to metal
detectors and can be misinterpreted as a metal detection and/or
disturb response from landmines. This can result in false alarms and
missing mine detections. The majority of modern metal detectors
have a ground compensation function that aims to reduce the soil
in"uence; however, overcompensation or the wrong settings
reduce the sensitivity of metal detection, which also results in
missed mine detection.

Although magnetic susceptibility theoretically in"uences GPR, the
effect must be extremely high to in"uence the signal. For example, Jol
(2009) suggests that itmust be greater than 30,000 SI!10"5 to have an
in"uence comparable to dielectric permittivity. Soils exhibiting such
high magnetic susceptibility are extremely rare. Even tropical soils,
which often display high susceptibility, with values in this range are
exceptional (Preetz et al., 2008; Igel et al., 2009). Therefore, magnetic
susceptibility has practically no in"uence on GPR in most soil.

Investigation of soil magnetic susceptibility can easily be
performed by electromagnetic induction based measuring devices
either in the !eld or laboratory. However, the frequency dependence
may only be measured in the laboratory.

2.2. Electric conductivity

Soil can be described as a three-phase composite: the solid matrix,
pore "uid, and gaseous pore !lling. These three phases cause three
mechanisms of conduction that determine the electric conductivity of
geologic materials. The !rst is electronic conductivity caused by the
free electrons in the crystal lattice of the minerals, and the second is
electrolytic conductivity caused by the aqueous liquid in the pore
space featuring dissolved ions. These two types of conductivity are
independent of frequency over a wide range. However, the third
conduction called surface conductivity often exhibits frequency
dependence. Surface conductivity is determined from the inner
surface of the soil and is associated with the cation exchange capacity
of the material, which is typically high for clay minerals and soil
organic matters (Igel, 2007; Knödel et al., 2007).

Electric conductivity % is considered an in"uential soil property on
metal detectors, but less than magnetic susceptibility and only if
extremely high (Das, 2006). However, electric conductivity in"uences
GPR in the normal range. The property is related primarily to the
attenuation of electromagnetic waves, such that a radar signal cannot
propagate a long distance in a highly conductive medium. The depth
of electromagnetic !eld decay 1/e (~"8.7 dB) is called skin depth and
is often used to assess the penetration depth. For a slightly conducting
material, such as soil, this approximate depth is (Shen and Kong,
1995):

%# 2
&

###
'
!

r
!2"

where & and " are the absolute dielectric permittivity and magnetic
permeability of the material, respectively. The equation indicates that
electric conductivity is more in"uential on penetration depth than
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dielectric permittivity and magnetic permeability. The inverse of skin
depth is the attenuation constant in nepers per metre:

( =
1
%
N=m# $ !3"

Static electric conductivity at a location and distribution can easily
be obtained in the !eld by resistivity measurements with electrodes
and inverse calculations. The frequency dependence at low frequen-
cies can be measured by the spectral induced polarisation (SIP)
method in the !eld or laboratory.

2.3. Dielectric permittivity and water content

The liquid water phase, one of the three soil phases, can be
subdivided further into free water and bound water that is restricted
in mobility by absorption to the soil matrix surface. The relative
permittivity (dielectric constant) of air is 1 and for common minerals
in soils and rocks is in the range 4.5 to 10, while water has a
permittivity of 78.5 at 25 °C. Thus, the permittivity of water-bearing
soil is strongly in"uenced by its water content (Robinson et al., 2003).

Dielectric permittivity & more greatly in"uences GPR rather than
electric conductivity (Lampe and Holliger, 2003; Igel, 2008) and is
directly related to the soil water content, as described by the empirical
relationship, e.g., Topp's equation (Topp et al., 1980). Dielectric
permittivity de!nes the propagation velocity of the electromagnetic
wave as v = 1 =

#######
' !

p
, where " is the magnetic permeability. The

permeability of soil is often assumed to be equal to that of air, i.e.
"="0. The re"ection coef!cient of radar signals ' at the interface
between two non-conducting and non-magnetic materials can be
approximated as (Daniels, 2004):

) =
#####'1

p " #####'2
p

#####'1
p

+
#####'2

p !4"

where &1 and &2 are the permittivity of the !rst and second materials,
respectively. This expression indicates that the permittivity contrast
contributes to the re"ectivity rather than the absolute values of
permittivity.

