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Abstract. Landmines are a type of inexpensive weaponsl Introduction
widely used in the pre-conflicted areas in many countries

Worldl\ll_‘”de' Tk:e tVIVO malln type; are thﬁ metallic and non- o gmine contamination is one of most widespread calami-
metallic (mostly plastic) landmines. They are most COM-ties, which transcends humanitarian and sociological con-

monly investigated by magnetic, ground penetrating radar.q g and brings severe environmental, economic and devel-
(GPR)’ and mgtal detector (MD) teghmques. .T_hes.e ge,o'opment problems. It is not known exactly how many land-
physical techniques however have significant limitations N hines were planted and where these mines were located
resolving the non-metallic landmines and wherever the hOSNonetheless, it is estimated that about 80-120 million land-

materials are conductive. In this work, the 3-D electric re- .- < have already been planted in many post-conflicted ar-

sistivity tomography (ERT) technique is evaluated as an al-o55 ‘i ahout 90 countries (Berhe, 2007). The areas contami-

ternative and/or confirmation detection system for both land<, »e with mines directly and indirectly impact the surround-
mine types, which are buried in different soil conditions and ing community. Complete clearance of any landmine field is
at different depths. This can be achieved using the capaci

i St , ) F““required to restore public confidence. The fear of the pres-
tive resistivity imaging system, which does not need dlrectenCe of even a single landmine deny people access to large

conta(r:]t Wltfll)the grour:jd su(;facg. Synthelzlt_lc m?jde|5 for eaﬁ_harea that is desperately required for agriculture, water sup-
Ea(sj'e "?;'e_ ge_n intro uged using metallic an hno_n-metg 'Bly, and to undertake economical evaluation for the natural
odies buried in wet and dry environments. The INVersion, o, rces. Therefore, mine-detection techniques require ex-

resglts usindg the Lgormblleait-squgr?s ofptihmilzati(;)n _metttlo: tremely high detection rates and accuracy. Although research
tend to produce robust blocky models of the landmine body., 4 development of detection techniques has been going on

The dipole axial and the dipole equatorial arrays tend to have, many years, no single technique is deemed suitable for

the most favorable geometry by applying dynamic capacitivea" types of landmines

electrode and they show significant signal strength for data .
sets with up to 5% noise. Increasing the burial depth relative R€cently there are numerous efforts to evaluate different

to the electrode spacing as well as the noise percentage in tHj§cnnologies for the detection of landmines (Savelyev et al.,
resistivity data is crucial in resolving the landmines at differ- 2007)- Several geophysical techniques have been proposed
ent environments. The landmine with dimension and buriai@d utilized worldwide to achieve these objectives. Among
depth of one electrode separation unitis over estimated whild1€S€. ground penetrating radar (GPR) and metal detector

the spatial resolutions decrease as the burial depth and noi¢D) are considered the most effective ones, because they
percentage increase. can locate both metallic and nonmetallic landmines by non-

invasive subsurface sensing (Gao et la., 2000; Chen et al.,
2001; Daniels, 2004). However, it is well known that the
performance of GPR is influenced by the EM properties of

