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Abstract

Most sensors for the detection of buried landmines are influenced by the properties of the
soil that surrounds the mine. The temporal and spatial variability in soil properties
accounts for a significant part of the detection uncertainty that is associated with most
sensors. In particular, most sensor types (e.g., ground-penetrating radar, thermal infrared
cameras, and chemical sniffers) are affected by the water content of the soil. However,
each sensor type reacts in its own way to variations in soil water content and other soil
properties. The resulting variation in sensor performance has serious implications for
sensor fusion operations. We show how knowledge of soil physics can contribute to a

better understanding of sensor performance and can lead to improved data fusion.
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1 Introduction

Landmines pose a serious threat to the society in around 90 countries in the world (ICBL
2001). Although research on how to detect and dispose of landmines started in the early
half of the 1900’s (BWO 1947, Das et al. 2003), the field of humanitarian demining is
only some 20 years old. In recent years, the case for a landmine free world has become
stronger, but serious efforts are still needed to develop new and to improve existing
technologies that can help in identifying landmine fields, and in detecting and clearing
the landmines (MacDonald et al. 2003). Currently, electromagnetic induction sensors
(metal detectors) are the only technology that is routinely used in humanitarian demining
operations. However, they are mostly of use in detecting metal cased mines. Low-metal

landmines are very difficult to detect using metal detectors.

Detection techniques for buried low-metal landmines that are in development can be
grouped in 3 main categories: (i) sensors that ‘see’ an image of the landmine through
scattering, (ii) sensors that detect anomalies at the surface or in the soil, and (iii) sensors
that detect the landmine explosives or chemicals that are associated with the explosives.
Most if not all of these sensors are affected to some degree by soil conditions (Das et al.
2003, Hendrickx et al. 2003b) (table 1). The performance of a sensor under specific soil
conditions can be predicted using a thorough understanding of the physics of the soil-
mine-sensor system. In this paper we will focus on soil properties that affect the
performance of metal detectors, active microwave (category 1), passive infrared

techniques (category ii), and chemical sniffers (category iii).
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Previous work has shown the effect of spatial and temporal variability in the soil-mine
system. A significant part of the variability in landmine signatures can in fact be
attributed to the temporal and spatial variability that is present in soils. Soil data from a
wide range of environmental settings (temperate, tropical, and desert) show that soil
water content varies widely and over distances of less than one meter (Bauters et al.
2000, Hendrickx et al. 2001, Wilson et al. 2003). This variability has important
implications for sensors that are affected by the soil water content, as their performance
may be variable over short distances. A thorough understanding of soil physics may

explain the variability in the performance of different sensors for landmine detection.

Sensor fusion operations combine different detection methodologies to reduce false alarm
rates and to improve mine detectability (Gunatilaka and Baertlein 2001). However, the
performance of most landmine detection sensors is related to sometimes the same (e.g.
soil water content) soil properties (Hong et al. 2001). Moreover, each sensor will react in
its own particular way to variations in one soil property. The fact that the reliability of
each sensing method may vary over time and distance has important implications for

sensor fusion.

The goal of this paper is to give an overview of soil effects on different landmine
detection sensors with special emphasis on electromagnetic induction, active microwave,

passive infrared, and chemical detection techniques. Also we will discuss the



implications of time and space variability of detection performance for data fusion

operations.

2 Soil properties

The purpose of this section is to provide a succinct introduction to soils and their
properties as well as to sources of soil information. Soils are complex natural bodies
made up of a heterogeneous mixture of mineral particles, organic matter, liquid and
gaseous materials. Soils vary from location to location as a result of soil forming
processes that depend on geological parent material, topography, climate, plant and
animal life, and time. More than 10,000 different soils have been identified in the United
States alone. Every soil consists of one to several layers called horizons, a few to
hundreds of centimeters thick that reflect the physical, chemical, and biological processes
which have taken place. Horizons are composed of natural aggregates called peds which
consist of associations of mineral and organic particles. Peds and particles are often
separated from each other by pores that vary widely in size and shape. The spatial
arrangement of peds, particles and pores greatly influences soil properties because the
organization is frequently systematic (Sumner and Wilding 2000). Information on soil

properties can be obtained from soil maps or soil data bases.

Soil survey services worldwide have traditionally produced soil maps at different scales,

consisting of delineations called mapping units. Each mapping unit is characterized by a
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“representative soil profile” that consists of a vertical succession of more-or-less distinct
soil horizons (figure 1). The top layer, or A horizon, is the zone of major biological
activity and is therefore generally enriched with organic matter and typically darker in
color than the underlying soil. Its thickness can vary from 1-2 cm to 15-30 cm. Beneath
the A horizon we often find a B horizon, where some of the materials (e.g. clay, organic
matter, or carbonates) that are leached from the A horizon by percolating water tend to
accumulate. The B horizon is generally thicker than the A horizon. Underlying the B
horizon is the C horizon which is the soil parent’s material. In some cases the C horizon
consists of weathered and fragmented rock material. In other cases, the C horizon may
consist of sedimentary deposits, e.g. fluvial, aeolian, or glacial. Obviously, for landmine
detection the composition of the A horizon and — for deeper mines — the B horizon are of

most interest.

