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Thermal Analysis of Buried Land Mines Over a
Diurnal Cycle

Khalil Khanafer and Kambiz Vafai

Abstract—The passive infrared (IR) imaging signature of buried
mines under three different soil surface conditions is investigated
in this work. The three-dimensional (3-D) nature of the mine, the
site, and the temporal attributes of surrounding climate and ex-
posed radiation are accounted for large and moderate-scale clutter
surfaces as well as a smooth surface. The effect of the short- and
long-wavelength radiation as well as the convective heat transfer
is incorporated in this analysis and the temporal development of
the temperature distribution over a diurnal cycle is presented for
different surface conditions. The occurrence of false alarm mine
spots is demonstrated using the moderate scale clutter surface and
a critical period of time for the landmine signature is established
for different soil surface conditions. The present results show that
mines buried at moderate depths in the soil would not produce a
direct signature.

Index Terms—Buried mines, false alarm mine spots, infrared
imagining signature, shallow and moderate depth mines, surface
roughness.

I. INTRODUCTION

DEMINING processes are generally slow, expensive,
manpower-intensive, and suffer from high false alarm

rates. Current mine detection methods vary from simple manual
probing to a variety of high-tech electronic schemes, chemical,
and biological detection methods. Examples include magnetic
resonance imaging, infrared (IR), thermal images, thermal
neutron activation (TNA), acoustic sensors, and ground-pene-
trating radar, to name just a few.

Infrared mine detection is a promising technique in the de-
tection and discrimination of the landmines from other buried
objects based on the knowledge of the physical properties
of land mines and the soil containing the mines. A buried
mine can be detected if its thermal signature exists on the soil
surface. The landmine signatures are controlled essentially
by the environmental conditions and the differences in the
thermo-physical properties of the soil and the mine, respec-
tively. The lack of knowledge of the landmine signature may
result in improper performance of the mine detection system.
Due to the differences in the physical properties of the soil
and the mine, a thermal contrast exists above the mine and
consequently, IR cameras can be used successfully to capture
the changes in temperatures over the mine.

Buried landmine detection using IR imaging technology is a
subject of interest by many researchers. Most of the researchers
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have focused their attention toward the development of the
signal processing algorithms and the associated performance of
the sensors while ignoring several pertinent effects such as solar
heating, soil disturbances, and temporal climate variations.
Better knowledge of these effects on the landmine signature is
required to properly use demining IR sensors and to interpret
IR imagery.

Reference [1] investigated the influence of the emissivity on
the signatures of a specific target in the context of their two-
color IR system. The time development for both buried and sur-
face mines using several sensors is examined by [2]. Their re-
sults showed that the surface laid targets are visible during the
whole diurnal cycle while the buried targets are only visible
during sunrise and sunset. A similar study is conducted by [3]
to measure the temperatures of both live and substitute mines
through multiple diurnal cycles. Reference [4] investigated ex-
perimentally a systematic approach to improve landmine de-
tection capability using passive IR imaging camera. Polariza-
tion-sensitive IR sensing is also used to assist distinguishing
between a man-made object and the background [5], [6]. Ref-
erence [7] used a preprocessing algorithm dedicated to polari-
metric IR imager in order to help the discrimination between
natural and man made objects. Reference [8] presented spectro-
scopic data collected by a nonimaging sensor.

Reference [9] conducted an experimental work for surface
land mine detection. They used polarization-sensitive IR
sensing to highlight the polarization signature of man-made
targets such as land mines over natural features in the image.
Fuzzy rule-based fusion technique on the processed polar-
ization resolved image was used to reduce the number of
false alarms. Another work related to this area is by [10]. A
three-dimensional (3-D) dynamic thermal imaging of structural
flaws using dual-band IR computed tomography is analyzed in
this study. The measurements out of this study are compared
well with calculations based on a 3-D finite element thermal
model (TOPAX3D).

The enhancement of thermal landmine signatures using IR
sensors was investigated experimentally by [11]. They used mi-
crowave energy source to penetrate the soil and to provide a
volumetric heating of the site. In their investigation, they pre-
sented a one-dimensional (1-D) model of microwave absorp-
tion and heat dissipation by moisture-laden soils, which contain
landmine-like buried objects. Detection of antipersonnel land-
mines based on water-jet induced thermal images was studied
experimentally by [12]. They used an array of heated water-jets
to rapidly induce a thermal signature of buried objects in the re-
gion of interest. Consequently, a temperature profile on the soil
surface is formed due to conduction and radiation heat transfer
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from the water blocked and reflected by the surface of the buried
object and the heating of the object itself due to the heat trans-
ferred from the water-jet. The time history of the soil surface
temperature is obtained using IR after the water-jets are applied.