Correspondence tavl. Metwaly the soil, particularly with increase of the moisture and clay
BY (mmetwaly70@yahoo.com) contents (Das et al., 2001; Lopera and Milisavljevic, 2007;
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Metwaly et al., 2007). In highly conductive soil the elec- water. They used fixed classical electrodes with advanced
tromagnetic waves diffuse quickly therefore the GPR, whichalgorithm for reconstructing the subsurface conductivity dis-
utilize high frequency waves is not able to see deeply into theribution at shallow depth. Most of the other trials focused
ground. Similarly, the application of MD for the landmine to detect the unexploded ordinance (UXO) using generally
detection sometimes fails when the mines are composed d?-D ERT (El-Qady and Ushijima, 2006). However, the UXO
non-metallic materials and/or the soil contains high concen-are actually not of primarily interest for ERT since it mainly
trations of ferruginous minerals (Lopera and Milisavljevic, composes of metallic components and could be detected bet-
2007). ter using the conventional electromagnetic techniques. Met-
Therefore there is a strong need for applying another nonwaly (2007) compared the 2-D GPR and ERT responses of
destructive surface technigue, which is neither completely afmetallic and plastic landmines at different soils however the
fected by the landmine materials nor by the EM propertieslandmines are in fact 3-D bodies. Therefore, this work is
of the soil. Such a proposed technique could be used eithetonsidered one step forward to deal with various small land-
in combination with the GPR and MD techniques in routine mines buried at different depths in dry and wet environments
landmine detection or as an independent confirmation toolising two electrode arrays.
for the assurance of landmine cleared areas. These require- The classical mechanical installation of the steel elec-
ments could be satisfied by using the electrical resistivity to-trodes is impractical and probably risky when used for land-
mography (ERT) technique, particularly the capacitive resis-mine detection. Therefore, a need has arisen for alternative
tivity (CR) dynamic system (Benderitter et al., 1994). The resistivity imaging methodology like the capacitive electric
CR system is similar to the well-known conventional DC re- resistivity system, which does not need direct coupling with
sistivity system with the main difference that the galvanic the ground surface. The technique is based on a four-point
electrodes are replaced by capacitive sensors (Kuras et alsensors array that is capacitively coupled to the ground and
2006). The ERT method generally provides low cost andacts as an oscillating non-grounded electric dipole (Kuras et
rapid tool for generating spatial models of subsurface physi-al., 2007). The coupling mechanism between sensors and the
cal properties (Chambers, et al., 2006). ground is then predominantly capacitive and the inductive
The main aim of this work is therefore to investigate the effects are negligible. The entire system is designed to be
applicability and effectiveness of the 3-D electrical resistiv- dragged or towed along the ground surface either manually
ity tomography technique to locate small sized metallic andor mechanically while resistivity can be measured continu-
non-metallic landmines buried in resistive or conductive en-ously (Milsom, 2003). There are basically, two types of ca-
vironments at different depths using different electrode con-pacitive sensors, one is the capacitive line antennae, and the
figurations. other is flat plate electrodes (Kuras et al., 2007). Under some
conditions, the capacitive measurement of resistivity emu-
lates the DC field surveys and different measurements can be
2 Electrical Resistivity Tomography employed with the CR system (such as resistivity sounding,
profiling, tomographic imaging). Moreover, the apparent re-
The electrical resistivity tomography technique is well sistivity determined using the CR system is processed using
known in geoexploration. The electrical potentials are mea-the traditional DC interpretation schemes.
sured at grid points on the ground surface for number of
current injection points. Then the apparent electrical con-
ductivity/resistivity is calculated and used to construct the
subsurface conductivity image that can be used for identify-

ing any anomalies like landmines. The presence of metaIIiCThe dipole axial and the dipole equatorial arrays tend to have

and non-metallic mines will disturb the subsurface conduc—the most favorable geometry by applying dynamic capaci-

tivity distributions. The signal characteristics are based ontIVe electrode (Parasnis, 1997). This is referring to their

. 2 ease to use and the superior horizontal and vertical resolu-
the size, shape, conductivity contrast, and the depth of the . . )
. ) . . . ion relative to the array dimensions (Kuras et al., 2006).
buried object. For landmine detection, the main advantag

of the ERT method is that it works effectively in wet and he other electrode configurations are generally unsuitable

conductive environments while many other electromagneticfor the towed resistivity capacitive system. This is referring

techniques (GPR and MD) perform poorly. Moreover, theto the using of remote_ electrodes that neqd qung long wire
. i b . connecting cables, which have large capacitance interference
ERT is a low cost technique, which is able to confirm the

. . between transmitter and receiver. In the current example,
results of classical clearance operations.

There are few published works for using the ERT for th we used different numbers of electrodes in both directions
ere are few published works for using the or the onstructing a rectangular research model area. The maxi-

Iandmipe .c!etection. Recently C.hurch etal. (20.06) shoyveoﬁqum number of independent measurements that can be sim-
the reliability of the ERT technique fo_r detectmg the in- ;ply made withn, electrodes is (Xu and Noel, 1993);
door and outdoor surrogates and passive landmines of var-

ious types buried in different soils as well as under shallownmax = n.(n, — 1)/2 D

3 Electrodes configuration
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Table 1. The physical and geometrical parameters used in the synthetic data modeling (ES unit is equal to electrode separation).

