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ABSTRACT

Many sensors for landmine detection are affected by soil water content, temperature, electrical conductivity and
dielectric constant. The most important of these is water content since it directly influences the three other
properties. We model water distributions around antitank mines buried in a loam and loamy sand soil under the
climatic conditions of Bosnia and Kuwait. In Kuwait the loam and loamy sand have mean soil water contents of
about 16 and 7 volume percent, respectively; in Bosnia, the mean water contents are higher with means of 30 and 14
volume percent in the loam and loamy sand. As a result the soil dielectric constant in Kuwait varied from about 4 to
8 in the loamy sand and from 8 to 14 in the loam. In Bosnia the higher water contents resulted in a soil dielectric
constant from 4 to 12 in the loamy sand and from 9 to 50 in the loam. Water contents below the landmine were
sometimes higher than above it. The modeling results demonstrate that soil water content regimes and the resulting
distributions of soil dielectric constants around landmines are strongly affected by the interaction between climate,
soil type, and landmine geometry. 
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1. INTRODUCTION

The detection and disposal of anti-personnel and anti-tank landmines is one of the most difficult and uncontrollable
problems faced in ground conflict. Since mines remain lethal long after military actions have terminated, they also
have become a humanitarian disaster. Today at least 100 million landmines are scattered across more than 60
countries. 

Presently, a wide range of new sensors has been developed or is in development for the detection of buried non-
metallic and low-metallic landmines. Although several of the new sensors are performing quite well under certain
conditions, there is general agreement that none of the present technologies is capable of reaching, in a very large
number of situations, good enough detection while maintaining a low false alarm rate.1 One reason is the variety of
landmines: there are some 2,500 mine and “fuse” combinations.2 Another important reason is that the environments
in which mines have been placed are extremely variable. For example, the three countries that have the largest
average number of mines deployed per square mile are Bosnia-Herzegovina in a temperate zone, Cambodia in the
humid tropics, and Egypt in an arid desert.3 One critical environmental variable is soil water content since it directly
influences the thermal and electrical soil properties that interfere with many mine sensors.4,5,6,7 

The water content of a soil depends on a large number of variables such as precipitation, evapotranspiration, soil,
vegetation, depth to ground water table, and topography. The physical principles driving the soil water regime are
well understood8,9 and the modeling of soil water regimes for agricultural or environmental purposes is becoming a
standard practice.10 In addition, several mathematical and experimental studies have investigated water movement
around stones or air-filled cavities in the soil.11,12,13,14,15,16,17 Since the obstructions to water flow caused by stones and
cavities are similar to those caused by landmines, the results of these studies indicate that existing soil water flow
models are appropriate to model water distributions around landmines. The objective of this paper is to model
temporal and spatial changes in the distributions of water and soil dielectric constant around landmines.
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2. THEORY

2.1. Physics of Water Flow in Soils

The principles of water flow in soils is presented in many text books at an introductory9,18,19,20,21 and advanced
level.22,23,24  

Water movement in the unsaturated zone occurs as a result of gradients in the total hydraulic head H:

where h is the matrix head (m) and z the elevation head or height above a reference level (m). According to Darcy's
law, water movement through a one-dimensional, unsaturated, vertical soil column is mathematically expressed as:

where q is the water flux (m/s) and K(h) the unsaturated hydraulic conductivity (m/s). Under transient conditions,
when water content changes with time, conservation of matter is accounted for by the continuity equation:

where � is the volumetric water content (m3/m3), t is time (s), and Rw the root water extraction (m3/m3/s).

Combining equations (2) and (3) yields

Expanding ��/�t by the chain rule as

where C(h)=d�(h)/dh is the soil water capacity, being the slope of the soil water retention curve �(h), yields the
unsaturated flow equation:

To solve this equation two hydraulic soil properties are required: the water retention curve �(h) and the unsaturated
hydraulic conductivity curve K(h).

2.2. Hydraulic Soil Properties

Hydrualic soil properties can be obtained by field or laboratory measurements or by indirect methods.25,26,27,28 The
latter ones use statistical relationships for the prediction of hydraulic soil properties from easily measured data such
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as texture, particle size distribution, bulk density, organic matter content, water content and water tension
measurements. These methods can generally be used with existing field data obtained from soil maps. Their
application is therefore more convenient and far less costly then direct measurements. A general consensus exists at
present among vadose zone hydrologists and soil physicists that these indirect methods often yield estimates of
water retention and unsaturated hydraulic conductivity curves with an accuracy that is quite acceptable for many
applications.27 Indirect methods will be the method of choice for hydraulic soil characterization in mine fields.