Themeasurement of permittivity at a speci!c location can easily be
performed in the !eld, e.g., with a time-domain re"ectometry (TDR)
probe. The spatial distribution can be obtained by repeating TDR
measurements at various positions.

2.4. Heterogeneity

Soil properties always exhibit spatial variability as demonstrated
by, e.g., Butler (2003) and Igel and Preetz (2009) for magnetic
susceptibility. The spatial changes can be quanti!ed by statistical
parameters, e.g., correlation length and variability. The former
quantity indicates the spatial length of the change and the latter
represents the magnitude of changes. These parameters can be
determined by calculating the semivariogram, which is a geostatistical
analysis tool. The experimental semivariogram is described by
(Deutsch and Journel, 1992):

* h! " = 1
2N

$
N

i=1
z xi + h! ""z xi! "# $2 !5"

where h is the lag distance, or separation distance between two data
points, z(xi+h) and z(xi), and N is the number of data pairs with a
constant lag distance h from all data points xi. Typically, the
semivariance ((h) increases with lag distance h to a certain value
and then becomes constant. The lag distance and semivariance where
((h) becomes constant is called the range a and sill C, respectively.
These parameters can be determined by !tting a model and are

considered to be indications of the correlation length and variability of
the data. In this study, an exponential model given as (Deutsch and
Journel, 1992)

*̂ h! " = C 1" exp "3h= a! "# $ !6"

was employed.
The soil can be considered to be homogeneous if one or more

following conditions are met:

1) The correlation length is signi!cantly smaller or larger than the
target dimension

2) The correlation length is signi!cantly smaller or larger than the
spatial resolution of the detection technique

3) The variability is relatively small

If none of the above conditions is met, the soil is considered to be
heterogeneous and can have additional in"uence on detectors. For
example, a metal detector is compensated at one location and has no
soil response at this position. However, the compensation can be
invalid at adjacent locations where the soil has different properties,
and consequently the soil causes false alarms. For GPR, the spatial
changes in permittivity generate re"ections that can disturb mine
signatures and/or create additional responses to the radar. Further-
more, the radiation pattern of antennas is deformed (Lampe and
Holliger, 2003; Holliger and Maurer, 2004).

The spatial variation for a speci!c property can be determined by
repeating single point measurements at various locations coupled to
analyses. These measurements can only be performed in the !eld,
because soil samples cannot be brought to the laboratory and retain
the natural spatial pattern of variation.

3. Testing demining sensors

A !eld test for metal detectors and dual sensors (i.e., GPR
combined with metal detectors) was performed in Germany in 2009
(Takahashi and Gülle, 2010a,b). Four types of soil were prepared for
this test called “Laterite”, “Magnetic sand”, “Humus A”, and “Humus
B”. These test soils are described as follows:

• “Laterite” was an Fe-rich tropical weathering product, a red-
coloured clay loam whose parent rock was basalt and with low
stone content (basalt) of approximately 2–5%. Laterites are themost
common tropical soil formation and this test soil provided the same
physical and chemical features of those in the recent tropics.

• “Magnetic sand” was an arti!cial mixture of calcareous sand and
engineered magnetite to replicate high magnetic susceptibility. The
texture was coarse sand with a low content of !ne gravel (2–5%).

• “Humus A” was a loess-originated topsoil material and the texture
was loam with low !ne gravel and humus content.

• “Humus B”was a forest soil from the Bavarian Alps. The texture was
loam with a high stone content (about 30–40%) and high humus
content.

The texture and humus content of the test soils are summarised in
Table 1, and the texture triangle is shown in Fig. 1.

Landmine models were planted randomly in all soil types several
months prior to the test. For evaluating the identi!cation capability of

Table 1
Texture and humus content of test soils.

Laterite Magnetic sand Humus A Humus B

Clay [% of mineral soil] 31.5 1.3 16.6 17.1
Silt [% of mineral soil] 39.4 7.0 48.4 40.7
Sand [% of mineral soil] 29.1 91.7 35.0 42.2
Humus [% of total soil] 0.8 b0.5 2.7 12.4
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dual sensors, metal pieces that included bullets and cartridges were
also buried with the landmines. The positions of these objects were
unknown to the operators to create a blind test.

