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A Finite-Difference Model to Study the Elastic-Wave
Interactions with Buried Land Mines

Christoph T. Schroder and Waymond R. Scott, Jr.

Abstract—A two-dimensional (2-D) finite-difference model for q"‘"l""" Free Surface
elastic waves in the ground has been developed. The model uses "',I I"lnl.
the equation of motion and the stress-strain relation, from which + &
a first-order stress-velocity formulation is obtained. The resulting , ! ol
system of equations is discretized using centered finite-differences. I"‘l:l":_a-"'I
A perfectly matched layer surrounds the discretized solution space Ohbstacle
and absorbs the outward traveling waves. The numerical model is =
validated by comparison to an analytical solution. The numerical
model is used to study the interaction of elastic waves with a buried :
land mine. It is seen that the presence of an air-chamber within = E
the mine gives rise to resonant oscillations that are clearly visible
on the surface above the mine. The resonance is shown to be due to PML
flexural waves being trapped within the thin layer between the sur- $
face of the ground and the air chamber of the mine. The numerical FDTD Grid
results are in good qualitative agreement with experimental obser-

vations. Fig. 1. Finite-difference model.

Index Terms—Acoustic, elastic wave, FDTD, finite-difference,
land mine.
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Excellent agreement is seen between the numerical model and
the analytical solution.
. INTRODUCTION By using the numerical model, the interaction of elastic waves

N A NEW technique, elastic and electromagnetic waves apdth a buried antipersonnel mine is explored. Results for two
I used in a synergistic manner to detect buried land mines [$imple models of a TS-50 antipersonnel mine are presented in
[2]. Within this technique, elastic waves interact with a mine ariflis work: one containing an air-filled chamber and one without
cause the ground above the mine to vibrate. A radar detects tr@R@ir-filled chamber. The air-filled chamber is introduced to ap-
vibrations and, thus, the mine. To explore the mine—wave inté:oximate the complex structure of a real mine, which contains
actions, a numerical finite-difference model for elastic waves fxplosives as well as chambers bearing the triggering mecha-
the ground has been developed. nism etc. The results obtained with the numerical model are
The equation of motion and the stress—strain relation, togetiefémarkably good agreement with experimental observations
with a constitutive relation, form a set of first-order partial difeven though the model is 2-D, whereas the experimental set-up
ferential equations that completely describe the elastic wake3-D- In both experiments and numerical simulations, a strong
motion in a medium. Introducing finite differences, this set desonance is observed at the mine. This resonance is shown to
equations can be discretized and adapted to the finite-diffée due to flexural waves being trapped within the thin layer be-
ence time-domain modeling scheme, obtaining a second-or8&gen the surface of the ground and the air chamber of the mine.
accurate stress-velocity formulation. Assuming that the field {8 the experiments, the Rayleigh surface waves are seen to dis-
known at one initial timeto, this numerical scheme providegPerse while traveling along the surface. Assuming a depth-de-
the field values at any later time > . The finite-difference Pendent shear wave speed, this effect can be also modeled nu-
model has been implemented in two dimensions. The solutiBterically.
space is discretized and a staggered finite-difference grid is in-
troduced. The grid is surrounded by a perfectly matched layer, 1. Two-DIMENSIONAL (2-D) NUMERICAL MODEL
that absorbs the outward traveling waves. The numerical mog&el
has been validated by comparison to an analytical solution. The R
analytical solution for elastic waves in a homogeneous semi-in-Fig. 1 shows the 2-D finite-difference model. The ground
finite half-space is obtained in the form of an integral equatiols Mmodeled as an isotropic, lossless semi-infinite half-space.
A normal point source is located on the free surface, exciting
M . . o Iﬁ)ngitudinal (pressure) and transverse (shear) waves in the
anuscript received September 4, 1999; revised February 16, 2000. This