Quality Dimension (in ES unit)  Depth (in ES unit)  Resistivity (Ohm.m)
Landmi metallic 1 1 0.01
andmine non-metallic 1 1 100
. dry - 1000
Host soil wet _ 5

Although in some case like in landmine detection, acquir-
ing the complete 3-D data set is not always possible, there-
fore it is recommended to acquire the data in 2-D parallel _*sicr
profiles along x direction and then repeat the measurements
similarly in y direction eventually using the same electrode
positions and spacing. This way of survey helps in reducing
the directional bias, which is commonly dominant in typical
2-D measurements (Loke and Barker, 1996). The synthetic
data utilized in this work use the 2-D parallel profiles strat-

egy.

A Electrode numbers
Fig. 1. Electrodes layout used for 3-D synthetic data modeling.

4 The forward modeling
As the nodal potential is now known, the potential differ-

The response of the 3-D electrical resistivity models used inences from point to point and the apparent resistivities are

this work was calculated using the finite-difference method,calculated for the applied electrode arrays (Yi et al., 2001).

in which the subsurface is divided into a 3-D mesh (Dey and The landmines and the host soil parameters, which were

Morrison, 1979). Accordingly, the resistivity values have used to calculate the synthetic data, are summarized in Ta-

been estimated at each cell of the mesh. Electrical resistivityple 1. The number of employed electrodes is set to be 20 in x

tomography experiments yield a series of voltage measureand 10 in y directions (Fig. 1). For both electrode arrays, the

ments in response to number of known input currents. Theséipole length is equal unit electrode spacing (ES), while the

voltages and currents are related to the subsurface conductidipole separation factor] is set to range from (i) to (6n).

ity structures via the following relation: Both the metallic and non-metallic landmines were modeled

. with a homogenous cube, whose side length is equal to elec-

V- (ZoVe) =10 —re+) =80 = 1)) @) trode separation unit (ES) and are buried at depth equal to the
This equation relates the potential field) (to the input  electrode separation (ES) as well in homogenous soils. The

current () through the conductivity structure of the medium RES3DMOD three-dimensional forward modeling program

(o). Thery+ andr,— are the locations of the positive and was used to calculating the synthetic apparent resistivity data

negative current sources respectively aad-r,) isthe dirac  for both electrode arrays.

delta function, centered at the current source location. In or-

der to obtain the potential distribution in the 3-D space, we

used the finite difference approximation to divide the subsur5 The inversion procedure

face into finite number of elements and manipulating the re-

sistivity values of each element. After discretizing the earth5.1 Inversion scheme

into a finite number of elements or a mesh system, the fol-

lowing equation is obtained (Sasaki, 1994): The fast development of the computer science allows a par-
allel fast development of automated resistivity inversion rou-
Alo)u =gq 3) tines, which aim to construct the subsurface resistivity distri-

Whereasy is a vector containing the potentials(o) is butions in view of data uncertainties (Yi et al., 2001). Among
the forward operating matrix anglis the vector containing these routines, the regularized least-squares optimization
the locations of positive and negative current sources. Foparticularly with a smoothness constraint (Sasaki, 1989;
calculating the nodal potential for a given conductivity model
then:

1IRES3DMOD ver. 2.14 3-D resistivity and IP forward model-
ing using the finite-difference and finite-element methodsvw.
u=A0o)q (4) geoelectrical.comAccessed: 5.02.2008.

www.nonlin-processes-geophys.net/15/977/2008/ Nonlin. Processes Geophys., 98692063


www.geoelectrical.com
www.geoelectrical.com

980 M. Metwaly et al.: Contribution of 3-D ERT for landmines detection

deGroot-Hedlin and Constable, 1990; Loke and Barker, L atdepth =0 ES
1996; Li and Oldenburg, 2000; Loke et al., 2003) has be-
come a popular technique for interpreting the ERT data sets.
Itis considered a flexible method that allows including some
constrains during the inversion procedures. Therefore, the J'%
resulted inverted models are close to the true subsurface %,
one. There are two broad methods for applying the regular-
ized least-squares optimization technique; the smoothness
constrained k norm and the blocky £ norm optimization.