A generalized model on the effect of the buried landmines on
the soil temperature over a diurnal cycle is not well-established
in the literature. Only a few preliminary theoretical studies have
been conducted in this area similar to the analysis by [13], which
is drawn from a classical solution [14]. References [15]–[17]
conducted a study in the absence of the mine for a 1-D model in
which the temperature depends only on the depth from the soil
surface. Recently, Baertlinet al. [18] conducted a preliminary
3-D study to illustrate the effect of the buried landmines on the
surface temperature distribution. In this study, they showed that
the effect of the landmines on the structure of the soil’s temper-
ature could not be obtained using a 1-D model due to the 3-D
heat transfer through the soil and the mine. However, several
pertinent effects were ignored in their study.

The objective of the present work is to develop a 3-D thermal
model for soil containing the buried landmine over a diurnal
cycle and accounting for the surface roughness. This model will
help improve the performance of thermal IR imagery and lead
to the development of more robust signal processing techniques.
Simulant anti-tank mine will be used in the present investiga-
tion. Most mines normally have a few very small components.
Such components include the insert which represents the mine’s
striker mechanism to initiate the explosion. Since the insert is
composed of different physical properties than the TNT mate-
rial, the effect of the insert on the soil temperature distribution
also will be included in this analysis.

II. M ATHEMATICAL FORMULATION

A. Governing Equations

In this work, single-phase 3-D transient heat conduction
equations for the soil and mine are utilized. The soil and mine
are modeled as isotropic solids. A surrogate anti-tank mine
buried beneath the soil is used in this simulation as shown in
Fig. 1 and 2. Assuming that the temporal variation of the mois-
ture content is negligible, the resulting governing equations for
the soil, insert, and the mine can be written as follows:

for soil:

(1)

for the insert:

(2)

for TNT:

(3)

where , , , and are the density, specific heat, thermal con-
ductivity, and temperature respectively. The subscripts,, ,
and denote the soil, insert, and the mine, respectively. The
boundary conditions for the afore-mentioned equations can be
summarized as follows:

1) at the soil surface:

(4)

(a)

(b)

Fig. 1. (a) Schematic diagram of the problem and (b) model of the simulant
anti-tank mine used in this investigation.

2) at the insert surface:

(5)

3) at the mine surface:

(6)

4) at the deep soil below the mine:

(7)

where represents the normal unit vector, is the deep soil
temperature below the buried mine, and is the net heat flux
into the top surface of the soil and is given by the following
expression:

(8)

where is the convective heat transfer between the surface
of the soil and the atmosphere, is the incident solar en-
ergy reduced by cloud cover, atmospheric absorption, albedo,
and the cosine of the zenith angle. The sky brightness with a
small correction for cloud cover is represented by , is
the gray body emission from the soil’s surface and is the
latent cooling of the ground caused by evapotranspiration and
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(a)

(b)

Fig. 2. (a) Sectional view of the TNT and insert objects and (b) top view of
the mine object (L = 2L = 2m).

condensation. In this investigation, the soil is assumed to be dry
and therefore is set to zero in this model. Convective heat
transfer between the soil and the surrounding air is given by

(9)

where is the convective heat transfer coefficient ( W/m
K based on the typical average wind speed of 2 m/s) and A is the
exposure surface area. A general ambient temperature variation
is imposed as

(10)

where is given in hours (starting from midnight). The sky irra-
diance based on the long-wavelength radiation downward from
the atmosphere can be expressed as

(11)

where W/m K is the Stephan–Boltzman
constant, is the mean emissivity of the surface, and is the
effective sky radiance temperature given by

(12)

The long-wave radiation emission from the ground’s surface is
given by the following equation:

(13)

where is the soil’s surface temperature.
The short-wavelength incident solar radiation can be ex-

pressed as follows:

(14)

where is the cloud cover, is the ground
albedo, and W/m is the solar constant. is the
approximate atmospheric transmissivity and is given as [19]

(15)

where is the zenith angle and can be determined from the
following expression

if

otherwise
(16)

where is the local latitude and is the declination
given by

month
(17)

The initial condition for (1)–(3) corresponds to typical condi-
tions and is given as

(18)

B. Rough Surface Approximation

In general, the soil is not smooth and has variations in dif-
ferent directions. These variations should be taken into consid-
eration due to their significant effects on the mine signature and
consequently the performance of IR sensors. Ignoring the ef-
fect of the surface fluctuations may result in false alarm by IR
sensors. As such, the top surface of the soil is represented by
couple of generic rough surface models. Three types of surface
conditions will be used for our study; namely the sloping rough
surface, the periodically rough surface, and the smooth surface.