The boundaries of a mapping unit are not based on a large number of soil profile
descriptions but on external above ground features of the soil and the landscape that can
be seen in the field or on air photos or other remote sensing images. In other words, a soil
surveyor develops a conceptual model about soil changes in the landscape and only then
selects the observation points to dig a soil pit for inspection and sampling of
“representative soil profiles”. There is a direct relation between the density of
representative soil profiles sampled in the field and map scale, which is defined by the
number of representative soil profiles per square centimeter of the final map. A detailed
soil map at scale 1:10,000 is based on approximately one to four representative soil

profiles per hectare (100x100 m) while a soil map with coarser resolution at scale



1:1,000,000 is based on approximately one to four representative soil profiles per 100
km? (Buringh et al. 1962, Dent 1986). Therefore, the information on a soil map represents
at best the average condition over each mapping unit but contains little or no information
about soil variability. For that reason the legends of a soil map often qualitatively cover a

range of possible values.

Soil texture is a soil attribute or property that is qualitative but also contains quantitative
information. The textural designation of a soil is determined on the basis of the mass
ratios of three particle size classes: sand, silt, and clay. Soils with different percentages of
sand, silt, and clay are assigned different classes as shown in the textural triangle (figure
2). However, an A horizon assigned textural class “sand” can have a range of clay and silt

percentages varying from, respectively, 0-10% and 0-15%.

2.1 Soil databases

Traditionally soil data were stored in archives in paper form. The accessibility of these
archives is often quite limited, even by the survey organization themselves. Fortunately,
the development of Geographical Information Systems makes it now possible to store soil
data in computers so that they can be quickly retrieved. We distinguish between point and
area data. Point data are detailed descriptions of representative soil profiles, often
including chemical, physical, and mechanical analyses. Soil maps and mapping units are

regarded as area data.



Many national and international organizations and agencies have made soils databases
accessible on the internet. Additions and changes in electronic accessibility of soils data
are occurring continuously. The websites presented in table 2 contain much information
about the world soil resources and have linkages with other global, national, and regional
databases. At this moment FAQO’s Soil Map of the World is the best geographic source on
global soil resources at a scale of 1:5,000,000. Work is underway to update the world’s
information on soil resources at a scale of 1:1,000,000 in SOTER, the World Soil and

Terrain Database program (Van Engelen 2000).

These soil databases and many other national databases provide much information about
the composition of the top soil layer such as texture, organic matter content, bulk density,
salt content, etc. However, as has been explained before no soil database will provide site
specific information since the number of sampled representative profiles is only an
infinitely small fraction of the entire worldwide soil volume. Yet, in many cases the
databases will give a clear picture of average soil conditions that are found in a region
and the associated soil variability. The need for the use of soil databases in humanitarian
demining has been pointed out by Das et al. (2002). We recommend that soil scientists be
consulted to extract relevant soil information from these databases for use in mine

detection and removal.

2.2 Soil variability

The spatial variability of soil texture, organic matter, and bulk density has a large impact

on soil water variability. Their effect is greatly amplified by the unique behavior of the
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unsaturated soil hydraulic conductivity which depends on soil water content and can
decrease 10 million times as the soil dries from water saturation to complete dryness.
Although this soil characteristic makes it possible for soils to absorb, retain, and transmit
water under a wide variety of initial and local conditions, it also exacerbates the temporal
and spatial variability of soil water content. Vertically, the water content gradationally
varies due to capillary rise (Johnson et al. 2001) or downward redistribution after
infiltration, even in perfectly homogeneous sediments. Horizontally, the water content
varies as a result of inhomogeneous soil properties (Rosen et al. 2003). Over time, the

water content is affected by precipitation, infiltration, runoff, and evapotranspiration.

Another factor that greatly increases soil water content variability is the occurrence of
water repellent soils. These soils are found all over the world and occur under a variety of
climatic conditions (Jaramillo et al. 2000). Wetting patterns in these soils are irregular
and incomplete (Hendrickx et al. 1992). The heterogeneity of soil texture, organic matter,
and bulk density together with the frequent occurrence of water repellency results in a
large spatial and temporal variability of soil water content that has been documented in
many studies (Saddiq et al. 1985, Hendrickx et al. 1986, Hendrickx and Wierenga 1990,

Hendrickx et al. 1990, Hendrickx et al. 1999).

2.3 Pedotransfer functions

Soil water content is the principal soil property that determines soil dielectric constant,

soil heat capacity, soil heat conductivity, and vapor diffusivity in soils. Therefore, it



follows that, like water content, the soil properties that are important for landmine

detection will have a large spatial and temporal variability.