work was supported in part by the OSD MURI program, U.S. Army Researélh'z'plane' The wave fields are mvarlant.ln tbedlrectlon. At
Office, Washington, DC, Contract DAAH04-96-1-0448. z = 0, a free surface bounds the solution space. A perfectly
The authors are with the School of Electrical and Computer Enginatched |ayer (PML) terminates the solution space at the

neering, Georgia Institute of Technology, Atlanta, GA 30332 USA (e-mail; .. . .
christoph.schroeder@ee.gatech.edu). remaining edges, absorbing all outward traveling waves. The
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Afirst-order velocity—stress formulation is used for the finite-
difference model [3]-[5]. Here, the equation of motion and the L
stress—strain relation are discretized, leading to a system of first |
order partial differential equations. Since only field components
in thez-z-plane are excited, the only nonzero field components <]
are the three unknown stress componets 7., 7., and the
two unknown particle velocities, andv. . Due to the invariance
in the y-direction, all derivatives with respect fovanish. The h
wave motion is then completely described by a system of the
following five partial differential equations: |
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0T v, Jdv, . : o : .
=(A+2u)—+ A (3) Fig. 2. Portion of the finite-difference grid. The field components are not
ot Ox 0z known at the same locations but are offsethy/2 andAz/2.
8; =(\ +2p) %”j + )\% @ -
? Similarly, 7%+ is obtained from (7)
Ty v, Ov,
ot <a_ + %) ®
TE Y ir0.5.5—0
wherep is the material density, an@ and are Lame’s con- :T£m|i+0.57j_06 T+ Zu)ﬁ
stants. These equations are discretized using centered finite dif- ' Az
ferences. By introducing the finite differences in spaceand (VEOR 0s — VYO 0s)
aASz and in timeAt, (1) and (3), for example, can be discretized " )\%(Vzk+o'5|i+o.s,j _ Vzk+0'5|i+o.5,j_1)-
z
C)
V03], o 05— VETOS i 05
At In the same manner, discretized equations can be obtained for
_ Thlivos 05— Tilis,5-05 all field components.
" kA97 The discretization leads to the characteristic staggered finite-
n 13 liy — 12]iy—1 difference grid. Fig. 2 depicts the position of the field com-
Az ponents in the finite-difference grid. In this grid, the velocity
(6) components and the stress components are not known at the
and same position in time and space but are offsetNsy2 in time
T iv0.5,5-0.5 — T |it0.5,—0.5 and by Az/2 and Az/2 in space. The offset in time leads to
At the so-called leapfrog scheme. In the leapfrog scheme, the field
V0S| 1 05 — V0S| o5 components are updated sequentially in time. The velocity com-
= (A+2p) Az ponents are calculated first, then the stress components from the
V03| 05 — VEFOS 05,51 velocity components, the velocity components again using the
+A Az : (") stress components, and so on. Thus, knowing the field compo-

nents throughout the entire space at the tige- 0.5A¢ and

Here, the capital letters mark the numerical value of thg respectively, the field components can be determined for all
correspondent field component at a discrete location jater timest > to.

space and time. For exampl&*+°3|; ;_o 5 stands for the
numerical value of the particle velocity, at the position
(x,2) = (iAz,(j — 0.5)Az) at the timet = (k + 0.5)At.

Knowing V¥=05 Tk “andT¥*_, (6) can be solved fov 03,

i.e. at the incremental time= (k + 0.5)At

When implementing the finite-difference scheme, boundary
conditions must be treated in a special manner. Three different
kinds of boundaries arise: the source point, the internal bound-
aries (i.e., boundaries within the medium marked by a change in
material properties), and the external boundaries (i.e., the grid

edges).
VEt03) 05 =V 05 A normal point source is implemented on the free surface.
n At (T* ivos.505 — T i 055—05) The normal stress componenyt, is excited by a differentiated
Ag v owlit0.5,5-0.5 zzi=0.5,j=0.5 Gaussian pulse. An additive source is used. For each time step,

At Tk Tk 8 the value of the excitation is added to the value calculated with
+ pAz( wzlig = Tazlig—1)- (®)  the finite-difference scheme.