1) Sloping Surface Description (Large Scale Clutter):A
generic rough surface is constructed with a full-cycle sine in the
x-direction and a half-cycle cosine in the y-direction as follows:

(19)

where ( 1.5 cm) is the amplitude of the surface variation
about the mean and and are the x and y dimensions. For

m, this will produce a surface having a 3-cm
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Fig. 3. (a) Sloping rough surface and (b) periodically rough surface.

peak-to-peak variation. This surface goes smoothly to zero at
the edges, so assumptions of periodic boundary conditions in x
and y directions will not produce any surface discontinuities. A
sketch of the sloping rough surface is shown in Fig. 3(a).

2) Periodically Rough Surface (Moderate Scale Clutter):In
this part a generic surface that has a flat area in the center and
some “bumps” away from the center is utilized. A generic form
of such variation is given by

(20)

where is a user-defined parameter and and are the
correlation lengths in the x and y directions respectively. In this
work, m. This expression produces zero surface
slope in the center and symmetrically placed bumps. For

, we obtain four bumps (one in each quadrant). The surface
also goes smoothly to zero at each of the boundaries. The rough
surface constructed by (20) is shown in Fig. 3(b).

III. N UMERICAL SCHEME

A Galerkin-based FEM is employed to solve the governing
equations for the present study. The application of this proce-
dure is well documented [20]. The segregated solution algo-
rithm is utilized to solve the system of equations. The advan-
tage of using this method is that the global system matrix is de-
composed into smaller submatrices and then solved in a sequen-
tial manner. This technique will result in considerably fewer
storage requirements. Extensive numerical experimentation was
performed to attain grid-independent results for all the field vari-
ables. Variable time step was implemented successfully in this
model without any loss in the accuracy of the results. One di-
urnal cycle (24 h) was found to take about 36 h on an SGI Octane
Workstation. This was necessary to increase the accuracy of the
present results.

(a)

(b)

Fig. 4. Comparison between the ambient temperature and the temporal
variation of the soil average temperature at various depths (a) large-scale clutter
surface and (b) moderate-scale clutter surface.

TABLE I
SPECIFICATION OFTNT

TABLE II
SPECIFICATION OF THEINSERTMATERIAL

TABLE III
SPECIFICATION OF THESOIL (SANDY GRAVEL)
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(a) (b)

Fig. 5. Temporal variation of the temperature at various depths of the soil (a) large scale clutter surface and (b) moderate scale clutter surface.

IV. DISCUSSION OFRESULTS

As we mentioned previously, three basic types of surfaces
are investigated to illustrate their impact on the mine signature.
These are composed of a smooth surface and two generic models

of the rough soil surfaces. A simulant anti-tank mine buried at
7.6 cm beneath the soil is used in this simulation as shown in
Fig. 1. The mine is modeled as an object of circular shape having
the same thermal properties as that of TNT. Typical dimensions
of the mine and the insert are used in this investigation as shown
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Fig. 6. Effect of the presence of the mine on the depth-wise temperature
distribution (plane A–A) at various times (every 6 h) for large scale clutter
surface; t= 6–48 h.

in Fig. 2. The thermophysical properties of the soil, insert, and
the anti-tank mine are tabulated in Tables I–III. The two sections
(AA and BB) in Fig. 3 will be used in later figures to present the
temperature distribution at these sections. For large- and mod-
erate-scale clutter cases, Fig. 4 shows a comparison of the soil
average temperature at various depths. It is qualitatively seen in
Fig. 4, as illustrated by the contour curvature variations, that the
temperature of the surface of the soil as well as the variations
at different depths incorporate the ambient and sky temperature
variations.