A major problem with soil databases is that soil scientists have traditionally measured the
soil properties which are of greatest importance in agriculture. Parameters of direct
interest in landmine detection, including the real and imaginary parts of the dielectric
constant, magnetic susceptibility, electrical conductivity, thermal conductivity, and heat
capacity are often not measured. Fortunately, many of these properties depend in fairly
direct ways on more basic properties such as soil texture, density, and water content.
Simple models called "pedotransfer functions" have been developed to predict the
unmeasured soil parameters that are needed from parameters we know (Bouma 1989). A
pedotransfer function is a mathematical relationship between two or more soil parameters
that shows a high level of statistical confidence. It is used to estimate a non-measured soil

parameter from one or more measured ones.

Numerous pedotransfer functions or "dielectric mixing models" have been proposed that
describe the relation between the soil moisture content (and other soil properties) and
dielectric constant (Topp et al. 1980, Dobson et al. 1985, Roth et al. 1992, Bohl and Roth
1994, Peplinski et al. 1995, Malicki et al. 1996, Curtis 2001, Robinson and Friedman
2001). For the determination of the real and imaginary parts of the dielectric constant of a
soil our research team has used the models of Dobson et al. (1985) and Peplinski et al.

(1995), which have been calibrated using a set of experimental observations with a



variety of soil textures, water contents, and frequencies. For frequencies between 0.3 and

1.3 GHz the effective soil conductivity is given by:

o, =0.047+0.220p, -0.411m, -0.661m, .

Here, p;, is the bulk density of the soil, m; is the sand mass fraction, and m, is the clay

mass fraction. The real (¢') and imaginary (¢") parts of the dielectric constant for the bulk

soil are estimated by ¢ = &'-¢"i, where i =+/-1, and:

v

&= 1.15i:/1+&(gs“ 1)+ 0,/'s,-0,,

N

and

&= a}evﬂ"gufwa )

In these equations, p; is the density of the soil particles, 6, is the volumetric soil water
content, ¢, is the dielectric constant of the soil particles, ¢'s, and &"4, are the real and
imaginary parts of the dielectric constant of free water, respectively, and « is an

empirically derived constant (0.65). " and " are given by:

p'= 1.2748—0.519ms —0.152mc ,
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and

p"=1.33797 —0.603ms —0.166mc .

For frequencies above 1.3 GHz these empirically derived formulas show some small

changes (Dobson et al. 1985, Van Dam et al. 2003a).

The soil thermal properties needed to model soil surface temperatures above and away
from mines are the volumetric heat capacity and the thermal conductivity (Simunek et al.
2001, Van Dam et al. 2003b). The volumetric heat capacity of soil is often expressed as
the weighted sum of the heat capacities of the various soil constituents. The volumetric
heat capacity of air is about three orders of magnitude less than that of the other soil

constituents and can be neglected so that:

C= pb(cs +cw0g)
Here, ¢, and ¢, are the specific heat of soil (0.73 kJ-kg'K ™) and water (4.18 kJkg'K™),
and 0, is the gravimetric soil water content (Kluitenberg 2002). Soil thermal conductivity

can be determined from an empirical equation with four coefficients that are related to

readily available soil properties (Bristow 2002):

A=a+b0,-(a-d)exp[-(cO,)*]
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0.57+1.73p, +0.93¢,

a= 1-0.74¢, -0.49¢,, -2.8¢,(1-9,)

b=2.8¢,

c=1+2.6/\lm.

d=0.03+0.7¢,’

9

In these equations, ¢ is the volume fraction of a particular component, and subscripts “g”,

13 2

m”, and “s” indicate quartz, minerals other than quartz, and total solids.

Due to its temporal variability soil water content cannot be obtained from soil data bases.
Remote sensing from satellites can be used to determine soil water content in the top
layer of the soil (Owe et al. 2001). In addition, the soil science community has developed
a number of instruments for the field measurement of soil water content, dielectric
constant, and conductivity (Dane and Topp 2002). Soil water content can be determined
with time domain reflectrometry (TDR) methods or neutron probes (Topp and Davis
1985, Brisco et al. 1992, Heimovaara et al. 1995, Robinson et al. 1999). Time domain
reflectrometry can also be used to determine the dielectric constant of the soil directly.

The electrical conductivity can be determined by ground conductivity meters.
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Another more direct approach to the problem is to use the landmine sensor itself to
measure the most important soil properties. For example, with GPR it would be relatively
simple to bury a test target and use the GPR to detect the target. The dielectric properties

could then be estimated from the two-way-travel time and the attenuation of the signal.

3 Landmine properties

A typical landmine consists of a plastic or metal case enclosing an explosive charge,
along with a fuse mechanism and firing pin to detonate the mine. Anti-personnel
landmines are quite small, weighing a few hundred grams at most. These mines are
typically laid on the surface or buried within a few centimeters of the surface. Anti-tank
landmines are significantly larger, with a weight of several kilograms. These mines are
buried at depths of up to 30 centimeters below the surface. Descriptions of some
landmines that have been encountered in demining operations have been collected into a

database by the Norwegian Peoples Aid non-governmental organization (NPA 2002).