SCHRODER AND SCOTT: FINITE-DIFFERENCE MODEL 1507

@ﬁ
' SR @
~ vz
g

The conditions at internal boundaries (i.e., at the interface
between different media) are usually satisfied implicitly. How:
ever, to ensure numerical stability, the material properties mu
be averaged for components on the boundary. While the m
terial densityp, appearing in the equation of motion, is aver-
aged directly, the inverse of Lame’s constants. For transitiot
between similar materials, the averaging may be omitted. Hov
ever, it is necessary at an interface between media with grea
different material properties (for example, at an air—solid inter /
face) in order to maintain stability [3].
Four external boundaries arise at the four outer grid edges. © ,
. . [~ Analytical
its upper edge, the half-space is bounded by a free surface. L 75 : ; = | — FDTD
to the continuity of normal stress, the normal stress componer - ’ :
vanish at a free surface. In order to satisfy this condition, a
extra row must be inserted into the finite-difference grid oni — : 5 v
step beyond the free-surface boundary. By using this extra ro  |-fii... A . A
all stress components are forced to zero on the free surface [ Y. [ 1"~ . |- \ I U 1 I
In order to model the semi-infinite half-space, all wave: : . L R ”
that are reaching the three remaining outer grid edges must Disance ]
perfectly transmitted and absorbed. The boundary condition ) ) ) )
that does this most accurately is the PML boundary conditiog{g' 3. |F;_Iot ?If thde ma_gnltude of the elastic waves in a half-space subjected to
normal line-load at = 10 ms.
first introduced by Berenger [6] and adapted to elastodynamics

by Chew and Liu [7]. In continuous space, a nonphysical ) _
splitting of the wave fields allows the introduction of a lossy©/€S Must be subtracted from the integral and integrated an-

boundary layer that is perfectly matched to the solution Spa@@{tically. To accelerate the integration, the infinite integration
It has been shown that an arbitrarily polarized wave incidefin9€ may be truncated. However, for this to be possible, the in-
on this PML is perfectly transmitted. The wave experiencd§drand has to converge sufficiently fast to zero. In order to ac-
the exact same phase velocity and wave impedance as in $RlSrate the convergence of the integral, an asymptotic approx-
solution space, while rapidly decaying along the axis norm4pation for the tails of the integrals is derived. This asymptotic
to the PML/medium interface. However, in discrete space, tR@Proximation is subtracted from the integrals and integrated
lossy layer will not be perfectly matched to the solution spacghalytically.

and slight reflections occur at the interface. To keep these!© Obtain the particle displacement in the time-domain, the
reflections small, a tapered loss profile is chosen within iiflisplacement field must be Fourier-transformed. Since the ana-
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PML lytical solution is to be compared to the finite-difference result,
where the particle velocity is determined, the particle displace-
) i—ipmn ment is differentiated with respect to time, and the particle ve-

0(1) = Omax <m) (10)  iocity is obtained.

The integral is computed on a 6060 600 grid with a grid
wherem = 2.1 ando,,,,; = 0.1Npyr /At; Npwy is the thick-  spacing of 0.53 cm. Noting that the wave fields are symmetric
ness of the PML in basis cells, and- iy, indicates the posi- to the vertical axis passing through the source, this yields an
tion within the PML. This loss profile (with a slightly different effective solution space of 6.37 m 3.18 m. The finite-dif-

o max) has been found to yield good performance in electromafiprence simulation is performed using a grid with 123%20
netic finite-difference modeling [8]. For this work, a thicknessodes, incorporating a PML layer with a thickness of 20 cells.
of ten cells has been found sufficient, yielding an attenuation dhe finite-difference grid has the same dimensions and the same

the incident waves of more than 70 dB. spacing as the grid used for the analytical result but does not ex-
ploit the symmetry and is consequently twice as big. The time
B. Validation of Finite-Difference Results step is chosen to bat = 1.06-10~° s, and 1200 time steps are