The L, norm or smoothness-constrained least squares opti- atdepth = 2 ES
mization equation is given by (Loke et al., 2003).

(730 + W W) Ari = T gi = 2WT Wriy 5)

whereg; is the discrepancy data misfit vector containing the
difference between the logarithms of the measured and cal-
culated resistivity values\r; is the change in the model pa-
rameters for théth iteration andr;_; is the model parame-
ters vector for the pervious iteratiahijs the Jacobian matrix tallic l
of partial derivativesW is the roughness filter matrix, is ; e
the damp|ng factor_ (1000 Ohm.m for dry soil)

In the smooth k norm, the sum of squares of the spa- . . , .
tial changes in the model resistivity and data misfit is mini- Fig. 2 Model sllc_es for the metall_lc and non-metallic Ian_dmlnes
mized (deGroot-Hedlin and Constable, 1990). On the othelused in the modeling process. ES is the electrode separation.
hand, the simple method of implementing the horm us- . ] . o
ing the standard least-squares formulation is the iterativelyNversion schemes, as it has considerable sensitivity to lat-
reweighted least-squares method (Wolke and Schwetlick?ral resistivity contrasts (Monteiro Santos et al., 2007; Alaia

1988). Then the optimization equation is modified to be: €t @l., 2008). The dipole length was equal to one electrode
separation unit and the dipole separation was set to range

from n to 6rn. The synthetic models consist of homogenous
(JiTRdJi + W RdW) Ar; = jTRygi — wWT RgWr;_; (6)  Wetand dry soils with resistivity of &.m and 100G2.m re-
spectively having two small metallic and non-metallic land-
whereRy andRy, are weighting matrixes. mines buried at depth equal to the unit electrode separation
The inversion method using the; Inorm robust method ~ (Table 1). The two landmine types have a resistivity of 0.01
tends to produce models with piecewise constant resistivityAnd 10&t2.m respectively (Fig. 2). The 3-D inverted resistiv-
values in which the sum of absolute values of the data misfifty data using both i norm and L, norm schemes for both
is minimized (Farquharson and Oldenburg, 1998). wet and dry soil models are displayed as horizontal resistiv-
ity images at depth equals to the unit electrode separation
5.2 Selection of the inversion scheme for the modeling ~ (Fig. 3). Both inversion techniques detect the metallic and
non-metallic landmines in wet and dry soils successfully, but
Studying the inversion results of synthetic models using dif-with different spatial resolutions. The resistivity values of the
ferent inversion schemes provides good estimations for premetallic landmine are relatively lower than the background
dicting the features of the near surface small targets like theesistivity in both soil conditions. The non-metallic land-
landmines (Kuras et al., 2006). The 3-D electrical resistivity mine signature is relatively higher than background resistiv-
synthetic data were inverted using RES3DINV commerciality of wet soil and lower than background resistivity of the
software, which offers two inversion schemes using smoothdry soil (Fig. 3). The inversion results using-bhorm show
L2 norm and blocky i norm implementations of the regular- a type of concentric smeared out anomalies with gradational
ization least-squares optimization method (Loke and Dahlinboundaries around the landmine targets (Fig. 3a and c). The
2002; Loke et al., 2003; Dahlin and Zhou, 2004). The two inversion results usingi1.norm scheme (Fig. 3b and d) give
inversion schemes were applied separately in order to unbetter landmine resolutions in wet and dry soils without such
derstand the difference in their behaviors for reconstructinghigh smearing effect. The inverted images for both metallic
the subsurface and localizing the landmines correctly in varand non-metallic bodies’ exhibit relatively sharp boundaries
ious environments. The forward problem was solved usingbetween the landmines and the background soils, which are
the finite-difference method. The dipole axial electrode arrayuniformly distributed around the landmines, compared with
was used as an example for confirming the efficiency of thethe Ly-norm inversion results.

I:l Non-metallic landmine (100 Ohm.m)
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by relative low contrasts and kind of the resistivity oscilla-
tions particularly below the landmines. Therefore, based on
the horizontal and vertical spatial resolution of the inversion
results, the k. norm inversion scheme will be considered for
processing the synthetic 3-D data sets in the coming sections.