With respect to landmine detection, the most important properties of a landmine are its
metal content, which influences the detectability of the mine by GPR and EMI sensors.
Although older landmines often had metal cases and were thus relatively easy to detect
with EMI and GPR sensors, more modern landmines typically have very low metal

content. In some cases, the only metallic part of the landmine is a small firing pin.
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A second important property of a landmine is the explosive used. The explosive used is
clearly of importance to chemical detection. The design of the landmine case and the
explosive used determine the rate at which the explosive leaks from the mine and thus
affects the detectability of the mine by chemical detection. (George et al. 2000) measured
the TNT flux from actual landmines and found that the flux varies dramatically
depending on the design of the mine. The choice of the explosive also affects the thermal
conductivity and heat capacity of the mine and is thus of importance to IR sensors. Table

3 shows the thermal properties of some explosives that may be used in landmines.

4 Sensor types

In this section we will discuss the specific soil properties that affect landmine detection

sensors. An overview of these properties is given in table 1.

4.1 Electromagnetic induction sensors

Electromagnetic induction (EMI) sensors are more commonly known as metal detectors.
EMI sensors are the only technique described in this paper that is routinely used in
demining operations. They operate by sending an electric current through a coil, inducing
a magnetic field in the subsurface. The magnetic current induces current flow, which in
turn generates secondary magnetic fields that are sensed by the detector. The fact that

buried metal objects cause different secondary fields than the surrounding soil allow EMI
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sensors to be used for the detection of buried landmines. Modern EMI sensors are very
sensitive and can in principle detect low-metal landmines. However, several soil types
pose problems to EMI sensors. Also, clutter that is present in most soils causes numerous

false alarms (Bruschini 2002, MacDonald et al. 2003).

Detection performance varies strongly by manufacturer. For such a simple technique this
is remarkable and important to realize. Some metal detectors perform well in a variety of
soils, but only for shallow depths. Other sensors have problems detecting mines in

specific soil types (Das et al. 2001).

4.1.1 Soil moisture content

Soil water content has usually little or no effect on the performance of EMI sensors. The
reason for this is the low frequency of EMI sensors. However, EMI sensors are
influenced by the soil conductivity, which partly depends on water content. Normally, the
water-content induced conductivity variations are not large enough to affect EMI sensor
performance. Only in regions with high soil water salinity it can be expected that high-

sensitivity EMI sensors will perform poorly.

4.1.2 Soil texture

EMI sensors generally experience the fewest problems detecting low-metal buried mines
in sandy soils. In clay and peat soils this performance is somewhat less reliable (Das et al.

2001). However, the influence of soil texture is not very large.
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4.1.3 Soil mineralogy

The performance of EMI sensors can be seriously affected by specific minerals present in
soils (Bruschini 2002, Butler 2003). As the technique of electromagnetic induction is
based on the transmission of a magnetic field in the soil, magnetic properties of soil
material can hamper the performance of EMI sensors. Most ferruginous materials in soils
around the world are non-magnetic (Cornell and Schwertmann 1996, Van Dam et al.
2002a). However, soils in tropical regions and soils developed on a volcanic substrate are
often rich in magnetite and maghemite. These minerals are strongly magnetic and can
cause most EMI sensors to malfunction (Das et al. 2001, Das et al. 2003, Van Dam et al.
2004). Also, the presence of ferrimagnetic materials with different shapes and grain sizes
causes frequency dependent behavior of the magnetic susceptibility. This effect is
referred to as viscous remanent magnetization and has important implications for both

time- and frequency-domain EMI sensors (Pasion et al. 2002, Billings et al. 2003).

4.1.4 Summary

Both an elevated primary magnetic susceptibility and a frequency dependence of the
magnetic susceptibility due to the presence of iron oxides (and associated minerals) can
reduce EMI detector performance. Other than soil mineralogy, soil properties have a
relatively small effect on EMI sensors. Successful discrimination of clutter from

landmines is the largest problem for the EMI method.
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4.2 Active microwave — Ground-penetrating radar

Active microwave is a combination name for a number of different techniques such as
ground-penetrating radar (GPR) and synthetic aperture radar (SAR). In this paper we will
focus on near-surface GPR applications, in contrast to stand-off systems such as most
SAR’s, which have to deal with atmospheric effects and surface roughness. GPR has long
been recognized as a potentially powerful technique for the detection of underground

objects and landmines (Peters et al. 1994), and it is close to being applied in the field.

