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HEAT AND MASS TRANSFER IN MOIST SOIL,
PART II. APPLICATION TO PREDICTING THERMAL
SIGNATURES OF BURIED LANDMINES

F. Moukalled, N. Ghaddar, and Y. Saleh
Department of Mechanical Engineering, American University of Beirut,
Riad El Solh, Beirut, Lebanon

Z. Fawaz
Ryerson University, School of Aerospace Engineering, Toronto, Canada

The finite-volume-based numerical procedure for unsteady heat and moisture transport in

soil developed in a companion article [1] is used to study the surface thermal signature

of buried landmines in moist soil. The effect of soil type, soil moisture content, mine type,

and mine burial depth on the thermal contrast at the soil surface is analyzed over a diurnal

cycle. Predictions are presented in the form of spatial and temporal profiles of temperature,

matric potential, and surface thermal contrast. Results reveal that the thermal contrast at

the surface becomes weaker as the burial depth increases. For shallowly buried mines (i.e.,

buried at a depth of less than 2 cm), there is an optimum matric potential or moisture con-

tent value that maximizes the thermal contrast at the soil surface, with this value being

highly dependent on the type of soil and=or mine. Varying the mine burial depth and=or soil

moisture content changes the time of the day at which this maximum thermal contrast

occurs.

INTRODUCTION

Landmines are detected mainly using metal detector devices, which is a very
slow, hazardous, and costly approach. In addition, many types of mines are made
of plastic or wood, rendering them invisible to metal detectors. Researchers are
working to find better ways to detect landmines, which not only address the existing
problem but also have the potential of making the placement of new landmines less
attractive. At present, this effort has met with technical and economic difficulties,
due to the near-perfect rate of detection required. Several technologies for detecting
landmines have been tried (infrared imaging [2], ground-penetrating radar [3], trace-
vapor explosive detection [4], nuclear methods [5], etc.), but none of them has been
able to perform with perfect accuracy. Infrared (IR) imaging is a promising low-cost
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technology, which has the potential to be used in conjunction with other existing
technologies for mine detection. With this technology, thermal images of the soil sur-
face are captured using an IR camera that can detect light in the infrared range and
convert it into corresponding temperature variations. As objects of dissimilar ther-
mal capacitance absorb and release heat at different rates, a buried landmine heats
up and cools down at a rate different from the surrounding soil. This unequal heat
transfer rate manifests itself on the surface above the mine through either a higher or
a lower soil surface temperature than the surface temperature at a location away
from the mine. This variation in temperature is denoted in the literature by ‘‘thermal
signature’’ [6–9] and appears as a thermal contrast in an image taken by an IR camera.

Several investigators have used IR technology as a tool for detecting buried
landmines. However, most of the reported work has been directed either toward
developing the signal processing algorithms or toward finding ways to enhance the
thermal signature of the landmine. Simard [2] investigated experimentally, using
passive IR imaging, ways to improve landmine detection capability. Larive et al.
[10] developed a preprocessing algorithm to help the discrimination between natural
and man-made objects. Filippidis et al. [11] used an IR sensor sensitive to polariza-
tion in order to highlight the signature of man-made targets, such as landmines,

