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Numerical analysis of the resonance mechanism of the lumped
parameter system model for acoustic mine detection”
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The method of numerical analysis is employed to study the resonance mechanism of the lumped parameter system
model for acoustic mine detection. Based on the basic principle of the acoustic resonance technique for mine detection
and the characteristics of low-frequency acoustics, the “soil-mine” system could be equivalent to a damping “mass-spring”
resonance model with a lumped parameter analysis method. The dynamic simulation software, Adams, is adopted to
analyze the lumped parameter system model numerically. The simulated resonance frequency and anti-resonance frequency
are 151 Hz and 512 Hz respectively, basically in agreement with the published resonance frequency of 155 Hz and anti-
resonance frequency of 513 Hz, which were measured in the experiment. Therefore, the technique of numerical simulation
is validated to have the potential for analyzing the acoustic mine detection model quantitatively. The influences of the
soil and mine parameters on the resonance characteristics of the soil-mine system could be investigated by changing the

parameter setup in a flexible manner.
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1. Introduction

Based on the mine mechanical property of big acoustic
compliance and the acoustic-to-seismic coupling principle, the
acoustic resonance technique has been validated to be a safe
and reliable method of detecting non-metallic mines. Seis-
mic waves may be induced and propagated into the soil un-
der the vibration of the ground surface by exciting the low-
frequency (< 1 kHz) acoustic waves to the multiphase porous
soil medium. The seismic waves will be reflected and scat-
tered back to the surface when meeting with buried objects like
mines; in this way, the mine, which features big compliance,
together with the soil on it will form a “mass-spring” system
that will resonate. As a result, the vibration of the ground sur-
face will change obviously and distinctively. By detecting the
changes in the vibration of the ground surface, we can judge
the existence of mines and do research on the acoustic imaging
of mines.

Although the acoustic resonance technique demonstrates
a promising prospect for detecting buried mines under labora-
tory conditions, we still have a lot to do to develop a practical
engineering system for acoustic mine detection. Among oth-
ers, it is necessary to further study the theoretical model of
acoustic mine detection. Since 1999, Sabatier and Xiang,!!
Xiang and Sabatier,!”) and Donskoy et al.>*! have prelim-
inarily established the linear and nonlinear resonance theo-
retical models for acoustic mine detection, by means of the
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lumped parameter system model based on the low-frequency
acoustic characteristics and their research on the acoustic-to-
seismic coupling principle for years. Meanwhile, they have
carried out corresponding validation on their theoretical mod-
els. However, they failed to take into consideration the mine
anti-resonance effect that could weaken the vibration of the
ground surface in the study of the mechanical characteristic
parameter of mines. In 2002, Yu et al.®! investigated the anti-
resonance mechanism of mines and validated it with the help
of the experimental data from Sabatier. However, the anti-
resonance effect appears to be very weak and it is not suf-
ficient to represent the mine mechanical features. In 2005,
Zagrai et al.!®) published a paper to discuss the mine multi-
modal resonance phenomenon. According to the above theo-
retical and experimental studies, mines have a resonance phe-
nomenon, and an anti-resonance and multi-modal resonance
phenomena as well. Since 2008, the solution method of fre-
quency response functions has been adopted to analyze the
resonance, anti-resonance, and multi-modal resonance mech-
anisms of mines qualitatively in a unified manner in Refs. [7]-
[9]. However, the method may not be used to study the res-
onance frequencies of the acoustic resonance mine detection
model and their influencing factors quantitatively. In recent
years, some papers have been published about theoretical and
experimental studies of acoustic mine detection, as described
in Refs. [10]-{13], such as the study of the cepstral approach,
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Green’s functions, laser-acoustic system, etc.