.needed to calculate the wave fields upte 10 ms. The com-

An analytical solution for the particle displacement fields in ; : . .
C . ufatlons for the analytical solution took about 24 times longer
a semi-infinite homogeneous half-space subjected to a norrﬁ1a

o 7 : : an those for the numerical simulation.
hame”'C Ilne_-load of finite width can be dgrlved_ 3], [10], In Fig. 3, the elastic waves due to a normal line-load on a
Using a Fourier transform method, the particle d|splacemefrr1£e surface are shown. A differentiated Gaussian pulse with

is obta_meq as an !ntegral equation and can be computed using, ier frequency of 400 Hz is launchectat 0 ¢ from a
numerical integration [3].

. . spurce located on the free surface. In the upper half of Fig. 3, the
The integral to be solved contains two poles and four bran¢ : . o .
magnitude of the particle velocity field at= 10 ms is shown.

cuts. Furthermore, the integration range is infinite and eXtenRSpressure a shear, and a surface wave are seen to propagate

from —oo to co. While the branch cuts do notimpose a problenf, .
. o . . he pressure wave is the fastest of the three. The surface wave
during numerical integration, the poles cannot be integrated nu-

merically. To account correctly for the pole contributions, the The center of the pulse is locatedtat 0 s.
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Fig. 4. Simple model of the TS-50 antipersonnel mine (a) with and (b) without
an air-filled chamber. Fig. 5. Cross-sectional drawing of a TS-50 antipersonnel mine.
. . . . TABLE |
is propagating slightly slower than the shear wave and contains PARAMETERS USED FOR
the most energy. A plane shear wave arises at the free surface, FINITE-DIFFERENCE SIMULATION

induced by the pressure wave. This wave is called a head wave.
Head waves are downwardly directed shear waves generated by ~ Sand  Shear wave velocity — Cosana 87 m/s

the passage of bulk waves along the free surface. Two more Pressure wave velocity  ¢psana 250 m/s

plane waves can be seen, which propagate at a steeper angle Material density Psand 1400 kg/m’

than the head wave induced by the pressure wave. Mine  Shear wave velocity  Csmine 1100 m/s
In Fig. 3, the particle velocity components andw., ac- Pressure wave velocity  cpmine 2700 m/s

cording to the numerical and analytical solution, are plotted Material density Prmine 1200 kg/m’

along the three section lines through the ground, denoted by A, Air  Shear wave velocity Csair 0 m/fs

B, and C. The agreement of numerical and analytical solutions Pressure wave velocity cpair 330 m/s

is excellent. It can be seen that the finite-difference model pre- Material density Pair 1.3 kg/m’

dicts waves that travel slightly slower than those of the analytical
solution. This is due to the well-known fact that the numeric
phase velocity in the discrete finite-difference grid will com

out to be slightly smaller than in continuous space [11]. .o . .
Jaess often cells and, consequently, yielding an effective solution

The head waves obtained both with the finite-differen ce of 165 cnx 95 cm. The computation time was approxi
model and in the analytical solution have also been obser . s )
! i ut v ately 90 min for 22 000 time steps on a 450 MHz PC.

experimentally by the authors and others. In [12], a seisnﬁ&F_ 6sh the elasti field tion th h
field survey in a region with extremely high Poisson’s ratio i 9. 6 shows the €lastic wave lields on a cross section throug

i X L
described. In these measurements, head waves are detecte(ﬁﬁaqround f(_)r (a) the m_odgl with the air-filled cham_ber and (b)
are very similar to the head waves observed here. the model without the air-filled chamber. The magnitude of the

particle velocity is plotted on a logarithmic scale. The particle
velocity field is shown at four different times:= 4 ms,t = 10
ms,¢ = 11 ms, and = 16 ms.