NOMENCLATURE

C ground albedo

CL cloud cover

CP specific heat capacity, J=kg K

CTw thermal total moisture capacitance

terms, K�1

CwT ;CTT matric, J=m4, and thermal, J=m3 K,

heat capacitance terms

Cwv;Cww matric vapor and total moisture

capacitance terms, m�1

Da molecular diffusivity of water vapor

in air, m2=s

Dh heat diffusivity in air, m=s

DTw thermal total moisture diffusivity,

m2=s K

Dv vapor diffusivity in air, m=s

DwT matric potential heat diffusivity,

W=m2

Dwv;Dww matric vapor and total moisture

diffusivities, m=s

h convective heat transfer coefficient,

W=m2 K

hfg latent heat of vaporization of water,

J=kg

k effective thermal conductivity,

W=m K

K hydraulic conductivity of soil, m=s

_mm mass flow rate, kg=m2s

Mð/Þ atmospheric transmissivity

n outward unit vector

q000 heat generation, W=m3

ra; rs; rtotal aerodynamic, surface, and total

surface resistance to mass transfer,

s=m

So solar constant, W=m2

t time, s

T temperature, K

z vertical distance, m

a thermal diffusivity, m2=s

d declination angle

h volumetric moisture content, m3=m3

n temperature gradient ratio

q density, kg=m3

/ zenith angle

w matric liquid potential (pressure

head), m

U total soil matric potential for liquid

flow, m

Subscripts

air ambient air

g ground

i initial value

l liquid

m mine

s saturated, surface

v vapor

vs saturated vapor

w water, wind
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relying on natural features in the image. Janssen et al. [7] examined the time devel-
opment for buried and surface-laid mines, and concluded that the surface-laid
objects are visible throughout the whole diurnal cycle, while the buried ones are vis-
ible only during sunrise and sunset. Bruschini and Gros [12] assessed the potential of
using IR imaging for landmine detection, described its advantages and limitations,
and estimated that IR images can reflect the presence of a mine buried up to a
maximum depth of 10–15 cm. It was further indicated that the results of IR imaging
depend heavily on environmental conditions. In a recent article, Deans et al. [13]
reported on an experimental investigation using thermal imaging with microwave
heating to enhance the visibility of a buried landmine. Their measurements indicated
that mines buried in dry sand can be observed up to a burial depth of 2 cm, which
departs significantly from the 10–15 cm mentioned by Bruschini and Gros [12]. It
is speculated that this difference in buried depth within which landmines are detect-
able by an IR sensor is possibly due to the different types of soil used. Hermann and
Chant [14], using IR sensors, investigated experimentally the enhancement of the
thermal signature of buried landmines through volumetric heating via microwave
energy sources. The authors also presented a one-dimensional model for microwave
absorption and heat dissipation by moisture-laden soils in the presence of a surro-
gate buried landmine. Mitchell et al. [8] studied the detection of antipersonnel land-
mines by taking thermal images of the soil surface after spraying it with hot water
using an array of jets. The variation in conduction and radiation heat transfer due to
the water blocked by the mine, and the heating of the mine itself, affected the transient
temperature profiles at the soil surface and reflected the presence of the buried mine.

Several numerical studies on thermal signature of buried landmines in dry soil
have also been done. Baertlein et al. [15] conducted a study to illustrate the effect of
buried landmines on the surface temperature distribution. Khanafer and Vafai [9],
using the finite-element method, studied the effect of surface roughness on the ther-
mal signature of mines buried in dry soil over a diurnal cycle. In their study, the
insert, which represents the mine’s striker mechanism, was accounted for. In another
investigation, Khanafer et al. [16] studied the effect of the metal outer case and the
top air gap on the soil surface thermal image. However, they neglected the effect of
soil moisture on the net heat flux and the governing equations. The work of Van
Dam et al. [17] included the effect of moisture content on thermal conductivity
and the specific heat of the soil, but did not solve for the moisture distribution in
the soil.

From a review of the literature, it is obvious that the effect of soil moisture con-
tent on the thermal signature of buried landmines has not been thoroughly investi-
gated, which is essential in delineating the validity and limitation of IR technology
for mine detection. In addition, none of the numerical investigations conducted fol-
lowed the finite-volume approach. To this end, the objective of this article is to
present the results of a numerical investigation conducted, using the finite-volume-
based model for energy and moisture transfer in soil developed in a companion arti-
cle [1], to study the effect of moisture content on heat transfer in soil in the presence
of a buried landmine. The results obtained are employed to determine the maximum
temperature difference between the surface above the mine and the adjacent soil for
different types of soils and mines and the times of its occurrence. This, in turn, will
help to decide on the best time of day for detecting landmines using IR technology.
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It should be mentioned here that this study represents the first step toward the
future development of an engineering device capable of detecting landmines in a safe,
cheap, and fast manner. The ultimate goal is to develop a hovering machine
equipped with an IR camera and other sensors that can fly over a field, take images,
and transmit them instantly to a computer for analysis. These images will be com-
pared to others from a database produced by computer simulations to identify exist-
ence and location of landmines. As such, accounting for the soil moisture content is
important for generating reliable images numerically. However, other factors, not
accounted for here, may affect the signature of landmines. For example, vegetation
or any other clutter (such as pebbles in the soil) will obscure the signatures and make
landmines more difficult to detect. These are not of concern in this work and will be
addressed in future studies. Moreover, IR technology is best suited for shallowly
buried objects (e.g., antipersonnel mines), as reaffirmed by the results presented in
this article.

In the remainder of this article, after a brief description of the physical situ-
ation and the equations governing heat and moisture transfer in soil in the presence
of a buried landmine, the boundary conditions are introduced. Then an account for
the solution procedure is given, followed by results showing the effect of the various
parameters involved on the thermal signature of buried landmines.

PHYSICAL MODEL

A schematic of the physical situation and heat exchange processes is depicted in
Figure 1a. It consists of a column of soil of depth and diameter both equal to 1 m in
which a landmine is buried. The mine is circular in shape, having a diameter of 10 cm
and a thickness of 5 cm. The surface of the soil exchanges heat and moisture with the
surrounding air and is sunlit from sunrise to sunset. The intention is to study, over a
diurnal cycle, the effect of the various parameters (i.e., burial depth, moisture con-
tent, time of day, soil type, and landmine type) on the surface thermal signature
of the mine, which is buried in the middle of the physical domain. Moreover, the
composition of the mine and soil are assumed to be isotropic. With these assump-
tions, the problem is symmetric with respect to any meridian. Thus, it is sufficient
to solve the axisymmetric form of the conservation equations because the solution
is independent of the angular position and is a function only of depth and the radial
distance from the center of the mine.

GOVERNING EQUATIONS

The conservation equations governing the transfer of moisture and heat in the
soil column, using the matric potential-based formulation [1, 18–22] (i.e., w� T for-
mulation), are given by

Cww
qw
qt
þ CTw

qT

qt
¼ r � ðDwwrwÞ þ r � ðDTwrTÞ þ qK

qz

CTT
qT

qt
þ CwT

qw
qt
¼ r � ðDwTrwÞ þ r � ðkrTÞ þ q000

ð1Þ
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As stated in [1], the terms of both equations are similar except for the last term on
their right side. The terms on the left correspond to the stored mass and energy due
to the change in matric potential and temperature. The first two terms on the right
side of both equations account for mass and heat transfer, respectively, due to the
moisture and temperature gradients. The last term in the first equation represents
mass transferred by gravitational effects.