Based on study, the resonance mechanism of the “soil—
mine” system is found to be an important theoretical founda-
tion to describe the mechanical characteristics of mines, which
affects the acoustic imaging of mines. The analysis of the res-
onance mechanism of the “soil-mine” system quantitatively
is helpful for developing the practical engineering system for
acoustic mine detection and also for seeking methods to im-
prove the system sensitivity. In this paper, a numerical sim-
ulation technique based on Adams, the software of automatic
dynamic analysis of mechanical systems, is proposed to inves-
tigate the lumped parameter system model for acoustic mine
detection in a simulative manner and to analyze the resonance
mechanism of the system and their influencing factors quanti-
tatively. The simulation results accord well with the published
experimental data, which verifies the feasibility of the method
proposed in this paper.

2. Basic principle of the acoustic resonance tech-
nique for mine detection

The acoustic resonance technique for detecting buried
mines is mainly based on the acoustic-to-seismic coupling
principle and the mechanical characteristics of a big mine
compliance. According to Refs. [14]-{18], as shown in Fig. 1,
when the airborne low-frequency (below several kHz) acous-
tic waves are radiated into the multiphase medium (i.e., surface
soil) that is composed of a solid phase and a fluid phase (e.g.,
air and water), some of the energy is coupled into the ground
because of the small impedance difference between the air and
the fluid phase of soil, although most of the energy is reflected
back to the air due to the big impedance difference between
the air and the solid phase of surface soil. As a result, the vi-
bration of the ground surface is induced and various coupled
seismic waves are produced due to the effect of momentum

Backscattered slow P-wave
from mine causes earth

resonance and

; Rayleigh
displacement .
1nterfac§._
L 1- &
’ . wave

buried landmine

Fig. 1. (color online) Schematic diagram of the acoustic-to-seismic coupling and the mine resonance.

3. Numerical analysis of the acoustic mine detec-
tion model

Generally, the dimensions of an antipersonnel mine are

5 cm~ 10 cm and its buried depth is about 5 cm. The dimen-
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and viscous friction between the solid phase and fluid phase,
including the Rayleigh wave, shear wave, fast compressional
wave (i.e., fast P-wave), and slow compressional wave (i.e.,
slow P-wave), etc. The Rayleigh wave, fast P-wave, and shear
wave will cause a strong solid phase vibration compared with
the weak fluid phase vibration, that is to say, their energy atten-
uation coefficients are small in the solid phase compared with
in the fluid phase of soil. As a result, these seismic waves may
penetrate through mines that they meet with due to the small
acoustic impedance difference between the solid phase of soil
and the mine casing. This means that only a small portion of
seismic energy is reflected or scattered back to the ground sur-
face. The slow P-wave will cause a strong fluid phase vibration
and weak solid phase vibration of soil, that is to say, it has a
large attenuation coefficient in the solid phase compared with
in the fluid phase of soil. As a result, the slow P-wave will be
strongly reflected or scattered to the ground surface due to the
large acoustic impedance difference between the fluid phase
of the soil and the mine casing.

The propagation depth of the slow P-wave is limited due
to its high dispersivity during propagation that will result in a
big energy attenuation coefficient within the soil. As a result,
the ground vibration changes insignificantly and thus the ex-
istence of a buried object (e.g. a landmine) cannot be judged.
However, a landmine has a big acoustic compliance compared
with the surrounding soil due to its unique structure composed
of a container, a fuze, and an air cavity. Therefore, the mine
and the soil on it will form a “mass—spring” resonance system.
The “soil-mine” system will resonate with the excitation of
the coupled seismic waves, especially the P-slow wave, which
leads to a significant increase of the reflected or scattered seis-
mic waves. Thus, an obvious and unique change will occur in
the ground surface vibration above the mine. In this way, we
can study the buried mine’s acoustic imaging.
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[14-18]

sions of an antitank mine are 20 cm—30 cm and its buried depth
is about 20 cm. According to the fundamental principle of the
acoustic resonance mine detection technique and the proper-