Att =4 ms, apressure wave (P), ashearwave (S), a Rayleigh

The interaction of elastic waves with a TS-50 antipersonnglirface wave (R), and head waves (H) are seen to propagate. The
mine, buried in sand, has been investigated. Two simple modpisssure wave, the fastest of the waves, just hits the mine. For
for the TS-50 mine are used. In the first model [Fig. 4(a)], the mine with the air-filled chamber, some energy is seen to be
small chamber filled with air is located on top of the mine'srapped between the surface and the mine, while for the mine
main chamber containing plastic explosives. The second modéthout the air-filled chamber, no strong interaction occurs. At
does not contain an air-filled chamber [Fig. 4(b)]. By including = 10 ms and = 11 ms, the surface wave (S) hits the mine
an air-filled chamber into the mine model, the effects of a reahd is partially transmitted (R) and partially reflected (rR). At
mine are approximated. A real mine is a complex mechanidak= 16 ms, the waves reflected from the mine are clearly seen
structure with a flexible case, a trigger mechanism, air chaijthese are reflected Rayleigh waves (rR), a reflected shear wave
bers, etc. Fig. 5 depicts a simplified cross sectional drawing @S), and a reflected pressure wave (rP)]. For the mine without
a real TS-50 antipersonnel mine. The elastic properties of tthe air-filled chamber, no energy is seen to remain at the mine.
materials used for the numerical simulation are summarizedhiowever, for the mine with the air-filled chamber, energy is seen
Table I. The parameters for the sand and for the plastic wecebe trapped above the mine and to be radiating waves, even
measured experimentally by the authors, whereas the propertiesigh the incident wave has passed by.
of the air are obtained from the literature. In Fig. 7, waterfall graphs of the vertical particle velocity

A differentiated Gaussian pulse with a center frequency of at the surface are shown for (a) the mine with the air-filled
450 Hz is launched at = 0 s from a source on the free surchamber and (b) the mine without the air-filled chamber. Here,
face. The left edge of the mine is located at a distance of 85 amis plotted as a function of time and vertically offset by the
from the source. Its upper edge lies 1.5 cm beneath the surfdigance from the source. The slope of the traveling waves in
of the ground. The space step within the finite-difference gritie graph indicates the wave speed. Thus, by looking at their
is set toAz = Az = 0.5 cm. The time step is chosen to belope, the different waves can be distinguished. A Rayleigh sur-
At = Aa:/(\/icpﬂnax) = 1.309 - 10~% s and thus fulfills the face wave (R) and a pressure wave (P) are seen to be incident

ourant condition. The elastic wave fields are computed on a
grid containing 350 200 cells, including a PML with a thick-

I1l. | NTERACTION OF ELASTIC WAVES WITH A TS-50
ANTIPERSONNELMINE
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Fig. 6. Interaction of elastic waves with a buried antipersonnel mine and pseudo-color plots of the magnitude of the particle velocity on accrdissosetti
the ground. (a) Mine with air-filled chamber. (b) Mine without air-filled chamber. R: Rayleigh wave; S: Shear wave; P: pressure wave; H: Headrefeete:
Rayleigh wave; rS: reflected Shear wave; rP: reflected pressure wave. The arrow in the upper two plots denotes the source location.

onto the mine. The pressure wave is reflected and transmitteddoyface wave (R). These waves are weak, due to the limited en-
the mine. It converts into a reflected pressure wave, a refleciedy content of the pressure wave near the surface. The pressure
surface wave, a transmitted pressure wave (P), and a transmittede is seen to travel faster over the mine than inthe sand.
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Fig. 8. Interaction of elastic waves with a buried antipersonnel mine
(experimental results) and waterfall graph of the vertical particle displacement
at the surface. R: Rayleigh wave; P: pressure wave; rR: reflected Rayleigh
wave; rP: reflected pressure wave. The gray box indicates the mine location.