Figure 1. (a) Schematic of the physical situation and heat exchange processes. (b) Moisture balance at the

soil surface. (c) Heat balance at the soil surface. (d) An illustrative grid network used. (e) Comparison of

predicted soil temperature profiles against those reported in [9].

HEAT AND MASS TRANSFER IN MOIST SOIL, PART II 491



BOUNDARY CONDITIONS

The strongly coupled heat and mass transfer equations [Eq. (1)] require well-
defined initial and boundary conditions for predicting the temporal distribution of
temperature and moisture in soil. As initial conditions, the uniform distributions
of temperature and matric potential in soil are assumed. Converged steady periodic
solutions over a diurnal cycle (i.e., 24-h period) that are independent of initial con-
ditions are obtained by iterating in time until the maximum difference in values
obtained over two consecutive diurnal cycles is less than a vanishing number f, which
is set to 10�4.

The most complicated boundary condition is that at the soil surface. In
addition, boundary conditions along the vertical sides, the bottom, and the mine–soil
interface must also be defined. These are detailed next.

Boundary Condition at the Soil Surface

The soil surface is continuously influenced by atmospheric conditions
(Figure 1a), with heat transfer driven by convection, short- and long-wave radiation,
as well as latent heat transfer by evaporation and=or condensation. Moisture trans-
fer usually occurs due to evaporation or condensation at the surface and due to
moisture addition by rainfall, irrigation, etc.

Surface mass balance. The mass balance at the surface, shown in Figure 1b,
requires that the mass flow rate entering and leaving the control surface be equal.
Thus,

_mmv;s þ _mml;s ¼ _mmg ð2Þ

where _mmv;s is the surface vapor mass transfer due to evaporation or condensation,
_mml;s is the surface liquid transfer due to precipitation, and _mmg is the moisture transfer

into the ground, which takes place in liquid and vapor form and is given by

_mmg ¼ qlfn � ðKrUÞ þ n � ½ðDww � KÞrw� þ n � ðDTwrTÞg ð3Þ

where the first term on the right-hand side is due to liquid transfer, and the other two
terms are due to vapor transfer. Noticing that U ¼ wþ z, the above equation can be
rewritten as [1, 21, 22]

_mmg ¼ qlfn � ðDwwrwÞ þ n � ðDTwrTÞ þ n � ½KðkÞ�g ð4Þ

The vapor transfer at the surface is due mainly to vapor movement from high-
vapor-pressure region to low-vapor-pressure region and is expressed as

_mmv;s ¼
qv;air � qv;s

� �
rtotal

ð5Þ

where qv;air and qv;s are the vapor density at ambient air temperature and soil sur-
face temperature, respectively. The total surface resistance for mass transfer ðrtotalÞ
is equal to the sum of surface ðrsÞ and aerodynamic ðraÞ resistances [23] and is

492 F. MOUKALLED ET AL.



written as

rtotal ¼ ra þ rs ð6Þ

The aerodynamic resistance is calculated from

ra ¼
1

Dv
ð7Þ

where Dv is the vapor diffusion coefficient. Since the heat and mass transfer equa-
tions are analogous [24], Dv is usually linked to the thermal diffusion coefficient Dh

according to the following relation:

Dv ¼ Dh
Da

aa

� �1�n

Dh ¼
h

qaCp;a
ð8Þ

where h, Da, aa, qa, and Cp;a represent the convective heat transfer coefficient, mol-
ecular diffusivity of water vapor in air, thermal diffusivity of air, density of air,
and the heat capacity of air, respectively. The exponent n is usually set to 1=3 [24].

Camillo and Gurney [23] found experimentally that the surface resistance
behaves as a linear function of the moisture content at the surface ðhsÞ, with its value
increasing as the soil dries out and approaching zero as the surface moisture reaches
a value of 0.2, and suggested the following equation for its calculation:

rs ¼ maxð810� 4;140hs; 0Þ ð9Þ

The liquid transfer at the surface is due mainly to precipitation or irrigation.
Several models [21, 22] have been developed for estimating the moisture flow rate
_mml;s but since no precipitation is considered in this work (i.e., _mml;s ¼ 0), they are

not presented. Following the calculation of _mmg, Eq. (4) is used to evaluate ws at
the soil surface.

Surface energy balance. As shown in Figure 1c, energy exchange at the sur-
face occurs via several heat transfer mechanisms, with the heat balance equation
written as

qg ¼ qconv þ qsun þ qemis � qevap ð10Þ

where qg is the net heat flux through the ground, qconv is the convection heat flux
between the surrounding air and the soil surface, qsun is the incident solar energy flux
(reduced by cloud cover, atmospheric absorption, albedo, and cosine of the zenith
angle), qemis is the long-wave radiation between the soil surface and the sky, and qevap

is the heat flux caused by evaporation and=or condensation at the soil surface.
The conduction heat flux through the ground, qg, is driven by the normal gra-

dients of temperature and matric potential and is given by

qg ¼ n � ½ðkrTÞ þ ðDwTrwÞ� ð11Þ
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The convective heat transfer between the soil surface and the surrounding air is
written as

qconv ¼ hðTair � TsÞ ð12Þ

with the ambient temperature at any time, t, computed from

Tair ¼ Tavg � A cos
2pðt� 2Þ

24

� �
ð13Þ

where Tavg is the average temperature of the day, A is the amplitude of daily
temperature variation from the average, and t is the time of the day in hours on a
scale of 1 to 24 starting from midnight. The convective heat transfer coefficient,
which depends on the wind speed, uw, is calculated using the following simple for-
mula from McAdams [25]:

h ¼ 5:7þ 3:8uw ð14Þ

Heat transfer by evaporation is evaluated from an equation similar to the one
employed for convection and is given by

qevap ¼ hfgDvðqair � qsÞ ð15Þ

Assuming that the ground surface behaves as a gray body, the long-wave radi-
ation between the soil surface and the atmosphere is expressed as

qemis ¼ reðT4
s � T4

skyÞ ð16Þ

where r ¼ 5:67 � 10�8 W=m2 K4 is the Stefan-Boltzmann constant, e is the mean
emissivity of the surface, Ts is the soil’s surface temperature, and Tsky is the effective
sky radiant temperature given by

Tsky ¼ 0:9� Tair ð17Þ

The short-wave incident solar radiation is expressed as

qsun ¼ ð1� CLÞSoð1� CÞMð/Þ cosð/Þ ð18Þ

where CL is the cloud cover, C (¼0.3) is the ground albedo, and So (¼1,385 W=m2)
is the solar constant. Moreover, Mð/Þ is the approximate atmospheric transmissivity
given by

Mð/Þ ¼ 1� 0:2½cosð/Þ��0:5 ð19Þ

In Eq. (19), / is the zenith angle calculated using the following expression:

cosð/Þ ¼ max 0;� cosðkÞ cosðdÞ cos
2pt

24

� �
þ sinðkÞ sinðdÞ

� �
ð20Þ
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where k is the local latitude and d is the declination angle computed from

d ¼ �23:43� cosð2p month=12Þ ð21Þ

The various terms in Eq. (10) are substituted for by their equivalent expressions
and the resulting equation is used to calculate the temperature at the soil surface
ðTsÞ.

Other Boundary Conditions

In addition to the boundary conditions at the surface of the soil, boundary con-
ditions at the vertical sides of the domain are also needed. The normal fluxes along
the centerline and outer vertical boundary of the axisymmetric domain are set to zero
(Figure 1d). Mathematically this is equivalent to

n � ðDwwrwþDTwrTÞ ¼ 0

n � ðkrT þDwTrwÞ ¼ 0

8<
:

9=
;) n � rw ¼ n � rT ¼ 0 ð22Þ

Moreover, the mine is treated as a homogeneous solid object having the same ther-
mal properties as the explosives of which it is composed (e.g., TNT) and of zero
moisture content. The presence of the mine in the calculation domain is accounted
for by the special treatment suggested by Patankar [26]. The mine–soil interface is
assumed impermeable for flow of moisture and the normal gradient of the matric
potential is therefore set to zero (i.e., n � rw ¼ 0). Additionally, conservation of
energy requires a continuous heat flux across the mine–soil interface. Then the equa-
tion to be satisfied is given by

ðn � krTÞsoil ¼ ðn � krTÞmine ð23Þ

Because a conservative scheme is used, arranging the control-volume face to
coincide with the mine interface ensures energy balance at the mine–soil interface
and forces Eq. (23) to be implicitly satisfied. Finally, at the bottom boundary of
the domain, which is taken deep enough not to influence the solution, T and w
are both assigned constant values.

SOLUTION PROCEDURE AND NUMERICAL ACCURACY

The coupled system of heat and moisture equations [Eq. (1)] subject to the
above-described initial and boundary conditions is solved numerically using the
control-volume method that was detailed in a companion article [1]. In this pro-
cedure, the solution domain is subdivided into a number of control volumes, each
associated with a grid point located at its geometric center. By first integrating the
equations over each control volume and then using Green’s theorem to replace the
volume integral with the surface integral, we obtain the discretized forms. With suit-
able profile interpolation in each coordinate direction for the variables whose values
are unknown on the control-volume faces, a system of algebraic equations results
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that can be solved iteratively using a line-by-line Thomas algorithm [26]. Moreover,
grid networks, illustrated in Figure 1d, are generated using the transfinite interp-
olation technique [27].

The credibility of the numerical method was established in [1] by presenting
results validating the implementation of the various terms involved in the conser-
vation equations. To verify the correct implementation of the boundary conditions
at the surface of the soil, the results reported by Khanafer and Vafai [9] using a
finite-element approach for a buried landmine in dry soil are reproduced and com-
parison of temperature profiles at two depths of 0.076 and 0.1193 m are displayed in
Figure 1e. As depicted, current predictions are in good agreement with published
results. The slight difference in values is attributed to some error introduced while
extracting data from small figures and to the different mesh and time step used. A
fixed time step of 30 s is used in this work, while Khanafer and Vafai [9] used a vari-
able time step with a minimum value of 0.36 s.

RESULTS AND DISCUSSION

As described above, the physical configuration of interest involves a circular
antipersonnel landmine, 10 cm in diameter and 5 cm in thickness, buried in a cylin-
drical container of diameter 1 m filled with soil to a height of 1 m. Results are
generated in dry and moist soils for different uniform initial values of moisture con-
tent and the effects of varying the burial depth, soil type, and mine type on the ther-
mal signature of the landmine are analyzed. The average air temperature is set at
28�C with amplitude of 4�C. This represents a typical day in July in a country like
Lebanon, and the relative humidity is held constant at 80%. The duration of each
run is 240 h (10 days), which is found to be sufficient to reach a periodic converged
solution over a diurnal cycle.