With most landmines typically buried in the top 30 cm of a soil, in many circumstances
GPR offers a good tradeoff between available frequencies (i.e. resolution) and
penetration. GPR can detect low-metal landmines but under specific soil conditions
reflections may be weak. Since the dielectric properties of the soil control the attenuation
of the signal, and because the contrast between the landmine and the background medium
controls the scattering and reflection strength, the electromagnetic properties of both
mine and soil are crucial variables to understand radar signatures of landmines (Carin et
al. 1999, Cross 1999, Hendrickx et al. 2003a). Nevertheless, the temporal and spatial
variability in soil properties is seldom incorporated into models for the prediction of
landmine signatures. Even when the effects of soil properties are acknowledged, very
little modeling and little or no experimental research on the specific problem of soil

variability effects has been done.

Pulsed GPR techniques transmit a short electromagnetic pulse typically in the frequency

range between 100°s of MHz to several GHz. While many GPR applications place the
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antennas on the ground, landmine detection requires a small elevation above the surface.
This induces a significant surface reflection. Due to the bandwidth of the signal and the
shallow burial depth of many landmines, the reflection from the landmine is often
incorporated in the ground bounce. Some systems use one dominant peak frequency;

others use a wide frequency spectrum (WB or UWB).

4.2.1 Soil water content

The dielectric properties of the soil are strongly influenced by the water content, as the
dielectric constant of water (80) is a factor 20 times as large as most soil constituents
(Topp et al. 1980, Peplinski et al. 1995, Borchers et al. 2000, Van Dam and Schlager
2000, Van Dam et al. 2002b). The relationship between soil water content and bulk
electromagnetic properties can be described by simple regression functions, or
pedotransfer functions, that sometimes include information about bulk density, particle
size distribution and the effect of bound water (Topp et al. 1980, Jackson 1987, Bohl and
Roth 1994, Heimovaara et al. 1994). However, these models do not account for the
important effect of frequency dependence (Wensink 1993, Curtis et al. 1995, Carin et al.

1999).

Various authors have numerically and experimentally shown the effects of soil water
content and frequency dependence on landmine detection (Fritzsche 1995, Carin et al.
1999, DeLuca et al. 1999, Scheers et al. 2000). Most authors agree that at frequencies
below 1 GHz the attenuation is relatively low and that attenuation and relaxation losses

drastically increase over 1 GHz. Also, it is widely understood that GPR signal attenuation
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increases with water content. Nevertheless, the modeling results are often very difficult to
compare and sometimes contradictory. The reason for this is that each study has its own
set of variables. When soil water content, soil type, and frequency range are not
standardized, modeling results will be different; this apart from differences in the models
used. For a New Mexico clay soil the models by Peplinski et al. (1995) and Dobson et al.
(1985) summarize the effects of water content and frequency on the attenuation of GPR

signals (figure 3).

For low-metal landmines most studies agree that the presence of soil water enhances the
dielectric contrast (Trang 1996, Johnson and Howard 1999, Nguyen et al. 1999). Based
on this type of observations and modeling studies, several authors argue that artificial
watering of dry soils may improve landmine detection (Powers and Olhoeft 1996, Carin
et al. 1999, Borchers et al. 2000). Since larger water contents increase attenuation losses,
there exists a trade-off between enhancing dielectric contrasts and increasing signal
attenuation. The optimal soil water content for low-metal landmines also depends on
burial depth and frequency. With increasing burial depth and higher frequencies the

attenuation will become more significant.

Another technique to potentially improve landmine detectability by soil modification is to
freeze the soil. Frozen water does not have the disadvantage of a high attenuation. The
addition of liquid nitrogen to wet soils could reduce background medium loss and
enhance target visibility (Johnson et al. 1999, Koh and Arcone 1999, Jenwatanavet and

Johnson 2001). However, this technique is not beyond the concept stage.
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Spatial variability — A wetting or drying front at the surface due to precipitation or
evapotranspiration will cause different dielectric properties for the top part of the soil. A
modeling study for a situation of a snow layer with variable dielectric properties on top of
the soil surface can be used to understand this effect (Geng and Carin 1999). A layer with
variable dielectric properties at the surface leads to changes in arrival time (apparent
depth of the mine) and signature strength. The effect of horizontal variability in soil water

content due to water repellent soils or soil inhomogeneities has not yet been studied.

4.2.2 Soil texture

For three types of New Mexico soils, figure 4 shows how the soil texture influences the
real and imaginary parts of the dielectric constant. Soil texture has a smaller effect on
GPR signals than water content has. The imaginary part of the dielectric constant is
slightly larger in clays and silts than in sand. Although it is recognized that GPR signal
attenuation is greater in clay soils than in sand soils, thus limiting penetration depth
(Fritzsche 1995), part of this difference in field soils can be attributed to the higher water

retention capacity of clays.

4.2.3 Summary

Summarizing, it can be said that the detectability of low-metal landmines using GPR
mainly depends on the soil water content and frequency used. Higher soil water contents

lead to larger dielectric contrasts between the landmine and the soil it is buried in.
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However, higher soil water contents also lead to a larger attenuation. With higher
frequencies, the resolution is larger, but (notably above 1 GHz) attenuation and relaxation
losses become more significant. Therefore, when using GPR for landmine detection,
trade-offs are necessary between (1) increased dielectric contrasts between soil and mine
by water, or (ii) increased attenuation due to higher soil water contents and higher

frequencies.