There were !ve models of commercial metal detectors and one
dual sensor in the test. Four out of these !ve metal detectors were
time-domain (pulse induction; PI) and one was frequency-domain
(continuous wave; CW) detector. Operators who were unfamiliar
with the detectors were trained by the manufacturers. The training
was conducted on an area comprising the same soil type as the test
soils and with the same test targets. At the end of the training, the
manufacturers approved that the operators were trained enough to
participate in the !eld test. During the test, the operators of the metal
detectors placed markers at the metal detection locations. The dual
sensor operators proceeded similarly, but also tried to identify the
detected objects with GPR. If the operator thought a detected object
was a landmine, amarker of another colourwas placed in the detected
position, and the type of the object was compared to the plan for
performance evaluation after test execution.

3.1. Performances of metal detector and dual sensor

The detection performance of metal detectors has been evaluated
commonly by calculating the probability of detection (POD) and false
alarm rate (FAR) (e.g., Simonson, 1998a,b; Daniels, 2010). The !rst
measure indicates howmany targets (mines and other metal objects)
were found for all buried targets, and the other measure indicates
how many false alarms (alarms created by objects that were not
targets, e.g., soil and stone) are reported in a unit area. Thesemeasures
are given as follows:

POD =
Number of detected targets
Number of buried targets

!7"

FAR =
Number of false alarms

Area searched
!8"

POD and FAR are considered absolute measures and highly subject
to the design of experiment. Two measures were additionally
introduced to assess the identi!cation performance of GPR as a part
of a dual sensor (Takahashi et al., 2009). One is FAR reduction, which
indicates howmany false alarms (caused by objects other than mines,
e.g., metal decoys and soil) obtained by the metal detector part of the
device are identi!ed and rejected correctly by GPR. The other is POD
loss, which is a measure for the number of landmines detected by a

metal detector but identi!ed and rejected incorrectly by GPR. These
measures are de!ned as follows:

FAR reduction = 1" FAR by metal detector and GPR
FAR by metal detector

!9"

POD loss = 1" POD by metal detector and GPR
POD by metal detector

!10"

FAR reduction and POD loss are measures relative to the search
result of the primary sensor (metal detector) and are not directly
in"uenced by the design of experiment, although the associated
estimation accuracies (uncertainty) are affected. FAR reduction is
expected to be high for the sake of ef!ciency improvements of
clearance operations, and POD loss must be as low as possible for
safety in humanitarian demining. Notably, the de!nition of false
alarms for metal detectors and GPR are different. The sources of false
alarms for metal detector are soil and stones, but those for GPR are
everything other than mines.

4. Soil investigations

Measurements of various soil properties were performed at the
same site and time as the detector test. All laboratory measurements
were conducted for all four types of soil; however, !eld measure-
ments for Humus A could not always be obtained. The results of these
measurements and interpretations are summarised as follows.

Notably, the textures of the test soils were apparently very
different. Humus B had higher stone and humus content than Humus
A, but these soils had higher stone content than Laterite and Magnetic
sand. Thus, these soils seemed very heterogeneous, particularly
Humus B. In contrast, Magnetic sand appeared to have a uniform
grain size distribution and be highly homogeneous.

4.1. Magnetic susceptibility

The frequency dependence of magnetic susceptibility was mea-
sured using a susceptibility bridge (Magnon VFSM) in a frequency
range from 35 Hz to 10 kHz on representative samples at the
laboratory, as shown in Fig. 2. Laterite and Magnetic sand had very
high absolute levels of magnetic susceptibility; however, only Laterite
exhibited signi!cant frequency dependence of 6% per decade.
Absolute levels of magnetic susceptibility for both Humus A and B
weremuch lower, but only Humus A demonstrated a remarkably high
frequency dependence of 7%. There are classi!cation systems for soil
in metal detector demining based on the absolute level of magnetic
susceptibility (CEN, 2003, 2008) and the frequency dependence of
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susceptibility (CEN, 2008), as shown in Table 2. The measured
property was evaluated according to the classi!cation. Due to the high
absolute level and frequency dependence, Laterite was expected to
have a serious in"uence on metal detectors. Humus A can also be
problematic because of the high frequency dependence, although the
absolute level was very low. Magnetic sand had the highest absolute
level and detection by frequency-domain (continuous wave; CW)
detectors can be dif!cult in this soil. However, the soil has no
frequency dependence and thus no serious problem was expected for
time-domain (pulse induction; PI) detectors. Humus B had a low
absolute level and no frequency dependence; therefore, this soil type
was expected to pose no problem for metal detectors.

All soils exhibited magnetic susceptibility much lower than 30,000
SI!10"5, which is a level thought to be in"uential on GPR (Jol, 2009).
Therefore, no signi!cant in"uence of magnetic susceptibility on GPR
was expected.