ties of low-frequency acoustics, the size, and buried depth of a
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mine are both close to the wavelength of the acoustic wave of
the frequency below 1 kHz. Therefore, the lumped parameter
system model can be used to analyze the “soil-mine” system,
which is composed of a compliant mine and the soil on it. The
continuous “soil-mine” system can be simplified into a cor-
responding discrete element system with equivalent physical
parameters or characteristics. The mine can be equivalent to a
mass—spring due to its great compliance coefficient compared
with that of the surrounding soil; the soil on the mine can be
equivalent to an elastic mass block. In addition, the coupled
seismic waves attenuate during their propagation in soil, re-
sulting from the viscous friction and dispersive effect. There-
fore, the “soil-mine” system is a complicated damping reso-
nance system with multi-degrees of freedom. Figure 2 shows
a classic simplified “soil-mine” resonance system model,[! =]
where m; represents the mass of the soil on the mine and m;
is the mass of the upper diaphragm of the mine; k; and k»
denote the equivalent spring stiffness factors due to the shear
force and normal stress of soil respectively; k3 is the equiva-
lent spring stiffness factor of the mine diaphragm; c; and c;
are respectively damping coefficients due to the shear force
and compression of soil; c3 represents the mine damping co-
efficient.

Fig. 2. (color online) Schematic diagram of the soil-mine resonance
system model.[!=!

According to the “soil-mine” resonance system model
shown in Fig. 2 and linear vibration theory, we can obtain the

following expression: 3]

MX +CX+KX =F, 6))
where X = diag(x;,xp) is a displacement matrix dependent on
the ground surface and mine; X and X are respectively ve-
locity and acceleration matrixes; M = diag(m;,m;) is a mass

matrix, C = ( €1+c2,—C2 ) is a damping coefficient matrix;
—C2,02+C3
K= (lilk—;];fz’—:llz ) is a stiffness matrix; F = diag(F,0) is an

applied external force matrix. By ignoring the effect of damp-

ing, the natural resonance frequency can be derived as follows:

s 1 kiomy +kozmy
of = - ——=——
2 niymyp

1] ( kiamy +kasmi \? [ kiokay — K2\ 1'/?

:FE K 12 ;1m223 1) _4< 12m213m2 2)] ©
According to Ref. [5], the anti-resonance frequency can

be expressed as
Oani =/ (ko +k3) /ma. 3
Listed in Table 1 are the related experimental parameter
data of the soil and mines provided in Ref. [3]. According to
Egs. (2) and (3), the measured resonance frequency is 155 Hz.
The anti-resonance frequency is 513 Hz based on Ref. [5]. For
different mines and soils, the “soil-mine” system has differ-
ent resonance frequencies. The soils are different in different
countries or regions, or even at different locations in the same
mine field. Therefore, it is very difficult or even impossible to
exactly analyze the mechanical properties of mines buried in
different mine fields in a sampling experiment. For this rea-
son, the technique of numerical simulation is proposed in this
paper to study the “soil-mine” resonance system model quan-
titatively and to provide the technical and theoretical basis for

obtaining mechanical characteristic parameters of mines (e.g.

resonance frequency).

Table 1. Soil and mine parameters for simulation. 3!

Parameters of mine (VS-1.6)

Parameters of soil (buried depth of 25 mm)

myl(kgim?)  c3/(kg/(m>-s))  kz/(Pa/m) my/(kg/m?)

ca/(kg/(m?-s)) ko/(Pa/m) ci/(kg/(m?-s)) ki/(Pa/m)