4.3 Thermal Infrared

Thermal infrared (IR) imaging for geoscience applications has been studied for several
decades. Although the potential of thermal IR for the detection of landmines and other
unexploded ordnance has been recognized decades ago, only in recent years has it come
in focus (DePersia et al. 1995). The advantages of thermal IR sensing over other
techniques are its ability to detect mines from longer ranges and to scan large areas at

once.

The driving process in thermal infrared imaging is the daily temperature fluctuations as
induced by solar radiation (Van Wijk 1963). Inherent to the cyclic nature of the incoming
solar radiation, the thermal signatures of underground anomalies follow a cyclic pattern.
Several studies have explored the possibilities of heating the soil using microwaves
(Deans et al. 2001, DiMarzio et al. 1999, Hermann and Chant 1999, Oktar et al. 2000,
Storm and Haugsted 1999). It is shown that this method can enhance the thermal IR

signature of landmines.
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In recent years, several modeling studies have been done to understand the physics of
heat propagation and the generation of thermal signatures (A7 = Tyine — Tno_mine) at the
surface above a buried mine (Simard 1996, Pegrowski et al. 2000, Sendur and Baertlein
2000, Simunek et al. 2001, Khanafer and Vafai 2002). The results of these modeling
studies are often contradictory in terms of signal strength and phase shift. The reason for
this is that, although all these models incorporate the thermal properties of soil and
landmine, they are often considered fixed variables. The important role of soil variability
has hardly been systematically studied. Due to difficulties such as surface roughness and

wind effects, experimental studies have received little attention.

4.3.1 Soil water content

Most authors agree on the fact that soil water content has a significant effect on the
thermal signatures and signal phase shift of buried landmines (Simunek et al. 2001, Van
Dam et al. 2003b). However, Baertlein and Sendur (2001) argue that variations in soil
water content have a marginal impact. This contradiction may be due to the fact that they
focused on a narrower range of water contents (15 to 35 percent). In this range thermal
conductivity and thermal diffusivity vary much less than in the soil water content range
between 0 and 15 percent, which is much more typical for surface soils (Van Wijk 1963,

Hendrickx et al. 2003b).

Due to differences in the soil thermal conductivity and volumetric heat capacity the
temperature amplitude at the surface is larger in dry than in wet soils (Simunek et al.

2001). However, the amplitude of the thermal signature is larger in wet than in dry soils.
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From figure 5 it follows that the thermal signature is larger in moist soils than wet soils.
However, it should be kept in mind that this outcome is only valid for the specific July
conditions of a sand soil in Kuwait. In addition to changes in peak amplitude, a change in
soil water content causes phase shifts in the peak signal time (figure 5). The peak signal
times depend in a complex way on heat flux, water content and landmine properties

(Simunek et al. 2001, Van Dam et al. 2003b).

Figure 6 summarizes the effects of soil water content and landmine burial depth on the
maximum thermal signatures of a mine consisting of TNT. It is obvious that the
maximum thermal signatures at the surface decrease with burial depth of the landmine. A
minimum signature is reached between 7 and 12 cm burial depth, but the depth at which
this minimum signature is reached increases with soil water content. The subsequent
increase in thermal signatures is a result of the temperature wave traveling in two
directions, with time delay, in the soil above the landmine. For burial depths over 30 cm

no signatures are detected for the soil-landmine conditions here.

For fully dry conditions the signatures are very low for most burial depths. Here, the
thermal characteristics of the landmine are similar to those of the soil. For moist to wet
conditions the thermal signatures are fairly similar. However, for larger burial depths (5-
12.5 cm) the temperature difference becomes more significant. It is important to note that
the times during the day that these maximum values are reached vary (Pegrowski et al.

2000, Simunek et al. 2001, Van Dam et al. 2003b).
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4.3.2 Soil texture

Most studies agree on the fact that variation in soil texture has only a small effect on the
temperature signature at the surface. This is shown by numerical and analytical modeling
studies (Baertlein and Sendur 2001, Van Dam et al. 2003b). However, variations in soil
texture often influence the water content of the soil (clay has a higher water retention
capacity than sand). As a result, soil texture may indirectly influence the thermal
signatures. Simunek et al. (2001) have incorporated spatially inhomogeneous soil textures
and soil water distributions around the landmine. In his model soil texture has a more

significant effect on the thermal signatures.

4.3.3 Summary

The thermal signatures of buried landmines depend in a complex way on incoming heat
flux, variation in soil water content, and the burial depth and composition of the
landmine. These properties together control the strength of the thermal signature and the
phase shift of the signal. Since it is very difficult to predict at what times the passive
thermal signature of a buried landmine is strongest or weakest, thermal infrared
techniques require continuous measurements during at least one day. When the thermal
signature is caused by recent soil disturbance above a landmine, instantaneous

measurements may work.
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4.4 Chemical detection

Chemical methods for the detection of landmines have received increasing interest in
recent years. One reason for this is the success of dogs in detecting and locating buried
explosives (Tripp and Walker 2003). The rationale for developing chemical sensors for
the detection of landmines is that “when a dog can do it, we should be able to do it”. In
recent years, chemical sniffers have become extremely sensitive. However, their

performance is highly affected by soil physical properties and inhomogeneities.