The effect of the presence of the mine on the temperature of
the soil at different sections and periods of time is clearly shown
in Fig. 5 for large and moderate scale clutter surfaces. Fig. 5
shows that the surface temperature over the mine is cooler than
the surface temperature beneath the mine 6 h after midnight.
This can be attributed to the fact that the mine tends to resist the
conduction heat transfer through the soil as a result of its lower
thermal conductivity as compared to the soil thermal conduc-
tivity. Moreover, the incoming short-wavelength radiation from
the sun depends on the sunset and sunrise times and for this pe-
riod of time, this effect is negligible resulting in a cooler mine
surface at dawn. Furthermore, higher radiation heat loss from
the surface to the surrounding is occurring until the sunrise re-
sulting in a lower temperature above the mine. As time proceeds
(after 12 h), Fig. 5 shows that the temperature distribution pat-
tern reverses in such way that the temperature of the soil over
the mine becomes hotter than the surface beneath the mine. This

Fig. 7. Periodicity of the depth-wise temperature distribution (plane A–A) at
various periods of time for an anti-tank simulant buried at 7.6 cm beneath a
large-scale clutter surface; t= 12, 18, 21, and 23 h, respectively.

result is due to two competing effects, the short-wavelength ab-
sorbed solar energy and the long-wavelength radiation loss into
the sky.

Over the period of 18 to 24 h, more heat is absorbed by the
mine causing the insert to become hotter than the surrounding
due to its smaller thermal conductivity as seen in Fig. 5. During
the night, the mine tends to block the upward heat transfer by
conduction through the soil and allows downward heat transfer
and as a result, the area of the soil above the mine becomes
cooler. In addition, the weak effect of the short-wavelength ra-
diation from the sun during this period of time leads to lower
temperatures above the mine.

Fig. 5 also shows that the insert within the mine has a signif-
icant effect on the soil depth-wise temperature distribution due
to different physical properties of the media surrounding the in-
sert. This sudden variation in the temperature is clearly shown
only along the top surface of the insert. This trend of reversal in
the temperature pattern can lead to an improvement in the mine
detection method such as IR imaging method while neglecting
this effect can lead to substantial errors.

The effect of the buried mine on the depth-wise temperature
distribution over two complete diurnal cycles starting six h after
midnight for large-scale clutter surface is observed in Fig. 6.
This figure provides a vivid picture of the effect of the mine
on the soil depth-wise temperature at various periods of time.
The isotherms around the insert are split identically due to the



KHANAFER AND VAFAI: THERMAL ANALYSIS BURIED LAND MINES 467

Fig. 8. Periodicity of the soil top surface temperature distribution over the anti-tank simulant buried at 7.6 cm beneath a large-scale clutter surface for t= 17, 19,
21, and 24 h, respectively.

symmetric emplacement of the insert within the mine. It can
be seen from Fig. 6 that the mine tends to block the conduc-
tive heat transfer through the soil beneath the mine until dawn
where the effect of the short-wavelength sun radiation is negli-
gible. For later times, the soil top surface temperature rises due
to the effect of the incident sun radiation on the soil surface and

consequently, more heat is transferred by conduction into the
soil layer above the mine. This effect continues up to 3 h from
noon. Thereafter, the mine acts as a heat sink till sunset at which
time it starts to transfer heat downward by conduction through
the soil during the night while the soil temperature above the
mine cools promptly due to the effect of radiation from the soil
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Fig. 9. Effect of the presence of the mine on the top surface temperature of the moderate scale clutter surface at various times.

top surface. This process repeats the same sequence of events
for the second diurnal cycle and this can be attributed to the fact
that the results become independent after some time following
an initial period (e.g., 12 : 36 h, 18 : 42 h, and 24 : 48 h).

This is clearly shown in Figs. 7 and 8. These two figures es-
tablish the periodicity of landmine signatures at different time

junctures. It can be seen clearly that the temperature pattern re-
peats itself over a diurnal cycle. Fig. 7 displays in detail the iden-
tical nature of the depth-wise temperature distribution over a di-
urnal cycle (e.g., 12 : 36 h, 18 : 42 h, and 21 : 45 h). In addition,
the mine signature at the soil top surface repeats itself every di-
urnal cycle. The reason for the existence of this periodicity is
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Fig. 10. Depth-wise temperature distribution along a plane (B–B) taken diagonally of a moderate scale clutter surface at various times.

due to the fact that the transient effects die out after the passage
of an initial period, which is typically of the order of 12 h.

An interesting situation observed in Fig. 8, demonstrates
(Time 19 h) that the mine signature on the soil surface van-
ishes due to the convergence of the soil surface and the ambient
temperatures as depicted in Fig. 4. In order to predict the time
at which the signature disappears, the temporal information of
the landmine signature on the soil top surface is necessary to
resolve this critical time line.