Spatial distributions for magnetic susceptibility of the test soils
were measured in the !eld using a susceptibility metre (Bartington
MS2 and its !eld loop MS2D) at a frequency of 958 Hz. Fig. 3 shows
the spatial distributions of the susceptibility normalised to the mean
values and Fig. 4 shows the box plots of normalised values and
semivariograms obtained using Eq. (5). The relative magnetic
susceptibility of Humus B varied much more than the susceptibility
of Laterite and Magnetic sand. However, the absolute level of
magnetic susceptibility in Humus B was much lower, as shown in
Fig. 2, and thus the absolute change was also much smaller. Deduced
correlation lengths obtained using the model Eq. (6) ranged from 34
to 45 cm and all soils exhibited similar values. Therefore, the in"uence
of test soil heterogeneity on the metal detector was expected to result
in no signi!cant difference. Table 3 summarises the measurements
and analyses of magnetic susceptibility.

4.2. Electric conductivity

The dots in Fig. 5 show the frequency dependence of test soil
electric conductivity measured in a frequency range from 0.01 Hz to
10 kHz by the SIP method (Radic-Research SIP Fuchs Lab) in the
laboratory. The measurements were performed on water-saturated
samples. A certain amount of frequency dependence can be observed.
However, the absolute levels were low, and thus no signi!cant
in"uence on metal detectors due to conductivity was expected.

Since the SIP measurement was limited to frequencies on the kHz
order, the data were extrapolated by !tting the Cole–Cole model that

Table 2
Classi!cation of soil based on the absolute level and frequency dependence of magnetic
susceptibility (CEN, 2003; CEN, 2008).

Magnetic susceptibility
at a single frequency
[SI!10"5]

Absolute frequency dependence
of magnetic susceptibility at
two frequencies (465 vs. 4650 Hz)
[SI!10"5]

Neutral b50 b5
Moderate 50"500 5"15
Severe 500"2000 15"25
Very severe N2000 N25
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Fig. 3. Spatial distribution of magnetic susceptibility for the test soils measured in 10 m
long pro!les at a frequency of 958 Hz. Magnetic susceptibility in the !gure was
normalised by the mean. Data for Humus A was not available.
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Fig. 4. Statistical analysis of the spatial variations in magnetic susceptibility. (a) box
plots and (b) semivariograms. The dots and circles in (b) indicate data points and
effective correlation lengths determined with an exponential model, respectively. Data
for Humus A was not available. Note that the semivariance of Humus B was multiplied
by a factor of 1000 for visibility.

Table 3
Summary of magnetic susceptibility measurements of the test soils in the !eld. The
measurement of the spatial distribution in Humus A was not available.

Laterite Magnetic sand Humus A Humus B

Absolute frequency dependence
in one decade (100 Hz vs.
1000 Hz) [SI!10"5]

290 7 5.3 1.3

Relative frequency
dependence [%]

6.0 0.1 7.1 1.2

Mean of spatial variation at
958 Hz [SI!10"5]

2977 3324 N/A 18.5

Spatial variation [%] 8.4 7.4 N/A 38.9
Correlation length [m] 0.41 0.34 N/A 0.45
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describes the frequency-dependent complex resistivity )(#) as
follows (Cole and Cole, 1941; Pelton et al., 1978):

+ "! " = +0 1"m 1" 1
1 + j",! "c

! "$ %
!11"

where # is the angular frequency. Parameters )0, m, *, and c are the
static resistivity, chargeability, time constant, and frequency depen-
dence, respectively. The conductivity of test soils up to GPR frequency
range (1 GHz) were obtained by estimating the model parameters, as
shown by lines in Fig. 5. The conductivity was not very high even in a
higher frequency range. The ranges of skin depths and attenuation
coef!cients were calculated with Eqs. (2) and (3) assuming "="0 for
each soil type to determine the depth that GPR can be measured in
these soils, as shown in Table 4. The skin depth ranges were calculated
from conductivity at 1 GHz, which was obtained using the estimated
Cole–Cole parameters (m, #, *, and c in Eq. (11)), and re"ect the
variations in static resistivity )0 (Fig. 6) and dielectric permittivity &
(Fig. 8). Skin depths were more than a metre in all soils. Although
losses due to the radiation spreading and scattering was not
accounted in the calculations, the penetration depths were deep
enough for landmine detection, and electric conductivity was also not
a problem for GPR in these test soils.