12 1700 2.5%107 40

4000 1x108 3900 2.4 %107

Adams, the software for automatic dynamic analysis of
mechanical systems, is a virtual prototype analysis software
developed by Mechanical Dynamics Inc. (MDI). Users can
use the software to model and test a mechanical vibration

system on a computer and then investigate the vibration per-

formance of a complex mechanical system by adjusting pa-
rameters in a flexible manner. The model shown in Fig. 2
can be simulated easily according to the relative parameters
shown in Table 1. According to the theory of mechanical vi-

bration, the relation between the response output speed v(j®)
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and the applied input force F(j®) can be described by the
expression: v(jw) = F(jw)H(jw). Therefore, the velocity
frequency response function is H(jo) = v(jo)/F(jo). The
simulating magnitude spectrum curve of the ground surface
vibration velocity is shown in Fig. 3. The horizontal ordi-
nate denotes the frequency (f = @/2x) and the vertical or-
dinate 201g(|H (jw)|). From Fig. 3, we can find that the reso-
nance frequency and anti-resonance frequency are 151 Hz and
512 Hz respectively, which are basically consistent with the
measured resonance frequency of 155 Hz and anti-resonance
frequency of 512 Hz given in Refs. [3] and [5] mentioned
above. Therefore, the proposed numerical analysis in this pa-
per is validated as being a feasible potential.

20
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800 1000

0 1
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400 600
Frequency /Hz

Fig. 3. Magnitude spectrum curve of the ground surface (/) vibration
velocity.

4. Influencing factors of the soil-mine resonance
system

Different environmental parameters, e.g., the buried
depth, porosity and moisture of the soil, will lead to different
values of soil mass mj, soil shear stiffness &, the soil shear
damping coefficient cy, soil compression stiffness k», and the
soil compression damping coefficient ¢;. Similarly, different
types of mines will have different values of mine mass my,
mine damping coefficient c3, and mine stiffness k3. It is ob-
vious that both the mine and the soil parameters influence the
resonance characteristics of the soil-mine system. In the fol-
lowing part, the software, Adams, is used to analyze the effects
of these different parameters comprehensively. It should be
noted that the relative parameters of mine and soil are selected
from Table 1. During analyzing the influence of a parameter
(e.g. the soil shear stiffness, k), different values may be given
to the parameter while other parameters are kept unchanged.

4.1. Effect of soil shear parameters

Figure 4 shows the influences of soil shear stiffness k
on system resonance characteristics. As shown in Fig. 4, the
resonance frequency increases as the soil shear stiffness k; in-
creases, while the anti-resonance frequency remains the same.

It should be noted that the soil shear stiffness k; has little in-
fluence on the surface vibration amplitude at a low resonance
frequency. These results are consistent with the experimen-
tal results published in Ref. [6]. As a matter of fact, by using
the analytical method of electromechanical analogy, the stiff-
ness is equivalent to capacitance and the mass is equivalent to
inductance. The vibration energy just exchanges between ca-
pacitance and inductance. Therefore, the soil shear stiffness k;
has no effect on the vibration amplitude.
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Fig. 4. (color online) Effects of the soil shear stiffness on system reso-
nance characteristics.

Figure 5 shows the effects of the soil shear damping co-
efficient ¢; on the system resonance characteristics. As shown
in Fig. 5, the shear damping coefficient has little effect on the
resonance frequency, but a strong influence on the vibration
amplitude. The surface vibration amplitude decreases as the
shear damping coefficient increases. The shear damping coef-
ficient of soil results from the viscous friction among soil par-
ticles, which will lead to the seismic energy consumption that
reduces the surface vibration amplitude. The larger the shear
damping coefficient, the more the energy consumes. There-
fore, the surface vibration amplitude decreases in the end.
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Fig. 5. (color online) Effects of the soil shear damping on the system
resonance characteristics.

4.2. Effect of soil compression parameters

Figure 6 shows the effects of the soil compression stiff-
ness on the system resonance characteristics. As shown in
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Fig. 6, the resonance frequency decreases slightly as the
soil compression stiffness decreases. Especially, the anti-
resonance frequency and the surface vibration amplitude de-

crease dramatically as the soil compression stiffness de-

creases.
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Fig. 6. (color online) Effects of the soil compression stiffness on the
system resonance characteristics.