One frequently used indirect method is based on the Van Genuchten parameters.29 He proposed the following
continuous functions for the soil water retention and unsaturated hydraulic curves:

where Ks is the saturated hydraulic conductivity (m/s), �  the volumetric soil water content (m3/m3), �s the saturated
water content (m3/m3) often taken equal to the soil porosity, �r is residual water content (m3/m3), and the parameters
� (m-1), n, m, and � are empirical constants. As it may be assumed that m=1�1/n, the number of parameters needed
to describe the water retention and hydraulic conductivity as a function of soil water pressure h totals six: Ks, �s, �r,
n, �, and �. The parameter values can be determined from measured �-h and K�h data pairs using non-linear curve
fitting programs available in statistical software packages, spreadsheets, or by the optimization software package
RETC.30 Several authors present representative values of these parameters for a wide range of soil types.31,32 These
data bases frequently will make it possible to derive these quantitative parameters from qualitative soil descriptions
in mine field reports.

2.3. Soil Dielectric Constant 

The dielectric constant of a soil layer depends on the soil texture and the amount of water present in the soil. The
dielectric constant of water at microwave frequencies is approximately 80, compared to 3 to 5 for dry soils.33 It has
been studied in different soils at frequencies from 1 MHz to 10 GHz34, from 0.1 to 26 Ghz35, from 1 MHz to 1 Ghz6,
and from 1 to 50 MHz.36 Generally, these studies reveal that the relationship between dielectric constant and
volumetric water content is almost independent of soil type. We will use an inverse of the calibration curve6 to
obtain estimates of dielectric constants from simulated soil water contents around land mines:

where � is the soil dielectric constant and � is volumetric water content (m3/m3).

3. MATERIALS AND METHODS

From the many regions with a landmine problem we selected two with completely different climates: Kuwait with
an arid desert climate and Bosnia with a humid temperate climate. Using one year of weather data from each
location we modeled the temporally variable water distribution around an anti-tank mine in two different soil types.
In this manner we can evaluate the effect of climate as well as soil type on water distributions around landmines.  



Figure 1. Layout for the simulation of water distributions around landmines with four observation points x1, x2, x3,
x4.

The simulations have been conducted with the HYDRUS-2D package of the U.S. Salinity Laboratory at Riverside,
California, which is a Microsoft Windows based modeling environment for analysis of water flow and solute
transport in variably saturated porous media.37 It includes a finite element model for simulating two-dimensional
water and solute movement in variably saturated media. The program numerically solves a two-dimensional version
of Eq. [6] including saturated and non-saturated conditions. For the landmine problem we used a quasi three-
dimensional region exhibiting radial symmetry about the vertical axis. The flow equations are solved numerically
using Galerkin-type linear finite element schemes. The model includes a mesh generator.

We have simulated water flow in a soil cylinder with a radius of 2 m and depth 2 m. The anti-tank mine was placed
in the center of the cylinder with its bottom at a depth of .23 m. The height of the mine is about 0.08 m, its diameter
0.3 m. The lay-out used for the simulations is presented in Figure 1. The top boundary condition of the soil cylinder
is determined by the atmospheric condition expressed as daily precipitation and potential evapotranspiration values.
The bottom boundary condition is one of free drainage. The initial condition is a uniform soil water pressure in the
entire soil profile of -1 m. The HYDRUS-2D model was used to simulate water movement during two years: the
first year has not been used for the analysis in order to give the model time to adjust its initial condition to the
atmospheric boundary conditions.

During the simulations we monitored soil water content at four observation points: x1 at depth 0.13 m and 0.02 m
above the mine at a distance of 0.02 m from its center, x2 at depth 0.25 m and 0.02 m below the mine at a distance
of 0.02 m from its center, x3 at a distance of 1 m from the center at the same depth as the observation point above
the mine, x4 at a distance of 1 m from the center at the same depth as the observation point below the mine (Figure
1). The latter two points are so far away from the mine that the mine doesn’t interfere with water movement at those
locations.