the mine. Above the surface, a radar that detects the vibrations
of the surface is mounted. Fig. 8 shows a waterfall graph of
the vertical particle displaceménbn the surface as obtained
in measurements with an inert TS-50 antipersonnel mine. The
mine is buried 1.3 cm beneath the surface. The shear wave
speed and the pressure wave speed were measured to be 87 m/s
and 250 m/s, respectively. A pressure wave (P) and a Rayleigh
wave (R) are seen to propagate and to interact with the buried
mine. A resonance very similar to the one obtained in the
numerical simulation of the mine with the air-filled chamber
is observed. In the experimental model, the resonance appears
stronger than in the numerical model, whereas in the numerical
(b) model, the reflections from the mine are much stronger. These
Fig. 7. Interaction of elastic waves with a buried antipersonnel mine apdfferences are mamly due to the nu.mencal model being 2-D,
waterfall graph of the vertical particle velocity at the surface. (a) Mine wittvhereas the experimental model is 3-D. Furthermore, the
air-filled chamber and (b) mine without.air-filled chamber. R: Rayleigh wavanodel for the mine used in the numerical simulation is very
$h£§rzsy”£ixv‘l'ﬁ\élecart':s {ﬁgeﬁﬁg Egg{%?]h wave; rP: reflected pressure Waé’ﬁhple and approximates the complex structure of a real land
mine only very coarsely.

o ) ) ] o Inthe experiment, the Rayleigh surface wave is seen to be dis-
This is due to the higher wave speed in the mine. The incidefi;seq as it travels along the surface. This is believed to be due
surface wave gives rise to a reflected pressure wave (rP), ayffthe shear wave speed varying with depth. Due to increased
flected surface wave (rR), a transmitted pressure wave (P), &fhesion of the sand, the sand becomes stiffer if subjected to in-
a transmitted surface wave (R). For the mine with the air-filleglo55eq pressure and thus, the shear wave speed increases with

chamber [Fig. 7(a)], a strong resonance can be seen at the mjggin [13]. Empirically, the depth dependence of the sand has
location. The resonance remains at the mine even after the BRen estimated to be

cident surface wave has passed by, and causes the mine to ra- 0
diate. This resonance is due to energy being trapped between c, = [70 +88 -2 m/s (11)

the mine and the surface. The nature of this resonance Wi"\%erer is the depth in meters. Using this depth dependence

e_xplored further i_n Section IlI-B. For the mine without the airy inin the numerical model, the Rayleigh wave disperses in a
filled chamber [Fig. 7(b)], no resonance occurs. very similar manner as observed experimentally (Fig. 9).

[ =

Time !Jn-j

A. Comparison to Experimental Results B. Resonance

good agreement with experimental results [2]. In the expetrong resonance is seen at the mine location. Though the nu-
mental setup, an inert TS-50 antipersonnel mine (see Fig. 5) is

buried in sand. A differentiated Gaussian pulse with a CenteIZNOte that experimentally, the particle displacement is measured, whereas
the particle velocity is determined in the numerical model. Since the particle

frequency of 450 Hz is launched by an electrodynamic trar‘\%hcity is just the time derivative of the particle displacement, both wave fields
ducer placed on the surface of the ground, 85 cm away frarsar the same characteristic behavior.
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Fig. 11. Waves in the thin layer between the surface and the air chamber and
0 5 10 15 20 waterfall graph of the vertical particle velocity.

Time [ms]
R,P R L, TF rL, rTF R, P

Fig. 9. Interaction of elastic waves with a buried antipersonnel mine - 74"‘%‘ Jl/ /77 %

(numerical simulation for a mine with air filled chamber) and waterfall graph

of the vertical particle velocity at the surface (mine with air-filled chamber).