To investigate the sensitivity of the solution to the time step and grid used,
numerical experiments are carried out with different time steps and nonuniform grid
networks, for both dry and moist soils. For dry soil an initial temperature of 293 K is
used, whereas for moist soil the initial temperature and matric potential are set at
293 K and�10 m, respectively. In both cases, the landmine is buried at a depth of
2 cm. The results are generated for three different time steps with values of 30,
120, and 180 s, and three different nonuniform grid networks of sizes, 30� 21,
40� 28, and 50� 35 control volumes. When varying the time step, a grid of size
40� 28 control volumes is used, and when varying the grid size, a time step of value
120 s is employed. A plot illustrating the grid utilized in the computations is dis-
played in Figure 1d.

Surface profiles for different grid sizes and time steps at three different times of
the day are depicted in Figure 2. Results in Figures 2a and 2b are for moist soil, while
those in Figures 2c and 2d are for dry soil. Figure 2a presents surface profiles of
moisture content, whereas Figures 2b–2d display surface profiles of temperature.
Profiles in Figures 2a and 2c are generated using different grid networks, while those
in Figures 2b and 2d are predicted employing various time steps. As shown, profiles
are almost indistinguishable, showing a time-step- and grid-independent solution, for
both moist and dry soils. As a compromise between cost and accuracy, all results pre-
sented in this work are generated using a time-step value of 120 s over a nonuniform
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mesh of size 40� 28 control volumes. Grid points are clustered close to the surface
and solid boundaries, where large gradients are expected (Figure 1d).

Effects of Different Parameters

To investigate the effects of mine and soil type, burial depth, and moisture con-
tent on heat and mass transfer in soils and to assess their impact on the thermal con-
trast at the soil surface, computations are performed for several burial depths and
soil moisture contents using two landmine types (TNT and Tetryl) and three soil
types (Yolo light clay, sandy clay loam, and heavy clay), whose physical properties
are given in Appendix I.

Effect of mine material and burial depth. To examine the effect of burial
depth on the thermal contrast at the soil surface and to identify the maximum depth
after which no thermal signature appears at the soil surface, computations are

Figure 2. Surface profiles for moist (a, b) and dry (c, d) soil for different grid and time-step sizes.
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performed using two landmine types (TNT and Tetryl) buried in dry and moist
heavy clay soil at various depths (1, 2, 4, 6, and 8 cm); results are displayed in
Figures 3–8.

The temperature distributions at the surface of dry and moist soil
ðwi ¼ �10 mÞ, in which a landmine of type TNT is buried at various depths, are pre-
sented at different times of the day in Figures 3 and 4, respectively. Profiles clearly
indicate that, for both dry and moist soil, increasing the burial depth decreases the
thermal contrast until it nearly vanishes at a burial depth of 8 cm. The thermal con-
ductivity of TNT being lower than that of soil (i.e., kTNT ¼ 0:22 W=m K), increases
the thermal resistance to heat transfer (thermal resistance is inversely proportional to
thermal conductivity) along the portion of the path containing the mine. Therefore
heat transferred through the soil above the mine faces higher thermal resistance with
a consequent increase in temperature there during the heating period (Figures 3b, 3c,

Figure 3. Effect of TNT mine’s burial depth on surface temperature distribution of dry heavy clay soil at

(a) 6 a.m., (b) 10 a.m., (c) 2 p.m., and (d) 8 p.m.
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4b, and 4c), leading to a visible thermal contrast at the surface. The maximum value
of this thermal contrast depends on the type and moisture content of the soil. During
the cooling phase (Figures 3a, 3d, 4a, and 4d), the hot part above the mine becomes
cooler than the surrounding soil due to the tendency of the mine to block the upward
heat transfer by conduction through the soil, which results in a thermal contrast hav-
ing a sign opposite to that obtained during heating.

The soil temperature profiles at three different depths are depicted for dry and
moist heavy clay soil in Figures 5 and 6, respectively. Results are presented for a con-
figuration in which the upper surface of the buried mine is 1 cm below the soil sur-
face. The selected depths coincide with the soil surface, the mid-height of the mine
(i.e., at a depth of 3.5 cm), and a location 1 cm below the lower surface of the mine
(i.e., at a depth of 7 cm). The surface temperature definitely reveals the signature of
the landmine, and the inclusion of internal soil temperature profiles serves as a check

Figure 4. Effect of TNT mine’s burial depth on surface temperature distribution of moist heavy clay soil

(wi ¼ �10 m) at (a) 6 a.m., (b) 10 a.m., (c) 2 p.m., and (d) 8 p.m.
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of the validity of results, i.e., they help in identifying any unphysical behavior. Pre-
dictions displayed at four different times of the day (6 a.m., 10 a.m., 2 p.m., and
8 p.m.) show the effect of the presence of the mine on conduction heat transfer in
the soil. In the early morning (Figures 5a and 6a), the soil surface temperature is
lower than the temperature of the soil below the surface. As heating by solar radi-
ation continues, the picture is reversed (Figures 5b, 5c, 6b, 6c). Then, after sunset,
cooling starts and the soil surface temperature is again lower (Figures 5d and 6d).
However, the temperature of the soil above the mine as compared to the temperature
of the soil surrounding the mine does not follow the same trend. At 6 a.m. (Figures 5a
and 6a), the soil temperature below the mine is higher than the temperature of the
soil away from the mine at the same depth. This is due to the fact that the mine acts
as a barrier or an insulator, reducing heat transfer. For the same reason, the tem-
peratures of the mine and the soil above the mine are lower than their surrounding