Fig. 3. Horizontal depth slices using thq Inorm and lp norm 3-D
inversion schemes at depth equal to electrode separat&@rand
(b) at the wet soil condition(c) and(d) at the dry soil condition.

In order to correlate the vertical resistivity resolution of the 6  Synthetic models
results using the 4 norm and L1 norm inversion schemes,
the vertical resistivity models that pass through the center ofcertainly, a comprehensive comparison of the near subsur-
the two bodies were extracted and displayed as a functiof@ce resistivity imaging abilities using different electrode ar-
of depth (Fig. 4). The dash-dotted lines show the true land-ays is required in order to evaluate the suitability of their be-
mine and soil models. The continuous line is the invertedhavior and resolution for practical landmine imaging appli-
model using . norm, and the dotted line Corresponds to the cations. Moreover, the Optimum fieldwork deSign, the robust
inverted model using thesLnorm. Neither of the k nor Ly data processing scheme, the spatial resolutions, and the noise
norm schemes resolves the original modeled resistivity val-sensitivities of the arrays should be known before practical
ues of the metallic or non-metallic landmines. This is dueapplications. The current model concerns with testing the ac-
to the relative small sizes of the landmines in addition to thecuracy of two electrode arrays (dipole axial and dipole equa-
relative smoothing effects of both inversion schemes (Loketorial), which are applicable to use with the dynamic capaci-
et al., 2003). However, both inversion schemes give goodive electrode system for the landmine detection. The model
correlated resistivity values with the soil resistivity particu- consists of metallic and non-metallic landmines with resistiv-
larly underneath the landmine bodies. The vertical resistiv-ities of 0.01 and 10€.m respectively buried in a homoge-
ity values using the Lnorm inversion scheme are relatively nous conductive (wet) and resistive (dry) soils having resis-
better in representing the true resistivity of both the host soilstivity values 5Q.m and 100@2.m respectively. The modeled
and the landmines (Fig. 4). The resistivity values show quitelandmine bodies have a shape of a homogenous cube with
high contrast at the boundaries of the landmines compare@ side length equal to the unit electrode separation (ES) and
with the L, norm inversion results, which are characterized buried at depth equal to the ES as well (Table 1).

www.nonlin-processes-geophys.net/15/977/2008/ Nonlin. Processes Geophys., 98692063
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(a) Wet soil (b) Wet soil Resistivity oy
dipoledipole Equatorial dipole (Ohm.m) (a) 3% Noise

8 at depth
=0ES

(b) 5% Noise

(c) 10% Noise

at depth
=0ES

6.5

. (d) 3% Noise (e) 5% Noise () 10% Noise  ‘omesy

0 at depth
=0ES

(c) Dry saoil (d) Dry soil Rt T e
dipoledipole Equatorial dipole b, =28s y
t depth -
e o f’#
900
850
800
- 0 . . . .
=1ES o0 Fig. 6. Inverted models using robust Lnorm for buried metallic
o and non-metallic landmine in wet and dry environments with dif-
=2ES - o ferent percentage of noise.

0
2 200 ever, the resistivity anomaly from the bottom of the land-
1o mine is decrease rapidly. In dry soil, the two electrode arrays

sharply portray the top and bottom of the non-metallic land-

Fig. 5. Inverted models using robust Lnorm for buried metallic m|ne_. However, the equ_atonal dipole conf|gu_rat|on shows
and non-metallic landmines in wet and dry environments. ES isrelatively better results (Fig. 5d). In the wet environment, the
the electrode separation. P and M are the non-metallic and metalli€lipole axial array shows relatively strong resistivity signals
landmines. (Fig. 5a).