The spatial distributions of apparent resistivity were measured in
the !eld with a multi-channel resistivity metre (DMT Resecs) using a
3D dipole–dipole con!guration (longitudinal and equatorial) with
10 cm electrode spacing, and conductivity distributions in the
subsurface were obtained by inverting the data with RESINV3d
(www.resistivity.net), as shown in Fig. 6. Fig. 7 shows the box plots
and omni-directional semivariograms of the 2D spatial variations.
Electric conductivity ranged from 0.2 to 15 mS/m and it was low as
observed in Fig. 5. Magnetic sand showed very low variability and
very homogeneous distribution of electric conductivity. The variabil-
ity of Humus B was higher and it was more heterogeneous than other
soils in conductivity as also Fig. 6d shows. However the in"uence of
the heterogeneity in conductivity in Humus B was expected not to be
serious for both metal detector and GPR, so as other soils, since the

absolute level was fairly low. Table 5 summarises the measurements
and analyses of electric conductivity.

4.3. Dielectric permittivity

Spatial changes in dielectric permittivity were measured in the
!eld at every 10 cm interval along 10 m pro!les with a TDR (FOM/
mts, Institute of Agrophysics of the Polish Academy of Sciences), as
shown in Fig. 8. The axis of the corresponding volumetric water
content is given by Topp's equation (Topp et al., 1980). Laterite and
Humus B had higher permittivity (higher water content) than
Magnetic sand, and the higher permittivity was expected to cause
higher re"ectivity due to the dielectric permittivity of landmines
(plastic-casing, air gap, and explosives) being typically lower than the
permittivity of soil (Daniels, 2004, 2010; Lopera and Milisavljevic,
2007). However, spatial variations in these soils were also large, as
depicted in Fig. 9, and the variation was expected to create radar
responses that can falsely be interpreted as mines (Igel, 2008). The
variation was very large and the correlation length of the spatial
change was similar to the dimension of landmines, especially in
Humus B (Fig. 9b), which indicated that the GPR response from
Humus B can be similar to landmines. Therefore, the soil heteroge-
neity can result in false alarms. The lower FAR reduction rate and/or
higher POD loss in Humus B was expected because many detected
metals are likely identi!ed asmines due to the heterogeneity of soil. In
contrast, Magnetic sand had a very small spatial variation in
permittivity, as shown in Figs. 8 and 9. Thus, a very “clean” mine
response, which was distinct from the background, was expected in
this soil type. Table 6 summarises the measurements and analyses of
dielectric permittivity. In particular, estimations of correlation lengths
may be poor because the rise of the semivariograms cannot be clearly
observed.

5. Soil characterisation and performance of detectors

According to the measured soil properties and heterogeneity
shown in Section 4, the effect of test soils on the detector performance
were comprehensively estimated, as shown in Table 7, coupled to
qualitative evaluations of soil properties. Threshold values for
magnetic susceptibility and the frequency dependence for predicting
metal detector performance are provided in CEN (2003 and 2008) as a
reference (Table 2), and these values were taken into account for
classi!cation. Such thresholds are not established for GPR, and the
estimation was made according to our interpretation of the analyses
in Section 4.

Measurements with GSSI SIR-3000 and 1.5 GHz antennas were
performed on Laterite, Magnetic sand, and Humus B to con!rm the
estimated impact of the soils on GPR. The 2D pro!les are shown in
Fig. 10. In the measurement area, !ve rendered safe landmines of
Gyata-64were buried in the three soils at 0.6, 1.4, 2.2, 3.0, and 3.8 m in
position and 25, 20, 15, 10, and 5 cm in depth, respectively. The pro!le
in Magnetic sand (Fig. 10b) exhibited very clear re"ections from all
landmines in a hyperbolic shape. Moreover, the data did not have
much clutter, which indicated that the soil was homogeneous.
Re"ections from all landmines occurred in the Laterite pro!le
(Fig. 10a); however, the shapes were blurred and the amplitudes
were low, especially for deeper mines. Additionally, the re"ection of
the shallowest landmine (3.8 m in position and 5 cm in depth) was
disturbed by the surface re"ection and was dif!cult to recognise due
to the hyperbolic shape, although the burial of an object can be
inferred from the data. The higher permittivity of soil resulted in
surface re"ections that were stronger, and the rougher ground surface
broadened the time-domain response and masked re"ection from the
target. In the pro!le for Humus B (Fig. 10c), most of the re"ections
from landmines were dif!cult to recognise. Hyperbolic curves were
not clear because of the low amplitude, which was comparable to the
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Fig. 5. Frequency dependence of electric conductivity of the test soils. The dots and solid
lines show the measurements by the SIP method and the !tted Cole–Cole models,
respectively.