The effect of a buried landmine on the soil surface temperature
for moderate-scale clutter surface is shown in Fig. 9. The mine

is centered in the middle of the field for this investigation.
Fig. 9 shows that the signature pattern changes substantially
with time. After midnight (Time 6 h), the mine is at a
relatively cooler temperature and as the time advances, the top
surface contrast changes rapidly due to the short-wavelength
solar influx (7 Time 17 h). The signature disappears
around the same time (Time19 h) as in the case of large-scale
clutter. In order to capture the mine at that critical period of
time, the temporal surface signature will provide the necessary
information regarding the location of the mine. This can be
accomplished by sweeping the mine site using an IR technique
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Fig. 11. Periodicity of the soil top surface temperature distribution over the anti-tank simulant buried at 7.6 cm beneath a moderate-scale clutter surface for t=
12, 17, 18, and 22 h, respectively.

at different periods of time where the mine signature does not
exist. This is confirmed in Figs. 8 and 9 where the signature
of the mine appears again after few hours (Time21 h)
from the critical period of time at which the signature vanishes
(Time 19 h).

The target of any mine detection method is to achieve a high
probability of detection while at the same time maintaining a
low probability of false alarm. Thus, reducing the false alarm
rate is of immediate importance. Fig. 9 demonstrates that there
are other distinguished spots on the top surface of the soil other
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Fig. 12. Comparison of the mine signature on the soil top surface between shallow and moderate depth mine for (a) depth= 7.6 cm and (b) depth= 15.2 cm.

than the mine locations. These spots represent false alarm mine
locations as the real mine is located at the center of the soil.
Consequently, a simple snap-shot at a given time can provide
a false reading. Fig. 10 illustrates the depth-wise temperature
distribution taken over a diagonal cut B–B as shown Fig. 3(b)
within the mine’s field at various periods of time. This plane
passes through the center of the mine and two false alarm
spots. It is evident from Fig. 10 that only one object is buried
beneath the top surface of the soil. To avoid a false reading
incidence, the temporal signature pattern of the mine over a
number of snap shots in time is necessary to detect the buried
landmine.

The periodicity of the soil top surface temperature distribu-
tion of an anti-tank mine buried beneath a moderate scale clutter

surface is also investigated in this study as shown in Fig. 11. It is
clearly seen in this figure that the moderate scale clutter surface
establishes periodicity at the same times as that of large-scale
clutter surface. The effect of soil depth at which the mine is
buried is studied in this analysis. Fig. 12 shows a comparison
of the mine signature on the top surface of the soil for the case
of moderate scale clutter between shallow and moderate depths
of mines buried at various times. Fig. 12 shows that the inten-
sity of the mine’s signature deteriorates as the depth at which the
mine is buried increases. The mine’s signature contrast is more
pronounced for shallower buried mines as depicted in Fig. 12.
This is due to the more pronounced heat transfer interaction be-
tween the mine and the soil’s top surface in case of shallow
depth buried mines.
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Fig. 13. Effect of the presence of the mine on the soil top surface temperature and the depth-wise temperature distribution (plane A–A) of a smooth surface.

Finally, the effect of the buried landmine on the soil’s top sur-
face temperature and the depth-wise temperature distribution for
a site with a smooth top surface is shown in Fig. 13. For brevity,
only a portion of the results will be presented for this case. It

is evident from this figure that the temperature of the soil above
the mine is lower than the temperature of the soil underneath the
buried mine until dawn. This is associated with the significant
effect of the long-wavelength radiation loss into the sky, which
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overwhelms the effect of the short-wavelength absorbed solar
energy during this period of time. As the time advances (Time

9 h), the surface temperature of the soil rises to a higher tem-
perature due to the effect of the incident solar energy. As a result,
the temperature of the soil above the mine becomes greater than
the soil temperature beneath the mine. This can be attributed to
the effect of heat conduction through the soil.

The effect of the mine on the soil top surface temperature is
shown in this figure. It is seen that the mine is clearly recogniz-
able at the center of the field for various time periods. Moreover,
Figs. 8, 9, and 13 show that the large-scale and moderate-scale
clutter surfaces do produce a significantly different IR signature
as compared to a smooth top surface. Consequently, without ad-
ditional information, the results of a smooth surface model will
not be able to properly display the occurrence of false alarms
when surface variations are present.

V. CONCLUSIONS

The present investigation shows the effect of buried mines on
the mine signature and the temperature variations for a smooth,
large-scale clutter, and moderate-scale clutter surfaces. The
present 3-D investigations describe several new features of the
buried objects on the thermal signature of the soil. Generic large
scale and moderate scale clutter surfaces are utilized to analyze
the effect of surface variation on the mine’s signature. The
occurrence of false readings is established and the importance
of temporal signature snapshots in preventing such readings is
discussed. The shallow depth mine is found to produce a more
pronounced signature.
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