6.2 The noise effect
6.1 Landmines in homogenous soils

For studying the effect of the noise on the robustness of de-
Reasonable reconstructions of the subsurface resistivity distecting the different landmines in various environments us-
tribution were obtained at four different successive depthsng ERT technique, Gaussian random noises with amplitudes
as a function of unit electrode separation (0, 1, 2, and 3 0f3%, 5%, and 10% (Press et al., 1992) were added to the syn-
the ES). Figure 5 shows the 3-D inversion results using thehetic data. The dipole axial configuration is used for con-
L1 norm inversion scheme after 6 iterations, which is con-structing the synthetic model using the same unit electrode
sidered enough for converging the raw synthetic data to theseparation as in the case of free noise example. These noise
true model. It can be clearly seen that the two electrode arlevels are of same order or higher than those are observed in
rays detect the location of the metallic and the non-metallicthe resistivity data acquired for very shallow subsurface in-
mines either in wet or dry soil with varying spatial resolu- vestigations (Loke et al., 2003). The inversion results using
tions. The conductive metallic landmine has more distinc-the 3-D robust k. norm scheme for both the wet and dry soils
tive resistivity signals compared to the response of resistiveare shown in Fig. 6. The resulting models at different depths
non-metallic landmine in both soils. The inverted resistivity show slightly distorted resistivity images compared with the
anomaly of the metallic landmine is apparently continuousnoise free data sets in Fig. 5. In wet soll, it is possible to lo-
downward below the bottom of the body (Fig. 5). This is cate the metallic and non-metallic landmines at depths equal
due to the current channeling in the metallic landmine ratherto 1 and 2 unit electrode separations as long as the noise level
going down. This effect is significant in resistive soil than is less than 5% (Fig. 6a and b). However, the inverted images
in conductive one. On the other hand, the detection of nonwith high noise level (10%) are quite distorted particularly at
metallic mines in both wet and dry soil is quite major chal- shallow depths equal to 0 and 1 unit electrode separations
lenge for the other detection techniques. The non-metalliqFig. 6¢). Neither the metallic nor the non-metallic land-
landmine in a wet environment can be detected clearly how-mine can be clearly detected. Conversely in the case of dry

Nonlin. Processes Geophys., 15, 9986 2008 www.nonlin-processes-geophys.net/15/977/2008/
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soil the resistivity contrast is rather higher than the case of

wet soil, therefore the resistivity responses from metallic and -,
non-metallic mines are significant even in the case of high

noise amplitude (10%), (Fig. 6d, e, and f). The top of both =2=s
metallic and non-metallic landmines are clearly resolved ata_,
depth equal to the unit electrode separation. The bottoms of
the two landmines are partially blurred at depths equal to 2=4&s

and 3 unit electrode separations.

BB

Fig. 8. Inverted models using robust [norm inversion for metallic
6.3 Landmines at different depths (M) and non-metallic (P) landmines in wet and dry soils. ES is the
electrode separation.
To investigate the capability of the electrical resistivity tech-
nique for detecting metallic and non-metallic landmine bod-
ies at various depths, Fig. 7 shows three bodies with symmetConsequently, the applied electrode configuration falls to re-
rical dimensions equal to the unit electrode separation burie¢onstruct them. This means also that the current dipole ax-
at three different depths equal to 1, 2 and 3 unit electroddal configuration gives similar penetration depths in both soil
separations. The resistivity of the landmine bodies and soilsypes. One possible solution to enhance the spatial resolu-
are changed to represent the different cases of wet and dryon of the ERT technique to detect such small non-metallic
soils as well as the metallic and non-metallic landmines (Ta-landmine at that depth is to set the landmine dimension equal
ble 1). The dipole axial array configuration is applied for to half the unit electrode separation. The inverted models us-
creating the synthetic resistivity data of three metallic anding the double electrode separation show better images for
non-metallic landmines at different depths. locating the non-metallic landmine at such depth as well as
Figure 8 illustrates the inverted models using the robustthe other two shallow landmines particularly in the dry soll,
L, inversion scheme for the three metallic and non-metallic(Fig. 8c and f).
landmines buried at three depths in wet and dry soils. The
three metallic landmines can be identified correctly in both6.4 Spatial resolution
wet and dry soils with different spatial resolutions. The in-
verted resistivity images in wet soil are characterized by rel-We investigated the effect of noise on the spatial resolution
ative artifacts particularly at the side where the metallic land-of the ERT method applying for detecting landmines at dif-
mines are buried deeper (Fig. 8a). In the case of dry soil, thderent depths. Three different Gaussian random noise ampli-
inverted resistivity images are quite clear. The three metallictudes (3%, 5%, and 10%) have been added to the synthetic
landmines produce significant resistivity anomalies, whichdata of the previous example. In this case, the landmine di-
tend to be slightly smeared with the increasing burial depthmension is half the unit electrode separation of the dipole
(Fig. 8d). Nevertheless, as we mentioned early, the detectioaxial configuration. The resulted 3-D inversed images using
of metallic landmines is best performed using the classicathe L1 horm scheme at five depth levels (0, 1, 2, 3, and 4 ES)
metal detector (MD) and magnetic techniques. The detecare quite distorted (Figs. 9 and 10) in comparison with the
tion of non-metallic landmines at various depths and differ- noise free data in Fig. 8. In spite of the various noise am-
ent soils show quite clear resistivity images (Fig. 8). The plitudes in the resistivity data of the wet and dry soils, the
first two non-metallic landmines at depths equal to 1 and 2metallic landmines at the three depth levels show significant
unit electrode buried in both soil types would be detectedresistivity anomalies starting from 2 ES unite depth (Figs. 9
(Fig. 8b and e). The third non-metallic mines at a depthand 10). The smearing effects of the inversion scheme are
equal to 3 times unit electrode separation does not cause anyiore noticeable at the shallow depth in wet soil than in dry
significant resistivity anomaly neither in wet nor in dry soil. soil and diminish as the investigation depth increases. At
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Fig. 10. Inverted models using robust lnorm inversion for metal-

