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This paper discusses an acoustic model for the response of a buried landmine to a
normally incident monotonic sound field. The soil is modeled as an effective fluid character-
ized by an effective density ps and a complex wave number k;. The incoming soundfield is
characterized by a wavenumber k. The geometry is depicted in Figure (1).

The mine is modeled by a right circular cylinder. The top of the cylinder is compli-
ant, characterized by a mass M, a spring constant s, and a resistance R,,. The cylinder is
otherwise rigid. See Figure (2). These parameters are chosen so that the mine has a resonant
frequency of 220 Hz and a quality factor of 10.

For low frequencies (our concern is with frequencies no more than a few hundred Hz)
the scattered field is very short ranged. Thus, to discretize the problem and take advantage
of the cylindrical symmetry, the full space domain is replaced by an infinite right circular
waveguide. The walls of the waveguide are assumed to be rigid so that a plane wave may
propagate inside it. See Figure (3). In the limit that the radius of the waveguide, R, becomes
infinite, the full space results are recovered. It follows that placing the mine in this waveguide
will not effect the results if R is sufficiently large compared to the radius of the mine, a.

The advantage of using a waveguide model is that, compared to a direct full space
model, a waveguide model is straightforward to simulate numerically and produces computer
code with insignificant runtimes. Mathematically, the problem can be treated as a classical
waveguide problem in that the horizontal dependence of the acoustic field can be expressed
by expanding in the basis functions for the transverse modes. In addition, because of the

cylindrical symmetry, the necessary modes depend only on the radial distance from the axis
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of symmetry.
Explicitly, let
10 0
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and let 1;(r), A7 be the eigenfunctions and eigenvalues of V2 in the interval [0, R], finite at
0 and satisfying Neumann boundary conditions at R. Further, let ¢;(r), e? be the eigenfunc-
tions and eigenvalues of in the interval [a, R], satisfying Neumann boundary conditions at

both a and R. Both sets of eigenfunctions are orthogonal and are normalized so that

R
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If the acoustic pressure field is the real part of P(r, z)e~*? then the amplitude P(r,z) may

be expanded
(P (2)wi(r) ifz>0
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The coefficients f;o)(z) are given by
79 (z) = COEVIEAT 2 pl@)min/iHal s

where k, = k for 0 =1, k; = ks for o = 2, 3, 4, Aga) =X foro=1,3,4and Ag.a) = ¢; for
o= 2.

If one lets & be the displacement from equilibrium of the compliant top of the
mine, then the variables in the problem are ¢ and the coefficients CJ(-U) and DJ(-U). These are
determined by the following;:

(1) Below the mine the acoustic field is strictly downward propagating.
(2) Far enough above the mine the downward propagating part is the incoming plane wave.

(3) At the air-soil interface (0, 0 < r < R) and at the interfaces to the portion of the duct
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with the mine (21, 22, a < r < R), the pressure and mass flux are continuous.
(4) The mass flux into the bottom of the mine is zero.

(5) The motion of the compliant top is determined by Newton’s law,
( —w? —iwRy, + s)f = 27r/ P(r,z) rdr.
0

Truncating the sums in the eigenfunction expansions (in practice 100 terms is more
than sufficient) one obtains a system of linear equations which is straightforward to solve
numerically. Of interest is the normalized particle velocity at the air-soil interface, defined
to be the magnitude of the ratio of the velocity amplitude at the air-soil interface to the
velocity one would obtain in the absence of the mine. It is found that the results converge
to the infinite space values rapidly as R/a increases. See Figure (4). In practice R/a = 10 is
sufficient for frequencies less than 400 Hz. To go up to 1000 Hz, R/a = 40 suffices.

Some typical results are shown in Figures (5), (6) and (7). In Figure (5) results
for the mine with a compliant top are compared to those for a rigid mine. The effect of
attenuation in the soil is also investigated in this figure. The case of no attenuation, for
which kg is real, is compared to the case in which the real and imaginary parts of k; are
equal. There is some difference in amplitude, but otherwise the response is similar. In
Figure (6), the effect of depth at which the mine is buried on the resonance of the system
is investigated. It is found that the resonant frequency decreases with depth. Finally, in
Figure (7), the full spatial response, as a function of distance from the axis of symmetry and

frequency is plotted.
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FIGURES
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Figure (1): The geometry. A normally incident plane wave in the air, with wave number k,

strikes the ground above a buried landmine.

Figure (2): The model of the landmine. A right circular cylinder with a compliant top. The

top has mass M, spring constant s and resistance R,,.
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Figure (3): The geometry of the waveguide model. The z axis is the axis of symmetry. The

waveguide radius is R. The mine is buried to depth —z; and has height z; — 2s.
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Figure (4): The convergence of the model to the full space model at a sample frequency, 110

Hz. The soil has no attenuation.
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Figure (5): A comparison of the response of a mine with compliant top to one with a rigid
top. A soil without attenuation is compared to one with a wave number with equal real and

imaginary parts.
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Figure (6): Resonant frequency as a function of mine depth.



Figure (7): The full spatial response, normalized particle velocity magnitude at the air-soil

interface versus radial distance per unit mine radius and frequency.