Figure 5. Temperature distribution for dry heavy clay at different depths and times using TNT buried

mine at a depth of 1 cm.
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soil. As time progresses, the soil starts to be heated by short-wave solar radiation. By
10 a.m. (Figures 5b and 6b), the soil at the surface becomes hotter than the soil deep
below and the soil temperature decreases with depth. However, the insulating effect
of the mine causes the soil surrounding the mine to become hotter than the mine.
After a sufficient heating time (i.e., at 2 p.m., Figures 5c and 6c), the mine tempera-
ture increases and becomes very close to the temperature of the surrounding soil for
the dry case (Figure 5c) and higher than the surrounding soil for the moist case (Fig-
ure 6c). In moist soil, this behavior is due to the evaporation, which is greater over
the mine than away from it because of the heat trapped there. As cooling takes place
(Figures 5d and 6d), the insulating effects of the mine reduce the rate at which heat
flows upward through it and cause the temperature above the mine to be higher than
the temperature of the surrounding soil.

Figure 6. Temperature distribution for moist heavy clay (wi ¼ �10 m) at different depths and times using

TNT buried mine at a depth of 1 cm.
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The thermal contrast is defined in this work as the temperature difference
between the point on the soil surface above the mine center and a reference point
at the surface where no mine is buried. The thermal contrasts at the surface over
a diurnal cycle for different burial depths of two types of landmine are presented
in Figures 7 and 8 for dry and moist heavy clay soil, respectively. Figure 7 clearly
shows that for both dry and moist soil, the burial depth has influence on the time
of occurrence of the maximum thermal contrast at the surface and on the maximum
contrast amplitude. The maximum thermal contrast decreases as the mine burial
depth increases, and its maximum shifts during the heating phase toward later hours
in the day. The time shift is due to the higher storage capacity of the soil above the
mine, causing a slower thermal response to heating. The presence of moisture has a

Figure 7. Thermal contrast at the surface for different burial depths over a diurnal cycle for (a) dry heavy

clay using TNT mine, (b) dry heavy clay using Tetryl mine, (c) moist heavy clay (wi ¼ �10 m) using TNT

mine, and (d) moist heavy clay (wi ¼ �10 m) using Tetryl mine.
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more pronounced effect on shifting the time of occurrence of the maximum contrast,
where, for a mine buried at a depth of 1 cm, the dry soil maximum contrast takes
place at noon, while for wet soil it happens at 2 p.m. Increasing the mine thermal
resistance has significant effect on the thermal contrast, where a temperature differ-
ence of 6.3�C is attained on the soil surface for Tetryl mine buried at 1 cm depth in
dry heavy clay (see Figure 7b), compared to 4�C attained for a TNT mine buried at
the same depth and in the same type of soil (see Figure 7a). However, the presence of
moisture in the soil greatly influences the magnitude of the maximum thermal con-
trast and the time of the day when the maximum contrast occurs. By comparing
plots in Figure 7 (i.e., Figure 7a against Figure 7b and Figure 7c against Figure 7d),

Figure 8. Maximum thermal contrast at the surface using TNT and Tetryl mines for (a) dry heavy clay

versus burial depth, (b) moist heavy clay (wi ¼ �10 m) versus burial depth, (c) dry heavy clay versus time

of the day for 1-cm burial depth, (d) moist heavy clay (wi ¼ �10 m) versus time of the day for 1-cm burial

depth.
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it is clear that at low burial depths (less than 1 cm here), the thermal contrast is
higher in moist soil than in dry soil. The maximum thermal contrast for a TNT mine
buried at a depth of 1 cm increases from 4�C for dry heavy clay soil (Figure 7a) to
9.23�C for moist heavy clay soil at wi ¼ �10 m, and the time of day when the
maximum contrast occurs in that case shifts from noon for dry soil to 2 p.m. for
moist soil. Similar behavior is observed in Figures 7b and 7d for a Tetryl mine buried
in dry and moist soils. However, as the burial depth increases, the magnifying effects
of the soil moisture content disappear. This is further revealed in Figures 8a and 8b,
which present the variation of maximum contrast at the soil surface with burial
depth. As shown, there is a sharp decrease in the maximum contrast with an increase
in the burial depth from 1 to 2 cm. This is not the case with dry soil, where the
maximum contrast decreases smoothly with depth. The evaporation taking place
in moist soil is the main reason for this behavior. At a burial depth of 1 cm, the
moisture at the surface above the mine rapidly evaporates, leading to a big difference
in thermal conductivity between it and the surrounding soil with no possibility for
axial moisture diffusion due to the presence of the mine. This difference results in
a high thermal contrast. As the burial depth increases, the rate of decrease of moist-
ure content above the mine decreases, leading to lower thermal contrast. Further-
more, the effects of mine type on the thermal signature, for both dry and moist
soil, are depicted in Figures 8c and 8d, respectively. As the thermal diffusivity and
conductivity of the mine decreases, the maximum contrast increases. For the case
presented, as the thermal diffusivity ratio asoil=amine increases from 4.23 to 9.32
for dry soil and from 4.73 to 10.42 for moist soil, the thermal contrast increases
by 2.3 and 3.4�C, respectively.