The shear wave speed within the ground varies with depth and causes the

waves to disperse. R: Rayleigh wave; P: pressure wave; rR: reflected Rayleigh

wave; rP: reflected pressure wave. The gray box indicates the mine locationgjg. 12, \Waves in the thin layer between the surface and the air chamber. The
waves are almost totally reflected at the edge of the air chamber and are thus
trapped within the thin layer above the air chamber.

Pm R

Ground Air
e N //, —— mine, the same kinds of waves arise as for the incident pressure
’ e r 172 0.5cm wave: reflected waves (pressure and Rayleigh waves, marked by
4ch S0 em N ’ rP and rR), waves transmitted through the plastic body (pM),
tom & and waves propagating within the thin layer between surface
) and air chamber. The waves through the plastic body behave as
Plastic described for the pressure wave. However, the Rayleigh wave

couples a significant amount of energy into the thin layer above
the air chamber. Two different kinds of waves arise within the
thin layer: a longitudinal wave and a transverse flexural wave.
merical model for the mine is very simple, the shape of the reBhe longitudinal wave is the faster one of the two. It propagates
onance in the experiment strongly resembles the resonancewithin the thin layer between surface and air chamber (L), is re-
tained in the simulation. In order to explore the origin of thélected at the edge of the air chamber (rL), travels back within
resonance and its nature, the mine is elongated within the miue layer and is reflected again. The transverse flexural wave
merical model, as shown in Fig. 10. also travels within the layer between surface and air chamber
The resulting waves are shown in Fig. 11. The vertical paftF), is reflected (r'TF), travels back, and is again reflected.
ticle velocity on the surface is depicted in a waterfall grapiNote that the flexural waves are almost totally reflected at the
As before, the waves can be easily distinguished by compariegges of the air chamber, and the energy remains within the thin
their wave speeds. Pressure waves (P), Rayleigh waves (R), &yer between surface and air chamber. Fig. 12 gives a schematic
head waves (H) are seen to propagate. They hit the mine aidwing of the principle behavior of the arising waves.
are partially reflected and partially transmitted. However, above Using this model, the resonant behavior of the mine in the nu-
the mine, a complex pattern of propagating waves arises. Thigrical model can be explained. When the waves hit the mine,
can be explained as follows. First, the pressure wave hits they are partially reflected and partially transmitted. However,
mine. The pressure wave couples its energy mostly into thr@darge portion of the energy couples over into longitudinal and
different wave portions: reflected waves, waves that are trarigansverse (flexural) waves propagating within the thin layer be-
mitted through the plastic body underneath the air chamber, dnen the surface and the mine’s air chamber. Due to the short
waves that propagate within the thin layer between the surfdeagth of the mine, these waves form standing waves.
and the air chamber. Because the plastic body lies underneathrom the slope of the traveling waves in Fig. 11, the wave
the air chamber, the wave portion transmitted through the plassjgeeds of the longitudinal wave and the transverse flexural wave
is not visible on the surface. This is evident in Fig. 11, whereate determined to be, ~160 m/s and:rr ~ 50 m/s, respec-
transmitted pressure wave arises beyond the mine, apparetidgly. A simple theory for waves propagating in a thin plate
without being caused by any wave visible on the surface abagwedicts the wave speeds of the longitudinal wave to be [10]
the air chamber (the path the wave takes through the plastic is
indicated by Pm). The Rayleigh wave carries much more en- _ E 12
ergy than the pressure wave. When the Rayleigh wave hits the °L = <m>

Fig. 10. Model to determine the nature of the resonance (elongated mine)

12)
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and the wave speed of the transverse flexural wave to be REFERENCES
12 [1] W. R. Scott, Jr., C. T. Schréder, and J. S. Martin, “An hybrid
FE acousto/electromagnetic technique for locating land minesPraoc.
orr =\ hw To.71 2\ (13) Int. Geoscience and Remote Sensing Syi®eattle, WA, 1998, pp.
12p(1 - %) 216-218.
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IV. CONCLUSIONS
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