Daily precipitation and potential evapotranspiration rates (cm/day) during the years 1987-1993 in Bosnia and
Kuwait are presented in Figure 2. The straight horizontal line in the evapotranspiration figure for Kuwait indicates
that no data were taken during the Gulf War. The mean annual precipitation and mean annual potential
evapotranspiration for Bosnia are 926 and 815 mm; for Kuwait 81 and 2112 mm. Bosnia has a humid temperate
climeate with an annual precipitation surplus while Kuwait has a hot dry climate where most of the precipitation that
enters the soil will quickly evaporate. At both locations the daily evapotranspiration rates have a definite yearly
cycle and don’t change much from one year to another. The daily precipitation values show a larger temporal
variability but still a yearly cycle can be recognized. Periods with higher precipitation tend to coincide with periods



Figure 2. Daily precipitation and potential evapotranspiration values in Bosnia (1987-1993) and Kuwait (1987-1993).
No data were taken at Kuwait from August 1990 to June 1991.

of lower potential evapotranspiration. Since the soil water distributions near the soil surface respond relatively
quickly to weather events with response times in the order of days or weeks and annual weather patterns tend to be
similar from year to year, soil moisture regimes around landmines are analyzed in this first study on the basis of our
results for calendar year 1988. It takes about 3 hours to simulate one year of water movement on a 350 Mhz
Pentium PC. In future studies we 
will also include weather variability between years since the precipitation data from Kuwait show large differences
from one year to another.  

We have selected a loam and loamy sand for the simulations. The Van Genuchten parameters used to characterize
the water retention curves and unsaturated hydraulic conductivity curves according to Eqs. [7] and [8] are presented
in Table 1.

Table 1. Van Genuchten parameters for loam and loamy sand.

Van Genuchten Parameters

Residual
Water Content

Saturated
Water Content

Alpha n Saturated 
Hydraulic Conductivity

Soil Type cm3/cm3 cm3/cm3 cm-1 - cm/day

Loam 0.078 0.43 0.036 1.56 24.96

Loamy Sand 0.057 0.41 0.124 2.28 350.20



Figure 3. Soil water content changes during 1988 at observation points x3 (0.13 m) and x4 (0.25 m) in a Loam and
Loamy Sand in Kuwait and Bosnia.

4. RESULTS AND DISCUSSION

4.1. Effect of Soil and Climate on Soil Water Distributions

Figure 3 presents soil water content changes during the year 1988 in Bosnia and Kuwait in loam and loamy sand
soils without vegetation. The water contents presented are taken at observation points x3 and x4 that are away from
the landmine at depths of 0.13 and 0.25 m, respectively. These water contents are representative for soils without
landmines. In Kuwait the loam and loamy sand have mean soil water contents of about 16 and 7 volume percent,
respectively; in Bosnia, the mean water contents are higher with means of 30 and 14 volume percent in the loam and
loamy sand. The difference in water content between Kuwait and Bosnia is larger in the finer textured loam soil
than in the coarser textured loamy sand. For example, the precipitation in early 1988 resulted in water contents in
the loamy sand in Kuwait that are similar to those found under the wetter conditions of Bosnia. Yet, the same
amount of precipitation in the loam soil in Kuwait only resulted in water contents similar to those found during a dry
spell in Bosnia. This demonstrates that soil water content regimes depend on the interaction between climate and
soil characteristics.  

The data in Figure 3 clearly illustrate that soil water content and, thus, soil dielectric constants depend to a large
extend on climate and soil type. In most climates soil water contents near the soil surface will span the full range
from wet to dry, but the frequency of these occurrences are determined by the climate. For example, at 0.13 m depth
the loam in Kuwait does reach a water content of 24 volume percent during a few days while this water content is
present most of the year in Bosnia loam. The water content simulations also demonstrate that worldwide soil
moisture regimes can be predicted where soil maps and meteorological data are available.

Using Eq. [9] with the simulated soil water contents indicates that the dielectric constant in Kuwait varied from
about 4 to 8 in the loamy sand and from 8 to 14 in the loam. In Bosnia the higher water contents resulted in
dielectric constants from 4 to 12 in the loamy sand and from 9 to 50 in the loam.



Figure 4. Soil water content versus depth at the center of the mine (r=0.03 m) and away from it (r=1.1 m) under dry
conditions (day 215 in Kuwait and Bosnia) and wet conditions (day 10 in Kuwait and day 235 in Bosnia).

4.2. Effect of Landmines on Soil Water Distribution

The literature presents a number of theoretical and experimental studies dealing with the effects of buried objects
such as stones on soil water distribution and movement. These investigations point out that water contents above
and below a stone can either be more or less than at the same depth away from the stone. The same observations can
be made in our simulations. For example, Figure 4 shows soil water content distributions near the center of a
landmine in a loam  in Kuwait. On day 15 the water content above the mine is higher than away from it while below
the mine the water content is less than away from it. However, after day 30 the water distribution is completely
reversed. Now the water content above the mine is less than away from it while below the mine the water content is
higher. The latter and former water content distribution coincide, respectively, with a wet and dry time span (see
Figure 2). Figure 4 is evidence that the landmine does affect soil water content distributions around it in a very
dynamic way which depends on the interaction between soil and climate factors. 