Effect of water content and soil type. The simultaneous temperature and
moisture changes in soil, induced by variations in surface moisture and heat fluxes,
are highly dependent on the type of soil and its physical properties. The three types
of soil selected in this study are heavy clay (70% clay, 20% sand, and 10% silt),
sandy clay loam (28% clay, 56% sand, and 16% silt), and Yolo light clay (31.2%
clay, 23.8% sand, and 45% silt). The variation of soil material properties (moisture
retention, thermal conductivity, thermal capacity, and hydraulic conductivity) with
moisture content is most pronounced when the sand content is high, while silt or clay
has less influence [28].

The effect of initial moisture content and soil type on the surface thermal sig-
nature of buried landmines is investigated by generating numerical solutions of heat
and moisture diffusion in the three mentioned types of soil using four different initial
distributions of the soil matric potential of values�1,�10,�100, and�500 m. As the
thermal contrast decreases with increasing burial depth, all results presented in this
section (Figures 9–12) are obtained for a mine buried at 1 cm below the soil surface
in order to demonstrate clearly the effects of the above-mentioned parameters.

Surface temperature and matric potential profiles for different initial moisture
contents at two times of the day (6 a.m. and 2 p.m.) using a TNT buried mine are
presented for the heavy clay, sandy clay loam, and Yolo light clay soil in Figures 9,
10, and 11, respectively. As the variation of temperature with time for a given matric
potential was discussed in the previous section, discussion will concentrate here on the
effects of the moisture content and soil type. Figures 9–11 show the radial variation
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of surface temperature profiles at 6 a.m. (Figures 9a–11a) and 2 p.m. (Figures 9b–
11b), and the corresponding radial matric potential profiles in Figures 9c–11c and
Figures 9d–11d, respectively. With the exception of the temperature profile of heavy
clay soil for wi ¼ �10 m at 6 a.m. (Figure 9a), the surface temperature increases with
decreasing moisture content (or matric potential). This is expected because the higher
the wetness of the soil is, the more heat will be required for evaporation. Conse-
quently, less heat will be available to sensibly heat the soil and increase its tempera-
ture. For the profile in Figure 9a (wi ¼ �10 m), the temperature is seen to be lower
than the corresponding profile for wi ¼ �1 m. This behavior is attributed to the com-
peting effects of the soil thermal conductivity and specific heat, which both increase
with increasing moisture content as the trapped air in the pores is replaced by water.
Therefore the thermal diffusivity of the soil, which is the ratio of thermal conduc-
tivity to volumetric heat capacity, depends heavily on the moisture content of the
soil. Moreover, thermal diffusivity is the controlling transport property for transient

Figure 9. Surface temperature and matric potential distribution for heavy clay, for different matric

potentials and different times using TNT buried mine at a depth of 1 cm.
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conduction heat transfer that determines the rate at which the soil responds to
environmental changes [24]. As shown in the legend of Figure 12a, for heavy clay
soil the soil-to-mine thermal diffusivity ratio changes from as=am ¼ 4.73 at
wi ¼ �1 m to as=am ¼ 4.71 at wi ¼ �10 m, while the corresponding thermal conduc-
tivity ratio changes from ks=km ¼ 6 to ks=km ¼ 4.9. Therefore it is possible for the
thermal diffusivity at two different matric potential values to be nearly equal while
the thermal conductivities are quite different, and explains the higher temperature
obtained at a higher matric potential value.

In general, the matric potential profiles vary in an opposite manner to the tem-
perature profiles. Results reveal that at 6 a.m. (Figures 9c–11c) the moisture content
of the soil above the mine is higher than the surroundings, while at 2 p.m. (Figures
9d–11d) it is lower (i.e., drying of the soil is faster above the mine). These results
clearly show that at a given depth the water content can either decrease or increase
away from the mine due to the blocking effect the mine creates prohibiting any

Figure 10. Surface temperature and matric potential distribution for sandy clay loam soil, for different

matric potentials and different times using TNT buried mine at a depth of 1 cm.
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transfer of moisture in the axial direction. The exception is for sandy clay loam at
wi ¼ �10 m and Yolo light clay at wi ¼ �1 m, which vary in the same direction as
temperature. This is a clear indication that the landmine affects soil water content
distributions around it in a very dynamic way depending on the influence of soil
thermal and hydraulic properties on moisture diffusion as explained earlier.

The variation of surface thermal contrast over a diurnal cycle for different
initial moisture content are presented in Figures 12a–12c for heavy clay, sandy clay
loam, and Yolo light clay soil, respectively, using a TNT mine buried at a depth of
1 cm. The variations of the maximum thermal contrast with initial moisture content
for the three types of soil are depicted in Figure 12d. For the types of soil used, the
soil-to-mine thermal diffusivity ratio as=am increases by 10–11% and the soil-to-mine
thermal conductivity ratio ks=km increases by 65–80% when the matric potential wi

in the soil is increased from�500 m to�1 m. The changes in soil thermal properties
cause a phase shift in the time of the day when maximum thermal contrast occurs.