Fig. 9. Inverted models using robust Inorm inversion for metallic ~ lic and non-metallic landmines in dry soil.
and non-metallic landmines in wet soil.

| ise levels £5%) the i ted resistivity i f1h the optimum acquisition parameters. The electrode separa-
ow noise levels £5%) the inverted resistivity images of the tions were set to be a function of landmine dimensions, while

wet and dry soils have quite superior reconstruction of metal- . . )
lic landmines at the three depths (Figs. 9 and 10). With in_the buried depths ranged between 1 to 3 times unit electrode

. ; . i . separations. From the numerical simulations that were car-
creasing noise amplitude to 10% the inverted images sho b

o . . . 'fied out using the 3-D imaging technique, we summarize the
quite distorted anomaheg_ alt_hough thg metallic IandmmesSuccess and failures below.
nonetheless can be identified in both soils.

In contrary, the inversion of contaminated resistivity data 11e inversion results uhsw(]jg thz :jobusi hgrm Iea:st—_ I
acquired in wet and dry soils, which contain non-metallic Sduares optimization method tended to produce relatively

landmines give relatively quite clean results (Figs. 9 and 10).Sharp resistivity images of the landmines. The applied elec-

In wet and dry environments, the non-metallic landmines attrode arrays were _able to detect th_e metallic and _non-metalllc
landmines either in wet or dry soils. In wet soil, only the

shallow depths (equal to 1 and 2 unit ES) produce clear resis-" X )

tivity anomalies in the inverted images as long as the noisé!iPole axial array could locate all the metallic and non-
less than 5%. The top and bottom of the landmines can bénet"’,‘”'c Igndm|nes while in dry soil the dipole equator.|al
clearly identified (Figs. 9d and e; 10d and ). The deeperco'nflguratlon gave the clearest images. The'refore! the dipole
non-metallic landmine at depth equal to 3 unit ES has Wealfj‘x'a_I array was s_e_lected for_othe_r tests. The Inversion of con-
indications in both soils. With increasing the noise level to taminated resistivity data with different noise amplitudes ac-

10%, neither the shallow nor the deep buried non-metallicqmred for metallic and non-metallic landmines in different

landmines can be efficiently detected in both wet and dry en—SOII gondltlons_and at various _depths haye been _tested. _AC'
vironments (Figs. 9f and 10f). However, the shallow non- cording to the inverted resistivity data using the dipole axial

metallic landmines in dry soil have better signals relative tol"f‘”ayén wet en\tnrl?nrlner:jt, '_t was pc|)53|ble ti)hlocat_e tr;e mle tal-
the wet soil example. ic and non-metallic landmines as long as the noise level was

about 5%. The inverted images with high noise levels (10%)
were distorted and neither the metallic nor the non-metallic
landmines could be clearly detected. Conversely, in dry soil
even if the resistivity data was highly contaminated with 10%