This complex behavior is further explored in Figure 5 where soil water content differences between “the center of
the mine” and “far away from it” are plotted against time for both soils in Kuwait and Bosnia. The four plots look
quite different but the common denominator is that during periods of major precipitation the water content above the
mine is higher than away from it while the water content below the mine is lower. A correlation exists between the
amount of precipitation and the absolute water content differences above and below the mine. This explains why the
water content differences in Bosnia are higher than those in Kuwait. During dry spells the water content
distributions around a landmine tend to reverse: the soil below the mine tends to be wetter than the soil at the same
depth away from the mine, while the soil above the mine tends to be drier than away from it. This effect is best
observed in the loam soil in Kuwait. After day 40 when the effects of the rain of day 6 have ebbed away, the soil
below the mine becomes wetter and above the mine drier than at similar depths away from the mine. The small
amount of precipitation on day 64 could not reverse this pattern. The loamy sand in Kuwait shows a similar pattern
but less pronounced. In the wetter climate of Bosnia the water distribution around the mine in a loam soils shows
clearly a reverse during dry spells while in the loamy sand no such reverse takes place.



Figure 5. Water content at observation point x1 minus water content at observation point x3 (0.13 m) and water
content at observation point x2 minus water content at observation point x4 (0.25 m).

Figure 5 is evidence that the landmine does affect the soil water distribution around it in a complex manner. At
some times water contents above and below the mine are higher than at similar depths away from the mine while at
other times those water contents are lower. 

4.3. Effect of Soil and Climate on Distribution of Soil Dielectric Constants

Some mine detection methods based on high frequency electromagnetics such as radar sensors detect the soil
dielectric constants of the landmine and the soil. Since a dry soil and a landmine both have a dielectric constant of
about 2 such sensors cannot detect mines under dry conditions for lack of a contrast in dielectric constant. When the
soil becomes wet the contrast increases and detection becomes easier. Using Eq. [9] the water contents observed
above the landmine at observation points x1 and x4 (see Figure 1) have been converted into soil dielectric constants.
Figure 6 presents the frequency of occurrence of the dielectric constant in the loam and loamy sand under Kuwait
and Bosnia weather conditions. In Kuwait soil dielectric constants of 5 in the loamy sand to 7 in the loam are most
common. This means that the dielectric constants exceeded these values only a few days in 1983. In Bosnia, the
wetter climate results in higher values of dielectric constants but also here the values in the loamy sand are lower
than in the loam.

Assuming that a radar sensor needs a dielectric contrast of at least 7 to detect a mine, chances are that such a sensor
will fail in loamy sands in Kuwait most of the time since only during a few days does the dielectric constant exceed
the threshold value of 7. On the other hand, the same sensor will work most of the time in loamy sands of Bosnia
since the wetter climate results in higher dielectric constants. The same sensor will also be functional most of the
time in loams of Kuwait and all the time in loams of Bosnia.      



Figure 6. Frequency of dielectric constant close to the mine (r=0.03 m) and away from it (r=1.1 m). 

5. CONCLUSIONS

The simulation results presented in this study indicate that soil water distributions are highly variable in time as well
as space and depend in a complex manner on weather conditions and soil type. It also has been shown that the
landmine itself influences soil water content distributions.

The direct relationship between water content and soil dielectric constant expressed in Eq. [9] causes the variability
of soil dielectric constants to be similar to soil water content variability. Given the multitude of studies on spatial
and temporal variability of soil water, it is possible to reliably assess the spatial and temporal variability of soil
dielectric constants using existing variably saturated water flow models.

This study shows how soil water content distributions near landmines and away from them can be predicted
anywhere in the world where soil maps and meteorological data are available. Since soil water content is an
important environmental variable that affects many sensors, the simulation of soil water content distributions is
useful for the determination of windows of opportunities for mine detection. 

The simulations presented here dealt with homogeneous soils without vegetation. Future research will be more
realistic and will include the effects of soil spatial variability and vegetation.
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Bosnia� and wet conditions 	day �� in Kuwait and day ��� in Bosnia��
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Figure �� Water content at observation point x� minus water content at ob�
servations point x� 	���� m� and water content at observation point x� minus
water content at observation point x� 	���� m��
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Figure �� Frequency of dielectric constant close to the mine 	r����� m� and
away from it 	r���� m��
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