Figure 7 shows the effects of the soil compression damp-
ing coefficient on the system resonance characteristics. The
influence mechanism is similar to that of the soil shear damp-
ing coefficient. The compression damping coefficient has little
influence on the vibration amplitude. The compression damp-
ing coefficient is generated due to the viscous friction between
the slow P-wave and soil particles, and the ‘dragging’ effect
of liquid when the slow P-wave propagates in the soil-liquid
phase. The soil compression damping coefficient influences
the vibration amplitude. The larger the compression damping
coefficient, the weaker the vibration amplitude will be.
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Fig. 7. (color online) Effects of the soil compression damping on the
system resonance characteristics.

4.3. Effect of the buried depth of the mine

Figure 8 shows the effects of the soil mass m; on the top
of a buried mine on the system resonance characteristics. As
shown in Fig. 8, the resonance frequency decreases as the soil
mass m; increases, whereas the anti-resonance frequency re-
mains the same. In addition, in most of the frequency band, a
bigger soil mass leads to a weaker vibration amplitude.
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Fig. 8. (color online) Effects of the soil mass on the top of a mine on
the system resonance characteristics.

Different buried depths of mines are equivalent to differ-
ent soil masses on the top of mines. According to Ref. [19],
the soil parameters vary with the buried depth H, and their re-
lationship can be described as m; ~ H, kj ~ HYS jy ~H!,
c1 ~ H, and ¢, ~ H. Based on the proportionate relationships
and the experimental parameters shown in Table 1, we can
obtain the simulation results shown in Fig. 9 with the buried
depth of H and the buried depth of 2H. The soil mass on top
of the mine and the damping coefficient increase as the buried
depth increases, which means that the resonance frequency
and the surface vibration magnitude will decrease, which is
shown in Fig. 9. However, the effect of the soil shear stiffness
ki can be ignored when the mine buried depth is very small.
The soil compression stiffness and thus the anti-resonance fre-
quency decreases with the increase of the mine’s buried depth.
The simulation results of different buried depths well accord
with the experimental results published in Ref. [5].

20
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Fig. 9. (color online) Effects of the buried depth of the mine on the
system resonance characteristics.

4.4. Effect of mine parameters

Different types of landmines have different values of
mass, stiffness, and damping coefficients, thus producing dif-
ferent influences on the resonance characteristics of the soil—
mine system. Figure 10 shows the influences of the mine up-
per diaphragm mass m; on the system resonance characteris-
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tics. Figure 10 shows that the resonance frequency and the  vibration amplitude decreases and the resonance frequency re-
anti-resonance frequency decrease with the increase of mass  mains the same as the mine damping coefficient increases.
my. However, the ground surface vibration amplitude changes

slightly at low resonance frequency. 20 T
—fe— k3 =2.5X107 |
20 T T T T T T T T T —O— k3 =3.2x107
— my— 12 ] . 0 — k3 =2.5X108
ol —O— my=15.92 E
‘H 20
9 A
g -
& —40
= —40¢t
—60 s . . . . . . ‘ .
0 200 400 600 800 1000
—60 Frequency /Hz
0 200 400 600 800 1000 Fig. 11. (color online) Effects of the compression stiffness of a mine on
Frequency/Hz the system resonance characteristics.
Fig. 10. (color online) Effects of the mine diaphragm mass on the sys- 20 i , . i ,
tem resonance characteristics.
—sfe— c3=1.7X103 |
. . . . - C3:1.7X104
Figure 11 shows the 1nﬂue.nc§ of mine stiffness k3 on ol = 175105 ]
the system resonance characteristics. Both the resonance g
. =
frequency and the anti-resonance frequency go upward as Z
the stiffness k3 increases. According to Eq. (3), the anti- @
resonance frequency can be calculated from the expression: =
® = +/(ky+k3)/mp. When the ratio of k, /ks is very small,
the anti-resonance frequency is approximately @ = +/k3/m;.
Therefore, when the stiffness of the buried object, e.g., a rock —60 R
. . 0 200 400 600 800 1000
or a sheet metal, is greater, the anti-resonance frequency de-
Frequency /Hz

termined by its stiffness is much greater than that of a buried . ) ] ]
. . . . . . Fig. 12. (color online) Effects of the damping of a landmine on the
mine. This means that the anti-resonance mechanism is suit- system resonance characteristics.
able for the detection of buried mines.