In this work, we tested the applicability of electrical resistiv- Of noise amplitudes, the inversion results clearly showed the
ity tomography (ERT) technique to detect landmines in dif- location of metallic and non-metallic landmines.

ferent soil conditions and at various depths. Metallic and Another test showed the capability of the ERT technique
non-metallic landmines buried in wet and dry soils had beento locate landmines buried in different environments at three
synthetically modeled. Two electrode configurations (dipoledepths. The depths of the metallic and non-metallic land-
axial and dipole equatorial) that are applicable to use withmines were set to be equal to 1 and 2 unit electrode separa-
the towed capacitive electrode system were tested to choicgons. Both landmine types in the wet and dry soils could be

7 Conclusions
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clearly detected. However, with increasing the buried depthDahlin, T. and Zhou, B.: A numerical comparison of 2-D resistivity
the inversion results showed quite distorted images. One imaging with 10 electrode arrays, Geophys. Prospect., 52, 379—
possible solution for increasing the spatial resolution at this 398, 2004.

depth was to increase the unit electrode separation relative t§a2; P, Collins, L., Garber, P., Geng, N., and Carin, L.: Calssifica-
the landmine dimension. tion of landmine-like metal targets using wideband electromeg-

. . . . tic induction, IEEE T. Geosci. Remote, 23, 35-46, 2000.
Similarly, the inversion of noisy data for the same models _ "? ' _ » £, 39749,
y y Daniels, D.: Surface Penetrating Radar, 2nd edition. The Inst. Elec-

and parameters sho_we.d. that the met_allic_ mines at Fhe three trical Eng., London, 2004.
depth levels gave S|gn|f|pant anomal'e_s in both soil typ(.as'Das, B., Hendrickx, J., and Borchers, B.: Modeling transient water
However, the non-metallic landmines in wet and dry soils  gistributions around landmines in bare soils, J. Soil Sci., 166,
could be detected as long as the depth is not greater than the 163173, 2001.
double the electrode separations and the noise level is lowedeGroot-Hedlin, C. and Constable, S.: Occam’s inversion to gener-
than 10%. As either the buried depth or the noise level in- ate smooth two-dimensional models from magnetotelluric data,
creased, only the shallow non-metallic landmines could be Geophysics, 55, 1613-1624, 1990.
detected in dry soil. Dey, A. and Morrison, H. F.: Resistivity modeling for arbitrarily

Based on the previous synthetic experiments, we conclude shaped three dimensional structures, Geophysics, 44, 753—-780,
that: 1) the greatest advantage of the electrical technique 1979. _ _
(ERT) in the field of landmine is that it works well in wet =-Qady, G.:and Ushijima, K.. Detection of UXO and landmines

. . . . using 2-D modeling of geoelectrical resistivity data, Proceedings

environment where the other detection techniques I_|ke MD ot saAGEEP Meeting, 1176-1182, 2005.
and GPR are per'form poorly. 2_) The ERT.technlquer ISFarquharson, C. G. and Oldenburg, D. W.: Non-linear inversion
able to work effectively together with the classical landmine  ysing general measures of data misfit and model structure, Geo-
prospecting tools or at least as a confirming tool for the suspi- phys. J. Int., 134, 213-227, 1988.
cious landmine cleared areas. 3) The horizontal spatial resauras, O., Beamish, D., Melrum, P., and Ogivly, R.: Fundamental
lution of the resistivity is actually a function of the electrode  of the capacitive resistivity technique, Geophysics, 71, 135-152,
density and reconstruction depth. Therefore, the landmine 2006.
targets with dimensions greater than the unit electrode sepauras, O., Meldrum, P. |, Beamish, D., Ogilvy, R., and Lala,
ration and buried at depth equal or less than the unit electrode D-: Capacitive resistivity imaging with towed arrays, J. Environ.

separation have overestimated spatial resolution. _Eng. Geoph,, 12, 267-279, 2007. _ o
Li, Y. and Oldenburg, D. W.: 3-D inversion of induced polarization
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