Table 4
Skin depths and attenuation coef!cients of test soils. Data for Humus A was not
available.

Laterite Magnetic sand Humus A Humus B

Skin depth [m] 2.2"12.3 10.5"31.6 N/A 1.3"5.0
Attenuation coef!cient [dB/m] 0.7"4.0 0.3"0.8 N/A 1.7"6.8
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background clutter. Therefore, the dif!culty of this soil for GPR was
caused primarily by the scattering loss due to soil heterogeneity.
Observation of these three pro!les agreed with our estimate of soil
impact on GPR performance, shown in Table 7.

Detection and identi!cation performances of metal detectors and a
dual sensor (GPR) were calculated from the test results as de!ned in
Section 3.1. These measures are shown in Figs. 11 and Fig. 12 with

respect to soil dif!culty according to the characterisation shown in
Table 7. Notably, the orders of soil types in the horizontal axes for
metal detector (Fig. 11) and GPR (Fig. 12) are different, since the test
soil dif!culties were graded differently for metal detector and GPR.
The performance of all the metal detector tested is shown in Fig. 11a,
which clearly indicated that POD (positive feature) decreased and FAR
(negative feature) increased with soil dif!culty. Therefore, the metal
detector performance in total became poor in soils that were classi!ed
as dif!cult in the characterisation according to geophysical measure-
ments. However, these two measures changed differently; FAR
doubled from the easiest to the most dif!cult soil, while POD dropped
by only 25% approximately. These results indicate that FAR was more
sensitive to soil properties than POD in general. In addition, the
performance is plotted separately for the time-domain (pulse
induction; PI) and frequency-domain (continuous wave; CW)
detectors in Fig. 11b. The POD of the PI detectors in Humus B (low
magnetic susceptibility), Magnetic sand (high absolute susceptibility
but no frequency dependence), and Humus A (low absolute
susceptibility but relatively high frequency dependence) were at the
same level. On the other hand, the POD of the CW detector in
Magnetic sand and Humus A were lower than that in Humus B.
Moreover, the FAR of the CW detector in Magnetic sand and Humus A
were signi!cantly higher than in Humus B, while the PI detectors
obtained the same level of FAR in these soils. In Laterite (high absolute
susceptibility and high frequency dependence), both PI and POD
detectors obtained lower POD and higher FAR than those in other
soils. The result can be interpreted as CW detector being in general
more in"uenced by the absolute level of susceptibility in comparison
with PI detectors. On the other hand, soils that have both a high
absolute level and high frequency dependence of magnetic suscep-
tibility are also problematic for PI detectors. The results support the
common knowledge on the difference between PI and CW metal

Fig. 6. Spatial distributions of electric conductivity at a depth of 5"10 cm in (a) Laterite, (b) Magnetic sand, (c) Humus A, and (d) Humus B.
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Table 5
Summary of electric conductivity measurements for test soils in the !eld. Correlation
lengths for Laterite and Magnetic sand cannot be determined.

Laterite Magnetic sand Humus A Humus B

Conductivity at 1 kHz [mS/m] 4.49 0.23 15.28 10.74
Conductivity at 1 GHz [mS/m] 4.66 0.26 16.12 11.03
Mean of spatial variation in
static conductivity [mS/m]

2.45 0.32 6.54 7.68

Spatial variation of static
conductivity [%]

19.9 1.5 5.4 22.0

Correlation length of static
conductivity [m]

N/A N/A 0.57 0.34
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detectors concerning the in"uence of soil magnetic properties as
stated in Section 2.1. In Fig. 12 that shows the GPR performance, FAR
reduction which is a positive feature was nearly constant for all test
soils, and POD loss which is a negative feature increased with soil
dif!culty. Therefore, the GPR performancewas poor for soils that were
classi!ed as dif!cult, similarly to the case for metal detectors. These
results demonstrated that the comprehensive soil characterisation

and classi!cation according to the geophysical and geostatistical
analyses agreed with the performance of detectors.