Figure 12 shows the effects of the damping coefficient Based on the above simulation results, when the relevant

of a mine on the system resonance characteristics. Damping  parameters of the soil and landmine increase, their effects on

means an attribute of energy consumption. The energy con-  the resonance characteristics of the soil-mine system can be
sumption increases with the damping coefficient increasing, = summarized in Table 2. The notation “}” represents an in-
which leads to the decrease of the surface vibration amplitude. crease, the notation ‘|’ a decrease, and the notation ‘-’ rep-
Similar to the effect of the soil damping coefficient, the surface  resents an invariant.
Table 2. Effects of parameters of both soil and landmine to the resonance characteristics.
Landmine Soil
Mass Damping Stiffness Mass Shear damping Compression damping Shear stiffness Compression stiffness
Parameter variation 0 T 0 T T T T T
Resonance frequency 1 - T 1 - - T T
Anti-resonance frequency | - T - - - - T
5. Conclusions dates the feasibility of the numerical analysis technique. The

Based on the basic principle of acoustic resonance mine influences of the parameters of the soil and the mine on the res-

detection, a numerical simulation technique is proposed in this ~ onance characteristics of the soil-mine system are simulated,

paper to study the multi-modal resonance phenomenon of the ~ too. We can draw the following conclusions.

acoustic mine resonance mechanism in a quantitative way with (1) If a mine’s buried depth is small, the resonance fre-
the software, Adams. The simulation results are consistent  quency is influenced only by the values of the mass and the
with the previously published experimental data, which vali-  stiffness of the soil and the mine; the resonance frequency does
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not vary with the damping coefficients of the soil and the mine.

(i1) The resonance frequency, anti-resonance frequency,
and surface vibration amplitude decrease with the increase
of the mass of the buried mine. The resonance frequency
and anti-resonance frequency increase with the increase of the
stiffness of the buried mine. The resonance frequency and
anti-resonance frequency increase remain the same and the
surface vibration amplitude decreases as the mine damping co-
efficient increases.

(iii)) When the mass of the soil on the top of a buried
mine increases, the resonance frequency and surface vibra-
tion amplitude decrease; the anti-resonance frequency remains
the same. When the shear damping coefficient or compres-
sion damping coefficient increases, the resonance frequency
and anti-resonance frequency remain the same while the sur-
When the shear stiff-
ness increases, the resonance frequency increases; the anti-

face vibration amplitude decreases.

resonance frequency and the surface vibration amplitude re-
main the same. When the compression stiffness increases, the
resonance frequency and anti-resonance frequency increase
correspondingly.

Some of the above conclusions are verified by experi-
ments and some are predictive results. These simulation re-
sults provide a theoretical basis and method for further study-
ing the theoretical model of acoustic mine detection. However,
acoustic mine detection is a complex and difficult undertaking.
Although the effects of such parameters as mass, damping and
stiffness on the resonance characteristics of the soil-mine sys-
tem are simulated, no investigation has been carried out into
the relationships between the parameters and the more intu-
itive physical quantities, such as soil porosity, humidity, and
density. In addition, there is a lack of detailed theoretical anal-
ysis and comprehensive experimental verification about the
simulation results obtained in the paper. These relevant is-
sues should be further explored in the future. For example,
the research content and methods described in Refs. [20]-{25]

could be used for further study, in addition to the experimental
studies mentioned above in this paper.
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