Figure 11. Surface temperature distribution and matric potential for Yolo light clay, for different matric

potentials and different times using TNT buried mine at a depth of 1 cm.
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The time of peak contrast of heavy clay soil, for example, occurs at 12:00 noon, 12:00
noon, 2:00 p.m., and 10:30 a.m. for wi ¼ �500,�100,�10, and�1 m, respectively.
Heavy clay soil has low hydraulic conductivity, enabling it to retain moisture close
to the soil–air interface. At high moisture content of wi ¼ �1 m, the heavy clay
maximum thermal contrast (2.5�C) is smaller than the contrast (9.3�C) observed
for lower moisture content (wi ¼ �100 m), indicating that a change of phase is taking
place by evaporation that results in less sensible heating of the soil. Sandy clay loam
shows similar behavior as heavy clay, where the maximum thermal contrast of 9�C is
attained at wi ¼ �10 m. The thermal contrast shown in Figure 12c increases as the
initial soil moisture content is increased.

The initial matric potential values that maximize the thermal contrast are�1,�10,
and�100 m for Yolo light clay, sandy clay loam, and heavy clay soil, respectively
(see Figure 12d). This can be explained by the fact that, as moisture content

Figure 12. Variation of surface thermal contrast over a diurnal cycle at different initial moisture contents

for (a) heavy clay, (b) sandy clay loam, (c) Yolo light clay soil using TNT mine buried at 1-cm depth, and

(d) maximum thermal contrast variation with initial moisture content for three types of soil.

508 F. MOUKALLED ET AL.



increases in the soil, the trapped air in the pores is replaced with water, which leads
to an increase in both the thermal conductivity and volumetric heat capacity of the
soil. The three types of soil exhibit smaller thermal contrast during cooling (at
night) compared to heating, with the difference in temperature being smaller than
2�C due to absorption of moisture from air.

CLOSING REMARKS

A finite-volume numerical method was used for studying the effect of soil type,
soil moisture content, mine type, and mine burial depth on the thermal signatures of
buried landmines. Results indicated that as the burial depth of the mine increases,
the thermal contrast at the soil surface becomes weaker. The addition of moisture
was found to enhance the thermal contrast at a burial depth of 1 cm in heavy clay
soil. However, enhancement of the thermal signature was found to be limited to shal-
lowly buried mines (up to 2 cm), as moisture evaporation takes place at the surface.
The type of soil was found to have a profound influence on the thermal signature,
with high moisture content in heavy clay soil resulting in degraded thermal contrast
because of the change of phase that takes place during drying. Moreover, increasing
the moisture content in the soil shifted the time of the day at which the maximum
thermal contrast occurred. Moreover, the prediction of mine thermal signatures
on soil surface was found to rely on accurate determination of soil parameters
including soil matric potential and thermal conductivity. These parameters do not
have fixed relationships with each other but depend on soil properties and textures,
which further complicate their expected thermal response.
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APPENDIX I

A. Properties of Dry Soil and Mine Materials

Two mine materials (explosives) are used in this work, TNT and Tetryl explo-
sives. In addition, heavy clay is used to generate the dry results. Properties of mines
and dry soil are listed in Table Ia.

B. Properties of Wet Soil

Three types of soil were used in this work, Yolo light clay, sandy clay loam,
and heavy clay, the properties of which are listed in Table Ib. As a special case,
the hydraulic conductivity of Yolo light clay is obtained from the equation used
by Haverkamp et al. [29].

C. Thermal Properties of Air, Water, and Soil Constituents

The thermal properties for air and water are listed in Table Ic.

ka ¼ 0:02417þ 7:596 � 10�5ðT � 273:15Þ ðI:1Þ
kw ¼ 0:5694þ 1:847 � 10�3ðT � 273:15Þ � 7:394 � 10�6ðT � 273:15Þ ðI:2Þ
r ¼ 0:1171� 0:0001516 T ðI:3Þ

Table Ib. Types and properties of soils used in this work

Fractions Fitted parameters

Soil type Sand Silt Clay hs hr a n Ksat s

Yolo light clay 0.238 0.4 0.442 0.495 0.1 — — 1.27E-7 0.5

Sandy clay loam 0.56 0.16 0.28 0.433 0.0737 2 1.37 3.65E-6 �1.02

Heavy clay 0.2 0.1 0.7 0.415 0.0965 2.07 1.28 7.07E-7 �3.59

Table Ia. Thermal properties of mine materials and dry soil

q (kg=m3) Cp (J=kg K) k (W=m K)

TNT 1,560 1,370 0.2234

Tetryl 1,700 1,050 0.09

Heavy clay 2,080 921 0.813
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where ka, kw, and r are the thermal conductivity of air, thermal conductivity of
water, and surface tension, respectively. The saturated vapor density is calculated
using

qvs ¼ exp
13:873T � 3529:9

T � 105:84

� �
� 10�3 ðI:4Þ

Table Id shows the thermal and physical properties of soil constituents, in which kqtz

is calculated as

kqtz ¼ 9:051þ 0:02659ðT � 273:15Þ ðI:5Þ

where kqtz is the thermal conductivity of quartz.

Table Id. Thermal and physical properties of soil constituents

q (kg=m3) Cp (J=kg K) k (W=m K) ga

Quartz 2,650 731.5 Eq. (I.5) 0.144

Other minerals 2,650 731.5 2.93 0.144

Organic material 1,300 1,923 0.25 0.5

Table Ic. Thermal properties of air and water

q (kg=m3) Cp (J=kg K) r (J=m2)

Air 1.2 1,005 Eq. (I.1)

Water 998 4,180 Eq. (I.2) Eq. (I.3)
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