6. Conclusions

The qualitative relationships between soil properties and perfor-
mance of demining detectors were demonstrated in this study. Soil
characterisation based on geophysical measurements agreed with
detector test results: high POD and low FAR in unproblematic soil, and
low POD and high FAR in dif!cult soil for metal detectors; low POD
loss in easy soil, and high POD loss in dif!cult soil for GPR while FAR
reduction was constant. Soil properties in"uenced detection techni-
ques, and theoretically, the in"uence is not independent of each
property as some properties exhibit mutual in"uence. However, our
results estimating soil impact on detection techniques agreedwith the
test results indicating that the performance of detectors used for
landmine detection can be predicted qualitatively by observing each
soil property obtained using geophysical and geostatistical analyses.
As previously discussed, heterogeneity and spatial distributions of soil
properties in addition to properties measured at a single location are
very important to assess the detector performance, especially for GPR.
In this study, all soils would be classi!ed as unproblematic soils for
GPR according to magnetic and dielectric properties at only the single
location. However, some soils were expected to be dif!cult because of
the spatial heterogeneity and the detector test results agreed with our
soil characterisation. Therefore, soil properties for more than a single
location and spatial heterogeneity must be considered for the soil
characterisation.

The measurements and analyses of these soil properties can be
performed not only inside the mined area, but also in adjacent
representative areas with the same soil type. Therefore, the impact of
soil properties on detection techniques can be assessed before the
actual demining operations, which allows for selection of an
appropriate clearance technique. If the performance of a detection
technique is expected to be poor and the safety cannot be ensured,
another technique should be used, such as manual prodding.
Furthermore, characterising the impact of soil type on detection
techniques will allow for the better development of standalone
sensors or sensor combinations. Thus, geophysical measurements are
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Fig. 9. Statistical analysis of the spatial changes in relative permittivity. (a) box plots
and (b) semivariograms. The dots and circles in (b) indicate data points and effective
correlation lengths determined with the exponential model, respectively. Data for
Humus A was not available. Note that the semivariance in Magnetic sand was
multiplied by a factor of 100 for visibility.

Table 6
Summary of relative dielectric permittivity measurements for the test soils in the !eld.
Measurements for Humus A were not available.

Laterite Magnetic sand Humus A Humus B

Mean of spatial variation 25.6 7.5 N/A 30.3
Spatial variation [%] 18 4 N/A 19
Correlation length [m] 0.38 0.26 N/A 0.15

Table 7
Qualitative evaluation of measured soil properties and comprehensive estimation of
soil impact on the performance of detectors. $, &, and ' denote magnetic susceptibility,
electric conductivity, and dielectric permittivity, respectively.

Laterite Magnetic sand Humus A Humus B

Absolute level of $ Very high Very high Very low Very low
Frequency dependence
of $

Very high Low High Low

Spatial variation of $ Small Small N/A Very large
Absolute level of & Low Very low Low Low
Spatial variation of & Large Very small Small Large
Absolute level of ' High Low High High
Spatial variation of ' Large Very small N/A Very large

Impact on metal detector Very severe Moderate Moderate Neutral
Impact on GPR Moderate Neutral Moderate/

severe
Very severe
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very useful for landmine clearance operations with detectors as a
complementary survey.

POD, FAR, FAR reduction, and POD loss were considered during the
evaluation of demining sensor performance in this study. Soil
classi!cation might be more useful if these performance measures
are directly correlated to soil properties. However, modelling the
performance is dif!cult because these measures are not the direct
output of detectors and are subject to the interpretation by the
operator.

Only four types of soil were available for this study. Although these
four soils were assumed to represent a wide variety of natural soil
types in mine-affected countries, this was a relatively small sample
number. By collecting more samples, a classi!cation system for GPR
performance based on geophysical measurements may be estab-
lished, similarly to CEN (2003, 2008) recommendations for metal
detectors (Table 2). Such a classi!cation systemwill be very useful for
personnel involved in clearance operations that may not be familiar
with the working principles of detectors. Such studies will advance

Fig. 10. GPR pro!les in (a) Laterite, (b) Magnetic sand, and (c) Humus B acquired by GSSI SIR-3000 with 1.5 GHz antennas. Rendered safe landmines of Gyata-64 were located at
positions of 0.6, 1.4, 2.2, 3.0, and 3.8 m and depths of 25, 20, 15, 10 and 5 cm, respectively. No signal processing was applied. Data for Humus A was not available.
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the bene!t and safety of using metal detectors and GPR for landmine
detection.
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