The explosives in landmines leak to the surrounding soil. The transport of explosives
through the soil occurs by diffusion of vapor in the air phase, by diffusion of dissolved
gasses in the soil moisture, and by advection of dissolved gasses in flowing water. Apart
from the types of explosives and the landmine casing it is the soil physical properties that
play an important role in leaking rates and transport through the soil surface (Albert et al.

2003, Webb and Phelan 2003).

Several authors have studied diffusive transport in soils, both experimentally and
numerically (Albert et al. 2000, George et al. 2000, Kjellstrom and Sarholm 2000, Phelan
et al. 2000, Webb and Phelan 2000, Fisher and Cumming 2001, Phelan et al. 2001). The
results of these studies are not always easy to compare. This is due to the effects that soil

properties have on the experiments and models.
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4.4.1 Soil water content

Experimental work shows that a higher soil water content decreases the explosive vapors
leaking rate. Also, microbiological and abiotic reactions in wet soils decrease the half-life
of DNT and TNT, the two most common explosives in landmines (Phelan and Webb
2003). Although the diffusion coefficient of DNT in air is significantly higher than that in
water the presence of a small amount of water increases the effective diffusion rate of a
soil. This increase is due to vapor-solid sorption processes. The amount of vapor that can
be sorbed to solids decreases when the soil water content increases, resulting in a higher
gas-phase vapor concentration (Webb and Phelan 2003). In other words, in a dry soil the
vapor concentrations are high near the landmine, but the concentrations decrease rapidly
with distance from the landmine (Albert et al. 2003). In a moist soil the concentrations
near the landmine are lower but higher effective diffusion rates cause the vapor to spread

further and more rapidly.

Advective transport due to evaporation and precipitation also affects the explosive
concentrations at the surface. Rainfall causes dissolved explosives to wash down the soil
profile, while during dry periods solid-phase concentrations at the surface increase
(Phelan and Webb 2003, Webb and Phelan 2003). The gas-phase concentrations also
depend on precipitation. While small amounts of rainfall can cause an in crease in vapor
concentration at the surface (due to solid-vapor sorption effects), large rainfall events

usually cause the chemical signature to decrease (Webb and Phelan 2003).
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4.4.2 Soil texture

Kjellstrom and Sarholm (2000) considered the vapor distribution in sand, clay, laterite,
and magnetite soils, and present experimental results. The differences by soil type were

not large.

4.4.3 Soil temperature

Soil temperature strongly affects the behavior of explosives in a soil. In cold climates
both leaking and diffusion rates are significantly lower than in warmer climates. A
temperature decrease from 22°C to -4°C decreases the leakage and diffusion rates by
factors between 5 and 20, depending on the soil water content (Albert et al. 2003).
However, the half lives of most explosives increase significantly with decreasing

temperatures (Webb and Phelan 2003).

4.4.4 Soil inhomogeneities

Soil temperature and soil water content control the diffusion rates of the explosives. It is
the soil structure and irregularity that controls the spatial spreading of the explosives
through the soil towards the surface. It appears that the explosive vapors are not always to
be found directly above buried landmines but often at some distance away (Fisher and
Sikes 2003, Grossman and Hutchinson 2003). This is probably due to irregularities in the
soil, possibly related to soil forming processes, soil water distributions, water repellent
soils, and cracks or roots. Modeling of vapor flow can possibly be improved by using

detailed pore space models (Vogel 2000).
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4.4.5 Summary

The concentration of explosives at the surface above a landmine depends on a wide range
of variables. Soil temperature and soil water content are the most important factors that
control the rates of explosive leakage, effective diffusion, and degradation. Surface
concentrations are also affected by environmental factors such as the precipitation
history. Transport of explosives occurs in both the air and liquid phases and the
inhomogeneity of soils can cause an irregular spatial distribution of explosive

concentrations at the surface above a landmine.

5 Implications for sensor fusion

There is general agreement that no sensor can by itself be used to find landmines under
all conditions. Data fusion techniques are used to combine the information from different
sensors to increase the probability of detection and decrease the false alarm rate (Hall and
Llinas 1997, Dasarathy 1998, Collins et al. 2001, Gunatilaka and Baertlein 2001,

Milisavljevic and Bloch 2003).

Most work on data fusion for landmine detection has involved data fusion at the decision
level. That is, data from each sensor is processed to produce a "mine" or "no mine"

prediction (Klein 1999). These individual predictions are then combined in a probabilistic
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manner to obtain an overall prediction of whether or not a mine is present at a suspect
location. A variety of algorithms are available for combining the data including voting

fusion, neural networks, Bayesian inference and Dempster-Shafer inference (Klein 1999).

In implementing decision level data fusion, it's critical to know the probability of
detection and the probability of a false alarm at each detection threshold for each of the
sensors. Effectively, a receiver operator characteristic (ROC) curve is needed for each
sensor. To date, most research on sensor fusion for landmine detection has assumed that
this information can be gained by training the landmine detection system on field data
(Aponte et al. 2001, Baertlein et al. 2001, Yee 2001, Collins et al. 2002, Liao and
Baertlein 2002). Furthermore, if the performance of the individual sensors is strongly
correlated, then the sensor fusion algorithm may also need the correlation coefficients. As
a practical matter, models of sensor performance do not seem to be accurate enough to

directly provide this information.

Given that soil properties can have a very large influence on the ROC curve associated
with a particular sensor, there are several ways to deal with variability of soil properties.
We could simply retrain the data fusion algorithm for each new location and new day
where we wish to use the system. We could also try to train the algorithm on a very large
set of data, representative of all the conditions under which the system would ever be
used. However, the resulting data fusion algorithm might be much less effective under

particular soil conditions than an algorithm trained on data gathered under those
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conditions. A third option would be to incorporate information about the soil properties in

the area under investigation into the data fusion process.

For example, if a library of ROC curves was available for a GPR sensor under a variety
of soil water content and soil texture conditions, then the operator could select the ROC
curve from the library corresponding to soil conditions that were closest to the observed
conditions. This would be done for each of the available sensors, and the data fusion

algorithm would then be optimized for the prevailing conditions.

6 Conclusions

A large body of research has shown that soil physical properties can have important
effects on various sensors used in landmine detection systems. Some basic soil properties
include temperature, water content, texture, bulk density, and mineralogy. These
properties in turn control properties such as electrical conductivity, dielectric constant,
thermal conductivity, and heat capacity, which directly effect sensor performance. These

properties can be highly variable in space and time.

Multi-sensor landmine detection systems using sensor fusion techniques are being
developed to deal with the high false alarm rate and low probability of detection of
systems based on a single sensor. Since the performance of individual sensors varies

strongly with soil properties, sensor fusion algorithms should be designed to incorporate
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information about prevailing soil conditions. Incorporating information about soil
properties into the sensor fusion process has the potential to greatly improve the

performance of multi-sensor landmine detection systems.
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Table 1. Overview of soil effects on different technologies for non-mechanical detection
of buried low-metal landmines. For many of the technologies various names are used;
here we list the most common names for each method. The technologies are subdivided
in (1) metal detectors, (ii) sensors that ‘see’ an image of the landmine through scattering,
(ii1) sensors that detect anomalies at the surface or in the soil, and (iv) sensors that detect
the landmine explosives or associated chemicals. The list of soil properties is not
complete; for example, dielectric properties is not mentioned in the list but is strongly

related to soil water content.

Soil water content
Soil mineralogy
Soil temperature

Soil texture

Electromagnetic induction sensors X X X
Active microwave (GPR, SAR, UWB) X x

Thermal infrared X X

Vapor detectors (many types, MS, IMS, GC) x X
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Table 2. Four major soil databases, based on Baumgardner (2000) and Hendrickx et al.

(2003b), and the compendium of on-line soil survey information by D.G. Rossiter

(http://www.itc.nl/~rossiter/research/rsrchss.html).

Soils Data

Agency

Website

SOTER, WISE

other soil databases

Digital Soil Map of the World

World Soil Resources

Canadian Soil Information System

International Soil Reference and
Information Center

Wageningen, The Netherlands

Food and Agriculture Organization (FAO)
Rome, Italy

Natural Resources Conservation Service
U.S. Department of Agriculture
Washington, D.C. U.S.A.

Agriculture and Agri-Food Canada

Ottawa, Canada

www.isric.nl

www.fao.org

www.nhq.nrcs.usda.gov

WWW.res.agr.ca
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Table 3. Thermal properties for different explosives (TNT, Comp B-3, and Tetryl)
commonly used in landmines. For reference the properties of the landmine surrogate

RTV3110 is included. Data were derived from De Jong et al. (1999) and Simunek et al.

(2001).
Thermal conductivity =~ Volumetric heat capacity = Thermal diffusivity
(Wm' K" (10° T m?® K™") (107 m*s™)
TNT 0.23-0.26 2.14-2.53 0.93-1.21
RTV3110 0.20 1.76 1.14
Comp B-3 0.22 2.13 1.03
Tetryl 0.09 1.79 0.50
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Figure 6. Plot of maximum thermal signature (A7 = Tipine — Tho mine) versus landmine
burial depth. The relation is given for different water contents. The mine is composed of
TNT, and buried in a sand soil. The model (Van Dam et al. 2003b) was run for July in
Kuwait. In this model effects of wind speed and surface roughness were left out of

consideration.
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